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CHAPTER 1

Introduction

In the past decades, significant advancements have been accomplished in the realm of quantum
non-linear optics [1], wherein individual photons are induced to engage in strong mutual interactions
[2]. These interactions are of great fundamental and technological interest, as they form the foundation
of optical quantum information processing [3]. The generation of effective photon-photon interactions
through strong coupling to matter therefore evolved to an important research topic in recent years [2].
The interaction of a single photon with an atom is in general quite weak due to the small absorption
cross-section of an atom on resonance [2]. To enhance this and achieve a well-controllable light-matter
interaction, many different platforms have been developed over the years. Resonant structures, as
in cavity quantum electrodynamics (QED) experiments, for example, where atoms are trapped in a
high-finesse optical resonator, increase the coupling probability by allowing many interactions with
the same photons [4]. Another approach addresses this problem through Rydberg quantum optics
[5, 6]. Due to their strong van der Waals interactions, Rydberg atoms can be used to create strong
nonlinearities in an optical medium [7]. An effect that is a key concept for quantum information and
simulation is the Rydberg blockade [7, 8]. An atom that is driven by a laser towards a Rydberg state
can effectively prevent the excitation of another atom by the same laser within a certain distance. This
is called the Rydberg blockade effect. The concept of a Rydberg superatom [7, 9], which is a cloud
of atoms that is fully blockaded, thus acting as a single two-level system that then strongly interacts
with a single photon due to the collective enhancement, is of particular interest. Waveguide QED, in
which single quantum emitters are coupled to photons propagating in a waveguide, is another powerful
platform for enhanced interaction [10], featuring strong optical mode confinement to the waveguide.
This results in a much stronger atom-photon interaction than in free space [10].
Although all of these platforms demonstrate remarkable capabilities on their own in the single-emitter-
photon coupling strength, they still face a lot of challenges in scaling to the many-body regime of
quantum non-linear optics [2]. This thesis introduces an experimental platform that synergizes Rydberg
superatoms [7, 9] and waveguide QED by the super-extended evanescent field of optical nanofibers
[11], with the aim of overcoming the aforementioned challenges and reaching the many-body regime
of quantum non-linear optics.
In this thesis I start by introducing the theoretical basics of optical fibers and tapered optical fibers
in chapter 2. In chapter 3 I briefly present the idea of the overall experimental platform and the
evanescent field of optical nanofibers that make this possible. This also motivates the work I did in
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Chapter 1 Introduction

my thesis. The nanofibers for the project need to be tested in a dust-free environment and also under
vacuum conditions. Therefore, I built a fiber testing table with a vacuum chamber, a clean air working
hood, and an optical setup for the transmission analysis of the nanofibers which I present in chapter 4.
The following chapter 5 presents the fiber preparation steps, the general testing of the transmission of
nanofibers that I carried out under different conditions, and the observations I made. This chapter
continues with a collection of observations that I made while testing just the fiber material for its
response on the intended laser wavelength for the project and ends with a discussion of those. In
chapter 6 I propose three new ideas for solutions of the problems that occurred while testing the fibers
in 5 and discuss their feasibility and current development status. Finally, in chapter 7 I conclude this
thesis with a summary of the achievements of this thesis and my participation in this project, as well
as an outlook on how these findings can be used on future research steps.
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CHAPTER 2

Fibers and nanofibers

In this chapter, important concepts are established to build the foundational knowledge needed to
understand the properties and characteristics of tapered and non-tapered optical fibers. The basics
of step-index optical fibers and tapered optical fibers as well as their mode structure are covered
here.

2.1 Step-index optical fibers
Due to their high isolation from environmental interference, light weight, low production cost, and high-
bandwidth low-loss information transport [12], optical fibers are used in telecommunications as a stand-
ard solution for low-loss light signal transmission and form the backbone of our technological infrastruc-
ture. For this application, step-index optical fibers are often used [12]. They are long, very thin dielectric
cylindrical waveguides made from two layered high purity fused silica (SiO2). The inner layer is denoted
as the core with a refractive index 𝑛co that is surrounded by a second layer, the cladding, with a refractive
index 𝑛cl, see figure 2.1. The refractive index of the air or vacuum around the fiber is denoted by 𝑛0.

Figure 2.1: Step-index fiber with a core with
refractive index 𝑛co and radius 𝑟co, as well
as the cladding with refractive index 𝑛cl and
radius 𝑟cl

Most of the power of light in such a fiber is guided by the
core by total internal reflection (TIR) on the core-cladding
interface[13]. For this phenomenon to occur, the incident
angle 𝜃 of the light must be larger than the critical angle
𝜃𝑐 and the refractive index of the core must be higher than
that of the cladding 𝑛co > 𝑛cl. Otherwise, light leaks out
of the core into the cladding and is lost. The critical angle
𝜃𝑐 can be calculated by applying Snell’s law [13]

𝜃𝑐 = arcsin (𝑛cl/𝑛co) for 𝑛cl ≤ 𝑛co. (2.1)

Figure 2.2 shows the step-wise jump in refractive index
between the core and the cladding that gives the step index

fibers their name.

In practice, this stepwise jump in refractive index is achieved by doping the core with rare earth
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Chapter 2 Fibers and nanofibers

Figure 2.3: Electric field amplitude profile of the four lowest LP𝑙𝑚 modes

materials such as erbium (Er), ytterbium (Yb), thulium (Tm), or germanium (Ge), which is a metalloid.
In contrast, the cladding is often pure silica for such fibers. Other concepts in which the cladding is
doped with fluorine (F) and the core is made of pure silica have advantages over the former in radiation
resistance and an improved UV light and mid-IR transmission [14]. Typically, for step-index fibers,
the difference in the refractive indices of the core and the cladding is only 1%. This small difference
in refractive index with regard to Eq. (2.1) leads to the condition that only incident rays near parallel
to the fiber axis will be guided. That is why they are also called weakly guiding [15]. The propagating
field modes can be calculated by solving the Maxwell equations. As has been done many times in the
literature before [15–17], this section will therefore qualitatively cover the most relevant properties of
fiber core guided modes based on the mentioned textbooks and the work of Lundgaard Sørensen [18]
and Sagué Cassany [19].
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Figure 2.2: Step-index fiber with higher uni-
form refractive index in the core than in the
cladding with a step-like change on the core-
cladding interface

As exact solutions are lengthy and cumbersome, Gloge [20]
constructed a set of approximate solutions of the Maxwell
equations using the assumption of a weakly guiding fiber,
as the field can be regarded transverse to the fiber axis
(paraxial), allowing the longitudinal components to be
disregarded. The solutions exhibit near-linear polarization,
which is why these modes are referred to as approximately
linearly polarized (LP𝑙𝑚) modes. For every azimuthal
index 𝑙 = 0, 1, . . ., there is a series of radial solutions
𝑚 = 1, 2, . . ., each representing a guided mode within the
fiber. Figure 2.3 illustrates the intensity distribution for
the four lowest-order core-guided LP𝑙𝑚 modes. The LP01
mode is the lowest order mode, also called the fundamental
mode. This mode is predominantly excited when the
incoming light is a Gaussian beam, as it resembles a
Gaussian distribution [15].

In conventional step-index optical fibers, the proportion of
the core radius 𝑟co to that of the cladding 𝑟cl typically falls between 1/100 and 1/10. Because of the
small refractive index difference between the cladding and the core, the field distribution of the modes
in the fiber extends into the cladding as an evanescent field. This is also why a large cladding radius is
necessary in the first place. A part of the mode therefore propagates outside the core, which is one of
the theoretical foundations for the following chapters.
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Chapter 2 Fibers and nanofibers
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Figure 2.4: Effective refractive index as a function of the 𝑉-number for the six lowest order LP𝑙𝑚 modes, the
vertical line at 𝑉 = 2.405 indicates the cutoff below which only LP01 can propagate

For each mode, there exists a specific propagation constant

𝛽𝑙𝑚 = 2𝜋
𝑛eff,𝑙𝑚

𝜆
(2.2)

such that the solution of the electric field E𝑙𝑚 inside the fiber with 𝑧 as the propagation direction is of
the form [19]

E𝑙𝑚 ∝ exp
[
−𝑖(𝛽𝑙𝑚𝑧 − 𝜔𝑡)

]
, (2.3)

with 𝜔 = 2𝜋 𝑓 where 𝑓 is the optical frequency and 𝑛eff,𝑙𝑚 is the effective mode refractive index with
𝜆 = 2𝜋/𝑘0 being the wavelength in free space. The electric field distribution for each specific mode
LP𝑙𝑚 remains unchanged as it propagates in the fiber, but the phase accumulates at a constant rate 𝛽𝑙𝑚
per meter. The effective refractive index 𝑛eff of a mode tells us how tightly it is confined to the fiber
core, 𝑛cl < 𝑛eff < 𝑛co being the condition for a mode to be guided by the core. Modes that do not
fulfill this condition are unguided or radiating modes. For 𝑛cl ∼ 𝑛eff the mode is weakly confined and
for 𝑛co ∼ 𝑛eff tightly confined to the core. In figure 2.4 the relative effective refractive index 𝑛eff for
the lowest-order LP modes is plotted as a function of the dimensionless 𝑉-number. It is also known as
the normalized frequency and given by

𝑉 = 2𝜋
𝑟co
𝜆

√︃
𝑛

2
co − 𝑛

2
cl = 2𝜋

𝑟co
𝜆

NA. (2.4)

Given a specific wavelength, core diameter and NA, the 𝑉-number determines the number of core
guided modes the fiber can support.

As used in equation (2.4), the refractive indices of the cladding 𝑛cl and the core 𝑛co also define a
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Chapter 2 Fibers and nanofibers

fundamental property of an optical fiber called the numerical aperture (NA) with

NA =

√︃
𝑛

2
co − 𝑛

2
co. (2.5)

It is comparable to the numerical aperture of a lens and is often one of the specifications of a fiber
given by the manufacturer.

As can be seen in figure 2.4 which represents the general case for all fibers in the weakly guiding
regime, for 𝑉 ≤ 2.405, there is only one core-guided solution, the LP01 mode. Such a fiber is called
single-mode. This mode has no cut-off value, since its effective refractive index 𝑛eff approaches zero
only asymptotically when the fiber parameters are chosen such that 𝑉 approaches zero. For 𝑉 > 2.405,
there is more than one core-guided mode solution. Such a fiber is called multimode. Even though a
single-mode fiber only supports a single guided core mode, it can still have many allowed cladding
and radiation modes.

2.2 Tapered optical nanofibers
Now that the basic concepts of step index fibers are established, the concept of tapering optical fibers
to sub-wavelength diameters is introduced. Such fibers are also termed nanofibers. The process of
fabricating nanofibers is discussed in detail by Warken [21] and Lundgaard Sørensen [18]. The theory
of guided modes in nanofibers is discussed in detail by Sagué Cassany [19] and Kien et al. [22]. This
section gives a brief overview on this topic on the basis of their work.

As described above, most of the power of the light is guided by the core as a result of total internal
reflection at the cladding interface. As part of the total internal reflection, an evanescent field evolves
in the cladding, which decays exponentially in the radial direction. The penetration depth of this field
into the cladding depends on the propagating wavelength, the radius of the core, and the core and
cladding material involved, respectively, their refractive indices, and the difference between them.
To protect the light mode from environmental influences, the cladding usually has a diameter of
125 𝜇m which is sufficient, as the penetration depth of the evanescent field is of the magnitude of the
propagating wavelength. However, access to the evanescent field from the outside is of great interest
for light-matter interaction. To gain access to the evanescent field, a multitude of possibilities evolved
over the years, reaching from mechanical reduction of the cladding diameter by milling to chemical
etching away the outer layers of the cladding.

Another solution is the tapering of standard step-index single-mode optical fibers by locally heating
the fiber and pulling it apart. The evolving shape of such a tapered fiber has been modeled by Birks et
al. [23]. Their model is constrained to two crucial assumptions; the fiber is heated uniformly and
the section that is heated is always cylindrical. The theories developed later by Eggers et al. [24]
and Baker et al. [25] that include fluid dynamics in modeling allow the use of less uniform heating
sources such that a hydrogen flame can be used for the tapering process.

Figure 2.5 shows an illustration of a tapered optical fiber with a near constant waist diameter and
exponential tapers. By tapering the fiber, the ratio of the cladding 𝑑cl to the diameter of the core 𝑑co
stays constant while the overall structure gets thinner. Therefore, the effective refractive index of the
core-guided modes as seen in figure 2.4 decreases with 𝑉 , respectively, with the core radius in the
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Chapter 2 Fibers and nanofibers

Ge-doped silica core

diameter, 
pure silica cladding

taperunmodified 
fiber

unmodified 
fiber

taperwaist

dco = 2μm

dcl = 125μm dwaist 

Figure 2.5: Tapered optical nanofiber with the transition (taper) and waist region being indicated. The waist is
of uniform diameter. It shows the basic structural change in the fiber by tapering and the typical dimensions 𝑑co
and 𝑑cl of a fiber.

tapers as this is the parameter thats being varied for 𝑉 . By further decreasing the diameter of the
fiber, the condition 𝑛eff ≈ 𝑛cl is eventually met for the fundamental mode. A shift occurs in which the
fundamental mode transitions from core-guided to cladding-guided [26]. The air surrounding the
cladding now acts as the medium with lower refractive index, so it can be considered to be the new
cladding of the nanofiber, such that guided modes still exist.

One of the biggest challenges in the fabrication of nanofibers is achieving a fundamental mode
transition in the tapers that is as lossless as possible. To accomplish this, the tapers should ideally
change gradually throughout their whole length. For a taper to be considered approximately adiabatic
according to Love et al. [26], it must have sufficiently small taper angles throughout, minimizing
any power loss from the fundamental mode as it propagates along the taper. If this is the case, the
fields and propagation constant can be effectively modeled by those of the local fundamental mode.
In a realistically non-perfectly adiabatic case, higher order modes can be excited in the taper. For a
usual axisymmetric taper the fundamental LP01 mode can only couple to higher-order azimuthally
symmetric LP0𝑚 modes. The coupling will be predominantly from the fundamental to the LP02 mode
as it is the closest higher-order azimuthally symmetric mode as seen in figure 2.4.

Up to this point, the approximative description of the optical modes as LP modes was justified as
the assumption of a weakly guiding waveguide holds for most normal step-index fibers. Optical
modes in a nanofiber, on the other hand, cannot be described by this approximation, because the
refractive index difference between silica (core) and air (cladding) is now large in comparison. The fiber
is no longer weakly guiding, and therefore the modes cannot be considered mainly transversal any more.

To describe the optical modes in a nanofiber, exact solutions of the Maxwell equations are needed.
They lead to two subgroups of bound-field modes, the hybrid and transverse modes which are described
in the following in the cylindrical coordinate system [15]. Hybrid modes are denoted as HE for
𝐸𝑧 < 𝐻𝑧 and EH for 𝐸𝑧 > 𝐻𝑧 . They have six non-vanishing components of the electromagnetic
field. For transverse electric (TE) modes the longitudinal component of the electric field is zero,
while for transverse magnetic (TM) modes the longitudinal component of the magnetic field is zero.
They have at least one vanishing component of the electromagnetic field. Considering the light ray
propagation inside a fiber shown in figure 2.6 gives a more intuitive feeling for the nature of the
modes. It shows a light ray spiraling in the fiber, also called a skew ray. Following the direction of the
electric field vector along the ray path shows that all polarization components will be mixed during
the propagation, because each component of the electric field that is perpendicular to the surface
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Chapter 2 Fibers and nanofibers

Figure 2.6: Fiber mode types that propagate in a tapered optical fiber in the light ray representation. The left
shows the transverse cross-section of the fiber while on the right the longitudinal cross-section is shown. The top
shows the skew rays of a hybrid mode, while the ones below show the transverse TE and TM modes. Inspired
by [15, 18]

will acquire a phase shift upon reflection, whereas the parallel component will stay the same. All
hybrid modes are composed of skew rays, as there are no vanishing components of the electromagnetic
field [15]. In consequence, transverse TE and TM modes can only be composed of non-rotating ray
trajectories in the fiber such that their polarization is not mixed after each reflection. Similarly to the
LP modes, each of the exact hybrid and transverse modes can be described by the effective refractive
index 𝑛eff = 𝛽/𝑘0. The effective refractive indices of the lowest-order modes as a function of the fiber
diameter are shown in figure 2.7. They increase monotonically with the fiber diameter. As in figure
2.4, 𝑉 = 2.405 marks the boundary below which all higher order modes are no longer guided by the
fiber. For arbitrary 𝑉-numbers below that, the fiber only guides the fundamental HE11 mode. This is
an important property for designing nanofibers for their intended use.
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Chapter 2 Fibers and nanofibers

single-mode multi-mode

Figure 2.7: Effective refractive index as a function of the 𝑉-number for the seven lowest order hybrid and
transversal modes a nanofiber can guide, the vertical line at 𝑉 = 2.405 indicates the cutoff below which only
HE11 can propagate
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CHAPTER 3

Yb atoms coupled to super-extended
nanofiber mode

In this chapter, the idea of a new experiment and its basic fundamental background are introduced that
lead to the work I present in the following chapters.
A new experimental platform that combines Ytterbium Rydberg superatoms with nanofiber waveguide
quantum electrodynamics is to be developed as part of a three-universities quantum physics group
collaboration. This cooperation combines the expertise of the group of Arno Rauschenbeutel from
the Humboldt University in Berlin on fabricating and interfacing optical nanofibers, the theoretical
groundwork and expertise on Rydberg atoms and atom-light interactions of the group of Thomas Pohl
from the TU Vienna and the extensive experience on Rydberg quantum optics experiments of the
group of Sebastian Hofferberth from the University of Bonn.

Atoms excited to a high, metastable atomic state are called Rydberg atoms. They feature a variety of
characteristics that are used in many different fields, e.g. quantum computing [27]. Due to their high
polarizability [28], Rydberg atoms are very sensitive to external fields [7]. Although a Rydberg atom
does not have a dipole moment without an applied field, the electric field of the charge distribution
of the Rydberg electron of another Rydberg atom leads to a second-order effect of the dipole-dipole
interaction, resulting in a van der Waals interaction potential 𝑉 (𝑅) ∝ 𝐶6/𝑅

6 with 𝐶6 ∝ 𝑛
11 and 𝑛

being the principal quantum number [7].
A phenomenon that follows from this interaction is the Rydberg blockade effect [29, 30]. The
additional energy that is needed for exciting another atom to a Rydberg state because of the interaction
potential can exceed the linewidth of the transitions and lasers involved, such that the excitation of
a second atom is effectively prevented within a certain distance. This is also called the Rydberg
blockade radius 𝑟𝑏. If this is applied to an atomic ensemble of 𝑁 atoms for which the blockade radius
of a single Rydberg excitation exceeds the dimensions of the atomic ensemble, a Rydberg superatom
[7, 29] is created where the 𝑁 atoms share a single Rydberg excitation. This leads to collectively
enhanced Rabi oscillations, Ωeff ∝

√
𝑁 , which essentially means enhanced coupling of the excitation

light to the ensemble.
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Chapter 3 Yb atoms coupled to super-extended nanofiber mode

Figure 3.1: Overview of the new experimental platform. Showing clouds of 174Yb atoms being trapped in a
tweezer array in the super-extended evanescent field of a thin nanofiber. The 399nm and 395nm light needed for
the Rydberg excitation scheme of 174Yb (on the left) is guided by the nanofiber. On the right the collectivly
excited cloud of 𝑁 atoms is shown that form a Rydberg superatom with a collectively enhanced Rabi frequency
Ωeff ∝

√
𝑁 . Adapted from Ludwig Müller, NQO Bonn

Combining such superatoms with nanofiber waveguides introduced in the chapter 2.2 leads to a
promising experimental platform that is situated between current free-space superatom experiments
[7] and nanofiber waveguide QED experiments [31–34] in terms of coupling strength and the amount
of atoms that can be coupled to. The coupling strength in freespace superatom experiments is
very high because of the collective coupling of an optical mode to an ensemble of atoms, but
often limited to singular superatoms. In nanofiber experiments, the coupling strength is often
limited due to a small mode volume that limits the amount of atoms that interact with the mode and
surface interactions of the atoms that also interfere with the coherent interaction of the guided field [35].

R. Finkelstein et al. [11] proposed a solution to these limitations of current nanofiber waveguide
experiments. They realized a guided optical mode with an evanescent field that extends 13𝜆 away
from the nanofiber waveguide surface, which they use for interaction with an atomic vapor. Here 𝜆 is
the optical wavelength of the mode guided in the nanofiber. Figure 3.2(a) illustrates this so-called
super-extended nanofiber guided field. By reducing the diameter of the waist of the nanofiber to around
0.37𝜆/𝑛, where 𝑛 is the refractive index of the fiber core, they achieve this evanescent field extent of
13𝜆. Figure 3.2(b) illustrates the fiber waist diameter 𝐷 dependency of the mode field diameter (MFD)
of the guided mode. The MFD defines the diameter of the circular area at which it contains 1 − 𝑒−2 of
the optical power of the mode [11]. As the fiber diameter decreases, the MFD follows the physical
dimensions of the fiber until it diverges from this line around 𝑛𝐷/𝜆 < 1. From this point onward, it
varies very strongly with the diameter of the waist of the fiber. It reaches an MFD of 13𝜆 for a waist
with 𝐷 = 0.37𝜆/𝑛 as described before, with 99.5% of the power of this super-extended mode residing
in the vacuum cladding around the fiber. This realization comes close to the theoretical limit regime of
tapering standard optical fibers with a fundamental mode that propagates along the taper region [36, 37].
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Chapter 3 Yb atoms coupled to super-extended nanofiber mode

(a) (b)

Figure 3.2: Super extended evanescent field of a nanofiber. In (a) an illustration of the thin waist region of a
nanofiber is shown. On the left (fiber diameter 𝐷 = 0.9𝜆/𝑛), the guided mode in blue has a field diameter of
MFD = 1.2𝜆 while on the right (fiber diameter 𝐷 = 0.37𝜆/𝑛), the guided mode in red has a field diameter of
MFD = 13𝜆. Both modes are guided over a distance of 5000𝜆. In (b) the mode field diameter (MFD) (in units
of 𝜆) as a function of the fiber waist diameter (in units of 𝜆/𝑛) is shown. The dashed line shows the physical
fiber dimensions from which the MFD diverges at around 𝑛𝐷/𝜆 < 1. The blue and red circles correspond to the
guided modes in (a). The dashed purple line depicts the fraction of the power of the light residing outside the
fiber. Adapted from [11]

The objective is now to combine the enhanced coupling of superatoms with the super-extended evan-
escent mode that these nanofiber waveguides support over an extended length [19]. The knowledge
gained from the current ultracold Ytterbium 174 Rydberg quantum optics experiment of our group
[38, 39] shall be introduced to the new experiment. The excitation scheme utilizes an intermediate
state |𝑒⟩ = |6𝑠6𝑝 1

𝑃1⟩ to excite a ground state |𝑔⟩ = |6𝑠2 1
𝑆0⟩

174Yb atom via two-photon transition to
a Rydberg state |𝑟⟩ = |6𝑠𝑛𝑠 1

𝑆0⟩, as illustrated in figure 3.1. A weak probe field with 𝜆𝑃 = 399nm
drives the transition |𝑔⟩ → |𝑒⟩ and a strong control field the transition |𝑒⟩ → |𝑟⟩ with 𝜆𝐶 ≈ 395nm.

Figure 3.1 brings all these concepts together and illustrates the new planned experimental platform in
which an ultra thin nanofiber is used as a waveguide for guiding Rydberg excitation light of 399nm
and 395nm to couple to clouds of 174Yb atoms, via the emerging super-extended evanescent field [11].
The atom clouds are trapped in an optical tweezer array along the waist of the nanofiber to effectively
create multiple superatoms by the collective excitation of the respective atom cloud. To achieve such a
super-extended evanescent mode field diameter of 13𝜆 ≈ 5.2 𝜇m the waist of nanofiber needs to have
a diameter of 𝐷 = 0.37𝜆/𝑛 ≈ 100 nm for the probe field wavelength of 𝜆𝑃 = 399 nm and a refractive
index of 𝑛 = 1.47 for SiO2 at 399 nm. These nanofibers are fabricated by our collaborators from
Berlin.

Because our group has limited experience with nanofibers, an essential part of implementing and
developing this new experimental platform is to construct and set up the necessary infrastructure to
enable dust-free handling of such fibers. In addition, it is unknown how the nanofibers behave under the
targeted propagation wavelengths of 399nm and 395nm. Therefore, the goal of this thesis is to construct
and establish a working space in which nanofibers can be safely handled without dust contamination,
brought into a vacuum environment, and evaluated for their transmission behavior.
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CHAPTER 4

Nanofiber testing setup

The nanofibers are very sensitive to dust particles and air flow. Due to the increased requirements for a
dust-free working area, we designed and built a dedicated testing setup to characterize our nanofibers.
The description of the setup is divided into five topics: testing table construction, clean air setup,
vacuum chamber, optical setup, and data acquisition. I took over the construction of the setup in an
early stage where only the testing table frame was built, the optical breadboard was installed. All of
the additional components were built and installed by me.

4.1 Testing table
The testing table is a self-built construction of aluminum profiles and wood panels. An optical
breadboard (750 mm x 1200 mm x 60 mm) from Thorlabs is installed to mount the optical setup and
is used as a workspace. Sorbothane sheet cutouts are installed underneath the optical breadboard
at all contact points between the optical breadboard and the frame to dampen vibrations that could
disturb the optical setup. A flow box module, a separate clean air box, and a vacuum chamber
are installed in conjunction with an optical setup to test the nanofibers under clean air and vacuum
conditions. The setup is designed to make fiber testing an easily repeatable process, while also gaining
experience for the group on how to handle such fibers without contaminating them, which would lead
to permanent damage. It is self-contained and separate from the current Yb experiment [38, 39] in
our group, so it does not rely on any other system other than the blue 399 nm light coming from one
of the experimental tables through an optical fiber. Storage shelves above the flow box and below
the optical breadboard give space for power supplies, vacuum prepump, and all the necessary fiber
preparation-related equipment. The power sockets are strictly separated to reduce possible sources of
noise and interference for the measurement electronics. The table also features a switchable LED light
source as a working light on the table and a power distribution box for our modified biased Thorlabs
photodiodes for use with an external power supply instead of batteries. To block laser light going off
the optical table black laser proof plexiglass sheets are installed all around the optical table that can be
slid open or shut. They also provide physical protection against dust from outside the table.
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Chapter 4 Nanofiber testing setup

Figure 4.1: Fiber testing table construction from aluminium profiles with a mounted optical breadboard. It
consists of a flow box module on top, an inner clean air box on the right with a hatch for working, a vacuum
chamber with viewports and a two-stage evacuation system in the middle. On the left, covered by laser blocking
plates is an optical setup for transmission analysis of coupled optical fibers.

4.2 Clean air setup
Because nanofibers are extremely sensitive to dust contamination in a sense that dust particles can
burn onto the fiber and consequently permanently reduce transmission. Therefore, the table was
designed with a dust-free setup in mind. As a basis, a laminar flow box module, Spetec FMS 75
Basic, is installed on top of the table to supply the optical table with high-efficiency particulate air
(HEPA) H14 filtered dust-free air. An inner clean air box is used as a separate enclosure to work
with the nanofibers in filtered HEPA H14 dust-free air again with reduced airflow to protect the fibers
even more. It is shown in figure 4.2. This box is also used to install the nanofibers in the vacuum
chamber. It is self-built and constructed from aluminum profiles and acrylic sheets. Every connected
part is sealed using adhesive foam around all edges of the acrylic sheets, the aluminum frame, and
the HEPA 14 filter inside the box. The top sheet is attached using screws and plastic washers, which
are intended to protect the acrylic sheet from stress fractures. A large fan is mounted on top of the
box to push air through the underlying filter. As I detected a backflow of air beside the fins of the fan
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Figure 4.2: Clean air box built from plexiglass and aluminium profiles with dust-proof sealed edges. A hatch in
front opens up the workspace. On top a fan and a HEPA 14 filter are installed.

Figure 4.3: 3D printed fan faceplate to redirect the backward flow of air, it also acts as a fingerguard.

and in consequence an unnoticeable airflow inside the box, a custom faceplate to guide the airflow is
designed and 3D printed. This reduces the intake area, blocks the backward outflow, and serves as a
fingerguard to protect the fan itself and the operator’s fingers. It is depicted in figure 4.3. With the
faceplate in place the outflow is minimized and the airflow inside the box is increased to a sensible
level where one achieves a laminar flow that is high enough to provide a dust free area, but low enough
to not break the fibers on its highest speed setting. A hatch for working with the fiber inside the box is
installed on the front of the box, as well as an opening for accessing the vacuum chamber.

I evaluated the air cleanliness in the setup using a borrowed particle sensor setup. It consists of two
Sensirion SEN54 particle sensor modules that are factory calibrated and were also referenced to a
handheld high-accuracy particle sensor from the clean room facility associated with the university. I
concluded that the air-filter setup we use meets its specifications, with only five dust particle events
being measured inside the clean air box in a timeframe of 6 hours. Therefore, this setup is sufficiently
clean for handling nanofibers according to our collaborators from Berlin.
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Figure 4.4: Vacuum chamber with attached two stage evacuation system with a needle valve for slow and
controlled evacuation. A big corner valve in the back used for faster evacuation in the lower hectopascal regime.
Viewports on the front and the back of the chamber provide optical acess of the nanofiber inside. The right side
is accessible from inside a clean air-box.

4.3 Vacuum chamber
The nanofiber testing vacuum chamber was designed with optimal accessibility and visibility of the
nanofiber in the chamber in mind to be able to gather as much information as possible while testing
the fibers. It can be seen in figure 4.4.
It consists of a single cross-part with two axes, one with a CF100 and the other with a CF40 flange.
Windows are installed to observe the nanofiber inside the chamber on the front and back CF40 flange.
On the left a 4 way CF40 cross flange connects the chamber with a Pfeiffer PKR 360 full range gauge,
a full metal CF40 corner valve, and a Vacgen CF16 needle valve. The Vacgen CF16 needle valve is
connected to a CF40 T-piece via a CF16 vacuum bellow which bypasses the full metal CF40 corner
valve as the CF40 T-piece is connected to the Pfeiffer Vacuum HIPACE 80 turbo pump via a CF40
vacuum bellow. This combination essentially functions as a two-stage vacuum setup. The needle valve
is used between 1 000 hPa and 1 hPa to evacuate the chamber at a slow rate to prevent a too high flow
rate that could break the nanofiber apart or churn up residual dust from inside the chamber that could
settle on the nanofiber. Below 1 hPa, the large corner valve can be opened in addition to continuing to
evacuate the chamber.
A Pfeiffer Vacuum MVP 040-2 diaphragm pump and a Pfeiffer Vacuum HIPACE 80 turbo pump are
used for vacuum chamber evacuation. The diaphragm pump is used as a pre-pump for the turbo pump.
It needs to be running well before starting the turbo pump to bring down the pressure from ambient to
the low hectopascal regime.
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On the right, the testing vacuum chamber reaches into the inner clean air box where a Swagelok
feedthrough and a nanofiber holder mounted on the flange are installed to guide the fiber into the
vacuum chamber.

4.3.1 Evacuation procedure
The basic start-up procedure consists of completely closing the large CF40 corner valve and the needle
valve, starting the prepump, and waiting until the pressure on the turbo pump gauge is in the range of
1 hPa. Afterwards, the needle valve is opened ever so slightly so that the measured pressure at the
pump gauge rises only by up to 0.3 hPa. This ensures a slow evacuation speed to protect the fiber
from residual dust, as described previously. The opening of the needle valve is adjusted according to
the current pressure to maintain a slowly increasing pressure gradient. The goal is to go from 1 bar to
1 mbar. I determined 2-4 hours to be a good time frame to aim for, with the pressure gradient being
the shallowest with 2 hPa min−1 to 5 hPa min−1 at the beginning. After reaching the 1 hPa regime
inside the vacuum chamber, the turbo pump is activated. As the turbo pump spins up and the pressure
outside the chamber drops to 1 × 10−5 hPa the needle valve and the corner valve can be opened up
further until they are fully open. The pressure level is low enough so that the risk of unsettling residual
dust in the chamber is mitigated.

After 4 days of evacuation, the lowest pressure of 8.64 × 10−8 hPa can be achieved inside the chamber.
That is the same order of magnitude where the vacuum starts being referred to as ultra-high vacuum
(UHV), but it does not go lower than that. Closed valves lead to an increase in chamber pressure,
but to a stabilization at 1 × 10−7 hPa to 5 × 10−7 hPa. This rise in pressure can be explained by the
outgassing of the epoxy glue on the nanofiber holder and other organics still inside the chamber. As
the chamber is not baked, this is probably the lowest achievable pressure with this setup in its current
state. For the experiment itself, baking the experimental chamber and additionally using an ion pump
is a necessity to reach UHV levels.

4.3.2 Fiber feedthrough
There are different methods to get a fiber into and out of the vacuum chamber and still maintain UHV
levels. As mentioned already mentioned, a Swagelok solution with an inserted Teflon two-way fiber
cone is used for this setup.
The conus has two small holes next to each other so that a fiber can enter on one hole and exit the
chamber through the other hole again. With the fibers inserted the nut gets closed, the teflon conus
gets compressed into the fitting, and consequently the fibers are squeezed to make it airtight [40]. A
clean vacuum assembly procedure is of course a must for the fiber feedthrough assembly due to its
tight tolerances.

Other solutions discussed, which may be applied for the main experiment when the testing phase is
over, include gluing the fiber to a perforated flange with vacuum-proof epoxy glue. This has a lower
error rate in the sense that the teflon seal might not work sufficiently every time, a lower compression
strain on the fiber, and high vacuum compatibility. However, the flange needs to be exchanged as a
whole every time the fiber needs to be exchanged in comparison to only a small teflon conus with the
current solution.
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Figure 4.6: Illustration of the complete optical setup on the fiber testing table for transmission and polarization
analysis of the nanofibers. The box in orange marks the parts that are not on the table.

The currently used solution is the best for the testing setup due to time and cost efficiency, as the fibers
are exchanged more often, but might not be the best for the future experiment where UHV levels need
to be reached.

4.4 Optical setup
The optical setup on the testing table has a small footprint, as the usable space is constrained by the
vacuum chamber and the clean air box beside it on the same table. The whole setup is depicted in
figure 4.6.

We are working with a 399 nm laser light source on the testing table which orginates from a 10 m
long polarization maintaining single mode Thorlabs fiber (P3-405BPM-FC-10) going to the second
experiment table. On this second table, 399 nm light from an unused laser arm is coupled into the fiber.
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The laser light comes from a Toptica TA-SHG 399 nm laser, which is a high-power, tunable, frequency
doubled diode laser named ”Obelix”. In the beampath in between the laser and the fiber incoupler a
Gooch and Housego IM-110-2C10BB-3-GH27 acousto optical modulator (AOM) is installed and
adjusted to have its highest intensity in the 𝑚 = −1 diffraction mode so that it can be used to stabilize
the intensity of the beam after the fiber on the testing table by modulating the AOM diffraction power
accordingly. Two mirrors are installed after the AOM to couple light into the fiber. In addition, two
𝜆/2 plates are installed in the beam path directly in front of the fiber incoupler to control and adjust
the polarization of the beam.

Figure 4.5: Vacuum fiber feedthrough
of the vacuum chamber with installed
fiber glowing red by using a fiber testing
pen.

The fiber coupling setup, depicted in figure 4.7, consists of a
Thorlabs Z-Axis Translation Mount (SM1ZA) in a cage setup
with a Thorlabs molded glass aspheric lens in front that needs
to be matched to the NA and MFD of the fiber used and the
diameter of the to be incoupled beam.
This setup is also the recommended solution from our collabor-
ators from Berlin as it gives a very precise adjustment of the lens
position to optimally focus the beam onto the fiber facet.

On the testing table, we have a basic fiber outcoupler with an
adjusted 𝑓 = 15.29 mm aspherical lens to collimate the beam.
A 𝜆/2 plate and a polarizing beam splitter (PBS) in transmission
are used to have stable polarization after the fiber. The reflected
light of a 50/50 beam sampler, placed in transmission after the
PBS, is focused onto a Thorlabs DET36A2 biased photodiode
to pick up the light for the intensity stabilization of the beam. In

transmission after the 50/50 beam sampler, another 𝜆/2 plate and a PBS. By rotating the 𝜆/2 plate,
the ratio between reflected and transmitted light can be changed. The reflected beam is directed into a
beam dump.
In transmission after the PBS are two mirrors for coupling the beam into the nanofiber. The coupling
setup is again a Thorlabs Z-Axis Translation Mount (SM1ZA) in a cage setup with a Thorlabs molded
glass aspheric lens in front. Another 𝜆/2 plate directly in front of the coupler is used to rotate the
polarization for polarization stability measurements after the fiber.

At the other end of the fiber there is a basic fiber coupler with another molded glass aspheric lens to
collimate the beam. Another PBS is used after the outcoupler to separate the s- and p-components of
the light and measure the intensity of each as the reflected and transmitted light, respectively, with
Thorlabs DET36A2 biased photodiodes. Their signals are recorded with a PicoLog ADC-20 data logger.

4.4.1 Intensity fluctuations on the testing table
When evaluating the optical setup I noticed substantial relative intensity fluctuations of up to 5.5% of
the beam coming out of the 10 m polarization maintaining (PM) fiber onto the testing table. The beam
in front of the fiber does not show these fluctuations and is very stable with only 0.4% of relative
deviations of the signal. These observations are depicted in figure 4.8. A spectral analysis of the time
series shows mainly low frequency components below 5 Hz.
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Figure 4.8: Intensity fluctuations over time in front of and after the fiber in comparison. Depicted as the relative
fluctuation around the normalised signal.

Figure 4.7: Fiber coupling stage with
𝑧-axis fiber adjustment

Investigating this problem leads to multiple possible sources
for these fluctuations. Reflections on the faces of the fiber ends
can be ruled out mainly because both ends have an angled tip,
leading to an optical return loss of > 60 db. The propagation of
the cladding mode is also unlikely to be the main cause, because
the cladding modes get attenuated quite quickly and are mostly
a problem of shorter fibers in the lower than 2 m range. To
exclude mode hopping of the laser, the alignment mirrors of
the cavity were systematically misaligned, but no correlation
between the cavity alignment and the fluctuations could be found.
The amplitude and shape of the intensity fluctuations do not
change.

However, observing the beam from the laser with a beam camera
behind a lens with a large focal length of 𝑓 = 750 mm in the far
field showed pointing stability issues of the laser. Due to the
observed nature of the beam-pointing instability the coupling efficiency can vary on the observed
intensity fluctuations timescale, which would explain the observed fluctuations. We concluded that
the pointing instability might have the biggest influence on the intensity fluctuations. As an intensity
stabilization is wanted anyway, further investigations on the pointing instability is of no great concern
for the time being. The observed fluctuations in this low frequency regime should be compensated for
by the intensity stabilization. Other effects like thermal drifts should also be mitigated by a intensity
stabilization as they do happen on an even larger timescale.

4.4.2 Intensity stabilization
As described before, an intensity stabilization is set up for the testing table laser beam. In figure 4.6
all the components involved can be seen. The principle is to have a laser beam that gets diffracted by
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Figure 4.9: Proportional–integral–derivative (PID) controller built by the electronics workshop of the group and
modified by me. The PCB in the bottom shows the modifications. The inputs and potentiometer on the front
panel are relabled for their modified use.
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an AOM in the first order coupled into a polarization-maintaining single-mode fiber. After the fiber
a 𝜆/2 plate and a PBS are placed such that the polarization is well known and fixed. A photodiode
that monitors the intensity is right behind the polarization filter, picking of the signal with a 50/50
beam splitter. The AOM is used to vary the amount of light that is diffracted into the 1st order mode
on much faster timescale than the intensity fluctuations itself. It is used to counteract the intensity
drifts or fluctuations. This is done by active stabilization using a feedback loop. It regulates the RF
power that is applied to the AOM such that the signal on the photodiode stays at a constant level.
The Thorlabs DET36A2 biased photodiode signal goes to the first input of one of our self-built
proportional–integral–derivative (PID) controllers. This PID controller board is depicted in figure 4.9.

As the first stage of the PID controller sums the signal of input 1 and the inverted signal of input 2
which gives 𝑉𝑜𝑢𝑡 = 𝑉1 + (−𝑉2), so it effectively acts as a subtraction stage. On input 2 a reference
voltage is set. In this case, the reference signal is set on the PID controller itself, by a modification of
circuit I applied.
The first stage therefore effectively creates an error signal that tells the circuit how much the current
intensity differs from the setpoint. In this case, only the P and I circuits of the board are used. The
P circuit gives a proportional response to the magnitude of the error signal. The ratio of the output
response to the error signal is determined by the set proportional gain 𝐾𝑝. Increasing the proportional
gain generally leads to a decreased system response time, but if it is too large, the system will start
to oscillate and it may become unstable and oscillate out of control. To obtain an ideal response,
the gain needs to be accurately adjusted to the response characteristics of the system at hand. The I
circuit integrates the values of the error signal over time, with the result that the integral response
continuously increases as long as the error signal is not zero. This effectively drives the steady-state
error to zero. The amount of action it has on the output signal is determined by the integral coefficient
𝐾𝑖 , which also needs to be tuned to the overall response of the system to make it as effective as possible
without having too much of an overshoot. In most cases the D circuit which is a derivative response is
not needed for this type of intensity stabilizations, so we dont go into detail here.

As mentioned before the PID controller board got modified from the stock functionality. As the scan
input is unused in this case, the scan gain potentiometer is rewired to act as a simple voltage divider by
connecting it to the +15V power linear power supply on the board and GND pin. The signal output
pin is connected to input 2 by a green cable to the unpopulated R43 pad, which is connected to the
input pin 2. This then acts as an internal reference voltage without needing an additional external
source. In the lower part of figure 4.9 these modifications are depicted.
The input 2 BNC connector is now used only for monitoring as long as the internal three pin connector
is connected to the power supply pins. If its disconnected it can be used as a normal reference voltage
input as before. The scan potentiometer now acts as a reference voltage potentiometer which adjusts
the voltage going into input 2 between 0V and +15V. The PID controller is installed next to an analog
buffer card in a rack above the Obelix laser. The analog buffer card is used to shift the feedback voltage
range of the PID output from -12V to 12V to the analog input range of the AOM driver box that is
connected to the AOM which is 0V to 10V.

The feedback loop must be tuned to the response of the system. Therefore, a triangle wave from 0V to
10V at 10Hz gets fed into input 2 instead of a constant voltage, and the photodiode signal, the error
signal, the PID output and the triangle wave are monitored on an oscilloscope. Only the P part is then
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Figure 4.10: Imaging Source monochrome DFK 72AUC02 CCD camera with a 𝑓 = 25 mm lens pointed onto
the vacuum chamber viewport to observe the installed nanofiber.

activated and the gain is adjusted so that the photodiode signal follows the triangle wave reference
signal. Afterwards the I part is also activated and adjusted that the photodiode signal follows the
reference even more closely.

Then a square wave is applied as a reference signal with an offset moving in to the middle and an
amplitude smaller than the full range of the AOM driver box. With this signal applied P and I can
be further optimized such that the rise and fall times are minimized together with an overshoot of
ideally less than 5%. Using this optimized feedback loop yields a much more stable intensity on
the fiber testing table with a relative fluctuation of 0.27% (4.0mV/1.5V). The intensity stabilization
mitigates the problems described in section 4.4.1 to a high degree. With this level of stability the main
measurements can be performed accurately.

4.5 Data acquisition
In this section, the measurement setup is discussed. A Rigol DS2102E two channel 100MHz
oscilloscope quickly became insufficient as the need for longer measurement runs and multi channel
monitoring arose. An eight channel PicoLog ADC-20 datalogger is installed in the setup and
positioned on top of the shelves of the table in addition to the oscilloscope. To accompany the
datalogger, a computer with a movable and tiltable screen is also installed to be used as a separate
working environment. It runs all the necessary software to evaluate and save the data measured by the
datalogger.

To observe the waist and taper region of the nanofiber while light is coupled into the fiber, an Imaging
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Source monochrome DFK 72AUC02 CCD camera with a 𝑓 = 25 mm lens is used. The camera is
mounted on a post and is pointed towards the front window of the vacuum chamber, from which the
nanofiber on its holder can be observed. The camera software is used to capture images in specific time
intervals to correlate changes in transmission and polarization with changes in the observed nanofiber.
As the camera settings can be fully configured by the software, the exposure can be specifically chosen
and fixed, such that intensity changes can also be observed in the camera picture.
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CHAPTER 5

Fiber testing

In this chapter the process from the selection of an optical fiber suitable for the project, the further
processing of the fiber, the testing of the nanofibers and the fiber material itself is described and
explained.

5.1 Fiber selection
One goal of the project is to find an optical fiber that is suitable for the transmission of 395
and 399 nm light and can be pulled into a nanofiber by our collaboration partners from Berlin.
A waist diameter of 100 nm should be reached. The state of the art is to pull Ge-core-doped
optical fibers into nanofibers, but for wavelengths different from the ones needed for this pro-
ject. This involved a market research as Ge core-doped optical fibers for 395 nm and 399 nm
light are not so common in the optical fiber industry. The specified cutoff wavelength is often
right in this region with an uncertainty (370 ± 20) nm that is too close to 395 nm to be usable
without concern. Most companies only offer pure silica core optical fibers with flourine-doped
(F-doped) cladding for these wavelengths and below due to the effects of photodarkening or so
called solarization [41], which is a process that increases the attenuation of the signal over time.

Figure 5.1: Bare Coherent 405-HP fiber
on a fiber spool

Coherent was the only manufacturer to sell an optical fiber with
a germanium-doped core and a uniform silica cladding designed
for 400-550 nm with a selectable cutoff wavelength, called
405-HP. They do this by testing and measuring batches after
production to classify and guarantee a certain cutoff wavelength.
However, they do not have or provide any data on photodarkening.
As this was the only suitable prospect, a 381 m spool with a
measured cutoff at 370 nm was bought, as this fits the project’s
requirements quite well. Another 110 m spool with a cutoff
at 390 nm was bought a few months later for further testing
purposes of the fiber material. Both have a 2.1𝜇m Ge-doped
core and a 125𝜇m uniform silica cladding inside a 250𝜇m
acrylate coating.
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5.2 Fiber termination
The optical fibers on the spools are bare, so there is no additional protective sleeve or connectors. This
means that full customizability is possible depending on the needs. Initially, the proposed solution from
Berlin is tried. This means terminating the fibers with a temporary bare fiber terminator and leaving the
fiber unprotected without a sleeving. A Thorlabs BFT1 bare fiber terminator is used in combination with
a Thorlabs B30126C3 FC/PC connector with a ceramic ferrule. Figure 5.2 shows such a fiber terminator.

Figure 5.2: Temporary bare fiber ter-
minator

To terminate the fiber, a piece is cut off from the spool with
the desired length of the fiber. On both ends, the acrylate coat-
ing is removed with a certain fiber stripping tool chosen for
the fiber dimensions. It mechanically removes the coating in
one step. Other solutions for fiber stripping are to thermally
remove the coating by heating it up to the melting point of
the acrylate, or to chemically dissolve the coating with heated
sulfuric acid or paint stripper [42]. Chemical removal of the
coating being the best option when high precision and reli-
ability is needed. As this process is unpractical for a lot of
repeated fiber tests, mechanical stripping is sufficient as it is
one of the fastest procedures and still highly reliable if done cor-
rectly. For the final experiment, the other stripping procedures
may be considered to achieve the highest level of reliability.

Figure 5.3: Mechanical fiber coating
stripper and a fiber scoring pen

After stripping the fiber by about four to five centimeters, the
residual acrylate debris is cleaned off by using a lint free lens
tissue that is soaked in isopropyl alcohol (IPA or 2-propanol).
The fiber end is pressed firmly between the fingers inside the
folded tissue and gets pulled out of it, cleaning the fiber surface.
Subsequently, the fiber is inserted into the bare fiber terminator
through the ferrule until it sticks out by about two centimeters.
Now a mechanical cleaver or a scribe pen gets used to cleave
the end of the fiber. Such a scribe pen and a mechanical coating
stripper are shown in figure 5.3. After cleaving, the fiber is
recessed until it is flush with the ceramic ferrule.

The scribe pen is the recommended tool for cleaving, as it
produces less fiber waste than the mechanical cleaver, which
requires a longer protruding fiber from the fiber terminator
to work properly. It also produces the same to even higher
quality cleave results if done by a skilled person than the basic

mechanical cleavers from Fujikura. High quality in this case means a clean, uniform fiber facet
without scratches or chips and a cleave angle lower than 0.5◦ to avoid high insertion loss levels. The
difference in quality of both techniques was determined by ten subsequent cleaves with each system
which were evaluated with a fiber microscope for surface quality and a checked with the Fujikura
90S + splicer [43] for the lowest cleaving angle. The tests resulted in a subjectively similar quality
surface and an objectively slightly better mean cleave angle of (0.3 ± 0.1)° for the scribe pen versus
(0.5 ± 0.1)° for the Fujikura CT50 cleaver. This shows that both solutions are equally usable. In this
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case, the scribe pen is favored to be able to work with much shorter fiber pieces.

To make a good cleave with the scribe pen the protruding fiber needs to be scored. This means that
the ruby blade of the scribe pen is used to create a small scratch on the fiber. The pen should be
held perpendicular to the fiber to ensure correct scoring. The fiber then needs to be pulled along the
mechanical axis of the fiber so that the stress from the scoring leads to a shock wave through the
material to obtain a clean cleave perpendicular to the fiber. Pulling the fiber apart is done by hand,
which is why it is crucial to have experience performing this procedure. Any torsion applied while
pulling leads to an angled cleave which is undesirable. The quality of the scoring can be assessed
during the pulling procedure by sensing if the required pulling force is higher than that needed for a
clean cleave.

The cleaved and recessed fiber is observed with a fiber microscope to check on the cleave quality. On
both sides of the fiber a temporary connector is installed using this method. To test the fiber, it is
connected to the fiber coupler setup in the optical setup on the fiber testing table described in section
4.4. The coupling efficiency should be maximized to make sure that the beam is optimally focused
on the core of the fiber and that as much light as possible is coupled into the fiber. The efficiency
is measured by the quotient of the light intensity in front of the fiber and the intensity coming out
of the fiber at the other end. As the electric field that is guided inside a single mode fiber can be
approximated sufficiently by a Gaussian intensity distribution, the outgoing beam of the fiber can
be described by a Gaussian beam with the beam waist at the fiber tip [15]. This means that if the
incoming beam can be mode matched with the fiber mode so that they are equivalent, the theoretical
coupling efficiency would reach 100%. The theoretical coupling efficiency can be calculated by the
overlap of the two modes. Every deviation from an ideal Gaussian beam leads to a reduced coupling
efficiency. A mismatch in the spot sizes, shifts, or tilts of the modes with respect to each other and
optical aberrations or diffraction in the optical system are examples which lead to deviations from an
ideal Gaussian beam. To match the fiber mode with the 399 nm light setup on the fiber testing table, the
mode field diameter (MFD) needs to be known. With the MFD the required incident beam parameters
can be calculated using Gaussian beam propagation. The MFD is constant along the fiber length and
is the width of the mode at which the intensity is down to 𝑒−2 times the peak intensity.

5.2.1 MFD measurement
In general, the MFD can be measured in the near-field directly at the tip of the fiber using an imaging
microscope lens with the focal plane at the tip of the fiber. The value of this technique is questionable
for MFDs under 10𝜇m as the positioning accuracy and diffraction-limited resolution of the lens
become comparable to the MFD without even taking the typical point-spread function of microscope
lenses into account.

This is why the MFD is often measured using the far-field. One of the methods is performed as follows.
The bare fiber output with no lens in front of it of a fiber on the fiber testing table with 399 nm light
coupled into it is pointed perpendicular onto the sensor of a beam profiler camera. The beam profiler
camera is mounted on an x-y micrometer stage to accurately adjust the distance 𝑧 between the fiber
tip and the camera sensor. With this setup, the beam radius 𝑤(𝑧) is measured with the beam profiler
camera for 25 different distances from the fiber. By fitting the measured data linearly and taking the
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slope 𝑚 = 𝑤(𝑧)/𝑧 of the fit, the divergence angle

𝜃 = lim
𝑧→∞

arctan(𝑤(𝑧)/𝑧) (5.1)

is obtained. Inserting the calculated divergence angle into a rearranged formula for the divergence
angle in the far field yields the beam waist

𝑤0 =
𝜆

𝜋𝜃
(5.2)

The MFD is then just MFD = 2𝑤0. Using the obtained MFD the required focal length 𝑓 of the lens to
focus the collimated beam to the needed spot size that resembles the MFD can be calculated by using
any Gaussian beam propagtion tool. This measurement results in a slope of 𝑚 = (0.1509 ± 0.0004)
and therefore in a mode field diameter of MFD = (1.696 ± 0.003) µm at 399 nm for the Coherent
405-HP fiber. For a beam diameter of (2.01 ± 0.04) mm the most suitable focal length of the available
lenses was determined to be 𝑓 = 6.2 mm. However, the best coupling efficiency achievable by using
this focal length with this fiber in the optical setup on the fiber testing table was only (29.3 ± 0.2) %.
Further testing with different focal lengths did not yield higher coupling efficiencies.

5.2.2 Permanent fiber termination
Due to the low achievable coupling efficiency and having intensity fluctuations after the bare fiber
piece, a different approach for fiber termination is tested. These fluctuations after the Coherent test
fiber on the table of up to 4% relative to the signal were occuring although the installed intensity
stabilization was fully working. Beam pointing on the table could be excluded, so the fiber termination
was a possible source of these new fluctuations.

Figure 5.4: Polished fiber facet viewed under
the fiber microscope with core and cladding
indicated

Commercially available fiber optic patch cables come in
different packaging compared to the bare fiber currently
in use for testing. The bare fibers are sleeved by a plastic
or metal tubing and have fixed connectors on both sides of
the fiber. The tubing protects it from influences from the
outside, makes them more rigid, and therefore making it
less prone to being bent until its point of failure. Despite
having slightly better isolation from temperature drifts,
tubing does not provide any other optical or mechanical
stability advantages. Connectors instead can provide this
because the fiber is glued to the ferrule instead of being
only pushed into it and clamped to not move. The fiber tip
is also not cleaved, but polished. An angled fiber tip is also
possible this way to prevent back reflections on the fiber
endface. To test whether this actually provides a higher
level of mechanical stability of the fiber tip leading to higher
coupling efficiency and lower intensity fluctuations after
the fiber, connectors of different kinds (FC-PC and FC-APC) with ceramic ferrules, tubing material,
strain relief boots, suitable epoxy glue (Thorlabs F120 and F112), and polishing sheets are bought.
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For the process of connectorizing and polishing the bare fibers, a Thorlabs guide [44] is followed.
Therefore, a detailed description of this process is omitted, and only a rough idea is given in the
following.

Figure 5.5: Coherent 405HP fiber per-
manently terminated and sleeved

The fiber is stripped and cleaved initially, but without any con-
nector attached. The tubing is cut to size according to the
manual to fit the length of the bare fiber piece. The fiber is then
inserted into the tubing and guided through it using the inlay
nylon pullstring. The basic procedure for preparing the fiber
ends is the same as for the temporary connectors. The coating
is stripped by a certain length according to the manual, so it
fits into the length of the tubing and connectors at the end. As
a next step, the strain relief boots and crimp seeve are pushed
onto the tubing to make a connection between the connector and
the tubing. The epoxy glue is prepared and filled into a syringe
with a thin flat needle attached. This needle is inserted into the
back of the connector to inject the epoxy into the connector. The
epoxy needs to be injected until a small bead of epoxy appears

on the outside face of the connector ferrule. The prepared fiber end is now inserted into the connector
until it sits at the end of the stripped fiber part. The connector is secured to the tubing by crimping
them together, and then the strain relief boot is also pushed and glued onto the back of the connector.
The epoxy cures in a few hours and is left overnight to cure. As a next step, the fiber piece that sticks
out of the connectors should be cleaved right above the glue bead. This is done with the previously
mentioned ruby scribe pen, as any other cleaver does not get close enough to the connector tip. This
must be done with precision, as the cleave should not produce any flaking of the fiber tip. If the fiber
breaks below the glue bead, one might need to start over, cut off the fiber, and scrap the fiber connector.

The next step is the precise polishing of the fiber from the ground up. The still protruding fiber is
sanded down with a 30𝜇m sanding paper until it is flush with the ceramic ferrule. Now, the fiber is
inserted into a polishing disc and polished in small steps with flat polishing sheets on a glass plate. The
grit size of the polishing sheets gets smaller with every step, starting at 30𝜇m, continuing with 6𝜇m,
3𝜇m, 1𝜇m and finalizing with 0.01𝜇m for the final polish. Each step also involves a visual inspection
of the fiber facet with a fiber microscope to determine the current state of the polishing and any defects
that might occur. A perfectly clean working environment is a must, as any cross-contamination from
the larger to smaller grit polishing sheets can lead to a scratched fiber facet, which can set back the
polishing progress to the beginning depending on the damage. So in between every grit size change,
the plate, the polishing disk, the fiber, and the polishing sheet are cleaned by clean dust-free air and
optical grade isopropanol. The goal is to end up with a connector surface that is free of epoxy, a fiber
that is flush with the connector surface, with no defects like digs, chips or cracks on the fiber surface
and that the core of the fiber is completely scratch free. Only minuscule and light scratches on the
cladding are acceptable if they are not in the region around the core. The goal however should be a
scratch free surface after the finishing polish.

This procedure is done on both sides of the fiber. If done right, the finished fiber is a commercial
grade fully usable fiber optic patch cable as shown in figure 5.5. Figure 5.4 shows the result of the
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Figure 5.6: The left picture shows a top down view onto the fiber transportation box with a nanofiber installed
onto its holder. The right picture shows a close up view of the nanofiber holder with a nanofiber glued on.

polished fiber endface under the fiber microscope. The core is only barely visible and the surface is
scratch free.

In total, four patch cables were made aswell as two fibers with only one side being connectorized. The
four full patch cables are made from the first batch of Coherent 405HP Ge-core doped fibers. The
single sided connectorized fibers were made from a different fiber material that will be discussed in
section 6.2. From the four Ge-core doped fiber patch cables two were fabricated without and two
with the protective tubing. One of each features a FC-PC (physical contact, flat surface) connector on
both sides while the other one features a FC-APC (physical contact, angled surface) connector. The
two patch cables without the tubing were tested for their output intensity stability and their coupling
efficiency in the same optical setup the bare fibers with the temporary fiber holders

The achievable coupling efficiency does not improve with the permanently connectorized fiber. It
reached the same level as the fiber with a temporary fiber connector with respect to the uncertainty of
the coupling efficiency. The intensity fluctuations after the fiber also did not show any improvement
for the permanently terminated fiber.

5.3 Nanofiber testing
Following the preliminary characterization of the fiber material, the nanofibers pulled by the Berlin
group are characterized and evaluated for their transmission and polarization stability. The procedures
for managing the nanofibers both within and outside the vacuum chamber are systematically evaluated
and mastered. The first initial nanofiber is evaluated under standard atmospheric conditions within its
transport enclosure, absent a vacuum environment. Such a tranport enclosure is shown in figure 5.6.

In contrast to the first, the subsequent second and third nanofibers are evaluated under vacuum
conditions within the test vacuum chamber. All nanofibers were fabricated from the Ge core doped
Coherent 405HP fiber. Notably, the second and third nanofibers were fabricated from a different
production batch compared to the first, which should solely differ in the selective cutoff wavelength of
the fiber. The three different nanofibers are fabricated using similar pulling profiles, distinguished
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solely by their resulting waist diameters. Specifically, the first nanofiber has a waist diameter of
𝑑 = 100 nm ± 5 nm, while the second and third nanofibers are characterized by a waist diameter of
𝑑 = 200 nm ± 10 nm. All nanofibers exhibit an identical waist length of 2.0 mm ± 0.1 mm and a taper
angle of 2 mrad.

5.3.1 First nanofiber d=100 nm
The first nanofiber was also the first nanofiber prepared to be studied in the setup introduced in chapter
4. The nanofiber is prepared to enable the coupling of light into the nanofiber while preventing its
exposure to dust, thereby also enabling an assessment of its condition following transportation from
Berlin to Bonn.

Nanofiber preparation

All clean air systems are turned on and checked in advance. The entire workplace is cleaned with
isopropanol to remove any residual dust that may have accumulated. The nanofiber transportation box
with the first d=100 nm nanofiber inside is placed inside the clean air box together with a new lid that
is prepared in advance with two drilled holes opposite each other. The lid was cleaned with soap,
afterwards with lint-free wipes and isopropanol, and packaged in aluminum foil.

All procedures are conducted with clean gloves to maintain the cleanliness of the setup. This also
ensures the higher standard needed for handling subsequent nanofibers under vacuum conditions, for
which any contamination by oil or other residues needs to be avoided. After positioning the transport
box in the middle of the working area inside the clean air box, the lid is carefully opened and placed
upright. In this way, one ensures that no dust can be churned up, as could be the case if it were laid flat.
To provide safe transport, the entire fiber is spooled up before and after the nanofiber holder and fixed
with kapton tape inside the transport box. This tape needs to be removed by hand or with tweezers
without working above the nanofiber region to reduce the risk of dust contamination.

Due to the exposure of glass resulting from the partial stripping process, the fiber exhibits increased
susceptibility to strain, particularly when subjected to sharp edges such as those presented by the
glue interface. This is why unspooling of the fiber needs to be done with caution to avoid allowing
the fiber tail to drop onto the nanofiber region by mistake or putting strain on the gluing point of the
fiber to the holder. Because if the fiber breaks at that point, splicing the fiber back together becomes
impossible, and the nanofiber has to be scrapped. The unspooled fiber is threaded through the holes in
the prepared lid. Subsequently, the section of the fiber located within the box, right after the gluing
points, is again affixed to the box to function as a strain relief. The lid is put on the box and closed.
The fiber tails coming out of the lid are affixed with kapton tape as a second strain relief point and to
protect the fiber from dust from the outside by closing the holes.

Transmission test

As the next step, the transmission of the nanofiber should be tested under normal atmospheric but
dust-free conditions. Therefore, a small self-built mounting bracket for the nanofiber box is attached
to the optical table on a second level above the other optics to be able to observe the nanofiber region
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Figure 5.8: First nanofiber viewed from above onto its nanofiber holder. 399nm is coupled into the fiber resulting
in scattering in the taper region, showing the fiber at 𝑡 = 0 s of light exposure. A bright spot on the left glueing
point is the result from light scattering from the right taper onto the metal and shining into the camera.

while light is coupled into it. Figure 5.7 shows the nanofiber in its transportation box mounted on the
table. The Imaging Source monochrome DFK 72AUC02 CCD camera with a 6-60mm focal length
F1.6 aperture c mount lens is mounted above the optical table right below the flow box to capture the
nanofiber continuously in its transportation box.

Figure 5.7: Nanofiber in transport-
ation box on the fiber testing table
after the lid was swapped and the
fiber prepared.

The highest achievable coupling efficiency of the setup for the Co-
herent 405HP fiber was tested before. With an aspheric Thorlabs
𝑓 = 9.6 mm C060TMD-A lens, an output of 𝑓 = (440 ± 9) µW was
reached for an input power level of 𝑓 = (1 500 ± 3) µW in front of
the fiber coupler for a 1 m normal Coherent 405HP fiber piece. This
results in a 29.3% coupling efficiency, which should be reached every
time if the coupling is fully optimized. The test data from the Berlin
group shows that because of the fabrication of a nanofiber with a
𝑑 = 100 nm waist, its relative transmittance compared to the unpulled
fiber was reduced to 45% 399 nm. The transmission reduction due
to the nanoregion can be deduced, by assuming that the theoretically
achievable coupling efficiency of this nanofiber is the same as that
of the unpulled fiber, because they are made from the same fiber
material. A favorable outcome would be for the observed reduction
in transmission to match the data provided by Berlin, as this would
indicate that no significant damage or dust contamination occurred
during the preparation of the nanofiber or throughout the shipping
process.

For the following tests, the nanofiber ends are terminated with a temporary bare fiber connector. The
nanofibers coupling is optimized, reaching 210 µW of power at the output. Assuming that the same
coupling efficiency as in previous tests was reached, 440 µW of light are coupled into the fiber right
before the nanoregion. Now one can deduce that the loss due to the nanoregion is (230± 3) µW which
then leads to a relative transmission of 47.7% for the whole fiber. This result matches the measured
45% quite well if one considers all measurement uncertainties and the fact that the nanofiber was
fabricated from a different batch of fiber material.

Observing the nanoregion of the fiber with the camera, as can be seen in figure 5.8, shows that the
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Figure 5.9: Relative transmission of the first nanofiber over time. Showing a sudden drop in transmission with
an exponential like decay.

fiber is intact and scatters some light at the right and left gluing points and from both taper regions.
At the left gluing point it also appears to be a lot of scattering, but this is not light scattering from
the fiber. It is mostly light that is lost in the first taper region, shining onto the metal holder on
the left and overexposing the image. The scattering near the right glueing point can be explained
by a backreflection of the light from the left part of the nanofiber holder. These observations are
consistent with the observations from the Berlin group. This loss in the taper region was observed
by the Berlin group, too, while the nanofiber was fabricated. The nanofiber and holder have been
added to the picture afterwards, as the camera cannot capture them appropriately due to its exposure
time. The view direction is directly from above onto the fiber holder. The taper and waist region are
free from any singular dot-like scatterers, which would indicate dust particles and a further reduction
in transmission. This indicates that the fiber did not suffer any measurable or visible damage from
transit to Bonn, and the process of the fiber preparation and lid exchange did not introduce any dust
onto the nanoregion of the fiber. After optimizing the fiber coupling at lower power levels before,
the nanofiber is now again exposed to 1.5 mW of 399 nm light for a longer period of time while its
transmission of initially (210 ± 3) µW and scattering in the nanoregion are monitored. The relative
transmission over time can be seen in figure 5.9. The transmission remains stable for the initial 5650
seconds of light exposure, after which it begins to decrease similar to an exponential process. This
decline persists for the remaining observation period of 8050 seconds, ultimately reaching 30% of the
initial transmission after a total duration of 13700 seconds of constant light exposure. After which the
measurement is stopped due to storage limitations of the oscilloscope used. The general trend of an
exponential decline continues and reaches 0.1 µW in transmission after roughly 20 hours of constant
1.5 mW light exposure. This equals 0.05% of the initial transmission. The transmission does not
recover after blocking the beam for several hours and unblocking it again. Observation of the captured
images of the nanoregion of the nanofiber shows that there is an evolution from the start 𝑡 = 0s in
figure 5.8 towards the start of the exponential decrease, but no single event such as a dust particle that
settles on the fiber could be made out by a single bright dot scattering light. There is a continuous
transition from both taper regions lighting up equally over to the right one, getting brighter, while the
left one gets darker over time. The visual transition starts to set in approximately 1000 seconds after
the start of light exposure and progresses without interruption to the end of the measurement. The
transition speed can be described by a slow change, that gets faster, stagnates, and gradually slows
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Figure 5.10: First nanofiber viewed from above onto its nanofiber holder. 399nm is coupled into the fiber
resulting in scattering in the taper region, showing the fiber at 𝑡 = 13 800 s of light exposure. A bright spot on
the left glueing point is the result from light scattering from the right taper onto the metal and shining into the
camera.

down again. Figure 5.10 shows the end of the transition at 𝑡 = 13 800 s. Quantitative analysis of this
phenomenon was not feasible due to highlight clipping, which was a consequence of the camera’s
limited dynamic range. These observations lead to the question of whether this decline in transmission
for 399 nm light over time also occurs for a nanofiber in vacuum instead.

5.3.2 Second nanofiber d=200 nm
The second nanofiber is placed in the test vacuum chamber and is tested for transmission and
polarization stability under vacuum conditions. It has a waist diameter of 𝑑 = 200 nm instead of
𝑑 = 100 nm like the previous one, because for the Berlin group this set of parameters is easier to
fabricate for higher transmission values is easier to fabricate with a higher transmission.

Nanofiber preparation

The initial preparation of the nanofiber is based on the basic procedures of the first nanofiber, but now
expanded to be vacuum compatible. The installation is carried out again under dust-free conditions
inside the clean air box with special care to not bring in any dust from the outside. In addition, the
working area inside the clean air box is completely covered with two sheets of aluminum foil for
vacuum applications. All procedures are carried out with two pairs of clean gloves worn over each
other to protect all parts touched from any contamination by oil or other residues, even if one glove
layer breaks. In case the gloves break, they will be replaced by new ones. All tools required for
assembly that are not introduced into the chamber and the nanofiber transport box are meticulously
cleaned with isopropanol and subsequently arranged in the working area. New gaskets and screws and
nuts that were cleaned for vacuum use for the nanofiber holder are also placed within the working area.
The flange reaching into the clean air box is also meticulously cleaned with isopropanol before its
screws are removed. Particular care is very important to prevent damage to any parts, especially the
knife edge of the flange. Upon removal of all outer screws, the flange is carefully removed from the
chamber, ensuring that the gasket does not fall onto the nanofiber holder mounted on the inside of the
flange. The optimal method involves slightly tilting the flange upward during removal while taking
care not to incline it excessively so that the nanofiber holder could make contact with the chamber
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Figure 5.11: The second nanofiber is attached to the inner side of the vacuum chamber flange onto the nanofiber
adapter. Both fiber ends are going into the vacuum fiber feedthrough.

interior. After removal, the flange is put aside and the open vacuum chamber is covered with a sheet of
aluminum foil. Before continuing with the nanofiber installation, the old teflon fiber feedthrough seal
needs to be removed. Consequently, the Swagelok screw is loosened and any previously installed fiber
is extracted. The seal is subsequently expelled from the interior with a bit greater force using a cleaned
long hex screwdriver, because of the tight fit within the opening when it was closed for vacuum usage
before. Then, the nanofiber is prepared. The transportation box with the nanofiber inside is placed in
the middle of the working area and its lid is carefully opened and put aside. Subsequently, the kapton
tape and screws that fixate the nanofiber holder in the box are removed. Because this work is again
done close to the nanofiber region, a high level of attention is needed on every step, especially with
taking out the screws. The nanofiber holder with the glued nanofiber is then taken out of its box and
moved over to the flange with its adapter for the nanofiber holder. It is attached to the adapter plate
by screws that were cleaned for vacuum use. Additionally, both fiber ends are passed through the
open fiber feedthrough port on the flange and subsequently through a new telfon seal, each having an
individual aperture. The fiber end pointing towards the flange can be pulled through without much
concern, whereas the fiber end on the other side of the holder, pointing away from the flange needs to
be guided more carefully, as a bending of the fiber directly after the glueing point, where it is beside
the waist region the most fragile is needed. The bending radius is adjusted by taking or giving the
fiber a bit more slack by pulling it through the feedthrough. For the main experiment, an updated
design for the fiber holder will be used that features fiber guide grooves underneath to fix the fiber,
which reduces the strain that is placed onto the fiber at the glueing point. A new gasket is used for the
flange and ideally is held on to the flange with retaining clips for easier installation without having to
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Figure 5.12: Second Nanofiber inside the vacuum chamber with 399 nm light coupled into it, scattering most of
the light in the waist region.

worry about a falling gasket that might hit the nanofiber holder and break the fiber. After another
careful inspection of the nanofiber for damage or dust, the flange with the installed nanofiber is again
attatched to the vacuum chamber.

Afterwards, the swagelok screw is closed such that it presses the Teflon cone into the fitting which seals
the fiber feedthrough. Subsequently, the chamber is evacuated according to the protocol described in
section 4.3.1 and afterwards checked for leaks as described in section ??. If the leak test returns a
positive result and the vacuum pressure stabilizes in the lower e-07 hPa to high e-06 hPa regime, the
fiber ends are prepared with the temporary fiber terminators and for the first time after the nanofiber
fabrication light is coupled into the nanofiber. A quick check with a fiber testing pen shows that the
fiber indeed transmits light and no fatal damage in the preparation, assembly and evacuation procedure
occured.

Transmission test

This second nanofiber is tested for its transmission behavior under vacuum conditions, after the first
nanofiber showed a strong exponential decay in transmission in a few hours under ambient pressure
conditions. Like in section 5.3.1 the transmittance of the nanofiber for 399nm light using the data from
Berlin is checked, by assuming that the same coupling efficiency as for an unpulled bare fiber could be
reached. The nanofiber reaches (300 ± 3) µW in transmission at an input power of (1 180 ± 9) µW.
For an optimal coupling where 350uW for an unpulled fiber would be expected, a transmittance of
(85.1 ± 0.8) % can be calculated for the nanofiber. This matches the data for 399 nm from Berlin
with 85% accurately. After slight readjustments of the coupling, the transmission of the nanofiber
suddenly dropped by 46.6% to (160 ± 3) µW in transmission and could not be recovered from that by
re-optimizing the coupling. The data capture was not running yet, so there is no data on this sudden
drop available. Subsequently, the capture of the data is started, and the camera observes the nanofiber
in the chamber as described in Section 4.5.

In contrast to the d=100 nm nanofiber, mainly the waist region and only parts of the taper region scatter
light. There is no clear loss peak in the taper as before. This might be the result of a smoother transition
for the d=200nm nanofiber as the overall measured transmission loss is much lower in comparison.
The unmodified fiber parts also show some scattering that was not visible for the 𝑑 = 100 nm nanofiber,
due to the shorter exposure time of the camera and the much higher scattering loss in the taper region
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Figure 5.13: Relative transmission of the second nanofiber over time. The measurement is broken up in two
parts.

which quickly overexposes the camera. However, this glow in the unmodified fiber region is visible
to the naked eye for both nanofibers, but is more prominent for the 𝑑 = 200 nm source compared to
the scattering in the waist and taper region. Figure 5.12 shows the nanofiber in the chamber with the
exposure level adjusted to see the scattering in the waist region.

The transmission measurement is separated into three measurement runs, as it turns out that the
observation time needs to be longer than the oscilloscope can record in one go to see a significant
change this time. So after the second measurement, the oscilloscope is exchanged for the Picolog
mentioned before in Section 4.5, which can record almost indefinitely at a sampling rate of one sample
per second, which is sufficient for long-term measurements. In figure 5.13 the first two measurement
runs can be seen. They are separated in time by two days, but in between the laser light is blocked,
so the exposure time to 399 nm light corresponds to the time on the y-axis. The transmission is
normalized, corrected for input power fluctuations, and adjusted to the transmission drop that occurred
before but was not recorded. The time evolution of the transmission of the nanofiber evolves in a
manner completely different from that of the first nanofiber. It shows fluctuations characterized by a
gradual cyclic nature, with an amplitude that reaches up to 60% of the full range. There is a slight
downward trend over the full 8760 seconds of light exposure. The subsequent second measurement
two days later shows again a similar cyclic pattern where the amplitude grows over time. The evolution
of the cyclic pattern is not interrupted by the four times the laser light in front of the fiber was blocked
on purpose, where the relative amplitude goes to zero. The downward trend of the first measurement
continues for the next 7500 seconds of light exposure.

The subsequent third measurement is conducted for 82 hours, which is a much longer time period than
the first two measurements to gain more data on the time evolution of the nanofiber and to validate if a
sudden change in transmission behavior does occur, such as for the first nanofiber. The result of the
measurement can be seen in figure 5.14. Again, the transmission is normalized and corrected for input
power fluctuations, so it matches the relative transmission of the first and second measurements to
make it a consecutive time series. Here, one can see a clear continuation of the downward trend from
0.426 to 0.256 relative transmission over the full 82 hours. A clear exponential decay like before for
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Figure 5.14: Relative transmission of the second nanofiber over time.

the first nanofiber can not be attributed. The transmission increases and decreases over hours without
showing a clear pattern other than the constant downward trend. In contrast to the first nanofiber, the
nanofiber region does not show a onesided change in the intensity of light scattered. The intensity in
the nanoregion as a whole changes in correspondence to the measured transmission. At the end of the
measurement the waist region can only be seen by increasing the exposure in postprocessing.

In order to exclude a drifted coupling as the source of the observed transmission reduction, the fiber is
cut 15 cm after the incoupler, and the output power after this fiber piece is measured. The measured
power after this so called cutback is 0.433mW in contrast to 0.105 mW at the fiber output after the
nanoregion before the cutback. It turns out that the coupling efficiency at a power in front of the fiber
of 1.480 mW is with 29.2% almost the same as it was estimated at the beginning. However, this also
confirms the initial deduction of the reduced transmission due to the nanofiber region of 85%, because
the assumption that optimal coupling for the nanofiber corresponds to the same level of coupling
efficiency observed for an unpulled fiber holds true. This means that in the cutoff fiber part, which also
includes the nanoregion in the vacuum chamber, a transmission reduction of overall 75.8% relative to
the power coming from the fiber part, while still coupling in 399nm light, has developed. This whole
process evolved in around 86 hours of 0.433mW of 399nm light being coupled into the nanofiber
due to a still unknown degradation process. In consequence the next tests will be another nanofiber
transmission test under vacuum conditions, as well as general fiber material tests, to explore what
influence the nanofiber region has on this observed degradation process.

5.3.3 Third nanofiber d=200 nm
To rule out production-related problems with the first batch of nanofibers being the source of light-
induced transmission degradation, a second 𝑑 = 200 nm nanofiber from a new production run is tested
again under close to UHV conditions for transmission stability.

38



Chapter 5 Fiber testing

Figure 5.15: The third nanofiber is attached to the inner side of the vacuum chamber flange onto the nanofiber
adapter. Both fiber ends are going into the vacuum fiber feedthrough. The opened vacuum chamber is depicted
on the left.

Nanofiber preparation

The nanofiber preparation and installation procedure is mainly the same as that of the second nanofiber
in Section 5.3.2. Following the steps from the first nanofiber vacuum assembly and remembering
the learnings made, makes it much less prone for errors to occur, and the installation is done much
faster and makes handling easier. The third nanofiber is successfully transferred from its transport
box to the vacuum chamber flange adapter without visible damage, as can be seen in Figure 5.15.
The segment of the fiber extending away from the flange is again directed downward and guided
beneath the holder to the fiber feedthrough. This arrangement prevents problems during the chamber
assembly and mitigates the risk of the fiber section falling onto the nanofiber region, which might
lead to damage. The flange is inserted into the vacuum chamber by again also exchanging the flange
gasket and the teflon fiber feed-through cone for new ones. Evacuating the chamber with the known
procedure leads to the pressure stabilizing at 7.5 × 10−7 hPa after closing the valves. The fiber ends
are then prepared with temporary fiber terminators. A quick check with a fiber testing pen shows
that the fiber indeed transmits light and no fatal damage occurred in the preparation, assembly, and
evacuation procedure.
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Figure 5.16: Relative transmission of the third nanofiber over time in days of the month. One month is captured
in total.

Transmission test

The measurement of the transmission over time begins with the evaluation of the coupling efficiency
and transmission losses that result from the nanofiber fabrication. The power level in front of the
fiber is reduced to (460 ± 5) µW to be closer to the power levels needed inside the fiber for the main
experiment, which will probably be in the 10-200 µW range. With an optimal coupling the power after
the nanofiber is (113 ± 3) µW. With an assumed coupling efficiency of (29.3 ± 0.3) % this corresponds
to a transmittance of (83.8 ± 0.5) %, due to the nanofiber region. This does not match the data for
this third nanofiber from Berlin very well, as they measured a transmittance of about 90% at 399 nm
after pulling the fiber. However, this can be explained by a not purely Gaussian beam shape with
quite a few abberations. This can be observed when the beam on the fiber testing table is captured by
a beam profiling camera. These abberations evolved between the second and third nanofiber tests
and could be pinpointed by process of elimination to the 10 m fiber that supplies the fiber testing
table with 399 nm light. The fiber facet shows a ring around the core, which is not usual. Due to the
lack of a replacement fiber and the beam still being Gaussian just with added abberations, it is used
anyways. The beam quality might lead to a poorer than expected coupling efficiency. The deviation
of the transmittance of the nanofiber from the data from the Berlin group therefore, does not mean
that the fiber was damaged or got polluted with dust. Figure 5.16 shows the normalized transmission
corrected for input fluctuations of the third nanofiber under vacuum conditions. The transmission
evolves similar to that of the second nanofiber, but without the oscillations in the first few hours. An
exponential decay in transmission is immediately observable from the beginning. After about 5 days
of continuous exposure, the transmission reached a level of 40% of the initial transmission and starts
to drop even faster to a much lower level of transmission of around 10% rising again slightly over the
span of two days and continues to drop even lower. What is even more suprising is the sudden jump in
transmission on 25th of March to 50%. The output mode changed. The mode before and after this
event is shown in figure 5.17. The mode before March 25 looks somewhat like a LP02 mode while
after the change it shows again a basic LP01 mode. This behavior repeated itself before April 1. The
input coupling was not changed at all times. Only the output was adjusted when the change occured.
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Figure 5.17: Nanofiber output before March 25 on the left, output on March 25 and afterwards on the right.

Figure 5.18: Basic fiber testing setup for testing unmodified Ge-doped fibers at high 395nm transmission levels.
A photodiode measures the output after the fiber.

After one month of constant exposure the measurement was stopped. The fiber shows a transmission
of (32.9 ± 0.2) µW, after doing a cutback of the whole nanofiber region leaving only 20 cm the output
changes to (76.2 ± 0.1) µW. A whole (52.4 ± 0.2) % of transmission is lost in the cutoff part.

5.4 Fiber material tests
All the tested nanofibers show an unexpected degradation behavior in the transmission of coupled
399 nm light over time. This occurs at low power levels of only a few hundred 𝜇W of light. To
determine whether the nanofibers or the fiber material itself contribute to this degradation, the
unmodified Coherent Ge-doped fiber material is subjected to a series of transmission tests.

Numerous fiber pieces were examined for their transmission behavior at 399 nm and 395 nm light.
Because the observed degradation behavior often differed in type and severity, a systematic analysis
proved to be very difficult and lengthy. This chapter therefore gives an overview of the observations
made. An attempt to explain some of these observations can be found in Section 5.5.

5.4.1 power dependence
We approximate an increase in intensity within the core in the taper region of the 𝑑 = 100 nm nanofiber
by a factor of the order of 100 compared to an unmodified fiber. By taking only the decreasing
fiber dimensions into account, this easily overestimates the intensity increase that happens due to the
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Figure 5.19: Normalized transmitted power over time of four fibers tested at different power levels at 395 nm

tapering, due to the changing guiding properties of the fiber along the taper. However, it gives an
approximate power level to test the unmodified fibers at. The idea is to reach peak intensities in the
Ge-doped core of the unmodified fibers similar to those that occur in the nanofibers to compare their
transmission behavior. The unmodified Coherent Ge-doped fibers are tested in a different setup to be
able to work with 399 nm/395 nm light at a higher power level than possible on the fiber testing table.
In its essence, the two separate setups consist of a laser source of 399 nm and 395 nm, a 𝜆/2-plate
in front of a polarizing beam splitter for easy power adjustment, and a basic beam coupling setup
consisting of two mirrors and a Thorlabs free space fiber coupler as illustrated in figure 5.18. For
these tests, each piece of fiber has a length of one meter. The fiber ends are prepared with temporary
fiber holders. The output power after the fibers is recorded with a Thorlabs PM100D with a S121C
photodiode power sensor with an attached fiber adapter. Light is coupled into the to be tested fiber
piece, and the coupling is optimized to the maximum. The power after the fiber is adjusted by turning
and setting the 𝜆/2-plate. The separate power levels tested in these first runs are 30 mW, 60 mW, and
120 mW. They are measured after the fiber. A fiber is subjected to one certain amount of power for
the whole measurement, and the transmission is captured over time. After one measurement at one
power level, the fiber is exchanged for another one, and the entire coupling and testing procedure is
repeated. A selection of the transmission behavior observed at 395 nm over time is shown in Figure
5.19. These graphs summarize the most important features of the observations made in these test
runs. It shows that the unmodified fiber is subjected to a decay in transmission over time with big
fluctuations in shape and severity. A drifted coupling over time is excluded by trying to re-optimize
the coupling to regain the transmission. However, this did not make any difference. At these power
levels, all fiber pieces tested lose their transmission by at least 99% compared to the initial power
levels after a couple of hours. No systematic correlation could be found between the initial power
level and the time it takes for the transmission to decay to a certain level. As Figure 5.19 shows,
the time for the transmission to decay to 40%, chosen as an arbitrary level, is on the same order of
magnitude, but can differ for a different fiber piece at the exact same power level by a large margin.
Furthermore, the shape of the decay is not the same for repeated measurements. In some cases, the
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transmission is stable for multiple minutes, before it starts to decay, as shown in Figure 5.19 for
the red and orange graphs. Overall, the transmission also fluctuates by up to 10% on the second
timescale, which is not the result of laser power fluctuations which were verified in a separate meas-
urement by also monitoring the power in front of the fiber with a pick-off plate and a separate photodiode.

By gradually increasing the input power (the power measured in front of the fiber) after the transmission
of a fiber reached one percent of its initial transmission, the output power of most fibers (the power
measured after the fiber) did not rise proportionally to the increase in input power but stayed at the same
level as before. However, further increasing the input power to a maximum of 500 mW led to a sudden
jump in output power for some fibers. Up to 35% of their initial transmission capability was restored.
Sweeping of the input power was found to be even more effective in regaining some of the transmission
capability. However, turning down the power again led, in most cases, to a jump back down to the state
of almost complete loss of transmission as it was before. In the other cases, the output power reduced
proportionally to the reduced input power. For those fibers, a transmission decay similar to that seen in
Figure 5.19 could be observed again. Because this behavior was only observed for a few of the fibers
tested and could not be reproduced on purpose, a more in-depth analysis of this behavior could not be
performed. Fibers that regained some of their transmission after such a described input power sweep
showed another interesting behavior. When blocking the beam in front of such a fiber and unblocking
it again after a few seconds, a delay of several seconds could be observed before the output power
rose again. So even though the beam was already unblocked, the fiber did not transmit any light, only
after the described delay of a few seconds the transmission did suddenly rise to the same level before
blocking the light. This behavior could be repeated multiple times for the same fiber, but after a few
minutes, the transmission broke down again and another sweep of the input power could not bring it back.

Another observation on these fibers with almost complete loss of transmission could be made. When
the fibers reached levels of about > 90% transmission loss, the fiber output begins to flicker on the
second timescale in a random pattern. This means in this case that the output power after the fiber
jumps within a certain range fast up and down with some smooth transitions in between. Figure
5.20 shows an example of flickering of a one-meter fiber that degraded to below 1% of its initial
transmission of 60 mW. The transmission exhibits a baseline level of several tens of 𝜇W, with sporadic
peaks that reach 200 𝜇W. If now half of the fiber (50 cm) at the end of the fiber is cut off, and the
fiber end that was cut is cleaved and prepared again with a temporary fiber holder, the sporadic peak
behavior remains and repeats even more often. On the other hand, about 20% of the initial transmission
could also be regained as shown in figure 5.21.

As the fibers exhibited strong transmission degradation at power levels greater than 30 mW in trans-
mission, lower power levels should also be investigated. Figure 5.22 shows the transmission over time
of two fiber pieces, each 1 m long. One is tested at 5 mW in transmission at 399 nm and the other one
at 5 mW in transmission at 395 nm. This reveals a similar steep transmission loss in the beginning of
the measurement in comparison to the higher power transmission tests. Nonetheless, this trend does
not persist at the same rate. The degradation happens on a much larger time scale. In about 18 days of
constant exposure, the fiber tested at 5 mW in transmission at 399 nm reached a level of about 80% of
the initial transmission. It settled on this level after an initial degradation. On 10 April, an adjustment
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Figure 5.20: Intensity fluctuations over time measured after a fiber. The fiber degraded to a transmission level
below 1% relative to its initial transmission of 60 mW.

Figure 5.21: Intensity fluctuations over time measured after a fiber. The fiber degraded to a transmission level
below 1% relative to its initial transmission of 60 mW. Half of the fiber was cut off.

Figure 5.22: Relative fiber transmission over time of two fibers tested both at 5 mW in transmission. Blue is
depicting the fiber tested at 395,and orange the fiber tested at 399 nm
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Figure 5.23: A fiber where the coating is removed in the beginning. 395nm light is coupled into it. By blocking
and unblocking the coupled beam a grating like structure evolves and expands in the coated fiber part. Reaching
its final structure after 3 s

of the fiber coupling led to a slight increase in transmission. However, in the late afternoon of April
13, the transmission showed a sudden drop in transmission and a fluctuation pattern with growing
amplitude evolved. Another coupling optimization did not increase the transmission again or reduce
transmission fluctuations.
In about 14 days of constant exposure, the fiber tested at 5 mW in transmission at 395 nm reached
a level of about 68% of the initial transmission. The initial drop here was much deeper and the
transmission fluctuates early on, dipping deeper down to the 25%, before rising again over the next
days. Quite a lot of these fluctuation are situated in the mHz regime, judging from a spectral analysis
of the time series, and therefore evolve very slowly over time. Their amplitude also evolves over time.
Laser power fluctuations for all these observations can be mostly excluded as it was checked regularly
and none of the shown fluctuation patterns could be observed in the power in front of the fiber. Due to
time constraints no further measurements at these power levels and timescale were conducted.

While observing the fibers that degrade at 60 mW of 395 nm light, another observation could be made.
The polymer coating of the fiber needs to be partially removed to use them with temporary fiber
holders. In the spot after the fiber holder where the coating was not removed, some fibers showed a
sort of grate pattern in the light that is scattered in this part as shown in figure 5.23. If the light is
blocked and unblocked again, this pattern evolved on the second time scale. It evolves from a uniform
glow of this region (𝑡 = 0 s) that moves forward in the propagation direction of the light (𝑡 = 1 s). This
bunch of light stretches, and by doing so the grate pattern evolves after about 𝑡 = 3 s. After that, the
pattern remains constant. The procedure can be repeated multiple times and the pattern evolves in the
same way with the same characteristics. After a couple of minutes to half an hour and the transmission
degrading further, the pattern faded and the part where it evolved just showed a uniform glow again.
Blocking of the beam does not lead to any evolving structure. Because of its unpredictable appearance
after some time in a degradation test, this effect could not be investigated further.
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Figure 5.24: Time for a fiber to degrade to 5% of its initial transmission at 395 nm and 60mW in transmission
plotted against the length of the fiber piece. A power function is fitted to the datapoints

5.4.2 length dependence
To get a grasp of the fiber transmission degradation process, the length dependence of the fiber on this
process was investigated. Fiber pieces of different lengths between 14 and 200 cm were tested for
their transmission behavior at a wavelength of 395 nm and 60 mW in transmission. Each of the fibers
degraded to the low single digit percentage of the initial transmission with similar shapes in decay as
shown in section 5.4.1. An arbitrarily chosen threshold value of 5% of the initial transmission marks
the time it took for the fiber to count as degraded. The results of this measurement are shown in figure
5.24. They are plotted on a log-log scale and fitted by a power function, since it showed that, at least
for the tested fiber lengths, a length dependence on the degradation time seems to exist. The results of
the fit function 𝑦 = 𝑥𝑚𝑒𝑏 are 𝑚 = −1.036 ± 0.081 and 𝑏 = 13.85 ± 0.32, which is a fairly good fit.
Unfortunately, fiber pieces that are much shorter than 14 cm are not possible to test with this setup
because of the size of the temporary fiber holders and the resulting handling in case of such a short
fiber. If this power function relation holds true for much shorter fiber pieces the time until a fiber
degraded to 5% of its initial transmission could be increased by a lot.

5.4.3 mode conversion
I found that the polymer coating of the tested fibers helps to remove cladding modes from the fiber. A
1m Ge-doped fiber that had its coating completely removed shows a beam profile with a gaussian beam
shape superimposed by a speckle pattern known from multimode fibers. More interestingly, such a
prepared fiber does not seem to show any of the transmission degradation behavior (measured in the
nearfield) observed for the unprepared fibers. The measured transmission even increased slightly with
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Figure 5.25: Basic fiber testing setup for testing modified Ge-doped fibers at high 395nm transmission levels. A
beam profile camera captures the output beam shape. The fiber coating is almost completely stripped off and a
drop of index matching fluid is applied on it.

time. This raised the question if there is some mode conversion occurring such that the core mode is
lost in the fiber, but the light still propagates on in the cladding, which would lead to this observation.
To evaluate this, the existing setup is modified by replacing the photodiode at the end of the fiber with
a beam profiler camera to capture the beam profile over time, as illustrated in Figure 5.25.

An 1.5 m fiber test piece is modified by stripping most of its polymer coating, leaving only 15 cm on
the incoupling side covered. A drop of index-matching fluid is applied where the polymer is stripped.
The index-matching fluid has a refractive index close to that of the silica, so the cladding is arbitrarily
expanded at this point and the cladding modes are filtered out. This is also visible with the naked eye,
as the drop lights up bright when light is coupled into the fiber. The idea is by completely removing
the cladding modes in the first 15 cm of the fiber and leaving the rest of the fiber without the polymer
coating, that if there is some mode conversion happening, one should see it in an evolving beam shape.
The power after the fiber is adjusted to 30 mW and a correct beam profile camera exposure is set by
using neutral density filters. Although the transmission reduced significantly over the course of 1.5
hours, the beam profile did not change. The Gaussian beam shape remained the same for the complete
measurement, and no speckle pattern evolved which would be expected for a mode conversion.

5.5 Discussion
This section attempts to explain the observations and findings of the previous sections on the basis of
existing literature, conversations, and experiences of other groups.
The principal observation is that all Ge-doped nanofibers subjected to our testing exhibited a discernible
pattern of transmission degradation for 399 nm light coupled into the fiber at a maximum power of
440 µW. While the first nanofiber with a waist of 𝑑 = 100 nm tested in chapter 5.3.1 under normal
ambient conditions showed a very stable transmission first and a spontaneous start of transmission
degradation with a very fast exponential decay, the other two nanofibers with a waist of 𝑑 = 200 nm
tested in vacuum showed a less clear and much slower degradation behavior. Numerous transmission
tests with only the bare Ge-doped fibers complement these observations that there are some underlying
degradation processes of the fiber material itself which changes the light propagation of the fiber for
399 nm and 395 nm light.
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Figure 5.26: Germanosilicate absorption centers, taken from [45]

For more than 50 years it has been shown that electromagnetic radiation degrades the optical properties
of fibers in very complex ways. One of them is called radiation-induced attenuation (RIA) [45, 46]. It
corresponds to the observations made in the previous sections, a decrease in transmission capability
of the fiber induced by radiation, in our case near UV light. The response of a fiber to radiation is
still too complex to be fully predictable, which is why testing of fibers for a specific use case under
certain conditions is often still a necessity. Starting in the near-UV range, Ge-doped fibers show a
photoinduced color-center formation, often also called solarization. The photon energy is high enough
to create color centers, which are localized defects in the silica structure that can absorb photons and
lead to an attenuation of the transmission [47]. This occurs because of interaction with the dopant,
other impurities present in the silica glass, or the strained molecular bonds that can develop during the
fiber drawing process [48, 49]. L. J. Poyntz-Wright et al. [50–53] found that for short Ge core doped
fibers a few meters long and irradiated at modest power levels of the order of 100 mW/𝜇m2 in the 420
to 540 nm spectrum lead to a spontaneous increase in loss over time of irradiation in this spectrum.
They explain this non-linear behavior by two-photon absorption (TPA), which enables photons in the
blue/green to reach UV energy levels that lead to the formation of color centers in the silica matrix.
These color centers lead to an increase in absorption in the tested spectrum. Even though their tests
were limited to this range because of their laser setup, this might also apply to the wavelengths I tested
for the fibers, because as figure 5.26 shows, the absorption centers of such defect structures have quite
a large linewidth.

Photoinduced refractive index changes can also be a source for the observations made, as Ge-doped
fibers are known for their photosensitivity[54]. This photosensitivity can be exploited to create
narrowband fiber Bragg reflectors [55, 56]. Such a Bragg reflector inside a fiber can be created by a
weak standing wave intensity pattern of 488 nm light propagating along the fiber axis. The standing
wave pattern evolves by interference between the forward propagating beam and Fresnel reflection on
the fiber endface. The Bragg reflection evolves in a matter of minutes in the experiment presented
by K. O. Hill et al. [54] and led to a back reflection of the exposure wavelength with nearly 90%
efficiency. The localized heating of a Ge-doped fiber with a hydrogen rich flame, which resembles the
nanofiber fabrication process, also leads to an increase in photosensitivity for Ge-doped fibers by a
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factor greater than ten in the UV as F. Bilodeau et al. [57] found out.

This is consistent with what a fiber manufacturer wrote us upon our request for Ge-doped fibers
suitable for 399 nm and 395 nm. Exail (former iXblue) wrote us that they observed strong solarization
for Ge-core doped fibers after a few tens of milliwatts of injected light at around 400 nm in multiple
projects, which led to an attenuation of the signal of several dB/m. That is why they do not sell or
fabricate any Ge-doped fiber for the near-UV range. Other fiber manufacturers such as OZ optics [58]
and Fibercore [59] also only offer pure silica fibers for use at and below 400 nm. This statement from
Exail and the offerings from other companies support the unfavorable usability of Ge-doped fibers
at 399 nm and 395 nm light for an extended time period, even at low power levels of a few tens of
milliwatts.

On another occasion at the ”Optical Nanofibre Applications: From Quantum to Biotechnologies
(ONNA 2025)” meeting in March 2025 we had a poster with my findings regarding the transmission
degradation of Ge-doped fibers at 399 nm and 395 nm. There we met Stéphane Trebaol from the
Institut Foton in Rennes, France, who told us that they observe similar transmission degradation with
Ge-doped fibers in the near UV region. They tried to find a solution or explanation for these processes
too, but did not manage to do so up to that point.
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Ideas for alternative solutions

As chapter 5 showed, germanium core doped fibers are not the best candidates for transmitting 395 nm
and 399 nm light for extended time periods, due to the observed degradation behavior. Therefore,
alternative solutions need to be developed.

Currently, we have three different new concepts in various stages of development that I actively
developed or helped to develop and evaluate. In the following, the current development status of these
ideas is discussed and how likely they might become a solution for the project. All of these concepts
are based on the general knowledge in the community that pure silica fibers consisting of an undoped
pure silica core and a fluorine-doped cladding or in the case of photonic crystal fibers pure silica
cladding, are better suited for UV applications as they are less prone to degradation due to UV light
[46, 60–62]. These step index fibers, often also called flourine-doped (meaning doped cladding) or
pure silica (meaning silica core) fibers in the literature, still show degradation processes in the deep
UV spectrum, but on a much longer timescale and higher power levels than Ge-doped fibers [14, 46,
60].

6.1 F-doped nanofiber fabrication
The most obvious solution would be to fabricate a nanofiber from F-doped fibers, as they provide
increased resistance to UV light. However, this is something the Berlin group has already attempted
multiple times without success. Early in the nanofiber pulling process, the transmission of the fiber
across the complete spectrum drops, even before reaching tens of micrometers in diameter. This is
unexpected, as the fabrication principle should be exactly the same as that for the Ge-doped fibers.
Currently, there are two proposed explanations for this behaviour. The first being that the hydrogen
flame they use for the pulling process is reacting with the fluorine in the cladding in a way that
the fluorine evaporates, such that the refractive index changes in the heated area and disturbing the
total internal reflection at the cladding interface. The consequence would be that the mode expands
uncontrolled and is lost.
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The second possible explanation is that the fluorine dopant is present only in the immediate vicinity
of the core of the tested fibers but is not distributed uniformly from the inside to the outside of the
cladding. It might also be that around the F-doped silica cladding there is again pure silica. If the fiber
is used for its designed purpose in its designed wavelength range, this will never cause a problem
because the mode field does not expand very far into the cladding. However, in the fiber-tapering
process, the light mode will eventually expand beyond this doped region in the cladding. This will
again act as a refractive index change which disturbs the desired mode expansion as it transitions from
the core/cladding confinement to an air/cladding confinement. The consequence is that the mode
expands uncontrollably and is lost.

Both explanations are based on observations and experiences from the group in Berlin. I contacted
multiple fiber manufacturers to obtain a statement on the silica composition of their F-doped fibers, but
they did not comment on that or respond to the request. There are no cases of succesfully fabricated
F-doped nanofibers in the literature.

In literature [63–67] the fabrication of F-doped optical fibers and their preforms is described. A
fluorine-doped cladding is often surrounded by another layer of pure silica, sometimes called overclad-
ding or secondary cladding, which has multiple purposes. It can act as mechanical and environmental
protection and, depending on the manufacturing process, is even needed to prevent dopant diffusion or
contamination during high-temperature processing of the preform. Also, for the modified chemical
vapor deposition (MCVD) process, where different layers of material are deposited inside a silica tube,
this manufacturing process leads just by definition to an outer silica layer.
Therefore, the second possible explanation might actually provide the answer why the F-doped
nanofiber fabrication is not working as expected, since the tested fibers (Thorlabs SM400) supposedly
do not have a fully doped cladding. Finding a fiber where the cladding is fully fluorine doped silica
could be the solution, but because the manufacturers tend to not communicate the manufacturing
details on those fibers, the research has not been successful yet.

Even if a full fluorine doped cladding fiber fiber can be found, the possibility of an evaporating dopant
could still be concerning. If it turns out that there is still a problem with the flame brushing technique
and certain silica types, we have already investigated and researched other fabrication techniques that
might be suitable to try. Alternative solutions are, for example, indirect heating of the fiber with a
slotted sapphire tube around the fiber that is heated with a CO2 laser [68]. This provides a more
uniform local heating source with less or close to zero airflow interference and no fiber pollution due
to combustion residues compared to the flame brushing technique.
Another indirect heating technique uses an electric ceramic microheater [69]. The heating element
is slotted to insert the fiber from the side. They achieve a very uniform temperature distribution
in the heating region which can be controlled very precisely, reaching up to 1160 degrees Celsius.
Nanofibers manufactured with this technique exhibit a very high transmission of up to 99% [69].

Due to the current lack of a suitable fiber and the expenditure of building a new fiber pulling setup
with a microheater or a sapphire tube and a CO2 laser this idea is still in an early development stage.
Therefore, future work will initially focus on two other ideas that are easier to implement and test, at
least initially, because there are currently no new findings regarding F-doped fiber pulling.
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Figure 6.1: Illustration of a Ge-doped fiber piece spliced in between two F-doped fiber pieces. Their repective
used material for core and cladding are labeled.

6.2 Splicing F-doped to Ge-doped fiber
An idea that could directly be worked on came from one of the collaborating partners, Arno Rauschen-
beutel, of the Berlin group. The data from Section 5.4.2 suggests a fiber length dependence on how
fast transmission degradation evolves. However, this leads to the idea of reducing the Ge-doped fiber
length as much as possible so that it is still usable to fabricate a nanofiber from it. This small fiber
piece is then spliced in between two longer F-doped fiber pieces, which should show a much weaker
UV degradation process. So, it essentially combines the features of Ge- and F-doped fibers to create a
fiber from which a nanofiber can be fabricated that does not degrade on such small timescales as that
seen in Section 5.3. A sketch of this concept is shown in Figure 6.1.

According to Thomas Hoinkes from the Berlin group1, 3 cm of Ge-doped fiber as an intermediate piece
is enough to pull a nanofiber from. To find a suitable F-doped fiber that matches the core diameter of
2.1um and the NA of 0.130 of the Coherent 405HP Ge-doped fiber, an extensive market research was
conducted. This leads to three suitable candidates which were chosen by their explicitly given core
diameter and NA, or if this is not given by the wavelength range, they are designed for and the given
MFD. All of the fibers are single mode and not polarization maintaining. The fibers are a Thorlabs
SM300, an OZ optics QSMF-400/650-3/125-0.25-L and an OZ optics QSMF-320-2/125-0.25-L.
The Thorlabs fiber was initially chosen because of its easy availability through Thorlabs and similar
wavelength range and cutoff wavelength. The core diameter is not given. The OZ optics fibers were
ordered later on to extend the testing with fibers that have a core diameter given in their spec sheet that
might help to better match the MFD of the Ge-doped fiber.

6.2.1 Splicing loss
In this context, splicing means fusing two optical fiber ends permanently with the goal of creating a
single optical fiber. This is done by melting the fiber ends with a very localized heat source and fusing
them together. In most of the so-called fusion splicers, an electric arc provides the heat. This process

1 This was part of a discussion I had in a meeting with him
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needs to be done very precisely, to achieve a high overlap of the mode fields of the fiber. Any axial
shift or tilt of the fiber ends leads to losses, which is why modern precision fusion splicers have an
active control system to align the cores of both fiber ends to each other and adjust the power of the
electric arc while fusing.

Figure 6.1 also illustrates that one of the problems with this approach of three pieces of fiber is that
the diameter of the core between different fibers can vary a lot. Together with the numerical aperture
of the fiber, it defines the mode field diameter. A mismatch between the mode field diameters leads to
losses at the splicing point that reduce the overall transmission of the fiber. A low loss is especially
important for the 399 nm probe light as it is used for the Rydberg state detection. Every loss after the
Rydberg interaction reduces the photon detection efficiency.

As it is of great interest for the experiment to reduce any losses occuring along the fiber, fusion splicing
experiments are conducted to evaluate transmission losses between the Ge core-doped fiber (Coherent
405HP) and a cladding-doped fiber (Thorlabs SM300). A total of six splices are performed for each
measurement. All splices are performed using the automatic mode of a Fujikura 90S+ fusion splicer,
which autonomously adjusts the fusion parameters during the splicing process and features automatic
core alignment [43].

In the first set of measurements, 399 nm light is coupled into a 50 cm cladding-doped fiber and
spliced to a 50 cm Ge core-doped fiber. Before splicing, the transmission is maximized, with a power
input in front of the fiber of (585.1 ± 0.2) µW and a measured power output of (116.2 ± 0.4) µW.
After splicing, the output power is measured, and the fiber is cut, cleaved, and spliced again. The
mean output power after all six splices in this configuration is (86.8 ± 0.2) µW, corresponding to an
approximate transmission loss of 25.3%.

In the second set of measurements, the procedure is repeated in the reverse direction. Light is
coupled into the Ge core-doped fiber, which is then spliced to a cladding-doped fiber. An input power
of (550.4 ± 0.2) µW and an output power of (105.3 ± 0.4) µW are measured prior to splicing. The
mean output power after all six splices in this configuration is (83.8 ± 0.2) µW, corresponding to an
approximate transmission loss of 20.4%.

According to the theory [17], the order of the fibers should not make a difference for the light
propagation, as the mode overlap is the same in both directions. However, the core and cladding
doping between the fibers differs, and therefore also the refractive indices, which might result in this
directional splice loss difference of about 4.9%.

A full test fiber with a three-centimeter Ge-doped fiber piece spliced between two F-doped fiber pieces
(SM300) has a calculated transmission loss of (40.5 ± 0.2) %. The mean transmission loss from three
separate measurements is (40.1 ± 0.4) % which shows experimental agreement. Figure 6.2 shows such
a combined fiber, in which the loss of the splices can be seen. The last SM300 fiber piece lights up the
brightest, probably due to cladding modes that still propagate in the Ge-doped piece, but get lost after
the splice to the SM300 piece.

To differentiate intrinsic splicing loss due to different fiber characteristics and extrinsic factors such as
alignment limitations of the splicer itself, the fiber-to-fiber splice loss with the same fiber material is
measured. In this set of measurements, 399 nm light is coupled into a 50 cm cladding-doped fiber
(SM300) and spliced to another 50 centimeter cladding-doped fiber (SM300). The mean transmission
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Figure 6.2: A 3 cm Coherent 405-HP Ge-doped fiber piece spliced in between a Thorlabs SM300 F-doped fiber.
The position of the splices can be made out by the Thorlabs SM300 fiber pieces glowing.

loss compared to the nominal output of (107.3 ± 0.4) µW after all six splices in this configuration
is (9.3 ± 0.2) %. This puts the previously measured values for the splicing losses of different fiber
materials in context. It means that this is not exclusively an intrinsic problem of an MFD mismatch
and material composition between the different fibers, but also an extrinsic factor of core alignment.
This in turn creates two areas that can be further optimized. Having discussed this with the Berlin
group, we found that the other splicer in our group, the Fujikura FSM-100P+ [70] is much better
suited for such small core diameters of 2.1-3.0 µm. According to them, it provides a higher core
alignment accuracy than the Fujikura 90S+ [43] and therefore a lower extrinsic loss. Additionally, it
features a tapering function that allows fibers with different mode field diameters to undergo tapering
during the splicing process, thereby enabling mode compression and achieving a closer alignment of
the MFDs of both fibers. Unfortunately, the Fujikura FSM-100P+ was not available for testing until
the end of the research phase.

6.2.2 Transmission test
The combined fiber made from two F-doped fiber pieces (SM300) with a 3 cm Ge-doped fiber spliced
in between is tested for its transmission durability. Light is coupled into the fiber from the basic
395 nm laser coupling setup already used for the Ge-doped material tests in Section 5.4. The power
in transmission is adjusted to (50.0 ± 0.1) mW to match the power levels in transmission from the
Ge-doped material tests. During the following 124-hour exposure time span, the transmission gradually
drops to 58% of the initial transmission. Reoptimization of the coupling does not change this outcome.
After measurement, it turns out that the transmission power level was actually (90.2 ± 0.1) mW at the
start of the measurement, because the powerhead used shows a power level about 55% lower than
the actual level. This alters the comparability with the results in Section 5.4, but ultimately does not
change the observation of a substantial decrease in transmission. By replacing the Ge-doped fiber
piece in between by cutting it off from both F-doped fibers and splicing in a new piece, the transmission
loss resulting from the Ge-doped fiber piece is evaluated by comparing it to the transmission with the
new piece. Replacing the Ge-doped fiber piece three times leads to a mean transmission loss due to
the old 3 cm Ge-doped fiber piece of (0.7 ± 0.1) % after 124 hours of exposure. This means that most
of the power loss occurs in the F-doped fiber and only a small to negligible amount is lost in the 3 cm

54



Chapter 6 Ideas for alternative solutions

Figure 6.3: 1 m Thorlabs SM300 transmission test at 60 mW of 395 nm in transmission. The relative transmission
is plotted against the time as date of the month.

Ge-doped fiber piece, as the observations from Section 5.4 suggest. However, this also means that the
SM300 F-doped fiber is also subject to some sort of photodarkening due to the UV light, but on a
much larger timescale than the Ge-doped fibers. Chlorine impurities in the silica matrix that lead to
absorption at around 400 nm can be a additional cause for this observation [71].

To exclude surface damage on the fiber facet due to high power levels as a main contributor to these
degradation observations for the SM300 fiber, another measurement is conducted with a bare 1 m
F-doped SM300 fiber. This could not be done before with the three piece spliced fiber. The ends were
patch cables with permanent connectors where cutting of the ends is not really a suitable option. The
bare 1 m F-doped SM300 fiber is coupled to the 395 nm laser coupling setup, and the power after
the fiber is adjusted to (60.0 ± 0.1) mW by increasing the input power. The transmission over time is
recorded and shown in figure 6.3. After about 180 hours of continuous exposure, the transmission is
reduced to approximately 46.8% compared to the initial transmission. Reoptimization of the coupling
does not significantly increase the transmission, as can be seen by the dips to zero and the following
transmission level. The overall transmission reduction behavior is similar to that of the fiber spliced
together from three separate pieces. Subsequently, the fiber is cut by 4 cm on both sides, recleaved, and
recoupled to the optimum. This leads to a jump in transmission between February 21 and February
22. A transmission of approximately 74.2% could be regained after this procedure, leading to the
conclusion that a little over half of the power is lost in those 4 cm pieces that were cut off. If this is
solely the result of a fiber facet damage due to the high intensity or a degradation inside these 4 cm
pieces, has not been investigated at this point. However, the main conclusion from this measurement is
that the transmission of the remaining SM300 fiber at a wavelength of 395 nm and a power of 60 mW
did degrade over time by at least 25.8% due to some process inside the fiber material. The light
exposure continues for five more days and the two spikes from the zero line after February 23 mark
measurements of the output power, which continues to decrease while the input power is constant over
the whole measurement period.

A future test at lower power levels that match the anticipated power level needed for the main experiment
and the evaluation of the lowest possible splicing loss with the high performance Fujikura FSM-100P+
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taperunmodified fiber unmodified fibertaperwaist

Figure 6.4: Illustration of a tapered photonic crystal fiber showing its facet structure and the typical waist and
taper regions of such a fiber.

splicer [70] make this idea still an interesting prospect.

6.3 Photonic crystal nanofiber fabrication
Another idea I had was to try photonic crystal fibers (PCF) [72, 73] as a source material to fabricate
nanofibers. Figure 6.4 shows a conceptualized sketch of this idea. Photonic crystal fibers allow single
mode transmission across a very broad spectral range, ranging from UV to IR with flexible mode
field diameters. They are typically made from pure silica and do not contain any dopant that could
cause problems when exposed to UV light or heated by a hydrogen flame. They handle high power
levels of 399 nm light without showing any degradation over months [61, 62]. They are different in
construction from a conventional optical fiber. Instead of achieving a refractive index contrast by a
dopant, a solid silica core area is surrounded by a cladding area made of the same material as the core
with many small holes in a hexagonal structure in it.

Figure 6.5 shows a sketched cross section of this type of fiber. The air holes in the cladding region
effectively lower the refractive index in the cladding compared to the core. The light propagation may
thus be thought of once more as a phenomenon of total internal reflection, owing to the refractive-
index contrast. Light propagation in hollow-core photonic crystal fibers is possible as a result of
photonic band-gap guidance. They are not of concern for this idea in the current state because of
their hollow core structure which we think might make it even harder to fabricate a nanofiber with.

silica core region air holes

Figure 6.5: Facet struc-
ture of a PCF fiber show-
ing the solid silica core
area and the hexagonal
air hole structure that re-
semble the cladding.

An extensive literature investigation on the idea led to some groups
that have already worked on tapering PCF for different purposes,
such as supercontinuous generation [74], but none of them reached
an order of magnitude of a few hundred nanometers in waist dia-
meter that can already be manufactured without losses using stand-
ard step index fibers [11]. For PCFs, a five-time reduction in waist
diameter was achieved compared to the original fiber diameter [75].
The transmission of long wavelengths gets attenuated the lower the waist
diameter is tapered, indicating a minimal low-loss waist diameter per
wavelength. B. T. Kuhlmey et al. [76] already established this fundamental
mode cut-off for photonic crystal fibers where the mode transitions from
confinement to non-confinement two years prior. H. C. Nguyen et al. [77]
achieved similiar levels in diameter reduction as E. C. Mägi et al. [75].
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More interesting is their approach on tapering pure silica photonic wires
which have a cladding structure different from that used for PCFs. The silica

cladding that surrounds the single layer of air holes is thin compared to the microstructure itself.

silica core region air holes

Figure 6.6: Photonic wire
cross section depicting the
big air holes in the structure
that resembles the cladding

Figure 6.6 shows a sketch of the cross sectional structure of the photonic
wire used in [77, 78]. They claim that this structure does not exhibit a
fundamental mode cut-off like they saw in PCFs even when the structures
were tapered to the micrometer scale. The large index contrast structure
keeps the mode confined to very small waist diameters. They taper these
photonic wires from a diameter of 130 µm to 2.3 µm with still a strong
mode confinement and an uncollapsed hole structure. The mode begins
to leak out of the structure with further tapering, and 70% of the intensity
is outside of the fiber at a ratio of outer diameter (OD) to propagating
wavelength 𝜆 of 0.6. This result approaches the evanescent field parameters
we want for our experiment. By controlled collapse of the hole structure by
again heat treating the fiber locally after pulling, they managed to increase
the evanescent field outside the fiber even before reaching OD/𝜆 = 0.6 [78].
These are promising results for our own endavours. Finding a commercially
available photonic wire such as H. C. Nguyen et al. presented was not
possible, as such designs are mostly custom-made by other collaborating groups that have the facilities
to fabricate optical fibers and their preforms. So we agreed to try to pull photonic crystal fibers with
the setup Berlin has.

NKT Photonics is one of the only manufacturers that sells photonic crystal fibers on a spool in small
quantities, so we opted to buy 20 meters of their standard LMA-5 photonic crystal fiber with a hole
structure design similar to the one shown in figure 6.5. The idea is to taper the fiber like H. C. Nguyen
et al. achieved with the PCF, find the suitable waist diameter before losses below 400 nm begin to
rise, and try to combine this with the controlled hole collapse they achieved with the photonic wires
[78] to eventually fabricate a photonic crystal nanofiber that reaches the needed evanescent field
parameters.

I discussed the progress and possible solutions on how to transfer the work of the other groups [74,
75, 77, 78] onto the tapering process of photonic crystal fibers with Thomas Hoinkes, who fabricates
the nanofibers in the Berlin group. Up to the time of writing this thesis, he is able to reproduce the
tapering of the PCF to tens of micrometers and, as expected, also observes the loss evolving for longer
wavelengths the lower the taper diameter gets. The hole structure remains uncollapsed throughout
the tapering process. The wavelength range of interest below 400 nm is currently unaffected by the
tapering. This statement is also not completely tenable, as the transmitted power at this wavelength
range is very low because the PCF fiber is spliced in between two fiber pieces that have a single-mode
cutoff wavelength of 720 nm. This is done to not waste too much of the PCF while still being in an
exploratory phase for the pulling parameters.

It turns out that controlled collapse of the air holes in the unpulled and pulled PCF is not trivial
because a high flame temperature seems to be needed for both cases. However, this displaces the
fiber and deforms the taper region in an uncontrolled and unwanted manner after the pulling process.
Splicing the PCF to another fiber, on the other hand, leads to a complete collapse of the hole structure,
as can be seen in figure 6.7. A controlled electric arc could be a suitable alternative for collapsing the
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Figure 6.7: PCF fiber spliced to a conventional single mode fiber, showing the collapsed and uncollapsed hole
structure. Adapted from: Thomas Hoinkes, Berlin University

holes with a hydrogen flame, as the fiber displacement should be minimal with this method. However,
this also requires further testing on a photonic crystal fiber pulled to the micrometer scale. In the next
step, they will try pulling a photonic crystal without spliced ends, see how the transmission below
400 nm evolves, and try to collapse the hole structure in a controlled manner. The fiber ends remain
open, so that the air in the hole structure equalizes with the ambient pressure while heating to rule out
pressure increase inside the air holes while heating the fiber as another problem for the controlled hole
collapse.
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CHAPTER 7

Conclusion and outlook

As a core part of my thesis, I developed and constructed a fiber testing setup in which nanofibers
can be tested. I presented the finished setup in chapter 4. The setup reached a fully functional and
easy-to-use state in which the handling is repeatedly proven to be dust-free. A vacuum chamber with a
two-stage evacuation system was built that yielded a successful integration of nanofibers into vacuum
down to a minimal pressure of 8.64 × 10−8 hPa. For dust-free fiber handling, I built an inner clean
air box that allows easy access to the vacuum chamber to install nanofibers into it. To analyze the
transmission of the nanofibers we received from our collaborators, I also built an intensity-stabilized
transmission analyzation setup. It proved to be a reliable system with which the transmission of three
nanofibers at 399 nm light could be analyzed over several weeks as I showed in chapter 5.
In this second part of my thesis I evaluated the transmission of three nanofibers, one under ambient
pressure and two under vacuum conditions. The first fiber showed a spontaneous exponential decay
in its transmission after being exposed to 440 µW of 399 nm light for about 1.5 hours. This decay
followed a clear exponential trend and resulted in a nanofiber that transmitted less then 30% of its
initial power after less than four hours of light exposure to 440 µW of 399 nm light. The second
and third nanofiber which were tested in vacuum also showed a loss of transmission over time, but
on a timescale of days instead of hours. The shape of this transmission degradation curve for both
nanofibers did not resemble that of the first tested nanofiber. An initial phase of a fast decay within
a few hours was followed by a slower decay over a multitude of days and weeks settling at relative
transmission levels of 24.2% for the second and 47.6% for the third nanofiber. Going further, I found
out that this degradation behavior also shows up for unmodified Ge-doped fibers at 399 nm and 395 nm
light. Numerous tests to find systematic correlations were conducted showing that these fibers also
exhibit many obscure behaviors.

In the last weeks of my thesis I investigated ideas on how to circumvent the problem of the degrading
fibers for the experiment and worked on three possible solutions in chapter 6. The most promising
solution might be the nanofiber fabrication from photonic crystal fibers as the provide a pure silica
core and no dopant in the cladding making it more UV resistant than the Ge-doped fibers tested before.
After completion of my thesis, the idea of fabricating photonic crystal nanofibers is still far from
being at a level comparable to that of conventional nanofibers, but it is a promising basis on which to
continue working to find a fabrication route that works for this type of fiber.
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