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High-Performance and High-Power Applications of Nested Anti-resonant
Nodeless Hollow-Core Fibres

by Viktor Zuba

The use of hollow-core fibres (HCFs) for transmitting high-power, high-brightness laser
light presents significant advantages over the current standard technology based on solid-
core fibres (SCFs). HCFs can deliver much higher optical power levels over longer dis-
tances while maintaining a near single-moded beam-quality. This approach has already
shown promising results, and this thesis presents important findings on highly efficient
coupling and delivery of such laser beams, as well as a relevant application that takes
advantage of the hollow core.

The studies conducted in this thesis cover a range of subjects. Initially, the coupling
tolerances of an in-house developed, state-of-the-art Nested Antiresonant Nodeless Fibre
(NANF) were examined and quantified. This led to the experimental verification of the
fundamental limits governing free-space coupling of a near-Gaussian beam into the fibre’s
fundamental mode. Exploring the opportunity of utilizing high average power lasers, the
inevitable thermal load on the optical elements responsible for the input coupling was
analysed. The effect of thermal lensing induced by the laser light on the coupling optics
led to the degradation of the beam-quality above a certain characteristic threshold (in
our experiments ~100 W). The studies showed that using a high-purity lens pair over
commercially available alternatives significantly decreased this parasitic effect, resulting
in more efficient transmission and reduced thermalisation. Additionally, thermal lensing
also modified the input spatial beam distribution, resulting in an increased excitation
of unwanted higher order modes. Coupling light into these modes that exhibit greater
amount of leakage increases the temperature of the fibre noticeably. A non-invasive
technique to extract the excess light not coupled into the fundamental mode was designed
and implemented. The decreased thermal load on the fibre coating in turn also reduced
the possibility of thermal damage, allowing the further scaling of the coupled optical
power.

Based on the findings, coupling efficiency values of ~95 % into NANFs are achieved and
maintained at high average powers. This allowed the demonstration of the record deliv-
ery of 1 kW average optical power through 1 km of HCF. In addition, the implementation
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of the improvements mentioned above allowed an enhanced setup to couple 2 kW of av-
erage optical power stably, as well as to deliver it beyond 10 m efficiently. The results
achieved in this thesis are limited by the equipment available, and simulations indicate
that further scaling in power and transmitted length should be possible.

By combining the efficient methods to couple light into HCFs with the low attenuation
offered by NANF technology, the Thesis also examines the optical propulsion of micron
sized particles inside the hollow core of such fibres. Initial experiments demonstrate
the guidance of 10 µm diameter particles through 1 m of fibre orientable in any spatial
direction. By further upscaling the power and fibre length, this preliminary set of exper-
iments indicates the possibility of a remote sensing solution, which can take advantage
of the preservation of the high-quality optical beam to trap the microparticles over ex-
tended fibre lengths. Furthermore, extrapolations of the measurement results suggest
the possibility, in future work, of accelerating such particles beyond 100 m/s in air-filled
HCFs.
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1 Introduction

Ever since its first implementation in 1960 [1], systems based on the phenomenon of
light amplification by stimulated emission of radiation — or ’lasers’ for short — have
become one of the most widespread instruments around the globe. Such devices can be
found in almost every scientific institute and have undergone tremendous improvements
since. They have proved themselves to be indispensable in studies ranging from basic
research like detecting gravitational waves [2], to applications in environmental sciences
by employing light detection and ranging (LiDAR) [3], laser-based lightning protection
[4], or in recent severe acute respiratory syndrome coronavirus (SARS-CoV) related
treatment devices [5, 6]. A critical step in most applications is the delivery of laser light
into the location of its intended use. As the optical power of the available laser sources
are constantly increasing, accordingly, it is becoming progressively more difficult to
transmit their output. This Thesis summarizes the steps taken to develop a feasible and
reliable way to transmit high-power optical beams beyond km-scale distances through
hollow-core fibres, which are emerging as promising solutions.

Historically, the first optical fibre capable of confining and propagating the light from a
source to the desired area of work with the advantages mentioned before were the so-
called solid core fibres (SCFs). A great summary of the most relevant milestones for the
evolution of optical fibre technology is written by Ballato and Dragic [7]. In 1966 Kao
and Hockham reported that such optical apparatus can be improved significantly, and
envisioned them as next generation alternatives for traditional coaxial-cable and radio
systems. For his "groundbreaking achievements concerning the transmission of light in
fibres for optical communication", Kao has received the Nobel Prize in Physics in 2009.
Using SCF technology is still a common practice nowadays.

However, with the evolution of available laser sources, the fibre technology also had to
progress, and so, the concept of hollow-core fibres (HCFs) was proposed, which in theory
can withstand the increasing high fluence values. With its first pioneering experimental
realization in 1999 [8], these novel fibres make it possible that most of the transmitted
power is propagated in air, immensely reducing the limitations set by light-glass inter-
actions.

Confining laser light into a physically isolated domain — i.e. a fibre — have many
practical advantages. First of all, the beam path can be altered flexibly, opposed to
more complicated free-space solutions, that requires several other optical components,
and regular maintenance to preserve stable performance. Secondly, the coupled laser
field distribution is essentially conserved during its transmission, shielded from minor
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disruptions, e.g. air-turbulence. Furthermore, the technique enables the reliable delivery
of high brightness beams over km-scale distances, which is orders of magnitudes larger
than the limit set by the Rayleigh-length for free-space optical systems with similar
beam diameter. This observation is relevant to several fields, including, but not limited
to; telecommunations [9] research [10], military [11], industry [12–14], healthcare [15]
or environmental sustainability [16] related applications. Finally, physical constrains
imposed by the fibre just as importantly reduces the probably of accidental emission
compared to free-space transmission-based approaches.

As a specific example, the laser processing industry is one of the fields, where the com-
bination of maintaining a high beam quality over long distance transmission is valuable
[17]. High quality material processing with great precision can only be achieved by
using high brightness, single-mode beams. Moreover, delivery fibre lengths of tens or
even hundreds of meters allow safer operation and more flexibility. The combination of
these two qualities is favourable for applications like high-quality remote welding [18],
cutting of carbon fibre reinforced polymers (CFRP) [19], or during the decommission
of a nuclear power plant [14, 16, 20], or the prospect of the so-called Power-over-Fibre
(PoF) concept [10, 21].

As the main interest of the Thesis, the case of transmitting a continuous wave (CW)
beam is considered. In general, there exists an upper limit set by the nonlinearities
that can arise in conventional systems employing SCFs. The exact value typically also
depends on the fibre core material, more specifically its most relevant parameters —
e.g. the Raman and Brillouin gain coefficients. There are several techniques which can
ease this limitation (e.g. effective area enlargement), but there is always a trade-off that
must be considered (i.e. beam quality or bending loss), even when these improvements
are utilized. However, as mentioned, HCFs propose a promising alternative to the more
prevalent SCF technology. Figure 1.1 presents some of the greatest milestones in exper-
imental realization of state-of-the-art HCFs.

One of the central objective of the present research is to go beyond the current limita-
tions in power transmission using conventional SCF. Previous results published using
these type of fibres — e.g. 1 kW-over-300 m by Matsui et al. [37], 5 kW-over-20 m by
Shima et al. [17], 1 kW-over-100 m Rohrer et al. [38], or 9.1 kW-over-30 m Okuda et
al. [13] — all argue, that the main limiting factors are determined by the nonlinear
effects that starts to emerge near the respective power levels. The goal is not only to
transmit greater power values with higher efficiencies, but also to employ orders of mag-
nitude longer lengths of novel fibres. Furthermore a high brightness, near single mode
beam quality should be maintained as well. This is due to the fact, that high-quality,
high-precision material processing generally requires such high-quality optical beams,
respectively. Furthermore, understanding the maximum coupling efficiency (CE) that

2
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Figure 1.1: Novel HCF Cross sections | Cross section captures of some of the
most impactful milestones results of experimental realizations of novel HCFs: a) First
realization of a hollow-core photonic bandgap fibre (HC-PBGF) by Cregan et al. [8],
b) First Kagomé fibre drawn by Benabid et al. [22], c) Square lattice Kagomé fibre
by Couny et al. [23], d) First Revolver type anti-resonant (AR) HCF by Pryamikov
et al. [24], e) Ice-cone shaped structured AR-HCF by Yu et al. [25], f) Polarization
maintaining PRISM fibre by Fini et al. [26], g) First non-touching AR-HCF by Kolyadin
et al. [27], h) Surface mode free PBGF by Poletti et al. [28], i) Double AR-HCF
by Hartung et al. [29], j) Hexagram AR-HCF by Hayes et al. [30], k) First nested
anti-resonant nodeless hollow-core fibre (NANF) by Belardi et al. [31], l) Single ring
hexagonal HCF by Tsiminis et al. [32], m) Lotus shaped AR-HCF by Nawazuddin et
al. [33], n) Pill shaped conjoined-tube negative curvature HCF by Gao et al. [34],
o) Hybrid-lattice hollow-core photonic-crystal fibre by Amrani et al. [35], p) First
demonstration of a HCF with lower loss values as SCFs: the double nested anti-resonant
nodeless fibre (DNANF), by Jasion et al. [36]. Reference scales in red depicting the
respective dimensions are also shown for each cross section. Note the great variation of

core diameters.

3
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one can achieve when launching light into an HCF from a free space laser beam is es-
sential in all these studies. Since such analysis is scarcely reported, a dedicated Chapter
will be provided for related investigations.

To give an example of the intensity range that will be discussed in the Thesis; fibre
lasers are routinely capable of providing >1 kW of average input power in CW mode of
operation, around the central wavelength of λ0 ≈ 1075 nm. In order to couple this field
into an optical fibre, it has to be focused into a spot with a beamwaist of w0 ≈ 15 µm
— a common value assuming that a HCF is utilized. This translates to an average
flux density of I ≈ 1.5 × 1012 W/m2, which is comparable to those present at the focal
point for laser material processing applications. Assuming a Gaussian approximation,
the Rayleigh length is given by the relation zR =

(
π ·w2

0
)

/λ0 ≈ 0.6 mm. This is over
6 orders of magnitude less than a typical HCF drawn in-house, in which the same
beam waist can be maintained over kilometre length scales. More importantly, SCFs are
generally unable to preserve a coupled beam of similar average power, over comparable
distances, because of the aforementioned nonlinearities. Additionally, an estimation of
the scalability of the technology will be discussed.

Lastly, in combination with the work of other researchers, possible applications based on
the gathered findings will be also discussed. In the final part of the Thesis, stimulated by
an observation during high power experiments, we extended our interest to the possibility
of delivering micron sized particles through HCFs. This capacity has the potential to
unique devices, such as a long-distance remote sensor [39] — just to name one example.

Outline of the thesis

The thesis is structured as follows:

• In Chapter 2, the basic theoretical background of both solid- and hollow-core
optical fibres, including optical modes, different guiding mechanisms, main loss
sources and non-linear effects are discussed. The optical forces acting on micron
sized particles in a tightly focused beam, and the basic principles of optical trapping
are also introduced.

• Chapter 3 reports findings regarding the highest possible coupling efficiency of
laser light experimentally achievable into in-house drawn NANFs. After the math-
ematical definition of CE given, based on prior simulations, an experimental setup
has been designed and built, to verify the assumptions suggested by the theories.
Measurements conducted show great agreement with expectations. Furthermore,
the requirements of precise alignment and positioning of the optical fibre — along
both the translational and angular axes— for maximum CE are also examined.
Finally, a comparison with similar HCFs of different kinds is also made.

4
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• The specific case of delivering over kW level of average power is discussed in Chap-
ter 4. Both the physical and virtual version of the experimental setup — i.e. a
digital twin — are introduced. Evaluation of the measured and simulated data
will highlight the current limitations of the layout. Based on this insight, ex-
perimental techniques to reduce these (essentially absorption related) bottlenecks
are suggested and realized. The influence and improvement thanks to these steps
taken to ease these restraints are demonstrated, and best-effort results — limited
only by the equipment available — are presented. Lastly, multiple directions for
further work are proposed.

• Chapter 5 introduces a distinctively unique opportunity; the possibility of deliv-
ering micron-sized particles through HCFs. In contrast to the more industrial,
application focused research discussed in the previous Chapter, here a more fun-
damental analysis of a growing field of interest will be conducted. Starting from
the first observation of phenomenon, an individual experimental setup design is
introduced in detail. Initial results are presented, highlighting the capabilities and
limitations of the currently employed layout, showing encouraging results. The
Chapter is concluded with discussions about future applications of the system.

• Finally, Chapter 6 concludes the Thesis by summarizing the results discussed, as
well as providing a brief outlook on possible future work.

5
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2 Theoretical Background

In this Chapter, the theoretical foundation relevant to the Thesis is summarized and
the most widely used terminology is established. To begin with, the most important
concepts and definitions are introduced through the example of solid-core fibres (SCFs),
including the derivation of optical modes. This is followed by a brief description of the
non-linear phenomenon, that can be observed when high power optical fields are confined
in such fibres. As a potential solution to avoid these (for the scope of present Thesis)
unwanted effects, different kind of hollow-core fibres (HCFs), utilizing distinct guiding
mechanisms are presented. Practical analogies with their SCF counterparts are drawn,
their performances are compared, and newly enabled applications are also mentioned.
Next, the main characteristic loss mechanisms are categorized, and the interfacing of
the fundamentally different optical fibres is reviewed. Finally, the optical forces acting
on micron sized particles that can be optically propelled inside the hollow core of the
fibres are described.

2.1 Solid-core fibres

Although the focus of this Thesis is to demonstrate novel applications of the hollow-
core fibre (HCF) technology, for historical reasons many practically used definitions
have analogues derived from those used for describing solid-core fibres (SCFs). For this
reason, it is sensible to introduce these concepts through the simpler example of SCFs.
However, only a brief summary is provided here, since there already exist several great
sources dedicated to discussing said fibre type; Prof. Govind P. Agrawal’s Nonlinear
Fibre Optics is provided here as an example [40].

In its simplest configuration, a SCF refers to the common step index fibre depicted
in Figure 2.1 a). In this case, the fibre consists of an optically denser, axisymmetric
material is covered with another material, which has a smaller real refractive index
value. According to Snell’s law:

n1 · sinθ1 = n2 · sinθ2, (2.1)

where ni is the refractive index, and θi is the angle of incidence of the optical ray in the
material, indexed with i = 1, 2. Assigning i = 1 for the core, and i = 2 the surrounding
cladding, the light cannot escape into the cladding, if the incident angle at the surface
border is above a given threshold. This phenomenon is called as index-guiding, and the
exact value of the critical angle is given by:
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Figure 2.1: Most common solid-core fibre cross sections schematics | a)
step index, b) graded index, and c) average index guiding solid core fibres. The core
(Co), cladding (Cl) and Jacket (Jkt) regions are marked and labelled for the simplest
structure. For the other geometries, the corresponding counterparts are marked with
the respective arrows as well. On the bottom row graphs, the refractive index as a

function of the radial coordinate is also illustrated.

θcrit = sin−1
(
nclad
ncore

)
. (2.2)

Usually a third layer (coating or jacket) is also deposited, which generally does not
interact with the coupled light, but provides mechanical support and protection.

However, Equation 2.2 is only true, if the relation n2/n1<1 holds, that is, if the material
of the fibre core is considered optically denser — and even more precisely only for
multimoded guidance. From this θcrit critical angle, the ϕmax maximum acceptance
angle of a fibre can be calculated. Assuming a right-angled fibre tip, and nenv refractive
index for the environment around the fibre, it is given by:

ϕmax = sin−1
[
ncore
nenv

· sin (90◦ − θcrit)

]
, (2.3)

In this arrangement,the considered fibre can only accept or release rays with angles
respective to the axis of symmetry below this threshold. Another widely used figure of
merit, the numerical aperture (NA) is also defined based on this maximal angle via:

NA = nenv · sin (ϕmax) =
√
n2

core − n2
clad (2.4)

From a practical point of view NA a dimensionless value, which makes it an ideal point of
comparison for certain aspect of different types of fibres. This is even more convenient
in cases when fibres with more complex geometries are considered. One significant
advantage of engineering a more sophisticated cross section is that it allows certain

8



Chapter 2. Theoretical Background

aspects of the fibre to be enhanced, and in turn, can also open new possibilities for
applications. As an example, a parabolic refractive index distribution in the radial
direction of the fibre — schematically illustrated in Figure 2.1 b) — is also achievable.
This profile constantly refocuses the coupled light, which helps minimising the modal
dispersion, that is beneficial for instance in telecommunications [41].

Furthermore, it is also possible to fabricate fibres with fine structures, also called mi-
crostructured optical fibres or MOFs for short. Figure 2.1 c) shows a common example
of this category. In this instance, the cladding is defined by the domain including the
air holes around the central core region. In this scenario, for a more accurate physical
description, the parameters of cladding structure should be approximated by average, or
"effective" values; for instance, in Equation 2.4, nclad should be substituted with nclad, eff

and similarly, all following relations will depend on nclad, eff instead. Due to the presence
of the holes, the average refractive index in the cladding is lower than that of the core.
Because of that, this type of fibres practically behaves like step-index fibres, however,
the main guiding mechanism in this case is called effective index guidance. Such a fibre
was proposed and first realised in 1996 by the Russell group [42] and was an important
step towards micro structured hollow-core fibres. The significance of fabricating such an
optical fibre will be detailed in Section 2.3.

Note that so far, all the parameters introduced are only strictly valid for what is called
multimoded guidance, and for a more refined description, wave guidance must be con-
sidered. It is therefore important to explicitly define what an optical mode is.

2.2 Optical modes and the V-number

2.2.1 Core modes

The general distribution of the electric field can be given as:

E (r⃗, τ ) = A (r⃗) · e−iωτ · e−iΦ0 . (2.5)

Here, the electric field vector E is represented by a plane wave, where ω = 2πc/λ is
the angular frequency of the optical field with wavelength λ, c is the speed of light in
vacuum, while r⃗ and τ denotes the spatial and temporal coordinates, and A and Φ0 are
the amplitude and an initial phase, respectively. Deriving from the Maxwell-equations,
it can be shown that — in non-magnetic materials within linear approximation — the
electric field vector must satisfy the Helmholtz equation:

∇2E + n2 (ω) k2E = 0, (2.6)
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where k = 2π/λ is the wavenumber, and n denotes the refractive index of the light
propagating medium. For every wavelength, there exists a finite number of self-consistent
modes, which are confined and guided along the length of a fibre. These discrete modes
can be categorized into core or cladding modes — depending on which part of the fibre
geometry they are guided — they have a unique, well-defined spatial distribution, and
satisfy equation 2.6. Complementing them are a continuum of radiation modes, which
are not confined in the fibre. While plane waves are the simplest and one of the most
useful mathematical approximations, because of their infinite transverse dimension, they
cannot describe real optical fields.

The discrete modes guided in the core of the fibre can be denoted in general as |ψj⟩,
where the subscript j labels the distinct mode considered. Without any loss of generality,
while also including the H magnetic field vector, assuming the direction of propagation
as z⃗, such modes satisfy the relation of orthonormality [43]:

∫∫
z⃗ ·
(
E∗

j × Hj′ + Ej′ × H∗
j

)
dA = δj,j′ , (2.7)

where δj,j′ denotes the Kronecker delta. Moreover, Ej and Hj express the electric and
magnetic field distributions of the mode |ψj⟩, respectively, such that:

|ψj⟩ =
(

Ej

Hj

)
· e−iβjz, (2.8)

where βj is the propagation constant of the j-th mode.

Within a more explicit framework, the previously discussed |ψj⟩ modes are vector modes
strictly speaking, and are leaky in nature. For the sake of simplicity, however, it is
feasible to transition to the corresponding scalar mode terminology. In this approach, the
previously introduced transverse vector modes (e.g. the pair of the fundamental HE11

modes) can be categorized into scalar groups, which gather the original vector modes of
similar intensity, but different polarization distribution (e.g. LP01, respectively) [44].

Figure 2.2 shows a schematic plot of the fundamental and the first few higher order
linearly polarized (LP) core modes. They can be easily derived from the wave equation of
an electric field similar to Equation 2.6. By utilizing a cylindrical coordinate system and
applying constrain equations arising from the symmetry of the field, a set of equations,
called Bessel functions can properly describe the set of modes guided by a simple step
index fibre. Separating E into translational and longitudinal components (which also
matches with the cylindrical axes), an analogy to the prior properties can be made. The
longitudinal distribution is constant along the fibre throughout the propagation, while
— in a lossless approximation — the phase of the plane wave evolves following e−iβjz.
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Figure 2.2: Schematic illustrations of the first few LP core modes | The
different signs of the electric field are highlighted with blue and red. Note that for all

modes there exist 2 orthogonal polarization states.

The V -number

The number of supported modes can be practically described for step-index fibres by
introducing the so-called V -number:

V =
2π
λ

· rcore · NA (2.9)

where rcore is the core radius. For a step-index fibre, this V -number must be under ~2.405
for it to be considered single-mode [45], that is the fibre only supports its fundamental
mode (FM). From equation 2.9 it can be also seen that for any given λ wavelength,
this can be achieved by carefully engineering the rcore core diameter and the NA of
the fibre. The greater the V -number, the more higher-order modes (HOMs) the fibre
can efficiently confine. For large values, the number of supported modes (including the
different polarization states) can be estimated by Nmodes ≈ V 2/2.

Multi-modality is an important feature, that has to be considered and evaluated on a
case-by-case basis. The choice to employ single- or multi-mode fibres (SMF and MMF,
respectively) generally depends on the specific application, its requirements and toler-
ances, and usually includes inevitable trade-offs to be made. It is also worth noting, that
each mode has their own characteristic parameters — e.g. attenuation or group veloc-
ity. Furthermore, coupling light from one mode to the other (cross-modal interaction)
is possible, given the appropriate matching conditions (i.e. phase-matching) are met.

SMFs can in general have lower attenuation values, as they can be highly optimized for a
given wavelength. This precision, however, also limits the bandwidth of the wavelengths
the fibre can support. From Equation 2.9, it can be also expected that the core radius
of such fibres are also typically smaller (rcore ~few µm’s). Clearly, the lack of HOMs
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also makes any modal crosstalk impossible, and since only the FM of the fibre can guide
light efficiently, the output beam distribution is independent on the input beam quality.
From a practical point of view, the alignment of these fibres are more difficult, as better
precision is required for efficient coupling, which in turn also means higher sensitivity
to environmental disturbances. Lastly, the necessarily more intricate manufacturing
process that is required, can usually result in an increase in production costs.

MMFs on the other hand can more efficiently propagate beams with poor beam quality,
and can tolerate higher optical power levels. This is mainly thanks to their generally
larger core diameters — as can be anticipated from Equation 2.9. They also guaran-
tee more robust guidance (e.g. less sensitivity to bending), but generally have higher
attenuation, as the fibre cannot be engineered and optimized for all supported modes
simultaneously. Moreover, modal cross-talk is common, and interference of the different
modes can change the local beam distribution significantly along the length of the fibre.
While launching light into MMFs are practically easier, the previous point also means,
that the output beam quality highly depends on the input beam distribution, and the
less intricate manufacturing requirements also allows the fibres to be less expensive.

2.2.2 Cladding modes

So far only guided modes in the core region were discussed. However, when specific
conditions are met (i.e. phase-matching), the cladding can also support optical modes
(or radiation modes) that can propagate along the fibre. These modes usually have
orders of magnitude higher loss values than those of the core, and their exact “shape”
are also unique to their cross-section geometry. Cladding modes will become more
relevant during the discussions about the hollow-core fibres, for which the cladding
region is usually defined by a characteristic microstructure, and such, more detail will
be provided there.

2.2.3 Gaussian beam

Another practical model to introduce is the concept of a Gaussian beam, named after
German mathematician and physicist Johann Carl Friedrich Gauß. Assuming free-space
propagation, the transverse intensity profile of the beam in this case is defined by the
Gaussian distribution as:

I (r, z) = P

π ·w (z)2 /2
· exp

(
−2 r2

w (z)2

)
, (2.10)

for a beam travelling in the z direction. Here P is the optical power of the beam, while
w (z) is called the beam radius, and denotes the distance from the z-axis, at which the
intensity drops to 1/e2 ≈ 13.5 % of its maximum.
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Note that the polarization properties, as well as the transverse phase profile of the dis-
tribution is omitted here. Rigorously speaking, Gaussian-like beams of similar intensity-
profile, but with a phase distribution that is more complex than what can be reasonably
described using a second-order polynomial function is not considered to be a Gaussian
beam. The main advantage of using this terminology is that it is a practically appli-
cable approximation to describe the fundamental fibre mode in a mathematically more
simplistic way [40].

Within the limits of the paraxial approximation, that is the ϕ angle of convergence is
small enough that tanϕ ≈ sinϕ ≈ ϕ is a reasonable estimation — i.e. the beam is not
focused really strongly — the evolution of the beam radius w (z) along the z-axis can
be described simply by

w (z) = w0

√
1 + (z/zR)

2 , (2.11)

where zR is the Rayleigh length, defined as:

zR =
πw2

0
λ

. (2.12)

Moreover, w0 is the beam waist, that is the minimum value of the beam radius. From
Equation 2.11, it can be easily seen that this minimum is obtained at the location z = 0,
which is called the focus. In fibre optics, it is generally favourable to focus the beam
such that the double of this beam waist equals to the mode field diameter (MFD = 2w0)
supported by the FM of the optical fibre to be used, as in that case, the maximum
coupling efficiency is attainable. This will be discussed in more detail in a later Section.
Note that while its impact is not analysed explicitly here, the focusing conditions — i.e.
the ϕ angle of convergence, and the related NA (through 2.4) — are also crucial.

Finally, the beam quality is generally quantified using an ISO standard [46], which is
based on the Gaussian beam terminology. It is called the M2 value, or beam quality
factor, following the definition of:

ϕ =M2 λ

πw0
. (2.13)

The relation M2 ≥ 1 must always hold true, with the equality M2 = 1 describing the case
of a perfect Gaussian beam. In reality, M2 is generally >1, but the smaller the difference,
the closer the beam is considered to be a high-quality fundamental beam — i.e. similar
intensity distribution to that of LP01. It is worth noting though, that the M2 value
is a single scalar number, and such cannot accurately describe the beam quality itself.
However, because it is a practically useful figure of merit, it has found a widespread
use in the field of laser beams. For the sake of simplicity — while still maintaining
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explicitness — in the following, optical beams with beam qualities of M2 < 1.2 will be
generally referred to be quasi-single-moded (QSM) beams.

Nevertheless, even for the highest quality of beams, the fundamental limitation on the
performance of SCFs is set by their constituting material(s) — mainly that of the core.
As an example, the physical properties of silica glass (SiO2) — which is arguably the
most common material for commercial optical fibres — ultimately limit the minimum
theoretical loss value achievable [47]. This in turn restricts the maximum power levels
that can be coupled into SCFs before material breakdown damage can happen. The
desire to overcome these restrictions is one of the main incentives for hollow-core fibre
related research.

2.3 Hollow-core fibres

It has been remarked earlier in Section 2.2, SMFs tends to have small core sizes. This
means, that through the fluence of the focused beam at the input facet of the fibre,
the damage threshold of the core material ultimately sets the power limit that a fibre
can handle. An obvious suggestion to eliminate this upper bound is to remove any
material from the core. However, if one wants to confine a significant electromagnetic
field inside what can be called hollow-core fibre, then a new approach for guidance is
necessary. Confinement based on total internal reflection can only be applicable for
highly multimoded fibres, because when the core diameter becomes small enough to
be comparable to the used wavelength ~10λ, the contribution from phenomena like
interference become even more significant.

Probably the most straightforward approach is to simply have a hollow tube or capillary
covered with a reflective coating on its inner surface, so that light is guided by external
reflection [48]. These hollow waveguides, however, generally have significant losses due
to each Fresnel reflection instead of total internal reflection. Even with very high re-
flectance, a large core area (100s of the used wavelength) is required in order to reduce
the loss values below a reasonable level, which ultimately leads to multimodal trans-
mission. From a more practical perspective, the handling of such fibres with regards to
bend sensitivity and splicing possibilities are also inconvenient.

While the very simple capillary structure found a low number of applications, the model
itself, on the other hand, is a very good aid to understand the more complex, microstruc-
tured optical fibres. For the points to be discussed in the Thesis, the most important
fibre types are the hollow-core photonic bandgap fibres (HC-PBGFs), the antiresonant
fibres (ARFs) in general, and a subgroup of the latter: the nested antiresonant nodeless
fibres (NANFs). The following Subsections aim to give a brief overview of the guiding
mechanisms of these fibres mentioned.
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Figure 2.3: Visual aid for photonic bandgap hollow-core fibres | a) Typical
schematic illustration of a solid state physics bandgap structure b) Analogous refractive
index structure for PBGFs with the air-line depicted by the black dashed line at neff =
1. (Adopted from [50]) c) Schematic cross section of a typical microstructured photonic
bandgap fibre, with d) introducing the used terminology for the specific parts of the

cladding structure

2.3.1 Guidance using photonic bandgaps

The first hollow-core fibre with a micro-structured cladding consisting of an array of
air holes was realised in 1999 [8]. This fibre only confined a specific wavelength range,
corresponding to the photonic band gaps originating from the periodic cladding struc-
ture. The group of fibres received their name from said phenomenon; the photonic
bandgap [49]. An exhaustive and remarkably detailed article about photonic bandgap
fibres (PBGFs) is summarized by Benabid and Roberts [50].

A greatly simplified description of its guiding mechanism can be derived from a solid-
state physics analogy. Assuming a perfect, periodic crystal lattice, the allowed potential
states are well defined. Based on these exact states, there are several forbidden bands,
which consists of a continuum of forbidden electronic states, as depicted schematically
in Figure 2.3 a). Based on this electric band structure, both the allowed and the forbid-
den photon frequencies can be calculated. Approaching the problem from the opposite
direction, it can also be shown that a periodic structure can be engineered, such that
there exists a given domain of forbidden states, in which no photon is allowed, as illus-
trated in Figure 2.3 b). Fabricating a HCF with a cladding structure of such a photonic
bandgap, the electromagnetic field within the given wavelength range would be confined
inside the core.

Another important condition is that the ratio between the transverse components of the
wave vectors for both media must satisfy the relation ktr, 1/ktr, 2 > ρcrit between the k
wavenumbers. The index tr represents the transverse component of the vector, while the
indices 1 and 2 denotes that the values are given by the materials of the glass and the
air respectively. The exact critical value ρcrit of the ratio can differ greatly based on the
specific fibre geometry, but in general it translates to large refractive index differences.
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Assuming that only in-plane propagation is allowed in the transverse plane, available
materials would be greatly limited. However, when out-of-plane propagation is consid-
ered, HC-PBGFs can be manufactured from standard glasses [8], bypassing the strict
condition about wavenumbers mentioned. This is justified by the fact that dominant
direction for propagation is orthogonal to this transverse plane. A typical cross section
for this type of fibres is depicted in Figure 2.3 c).

Through extensive research and characterisation experiments many important features
of the PBGFs were pinpointed, and eventually clarified by theoretical descriptions. First
of all, as mentioned earlier, stable cladding modes can be excited and guided along the
length of the fibre. These can be classified into 3 different groups in a typical geometry,
like the one in Figure 2.3 c); i) the airholes inside the cladding structure, ii) the struts,
building up the structure, and iii) the nodes, where said struts connect to each other.
These are also labelled in Figure 2.3 d). Based on simulations, it was suggested and later
experimentally confirmed, that the most dominant contributor of the cladding modes
are those confined in the connecting nodes [50].

To minimize the interplay between the core and cladding modes, substantial effort was
made to fabricate more sophisticated optical fibres. This resulted in even more complex
cladding structures, which in turn made the fabrication processes more intricate. Nev-
ertheless, the aspiration also led to characterization of the intricate effect of resonance-
conditions on fibre attenuation [51]. While the approach was successful in the sense
that it presented the lowest attenuation achieved in any PBGFs, the thicker membrane
allowing the manipulation of resonance conditions also lead to reduced transmission
bandwidth of the fibre. Subsequently, novel fibres were designed with the intention of
using the phenomenon of resonance as the main guiding mechanism, in order to fabricate
HCFs with even lower propagation losses.

2.3.2 Guidance by anti-resonance and inhibited coupling

One specific geometry discovered during the progression of fibre cross section optimisa-
tion was the so-called Kagomé-lattice [22]. These fibres can be distinguished from the
PBGF cross sections presented previously in Subsection 2.3.1, by the distinct cladding
structure. In this case a “David-star”-like pattern, with smaller triangular airgaps be-
tween the hexagonal ones can be noticed, as depicted in Figure 2.4 a). The final structure
shows resemblance with a traditional Japanese basket weaving pattern; hence the name
was coined.

It has been reported, that even though for the Kagomé-fibres the core and cladding
modes co-exists — similarly to PBGFs — there is only minimal interaction between these
fields. While these fibres were initially believed to be using the same guiding mechanism
as the PBGFs, it was later demonstrated that they have no bandgap structure [52]. It
has been proven that another phenomenon is responsible for achieving guidance: the
wavenumbers of the core and cladding modes also shown to have a mismatch, putting
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Figure 2.4: Kagomé and Revolver-type anti-resonant hollow core fibre
schematics | Typical a) Kagomé, and b) Revolver type HCF microstructures. c)
illustrates the phase relations required to be satisfying the resonance conditions. For a
cladding structure with th thickness, a certain λR wavelength (plotted with green, top
half) might interfere with its twice reflected replica constructively, satisfying Equation

2.14, or destructively (λAR plotted with red, bottom half) satisfying Equation 2.15

further restrictions on how much the modes can interact. The combined phenomenon of
both the reduction of the modal overlap and a wavenumber mismatch is also referred to
as inhibited coupling (IC) [23, 53]. Utilizing this design approach resulted in a waveguide,
which allowed a broader transmission window bandwidth.

Ultimately, it had been theorized and consequently experimentally verified that the
surface of the innermost cladding interface, closest to the core can have a significant
impact on the transmission performance of such fibres. Having a negative curvature —
that is an inverted curvature of the core surround — is preferred as such fibres have
been observed to have an attenuation almost an order of magnitude lower compared
to the more conventional circular core [54]. Nevertheless, it has been also concluded
that the dominant limiting factor of low loss, highly efficient transmission is still the
strong coupling between core and cladding modes — which is localized in the silica
struts. Therefore, in order to further enhance the performance of HCFs, the nodes
and struts supporting such cladding modes have been avoided. With the intention of
eliminating these coupling sources, a simplified cladding structure has been proposed,
that transformed the field of HCF fabrication technology.

The previously mentioned phenomenon of anti-resonance in Subsection 2.3.1 was used as
the foundation of guidance for the so-called anti-resonant fibres (ARFs). A typical cross
section of the one of the simplest geometries, also called tubular or revolver fibres (RVF)
is shown in Figure 2.4 b). For this type of fibre, the hollow-core is surrounded by thin
tubes made of a material with refractive index nglass and thickness of th. Depending on
the thickness, well defined wavelengths exist at which the fundamental transmitted and
the twice reflected transmitted fields will be in resonance. This guiding mechanism is
based on the phenomenon used in anti-resonant reflecting optical waveguides (ARROW)
[55]. Using the same notations as in of 2.4 c), this is true for a slab waveguide approach
depicted in the inset, if ∆ΦRes = Φ1 − Φ2 = 2mπ, where m ∈ Z.
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This accumulated phase difference depends on the material properties of the glass
through the relation ∆Φ (λ) = nglass · 2π/λ · th. Subsequently, the resonant wavelengths
are then given by:

λRes, m =
2 · th
m

·
√(

n2
glass − n2

air

)
. (2.14)

The maximum achievable transmission is at the resonant wavelengths. This can be
interpreted as the wavelengths considered will not be confined inside the core, but are
essentially transmitted into the cladding. The other extremity can be defined from the
same approach. In this case, however, the antiresonance condition is met if, ∆Φ′

ARes =

Φ′
1 − Φ′

2 = (2m− 1) π. The wavelengths at which the material theoretically does not
transmit is given by:

λARes, m =
4 · th

2m− 1 ·
√(

n2
glass − n2

air

)
. (2.15)

For every wavelength apart from λRes and λARes, the leakage from the central domain
can also be determined based on the value of ∆Φ (λ). In general, the domains ranging
between the neighbouring λRes, m wavelengths can have low enough loss characteristics
to be used for high bandwidth confinement. Moreover, since there are multiple numbers
of these wavelength windows, the number of possibly usable wavelengths with these
types of fibres are also greatly increased.

Note that during the discussions above, the term ’transmission’ has been used for the in-
teraction between the laser light and glass material forming the microstructure, and not
the transmission of the optical fibre itself. On the other hand, while the anti-resonant
wavelength is guaranteed to have minimal penetration into the region surrounding the
core, other effects also must be considered for fabricating ultra-low-loss fibres. Elec-
tromagnetic field leaking into the cladding structure can still produce stable cladding
modes. By itself, low overlap of the core and cladding modes is not a sufficient condition
for efficient transmission.

2.3.3 Modal content of HCFs

Naturally, a similar argument can be discussed here regarding HCFs, as it has been
detailed in the prior Section for SCFs. For this reason, it is practical to formulate
an analogy between the 2 cases in order to examine the optical modes. Note that as
mentioned earlier, the core modes supported by all the previously discussed HCFs are
considered ’leaky modes’, and intermodal coupling can take place if they are not ac-
counted for properly during the fibre designing process. Furthermore, for the case of
microstructured RVF-type ARFs (and by extension NANFs), the cladding modes can
become more influential, as the self-similarity of the microstructure and bandgap/an-
tiresonance conditions enable the forming of stable cladding modes [56]. Therefore,
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engineering fibres in a way that effectively reduces the modal coupling by employing the
concept of inhibited coupling, can have far reaching influence.

Similarly, higher-order core modes can be also supported by HCFs granted that the
microstructure enables it. One of the key parameters to be mindful of is the characteristic
attenuation of the different optical modes. When maintaining a high-brightness beam is
desirable, SM guidance is generally achieved by engineering the HCF in a way that the
HOMs have significantly larger attenuation. This results in the fibre effectively acting
as a quasi-modefilter after some characteristic length. The efficiency of this filtering
can be characterised by the higher order mode extinction ratio (HOMER), which is
the ratio between the HOM of the lowest attenuation and that of the FM, as given
by: HOMER = αHOM, min/αFM. The higher the HOMER value, the more similar the
fibre performs to that of a truly single-moded SCF. From an experimentalist perspective,
paying extra attention to precisely excite only the FM supported by the fibre considered,
can also help to achieve better single-moded performance. This is due to the fact that
if less HOMs are coupled initially, the total propagation loss of the fibre is also reduced.

For the findings to be discussed in the following Chapters, single-moded guidance will
be given priority. The results to be presented will be most beneficial for applications
requiring high-brightness beam profiles (e.g. precision manufacturing). However, it is
also important to note, that understanding the behaviour of both cladding modes [56]
and higher-order core modes [57] can be highly profitable in achieving even better single-
mode performance. In the following Subsection a number of approaches using simulation
tools as means to provide insight into better FM confinement will be provided.

2.3.4 ARF Simulations

There exists a wide array of literature of simulations regarding how the optimization
of different geometrical parameters of ARFs can enhance their performance in one or
more aspect, based on the desired application. Setting a typical revolver type fibre cross
section as a point of comparison, numerous approaches have been proposed; Figure 2.5
summarizes some of the most recent designs. As it can be seen from the schematic
illustrations, there is a wide array of suggestions for improved performance. Hu and
Schülzgen [58] used reinforced learning to suggest cross sections optimized for minimal
confinement loss — parts d) and e) — Zheng et al. [59] introduced an U-shaped element
into the RVF — part f) — to achieve higher HOMER values, and wider operational
wavelength, while the structure proposed by Wang and Chang [60] also suggest excellent
bending tolerances — part h) — to give a few examples.

However, one would expect that some of these cross sections could be really challenging
to fabricate. Considering the case of 2.5 d), realizing a HCF with a microstructure
consisting of such unique curves, bends and sharp corners at the touching points is not
trivial. Furthermore, the geometry is also expected to be unchanging for the length

19



Chapter 2. Theoretical Background

Figure 2.5: Next generation ARF cross section simulations | Some of the
most recently proposed directions of improving the performance of ARFs. a) Positive-
negative curvature nested ARF by Hasan et al. [61], b) Antiresonant Leakage Inhibited
Fibre (ALIF) by Jasion et al. [62], c) Double negative curvature ARF by Chen et al.
[63], d)-e) Reinforced learning based negative curvature designs by Hu and Schülzgen
[58], f) U-shaped ARF by Zheng et al [59], g) Triangular ARF by Zhu et al [64], h)
Dual-tube Dual nested atiresonant nodeless fibre (DT-DNANF) by Wang and Chang

[60].

of the fibre sample. For these reasons, it is beneficial to briefly consider the current
capabilities of fibre manufacturing facilities.

2.3.5 Fabrication techniques

While it has been mentioned before repeatedly, how the desired cross section of HCFs
can be achieved with careful engineering, little detail has been provided about how these
fibres are actually manufactured. In general, the most common way to fabricate HCFs
is the so-called "stack-and-draw" technique [49, 65]. In essence, this method involves the
initial tight stacking of small capillaries (diameters ~mm regime), as well as optional
spacing elements that resemble a "scaled-up" version of the desired cross section. This
assembly is then inserted into a thinner covering ’jacket’ tube, and then heated and
drawn into what is usually referred to a ’cane’. The produced cane is then again covered
with a considerably thicker jacket, and drawn again, in a second stage into the final
desired fibre structure. However, there are other promising novel techniques, such as
extrusion [32, 66], drilling [67] or 3D-printing methods [68] to produce suitable preforms.
These are usually favoured for unique application, requiring more exotic materials, like
soft-glasses or polymers [66, 68].

While the brief summary provided above sounds deceptively simple, there are several,
sensitive factors that must be continuously monitored and adjusted if necessary to man-
ufacture optical fibres of high quality. The intricate physics behind the drawing process
includes but is not limited to delicate balancing of the surface tension present in the
molten glass of the structure during drawing. Some of the degrees that the fabricators
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can manipulate during fibre drawing amongst others are: (i) the gas pressures within
the hollow regions (both the core and cladding tubes), (ii) speeds of feed and draw, or
(iii) temperature of the furnace. For a comprehensive overview about this fabrication
technique for ARFs, Reference [65] provides a great and exhaustive analysis.

In the preforms the capillaries can be tightly packed — e.g. for HC-PBGFs or Kagomé-
fibres (Figures 2.3 c, and 2.4 a, respectively) — or non-touching — e.g. for ARFs
(Figure 2.4 b). For the latter, it is also important to mention the phenomenon of
mid-draw contact [65]. It has been modelled and experimentally verified that during
drawing the capillaries first expand and then contract, before attaining their final shape
[69]. This means that the tubular elements have a temporary stage at which their
diameter is larger than their finalized one. Considering the tight spacing that is usually
present at typical ARFs, this over-expansion must be always considered. Failing to
account for this phenomenon can lead to the touching and merging of these elements.
In turn, these contact points effectively establish glass nodes, as they will not separate
in the subsequent stages of the drawing procedure. It has been shown in the previous
Subsections that these nodes can cross couple core and cladding modes, and such can
contribute significantly to the degradation of the performance of the fibre — therefore
it is of uppermost importance to avoid mid-draw contact.

Impact of variations in the microstructure

As mentioned previously, the tolerance towards variance of the microstructure is an im-
portant factor, and the earlier cited simulational results considered the impact of such
aspects; like the uniformity of the structure, the thickness of the capillaries, or the orien-
tation of the cladding elements, just to name a few [59–61, 65]. Since a minor variance
of the structure is virtually unavoidable, constant monitoring and adjustment of the
fibre drawing parameters is another tool that can be effectively used to manufacture
long, homogeneous fibre pieces. While taking samples of the as-drawn fibre periodically
during the fabrication process is a possibility, non-invasive alternatives (originally pro-
posed by Frosz et al. [70]) are also being developed at the University of Southampton
[71]. Devoting such meticulous approach towards high-precision manufacturing is a key
enabler for providing highly consistency HCFs with lengths in the km regime. Such
fibre pieces are essential for applications to be discussed in the following Chapters, as
significant deviations considered in the prior references can lead to orders of magnitude
larger loss parameters, subsequently leading to subpar performance.

2.3.6 Scalability and Outlook

Echoing the opening statement of this Section, one considerable advantage of utiliz-
ing HCFs over SCFs is the improved power handling capabilities of the former. The
material-less core allows significantly increased power levels to be coupled and delivered
by employing HCFs. On the contrary, SCFs in general can be limited either by laser
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induced damage or nonlinear effects. The experimental measurements to be discussed
in the appropriate Chapters in this Thesis used a CW light source. To cause laser in-
duced damage (LID), such sources usually require rather high power levels — typically
on the MW-scale. Comparable values are more readily present as high peak powers,
when sub-ns pulsed lasers are utilized. For this reason, it is the latter feature which will
be the more relevant concern, and such, the nonlinear phenomena be reviewed in more
detail in Section 2.5. Additionally, the upscalability of high-power CW delivery will be
estimated considering these limiting factors in Section 4.3.

Furthermore, it is worth highlighting some of the most appealing applications that can
be enabled by utilizing HCFs instead of SCFs. Possibly one of the most promising
qualities of the hollow-core fibre technology is its modularity that is enabled by the
nature of its hollow core. This unlocks the opportunity of filling the core with various
materials, from gases [32, 72–74], through liquids [73, 75, 76], to even small particles
[75, 77]. Furthermore, all of these introduced materials can also interact with the light
coupled into the fibres in manners that previously were impossible.

Examining the capacity of loading the core with gaseous media, as an example, one can
propose an alternative technology to gas cells [78]. This technique also has the inherent
advantage of increased interaction length, as the highly intense beam distribution can be
effortlessly maintained along the entire length of the fibre. Moreover, it is also possible
to manipulate the dynamics of the phenomena, simply by adjusting and fine-tuning the
pressure of the filling material [79]. As long as the materials are not reacting with each
other, the filling of the core and cladding tubes can be replaced and adjusted as desired.
It is also possible to enhance the guidance by introducing a differential gas composition
into the core and the cladding tubes [74]. The change of the refractive index of the
gaseous media from air also alters the resonance conditions defined in Equations 2.14
and 2.15. Exploring the opportunity from the opposite direction, the same feature of
the HCFs allow the detection of different gas species either when the core is filled with
the sample [32, 80], or when the gas is dissolved in liquid [81].

Another interesting possibility is the coupling and guidance of small (µm to nm scale)
liquid droplets or solid particles inside the core of an HCF. In a similar fashion, this
opportunity enables long-range remote sensing applications [39]. Moreover, due to the
fact that the beam distribution is maintained, the optically trapped element can be
manipulated along the length of the fibre, respectively. Since the optical trapping and
propulsion are some of the main topics of discussions of the Thesis, a separate Section
has been dedicated for more detailed review of the field.

However, so far only an idealized lossless theoretical model has been introduced and
discussed. More realistically, though, there are always impurities and small deviations
that could significantly alter the coupling and transmission efficiency of any kind of
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fibre. The following Section will provide a general overview of the most relevant sources
of losses of optical power in HCFs.

2.4 Loss mechanisms

An excellent up-to-date tutorial review on the current understanding loss mechanisms of
HCFs, including guidance on how to minimize the total loss through proper engineering
is summarized in [82]. While the contribution to the total loss of the separate loss
mechanisms is different for the different types of HCFs, 4 major contributors can be
distinguished. The exact contribution of each is beyond the scope of present report,
but relevant important articles will be referred. It is also worth noting here that while
these separate loss sources can be categorized by their characteristic behaviour, it is
practically hard to measure their independent contributions experimentally, as they are
usually intertwined in complex ways.

Nevertheless, a brief analysis is also provided here with additional attention given to
discussions regarding physical realizations of the theoretical considerations. Moreover,
presenting practical insights will have a higher priority, and more extensive theoretical
investigations will be referenced.

2.4.1 Confinement

Contrary to SCFs, the modes confined in HCFs are generally not bound. In the case of
SCFs, if an optical ray incident at a larger angle on the core-cladding interface than the
critical angle defined by Equation 2.2, it experiences a perfect reflection, in accordance
with Fresnel’s law. This is not the case for HCFs, since the guiding mechanism is
fundamentally different as discussed before. In this case, the outer silica layers have
higher wavenumbers than the propagation constants of the core modes. Because of
that, a small portion of the electromagnetic field can leak into the cladding of the fibre.
The actual extent to which this happens in general depends on the design of the fibre
and can be reduced with careful engineering [49].

The confinement, or leakage loss (LL) can be interpreted in somewhat, but equally
useful ways [82]. Building a model based on the ray-optics approximation, there are a
few important points to mention [48]. First of all, the LL can be reduced (in theory, to
arbitrary low levels) by increasing the core size of the HCF. However, as discussed in
Section 2.2, through Equation 2.9, an increased core diameter leads to larger V -numbers,
which in turn results in the fibre supporting a growing number of modes. Furthermore,
these higher modes generally have larger LL as well. Lastly, in this interpretation, the
reflectance of the microstructure is crucial to achieve low loss values. Practically, this
can be achieved by employing a cladding structure consisting of more rings of structural
elements. Taking a simple RVF as a baseline, this is achieved by inserting additional
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tubular elements — as it can see by the improved performances of NANFs (1 nested
tube) [31, 83], and likewise DNANFs (2 nested tubes) [36].

In a somewhat different concept, the LL loss can be also illustrated by considering the
|ψ⟩ waveguide modes of the HCF. As mentioned, along the core modes, there exist a
continuum of cladding and jacket modes. Based on calculation using the coupled mode
theory (CMT) [84, 85], it can be showed that the power confined in these modes of
all kinds, can be transferred between each other. Since the non-core modes typically
have higher attenuation values, the transfer of optical power is not symmetric. These
observations show the importance of careful design of the fibre, through minimizing the
coupling between modes by adjusting the propagation constants of the different modes
[82], or by engineering the innermost surface of the core, such that it has a negative
curvature, for example [54].

2.4.2 Material absorption

One of the most fundamental of light-matter interactions is how the energy of photons
can be absorbed by the material they are incident on. In this semi-classical interpretation
the electromagnetic radiation interacts (most frequently) with the electron structure of
said material, and is transformed from electromagnetic energy of the field to internal
energy of the absorber. This inevitably results in a reduction of the intensity as light
propagates further in the matter following the Beer-Lambert law — which is observed
as loss.

In the case of SCFs, the obvious contribution in material related attenuation is induced
by the core material (most commonly fused silica, SiO2), where the most intense part of
the optical beam propagates. Considering HCFs, similarly, it is the material structure
of the fibre, that is responsible for absorption related losses. However, the air holes
confined by the struts and nodes add another domain that should be considered.

As mentioned before, having a low overlap between the optical field and the constituting
material is one of the many benefits of employing HCFs [82, 86]. Nevertheless, a small
fraction of the coupled light inevitable enters the material that forms the microstructure.
Taking the Heraeus F300 as one of the most commonly used high-purity fused silica tube
for fibre manufacturing, when compared to a NANF of similar parameters, the glass
induced absorption is reduced by ~4 to 5 orders of magnitude [82].

Considering the case of HCFs, complimenting the material absorption of the glass struc-
ture, is the absorption of gaseous environment filling the air nodes of the microstructure
— amongst them, the most influential being that of the hollow core. Similarly, the
smaller cross section of gases compared to solid medium significantly reduces the losses
experienced by the optical beam. Moreover, the absorption can be decreased even fur-
ther, by applying vacuum to HCF.
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For the reasons discussed above, it is reasonable to neglect the material absorption of
HCFs when total loss is considered, as their contribution is practically non-existent,
compared to other more dominant sources, e.g. the confinement loss.

Nonlinear effects

It is worth noting here, that nonlinear (NL) mechanisms are strictly speaking not sig-
nificantly different or independent from the material absorption mechanism considered
above. However, this is only mentioned here briefly, as the topic can be considerably
wide-ranging. For this reason, a more thorough discussion will be provided later in Sec-
tion 2.5.

2.4.3 Scattering

Rayleigh scattering

Similar to the discussion regarding absorption, the Rayleigh scattering of bulk materials
(i.e. glass and gases) have orders of magnitude lower influence on the overall loss of the
fibre compared to other components (e.g. leakage loss). Furthermore, the contribution
of Rayleigh scattering loss (RSL) coefficients of these materials are also known, and such
can be interpreted as a small, additional absorption. For these reasons, it is considered
to be justified to neglect the impact of Rayleigh scattering in favour to the other loss
sources [82].

Surface scattering

During the fabrication of HCFs, the molten glass that will ultimately create the mi-
crostructure can develop dynamically in accordance with laws of thermodynamics and
surface tension. Once the drawn fibre is cooled down, the air-glass interfaces froze in,
with the capillary surface waves embedded into the microstructure [87]. Any deviation
from an ideal flat surface acts as a perturbation, that will deteriorate performance. This
decline in essence leads to a reduced power transmission, that is characterised by what
is referred to surface scattering loss (SSL).

To estimate the effect of the perturbations of the glass surface on the guided modes,
the calculations usually utilize some type of mathematical methods, e.g. CMT [85]. An
alternate approach, investigating the effect of surface roughness on the far field image of
the scattering is introduced and discussed in detail in Ref [82]. It is worth mentioning,
however, that arising from its stochastic nature, only a generalized, averaged picture
can be given, as the exact distribution of scattering sources can differ significantly for
each fibre drawn. Moreover, the inhomogeneity of the surface can also enable coupling
between different modes supported by the fibre. While the intermodal coupling would
be otherwise forbidden, the phase-matching conditions can be altered locally, such that
power can couple from one mode to the other. This leads to a higher total loss, as the
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HOM content is increased, and these modes also usually suffer from larger leakage loss
values.

When comparing a PBGF with an ARF, the effect of surface scattering on transmission
loss is more pronounced for the former. This can be understood by the fact that PBGFs
usually carry a larger fraction of the field intensity closer to the core-cladding barrier,
which inevitable leads to more distinct interaction. The theoretical difference between
these two types of HCFs usually shows an order of magnitude lower loss values for
comparable NANFs. Nevertheless, experimental verification of the exact numbers are
not trivial, as measuring the SSL independently is troublesome.

Lastly, it has to be mentioned, that being aware of such scattering sources or defects
of the microstructure are even more important when high power levels coupled into the
fibre. Additionally to being in general a source of loss, in this case, the confinement of
the beam can be significantly reduced. Consequentially, the localized perturbations can
ultimately lead to irreversible fibre damage and breakdown of the guidance.

2.4.4 Bend losses

So far, it has been generally assumed that the optical fibres are used in a perfectly
symmetric layout. However, small bending of the fibre structure along its length is
expected during practical employment. In general, this effect can be distinguished into 2
categories, based on the length of the induced deviation from a straight fibre. Micro- and
macrobending losses (µBL, and MBL, respectively) are differentiated, with the former
generally referring to distances typically longer than hundreds of the used wavelength.

Micro bending

Localized external impact, such as mechanical forces induced by rough surfaces applying
pressure to the fibre structure can alter the curve of the fibre from an ideal straight case.
In a simplistic description, these effects introduce scattering nodes that enable the cross
coupling of light between optical modes, resulting larger overall loss values because of
the increased HOM content. It has been shown, that the microbending loss in ARFs
is inversely proportional to the core size of the fibre [82]. The influence of such forces
can be reduced by applying more advanced protective coatings using several different
approaches [88].

Macro bending

Additionally, such bends and curvatures can be present for longer lengths when being
deployed. By utilizing the conformal transformation method, the impact of external
macrobending can be interpreted as the refractive index profile of the fibre becomes tilted
when coiled [82]. This in turn similarly allow the development of unwanted cladding
modes with higher loss values. Compared to PBGFs, ARFs in general are significantly
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more sensitive to macrobending, and the loss generally follows an inverse squared relation
to the bending radius [82]. Lastly, as expected, a critical bending radius can be defined
below which the loss increases sharply, and ultimately the guiding cannot be maintained.
From a practical point of view, HCFs wound up on a standard shipping bobbin, that
has a diameter of dbobbin ≈ 30 cm, the macrobending induced loss is negligible.

2.4.5 Summary and comparison

In summary, Fokoua et al. provides a great review of the scaling rules for the previously
discussed components that contributes to the total loss of HCFs [82]. In general, for the
applications to be considered and the results of the studies conducted to be discussed
in the following Chapters, the most important insights for using a NANF are:

• The most dominant contributors for the total loss are the confinement or leakage
loss (LL) and microbending loss (µBL).

• There exists an optimal core diameter, where the combined impact of leakage and
microbending losses are minimal for a given geometry.

• In order to not introduce any noticeable macrobending loss (MBL), the fibre sam-
ples should be kept in an arrangement, the bending diameter of which is always
kept above 30 cm at any point along its entire length.

• The scattering (RSL, SSL) and absorption related losses are negligible compared
to the previously mentioned other sources.

• When beams with high optical power levels are being used, the nonlinear (NL)
response of the materials should be considered. This will be discussed in more
detail in the next Section.

The points raised above were used as guidelines for choosing the most suitable in-house
fabricated fibre samples. These fibres will be introduced later in Section 3.3.

2.5 Non-linear phenomenon

As the strength of the electric field applied to a dielectric material surpasses a given
threshold, the relation governing the induced change in the P polarization of the material
can no longer be appropriately determined as a linear dependence on the E field. This
means that terms higher than the 1st order become non-negligible, and as such must be
considered to describe the physical effects appropriately.

For the case of SCFs, multiple effects — like Brillouin- or Raman scattering, or Kerr
effects (e.g. self-phase modulation (SPM) or four-wave mixing (FWM)), or multiple
photon excitation, just to name a few — must be considered. As mentioned earlier, there
usually exists a threshold above which these phenomena become important. Considering
HCFs as alternative solutions, said threshold is greatly increased, as the most intense
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part of the beam propagates inside the hollow core (most commonly filled with air), and
the overlap of the field with the fibre glass is very low [86].

Up until now, the relations and equations introduced have only considered a linear
response of the system to the influence of the incident beam. While these are practically
useful for explaining many key physical phenomena at higher power levels they cannot
capture the underlying physical effects appropriately. When stronger electric fields are
considered, in order to adequately describe the light matter interactions, terms beyond
the first order have to be included.

One of the 4 Maxwell’s equations, Gauss’s law can be written in its differential form as:

∇ · E =
ρ

ε
, (2.16)

where ∇· denotes the divergence of the electric field E, ρ is the volume charge density,
and ε is the absolute electric permittivity of the material partaking in the interaction.

Equation 2.16 can be practically interpreted such that a change in the electric field
modifies the material properties, and vice versa. Since the electric field is composed of
oscillating waves, these changes are always present. Assuming the central wavelength
of the light source to be λ0 ≈ 1064 nm — comparable to those that will be used in
the experiments to be discussed in the following Chapters — the corresponding angular
frequency is ω0 = 2πc0/λ0 ≈ 300 THz, where c0 is the speed of light in vacuum. From a
macroscopic point of view, the oscillation averages out over time, and for weak fields, the
change in the P polarization vector induced by the incident field can be approximated
with a linear relationship.

However, when a stronger field is present, higher order terms must be also considered,
since the anharmonic motion of the bound electrons in the material creates a nonlinear
response [40]. Mathematically this can be represented by:

P = ε0
(
χ(1) · E + χ(2) · EE + χ(3) · EEE +· · ·

)
, (2.17)

where the χ(j) coefficients represents the j-th order electric susceptibility tensors.

Taking silica (SiO2) as an example — since it is a widely used fibre material —, the
second order term does not contribute to the change in the polarization vector, because
of the symmetry of the molecule. Some of the other most commonly observed non-linear
phenomena in optical fibres, results in the formation of new wavelengths — e.g. high-
harmonic generation (HHG) or four-wave mixing (FWM). These are also typically only
observed in optical fibres since they either require a distinct, different wavelength other
than the original “seed” beam, or specific phase-matching equations must be satisfied.
For the latter, any spontaneous signals that is not supported by those equations fade
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out quickly along the length of the fibre. These mentioned effects are also elastic, i.e.
do not cause any energy exchange between the field and the medium.

Another important non-linear effect that often has to be considered is the Kerr-effect,
which is related to the χ(3) term. The refractive index of the materials usually depends
on the intensity of the electromagnetic field applied to it. From by Equation 2.17:

n(NL) ≈ n+ n2 · I, (2.18)

where n(NL) is the nonlinear refractive index, n2 is called the non-linear Kerr-coefficient,
and the optical intensity is given by I = |E|2. As it can be seen from Equation 2.18,
the impact of the Kerr-effect depends on the intensity of the electric field. Practically
relevant high enough intensity values can be mainly reached when pulsed laser sources
are utilized. This is due to the fact that in that case, the peak intensity values can
be orders of magnitude larger than the average intensity a CW source can achieve. As
an example, the peak power of a Nd:YAG/Cr4+:YAG microchip laser can reach levels
beyond 50 MW [89], while the highest ever reported average power of a CW source —
which has a central wavelength near 1 µm — is 300 kW, reported by Lockheed Martin,
used by the US military [11], displaying a 2 orders of magnitude difference.

An important note is that this effect is more crucial, where significant fields are present
in solid material, i.e. SCFs. For HCFs, only a small fraction of the air guided mode
enters the cladding structure, somewhere in the range of 10−3 − 10−5 suggested by sim-
ulations [86]. The exact value also depends on the specific fibre type and geometry [90].
Furthermore, the Kerr-coefficient of air is determined to be n2, air ≈ 1.2 × 10−22 m2/W
at λ = 308 nm and ~101 kPa pressure [91], in contrast to that of fused silica, which is
measured to be n2, FS ≈ 2.19 × 10−20 m2/W at λ = 1030 nm [92], highlighting another
2 orders of magnitude difference. As a reasonable figure of merit, the γ fibre nonlinear
parameter of an optical fibre can be defined as

γ fibre =
2π
λ

n2
Aeff

(2.19)

Additionally, it can be appreciated, that since HCFs typically have larger core diameters
— as mentioned in Section 2.3 — the nonlinear fibre parameters γ HCF are usually
3 to 4 orders of magnitude below to their γ SCF counterparts. Lastly, the changes are
more influential where the phase properties are crucial, e.g. pulsed operation or in
satisfying resonance conditions. From equation 2.18 the resulting phase-shift can be
also calculated through:

∆Φ = n(NL) · k0 ·L, (2.20)
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where k0 = 2π/λ0 and L is the interaction length, i.e. the fibre length. This effect
also results in the so-called self-phase modulation (SPM), which also plays a crucial role
in explaining the spectral broadening of ultrashort pulses. For the reasons mentioned
above, the Kerr effect will not be of concern for the experiments to be presented in the
experimental Chapters, and such will not be discussed in more details.

On the other hand, nonlinear effects (NLE) which do include energy transfer to the
medium can be labelled as inelastic scattering. The two main contributors are Stimulated
Raman and Brillouin scattering (SRS and SBS respectively). Both SRS and SBS are
similar in in the sense that the material absorbs a photon of the radiation field and emits
another photon with either lower or — if possible — higher frequency, corresponding
to the Stokes or the anti-Stokes waves respectively. The significant difference between
the two is that the particle participating in the interaction is an optical phonon for the
SRS, while it is an acoustic phonon in the case of SBS.

For both SRS and SBS, the optical power of the signal can be calculated [40] by:

dP (R/B) =

[
g(R/B)Pseed

Aeff
− α(R/B) · P (R/B)) +CSR/SB · P (R/B)

]
dz. (2.21)

In Equation 2.21 above, z is the longitudinal position along the fibre length, Pseed is called
the seed power of the originally coupled field, and Aeff is the effective cross section area of
the light inside the fibre. The coefficients g, α, and C are the small signal gain coefficient,
the attenuation coefficient and the spontaneous response coefficients, respectively, while
P (R/B) is the power of the Raman/Brillouin scattering. Since the equations are identical,
the cases describing the Raman/Brillouin effects are labelled with R/B, respectively.

It is also worth mentioning here that for both SRS and SBS, a substantial P (R/B) signal
is only generated above a certain Pseed threshold input power level. Considering a SMF
as an example, this threshold can be 3 orders of magnitude lower for Brillouin scattering
[40]. This would suggest that when high power fields are present, SBS would be the
first limiting factor to acknowledge. However, another important feature is that SBS
also exhibits an inverse dependence on the bandwidth of the seed [93]. For this reason,
the scalability of power transmission is restricted by either SRS or SBS, based on the
linewidth of the laser source. As the fibre laser used for the experiments to be discussed
in Chapter 4 displays an intrinsically broad bandwidth, it can be appreciated that SRS
will be the main limiting factor for the results to be presented there.

Another more practical insight obtained from Equation 2.21, is that considering the same
material composition, the SRS/SBS signals depend inversely on the Aeff effective area
of the fibre. While a larger effective area generally results in lower non-linear responses
— as shown by Equation 2.9 — at the same time, it also increases the V-number,
which in turn increases the number of supported modes. This could be detrimental
for applications like high quality material processing, where single-moded beams are
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preferred. Another important practical aspect mentioned earlier, is that a larger core
size also requires smaller NA. This in turn increases the bending sensitivity of the fibre,
and such could be another disadvantage for certain purposes.

When comparing specifically SCFs with HCFs, the most obvious difference is the re-
duced power entering the glass in the latter case, significantly reducing the light-matter
interactions [86]. As an example, consider the case of high power delivery of a CW
beam from fibre laser source — similar to what will be introduced in Section 4.1. In this
scenario, the most relevant NL phenomenon is SRS, which arises from the combination
of the broadband nature of the laser source and the air molecules inside the core. Based
on simulations reported by Mulvad et al. [94], it has been concluded that the power
delivery results to be reported in the following are still well below the threshold for
any of the aforementioned nonlinear phenomena to have a significant contribution. The
impact of SRS will be discussed in more detail from a practical point of view in Chapter
4.

2.6 Interfacing of different optical fibres

Even though the rapid development of HCF technology can be clearly seen by the
continuous reports of world-record results [36, 95, 96], showcasing their capabilities to
their fullest extent is not trivial. Probably one of the most sought after target goal of such
tenacious effort towards ultra-low attenuation is to replace the already existing and well-
established network of SCFs with HCFs. This would also preserve the already favourable
properties of an all-fibre setup — e.g. flexibility and compactness. Realistically speaking,
however, it is only practical to upgrade the currently employed system gradually. Thus,
interfacing the most widespread, commercially available SCFs with next generation HCFs
would be necessary.

Several studies have investigated different practical solutions to couple light from SCFs
into HCFs, with the shared goal to find a practically convenient, robust, resilient, and
highly efficient way for interfacing them. The main challenge to overcome in this under-
taking is that the core diameters of commercially available and most widely used SCFs
and HCFs can vary to a great extent. While the dcore core diameter of a single-moded
SCF operating near the wavelength of λ ≈ 1 µm can be ranging between 5 to 6 µm, it
more commonly falls between the 25 to 35 µm domain for HCFs.

While strictly speaking, not a specifically a fibre related loss mechanism, it is important
to discuss the loss suffered during coupling of the optical beam into any kind of fibre.
As a very simplistic explanation, based on the work of Marcuse [97], any arbitrary |ψ⟩
field distribution consisting of electric and magnetic field vectors E and H respectively,
can be represented as the linear combination of the |ψj⟩ modes supported by the fibre
(introduced in Section 2.2), that is:
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E =
∑

j

cjEj , H =
∑

j

cjHj , (2.22)

where the coefficient cj denotes the relative amplitude of the given mode of the field
under examination. After combining Equations 2.7 and 2.8, the cj coefficients can be
obtained through:

cj =
∫∫

z⃗ ·
(
E × H∗

j + E∗
j × H

)
dA (2.23)

It can be shown that the total power carried by the field is simply P =
∑

j |cj |2. Normal-
izing this expression, by setting P = 1, we can define the power coupling efficiency into
a given |ψj⟩ mode, or CE for the sake of simplicity, as the respective |cj |2 coefficients.

It can be also seen from Equation 2.23, that maximum coupling is achieved when the
supported mode of the optical fibre and the distribution of the focused beam is identical.
Achieving perfect, lossless coupling is essentially impossible because of the inevitable
imperfections of both the optical beam and the fibre structure. On the other hand, the
introduced terminologies of linearly polarized (LP) optical modes and the concept of a
Gaussian beam in Section 2.2 provide a practical point of comparison for estimating the
maximum attainable CE.

Wagner and Tomlinson reported a great overview of coupling efficiency related calcula-
tions, considering an arbitrary case, including possible misalignments of the system [98].
The provided equations can properly describe a general coupling problem for single-
moded fibre components. Moreover, they are greatly simplified for an ideal case; that
is when all the optical elements (including the source) are centred on the same optical
axis. The impact of misalignments will be discussed in more detail in Section 3.4.

There have been several more unconventional and promising methods reported that
could be employed to overcome the challenge of interfacing SCFs with HCFs. With-
out the intention of providing an exhaustive list, this can range from using a tapered
nano-spike [76, 99], a reverse tapered splice [100], or a capped fibre end [101]. The
required preparation procedures can also include low temperature gluing [102] or high
temperature splicing [100, 103]. While the techniques show great prospects, there are
some important aspects that have to be mentioned here. First of all, the techniques in-
evitably require cautious preparation of the fibre samples used. This could prove to be
disadvantageous while operating in less forgiving experimental conditions (e.g. on-field
deployment), as maintenance can become inconvenient. Secondly, some of the studies
report relatively low CE (e.g. ~87.8 % for the nano-spikes used by Xie et al. [99]), while
those quoting high CE values utilize additional materials (e.g. glued fibre caps used
by Suslov et al. [102]). From the point of view of the research to be discussed later,
the main concern is the power scalability of these techniques. In both examples, no
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discussion have been provided about the behaviour of the techniques when ~kW-range
optical powers are used.

In general, it can be claimed that an ultimate interfacing method is yet to be presented.
So far, all approaches are intentionally optimized to tackle one specific concern (e.g.
suppression of back-reflection), with a trade-off given to a less important aspect. For this
reasons, the arguably most commonly used concept of utilizing a lens pair for coupling
of an optical beam is preferred — as it will be discussed in more detail in Chapters 3
and 4.

2.7 Optical forces on micron scale particles

Another interesting proposal for taking advantage of the hollowness of the core of the
HCFs is the possibility of manipulating micron sized particles inside the fibre. This is
achieved by using the coupled beam as the means to control the propulsion. While the
phenomenon of light exerting optical force has been observed as early as the beginning of
the 17th century by Kepler [104], any practical application of the effect required centuries
of technical advancement. One of the most recent utilization has been proposed by
Ashkin’s research in 1970 regarding the trapping of particles using only optical forces
[105]. Soon this was followed by the optical levitation of such particles [106], and later the
realization of the first, truly 3 dimensional optical-tweezer in 1986 [107]. Ultimately, it
is now routinely possible to trap [108, 109], push [110], pull [111], rotate [112], or cool to
sub-µK temperatures [113] small (~µm and below range) sized particles and aggregates.
The extension of optical manipulation of macro-scale objects are also of scientific interest
— e.g. near-space light sails — and are also being investigated rigorously [114]. Here,
the relevant theoretical relations will be summarized with the intention to support the
discussions that will be presented in Chapter 5.

In order to appropriately describe the physics governing the dynamics of such particles
illuminated by tightly focused light beams, employing a full wave-optical frame is gener-
ally required [109]. However, for certain cases practical approximations can be applied
to reduce the complexity of the used equations, while maintaining validity of the model.
There are three distinct regimes that can be distinguished, based on the particle size
parameter ξ, which is defined by:

ξ = 2π · a · nenv/λ0, (2.24)

where a is the characteristic size of the arbitrary particle to be trapped (e.g. the radius
of a sphere), nenv the refractive index of the environment surrounding it, and λ0 denotes
the central wavelength in vacuum of the trapping beam. These 3 main regimes that can
be differentiated are:
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1. In the case of "large" particles, when ξ ≫ 1, using a simple ray optics approach
can describe the system under examination with sufficient accuracy.

2. For "small" particles ξ ≪ 1, if |m|ξ ≪ 1 also holds true (where m = npar/nenv is the
relative index of refraction between the particle and its surrounding environment)
the dipole approximation (or sometimes also called Rayleigh approximation) can
be applied.

3. In the "intermediate" regime between the previous two points, when the a size of
the particle is comparable to the λ0 wavelength of the laser light, neither of the
approximations can be considered valid any more, and the electromagnetic theory
must be utilized.

In the following, optical manipulation of particles of the first group (i.e. ξ ≫ 1) will
be discussed. This is reasoned by the fact that the main driving force of the research
to be discussed in Chapter 5 (i.e. remote sensing by using optically guided particles)
falls into this category. Consequently, the designed and built experimental setup will
also accommodate the requirements of this approach. In the scenario to be discussed,
the diameter of the particle is dptcl = 10 µm, and the wavelength of the used source is
λ0 = 1064 nm, resulting in a particle size parameter of ξ ≈ 31.4. In the following the
manipulated particles will be generally referred to as microparticles (McPs). For a more
comprehensive review, Pesce et al. provides a great summary article about calculations
covering all 3 groups mentioned above [109].

2.7.1 Ray-optics approximation

In the rest of the Section, the ray-optics formalism, a simple, quantitative, semi-classical
approximation will be used. In this interpretation, the photons of the laser field exchange
momentum with the trapped object. The incident trapping beam with power Ptrap, 0

can be considered as a bundle of light arrays. The distribution of the electric field can
be translated to the distribution of the rays, by considering their spatial and angular
distribution with appropriate weighting [115]. Since most of the work to be presented
in this Thesis will be using a near-Gaussian beam, the discussions will be limited to
the analysis of such beams. However, based on the work of Malik and Boruah, the
calculations can be extended to more complex profiles [116].

According to Crooker et al. [115], it is possible to decompose a Gaussian beam into
optical rays. This way, the more demanding calculations that would be required by
using a wave-optics based approach can be significantly simplified. Moreover, by intro-
ducing the concept of statistical rays and utilizing basic tools used in matrix-optics, the
evolution of the field distribution can be appropriately described. In this case, the total
optical power can be written as P =

∑
j Pj , where j covers the fundamental N number

of rays that builds up the original beam.
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Figure 2.6 depicts the case of a single optical ray incident on an arbitrary spherical parti-
cle. Considering a single ray of optical power Ω1 hitting the dielectric sphere with refrac-
tive index of nptcl (λ0) at an arbitrary wavelength λ0. Ignoring the material absorbance,
following the geometrical optics consideration, R · Ω part of the power will be reflected
under the same θ angle of incidence relative to the n̂ surface normal. Additionally, the
T · Ω part will enter the sphere refracted under the angle φ, following Snell’s law (Eq.
2.1). Here R and T are the reflectance and transmittance of the environment-particle
interface. Strictly speaking, in accordance with the Fresnel formulas, these values also
depend on the polarization of considered ray. In order to simplify the calculations, a
circularly polarized beam will be considered, and such R = Reff = 1/2 (RS +RP ), with
the indices S and P denotes the respective polarization states. Furthermore, since the
material is assumed to have no absorbance, T = Teff = 1/Eeff.

The optical force induced by a single ray acting on the sphere can be calculated by
summarizing the total exchange of momentum induced by each reflection. While in
general this leads to the summary of an infinite geometric series, typically, the impact
of the first 2 scattering events is dominant [109]. This Fopt, ray total optical force can
be separated into Faxl, ray and Frad, ray axial and radial components, respectively. These
vectors are perpendicular to each other, and their direction align with the coordinate
system illustrated in 2.6, such that n̂axl is parallel with n̂z, and n̂rad is parallel with n̂r.
Based on Ashkin’s work [117] Phuoc [118] also provided the equations for these forces
via the equations:

Faxl =
nptclP

c0
−

nptclPR

c0
cos (π + 2θ) +

∞∑
j=0

nptclP

c0
T 2Rj cos (α+ jβ)

 , (2.25a)

Frad = 0 −

nptclPR

c0
sin (π+ 2θ) +

∞∑
j=0

nptclP

c0
T 2Rj sin (α+ jβ)

 , (2.25b)

where α = 2 (θ−φ), and β = π− 2φ.

Considering a ray that is not parallel with the optical axis, but is incident on the
particle with an angle of convergence ϕ, Fopt, ray can be also defined by another pair of
orthogonal optical forces: Fsctr, ray and Fgrad, ray, denoting the scattering and gradient
forces, respectively. When using this coordinate system, the direction of Fsctr, ray is
parallel with the incident optical ray, while Fgrad, ray is perpendicular to both. In figure
2.6, for the ray Ω1, the force pairs Faxl, ray, 1 = Fsctr, ray, 1 and Frad, ray, 1 = Fgrad, ray, 1

are the same. However, considering ray Ω2, these relations do not hold, as in this
case, ϕ2 ̸= 0. In general, it is possible to define a transformation rule between the 2
coordinate systems by scaling the forces with the appropriate trigonometrical function:
Fsctr, ray = cosϕ · Faxl, ray and Fgrad, ray = sinϕ · Frad, ray.
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Figure 2.6: Optical beam path of a singular ray interacting with a spherical
micro-sphere | a) The ray with optical power Ω initially propagates in a medium
with refractive index nenv, parallel to the optical axis ẑ. It is incident on the sphere
with refractive index nptcl, under the angle of incidence θ, relative to its surface normal
labelled n̂. It is partially reflected under the same angle with its power reduced by a
factor of R. The remaining T · Ω power is refracted and enters the sphere, under the
angle of refraction φ. Assuming no absorption is present, T = 1 −R hold true. Then
this refracted ray is incident on the particle-environment interface, and the same partial
reflection occurs. Here α = 2 (θ−φ), and β = π− 2φ. b) Shows an ray of optical power
Ω′ incident on the same sphere with radius of rptcl, but in this scenario, the direction of
the ray has an angle of convergence ϕ′, relative to the ẑ optical axis. The optical forces
are defined as Fsctr and Fgrad for the components of the total force, that is parallel or
perpendicular to the initial direction of the incident beam, respectively. Similarly, the
transformation from this basis to the one using the directions set by the optical axis
ẑ and the radial direction r̂, leading to the forces Faxl and Frad are also illustrated.

Adapted from [117]
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As a point of reference for calculations, McPs made of polystyrene (PS) with a diameter
of 10 µm, and a refractive index of n (λ = 1064 nm) = 1.5717 have been chosen. This is
justified by the fact that McPs with such properties will be used extensively in Chapter
5, where the relevant experiments will be discussed. Assuming that the particle is
surrounded by air, the amplitude of the F optical force can be easily approximated by

F =
nprtcl

c0
·Qopt · P , (2.26)

where Qopt is a dimensionless quality factor. Since it can be seen that the absolute value
of Qopt and |F| is only different by a constant factor, Qopt is sometimes also referred
as the normalized force factor. This normalized force factor summarizes the impact of
multiple physical quantities, from the wavelength, spatial intensity and phase profile of
the used optical beam, to the material, size and shape of the McP considered. The
maximum value of this coefficient is attained, when the incident ray is perpendicular
to a perfectly reflecting surface, for which scenario Qopt, max = 2. However, in most
experiments which utilize optical manipulation in any manner, its value is practically
Qopt ≤ 0.1 [110].

Figure 2.7 shows the calculated relative magnitudes of the Qsctr, ray, Qgrad, ray and total
Qopt, ray normalized forces induced by an individual optical ray acting on the dielectric
sphere, based on Ashkin’s derivation of the governing equations [117]. Typically, there
is a preferred frame of reference, which is generally based on the actual experiment, and
makes the interpretation of the observation easier. In the following, the axial and radial
directions are chosen, and will be used, as the former is practically defined by the HCF
for the relevant experiments, and such easier to visualize.

It can be seen from Figure 2.7, that the optical forces becoming more impactful, when
they are incident on the sphere under a larger θ angle. It can be seen, that the Qopt total
optical force is always positive, resulting in the particle constantly being pushed away
from the source. On the other hand, above the threshold of θth ≈ 85°, negative values
of Qgrad are anticipated. However, in practical applications, optical rays with such large
angle of incidence are usually are either not present (e.g. weak focusing, with low NA),
or contain a small fraction of the optical power (e.g. outer ring of a Gaussian beam)

The main objective of the study to be discussed in Chapter 5 is to employ HCFs and take
advantage of their unique possibilities regarding the optical manipulation of McPs. As
detailed in Section 2.6, maximum CE is achieved if the beam distribution of the focused
beam matches well with of the HCF — practically its FM. Furthermore, the most re-
cently reported quasi-singlemoded HCFs show exceptionally low attenuation values [36],
which ensures that a near-Gaussian beam profile is maintained for km-scale distances.
Because of this, the actual distribution of the trapping beam is going to be determined
by the optical modes the fibres can support. This modal distribution — and in turn, the
optical force acting on the particles — is preserved along the length of the fibre, and as
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Figure 2.7: Normalized optical force of a singular ray incident on a spherical
microparticle | The case of a microsphere made of polystyrene (with a refractive
index of nptcl = 1.5717) that surrounded by air (nair ≈ 1), is considered, assuming no
absorption. The red, blue and black curves shows the amplitude of the Qsctr, Qgrad,
Qopt normalized scattering, gradient and total optical forces, respectively, following the
naming convention set by Figure 2.6 b). More detailed discussion is provided in the

text. Adopted from [117]

such, the stable trapping conditions will be also maintained. Consequently, the guidance
of McPs over a significant distanced is also secured. Furthermore, it has been reported,
that high quality beam profile, good pointing and power stability is a must for achieving
stable trapping [109]. HOMs can perturb the dynamics of the trapping, such that a more
complex model is required for proper description of the trapping mechanism [75, 119].
While it is clear that using a laser-tweezer with high NA optics and tight focusing is
advantageous and results in a stronger optical trapping [120], this degree of freedom is
not applicable when the beam path is determined by the conditions to achieve optimal
coupling into the HCF.

Considering a steady state, this Faxl is counteracted by another, usually non-optical
force (e.g. gravity or drag), such that the particle has a constant velocity. These will be
discussed in more detail in the next Section.

On the other hand, in equilibrium Frad = 0 as the particle is kept in a stable position.
Because of the symmetry of the focusing beam, the radial component of the opposing,
individual optical rays cancel out each other. Furthermore, the calculation of the optical
forces of these single optical rays takes a more complicated form, which depends on the
focusing strength of the optical trap, i.e. the NA of the beam [117, 118].

2.7.2 Relevant non-optical forces

In general, there are 4 relevant non-optical forces that also have to be considered. These
are:
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(a) The van der Waals force

First of all, the discussions so far have been based on the assumption that the McP is
already airborne, and is not mechanically attached to any surface. However, McPs are
generally provided in some sort of a container. In reality, individual, levitating particles
must be prepared accordingly in advance. They are usually commercially available
in large numbers either in a fine powdered form, or as a suspension, mixed with the
appropriate liquid. Particles tend to stick either to each other or to the surface of such
containers, and such mechanical forces must be applied to break the relatively strong
van der Waals force that forms.

In order to compare the arising forces, considering the example particle defined above
(rptcl = 5 µm, made of PS) is attached to optical grade glass. This case can be interpreted
as the McP has escaped the trapping (that can happen for a number of reasons) inside the
HCF, and hits the inner side of the core structure. Assuming a smooth surface of the fibre
geometry, according to Hamaker’s approximation [121], the typical force values are in the
FV dW ≈ 10 to 100 nN range. This force is generally typically 3-5 orders of magnitudes
larger than the optical forces present for light sources with Pavg ≈ 100 mW average
powers. Hence, either a powerful mechanical influence is necessary for separation, or
significantly larger power levels (near the Pavg ≈ kW regime) are required. While the
former approach will be examined in more detail in Section 5.2, the first observation of
McP propulsion (introduced in Section 5.1) has been observed due to the latter.

Figure 2.8 considers the example of a rptcl = 5 µm McP made of polystyrene, and the
focusing of an ideal Gaussian beam, with beamwaist of wfoc = 11 µm. It can be seen from
part a) that considering the Fsctr optical scattering force, a minimum of Pmin ≈ 35 mW
optical power is required to counteract the Fgrav gravitational force. Furthermore, the
inset of a) highlights the orders of magnitude larger force Van der Waals force present,
when a particle radius of 5 µm is assumed. Part b) demonstrates the behaviour of Fgrav

as a function of the particle radius. As expected the inverse third order dependence
on size shows a sharp rise of the gravitational force that has to be countered. Lastly,
part c) illustrates, the same dependence of the Van der Waals force. Note the orders of
magnitude different scale of the Y-axis, compared to b).

(b) Gravitational force

Furthermore, once the McP is airborne, the obvious Fgrav gravitational force must be
counteracted at all times if any kind of optical trapping is desired to be maintained. As
it will be discussed later in Subsection 2.7.3, from the point of view of optical forces, a
McPs with larger dptcl particle diameters are preferred, as they allow a larger fraction of
the beam to be utilized. On the other hand, this comes at the obvious cost of increased
size, in turn mass, and ultimately larger Fgrav. The actual force will depend on the ϱptcl

density of the particle, and will scale the cube of its rptcl particle radius — assuming
spherical symmetry:
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Figure 2.8: Relevant Van der Waals, gravitational and optical scattering
forces acting on polystyrene microsphere particles | a) Considering a polystyrene
McP with a particle radius of rptcl = 5 µm, the simulated scattering force as a function
of the incident optical power is shown, assuming a focused Gaussian beam, with a
beamwaist of wfoc = 11 µm. The calculated gravitational and Van der Waals forces
are also shown. Firstly, it is demonstrated, that a Pmin ≈ 35 mW of optical power is
required for optical levitation against gravity. Secondly, it can be seen, how the latter
force is ~5-times larger then the other 2 forces considered. b) and c) shows the same
group of 3 forces, as a function of the particle radius, while the difference in Y-axis

scaling highlights the dominance of the Van der Waals force over its counterparts.

Fgrav =
4π
3 · r3

ptcl · ϱptcl. (2.27)

Considering the example of a 5 µm diameter PS MCPs, the gravitational force would be
~5.4 pN. This value is comparable to both Fsctr and Fgrad, assuming a Pavg ≈ 100 mW
light source, that is optical levitation of such particle with such beam is in theory
possible. The dependence of Fsctr as a function of the incident optical power is shown
in Figure 2.8 a). Furthermore, the relevant gravitational force acting on the example
particle is also marked. Based on the calculations, it is estimated, that an optical power
of >35 mW would be sufficient to trap a PS McP, with a particle radius of rptcl = 5 µm.
Part b) of Figure 2.8 illustrates the relationship between the Fgrav and Fsctr forces, as
a function of the particle radius — assuming that the focused ideal Gaussian beam has
a beam diameter of w0 ≈ 11 µm.

(c) Stochastic thermal force

Another important element to consider for maintaining a stable optical trap is the always
present Brownian motion. This can be originated from the particle’s temperature related
potential energy. In order to maintain a stable trapping of the particle, the potential
walls of the trap introduced by the light beam must be greater than its thermal energy.
Following the work of Zemánek [110], this can be translated to the relation:
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Wlat = −
∫ ∞

0
Fopt (r⃗) dr⃗ ≫ kB · T . (2.28)

Here kB denotes the Boltzmann constant, and T is the temperature of the particle.

(d) Viscous drag

Finally, possible high-power applications are considered. The maximum achievable
vptcl, max speed of a particle propelled by the light coupled into the HCF, is ultimately
limited by the drag, which can be written as:

Fdrag = 6πη · rptcl · vptcl ·K. (2.29)

Here η is the dynamic viscosity, vptcl is the instantaneous speed of the particle, and K is
the so-called wall correction factor, respectively. The latter is characteristic to the inner
structure of the fibre core — in analogy how the inner surface of a cylindrical channel
would have an impact on the fluid dynamics passing through it — but also depends on
the Λ = rptcl/rcore particle radius to channel radius ratio. Assuming typical values of
rptcl ≈ 10 µm, and rcore ≈ 30 µm, Λ ≈ 0.3, which translates to a particle-channel ratio
of K ≈ 2 − 3 for cylindrical channels [122]. However, this estimation is only valid as a
first degree approximations, since the NANF structure has greater complexity than a
cylindrical channel.

2.7.3 Microparticles inside HCFs

Note that so far, no relations regarding the optical forces included the dptcl particle
diameter explicitly. However, considering the applications involving the utilization of
HCFs, the first obvious constraint is imposed by the fibre core, setting an upper limit
for the particle size. Furthermore, as mentioned in Subsection 2.7.1, the fibre structure
also determines the supported optical modes. Consequently, the focusing and therefore
the coupled beam distribution and beamwaist is also fixed. Figure 2.9 shows that larger
relative particle sizes — that is the ratio of the particle radius and the beamwaist of the
focused beam: ΛMFD = rptcl/wMFD — allow a larger fraction of the beam to interact
with the McPs. Assuming that both the beam has an perfect Gaussian distribution, and
the McP is a symmetric sphere, the dependence follows the trend of an error function.
The highlighted section also indicates that only up to QMFD ≈ 60 % of the optical
power can be practically utilized. This is due to the fact, that near ~1 relative particle
size, contact between the McP and the inner microstrucure of the fibre has a higher
probability. Such an event would result in "clogging" the fibre, ultimately leading to
the point of contact needed to be removed. This can be highly troublesome, depending
on the exact location of the accident, especially if significant lengths of fibre pieces are
utilized.
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Figure 2.9: Dependence of the QMFD optical filling quality factor on the
relative particle size for a focused Gaussian beam | The plotted curve illus-
trates the fraction of the optical power utilized by the particle it is incident on, as a
function of the relative particle size, defined by ΛMFD = rptcl/wMFD. Assuming an
ideal Gaussian beam distribution, and that the microshpere is centered on the optical
axis, the dependence follows the trend of an error function. While the larger relative
particle sizes leads to an increased efficiency, a practical upper boundary usually exist,
that is determined by the core size of the HCF. A reasonable range for applications is
highlighted with blue shaded region. The inset illustrates how the central, most intense
part of the beam contributes more compared to the less intense outer rings of the beam.
The extremes of the size range considered here are shown with green and black markers.
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3 Fibre coupling optimization measurements

In the present Chapter an in-depth investigation about the coupling efficiency (CE) into
HCFs will be discussed. This is an important aspect to consider, since by optimizing
the efficiency of the coupling, it can be ensured, that maximum power from the source is
being delivered to the work-piece. Furthermore, having high CE also helps simplifying
possible heat management concerns, by foregoing any unwanted effects in the fibre that
could arise because of light not captured by the fibre’s modes. Since this field has yet to
be explored in enough detail, such a study will be provided here. The insight gained by
the investigations will prove to be a valuable foundation for high-power measurements.
Results will show that the in-house fabricated HCFs are capable of achieving and main-
taining high CE.

To begin with, based on expectations set by theoretical considerations lined out in Sec-
tion 2.6, an experimental setup has been designed and built with the intention to verify
said predictions via experimental demonstrations. After the setup has been introduced,
a set of characterisation measurements, which will quantify the requirements of precision
positioning of different HCFs will follow. Both translational and angular misalignments
of the input fibre tip will be examined, and a preference for the optical transmission
window to be used for ARFs to guarantee maximum CE will be provided. Finally, the
Chapter is concluded with a brief summary, highlighting the most relevant findings for
the high-power delivery experiments that will be discussed in the succeeding Chapter.

3.1 Coupling efficiency

As discussed in the theoretical background (Section 2.6), mathematically, the CE can
be calculated by the overlap integral of the |ψBeam⟩ field distribution of the beam to be
coupled, and the ∑j |ψFibre, j⟩ field distributions supported by the modes of the fibre
considered [98]. Simply put, the CE into the FM of a NANF can be calculated as CEFM

= ⟨ψBeam|ψNANF, FM⟩. Experimentally, this can be determined in a quite straightforward
way. After the total transmission of the fibre sample has been measured, the attenuation
induced by the propagation along the length of the fibre is subtracted, leaving the CE
separated from other loss sources.

As summarized earlier in Section 2.6, highly efficient interfacing of already commonplace
SCFs with the emerging technology of HCFs is of high importance for many research
groups. While many of the mentioned approaches show quite promising initial results,
the option of free-space coupling using a pair of lenses was chosen here. There have
been 2 main reasons for this choice: First of all, this technique offers the most flexibility
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Figure 3.1: Schematic of the experimental layout of the high-precision cou-
pling setup | The output of the diode laser is coupled directly via an FC/PCA connec-
tor to a mode-filtering loop (SMF). This patch cord consists of a tightly coiled PM-980
fibre which guarantees a quasi-single-moded (QSM) initial beam (the cross section of
which is shown in the inset). The output of this patch fibre is mounted on the 5-axis
stage (Source). The collimating (fcol) and focusing (ffoc) lens are chosen such that their
combined magnification matches with the ratio of MFD of the SMF and fibre under test
(FUT), and the separation of the lenses is approximately 30 cm. The re-focused beam
is incident on the receiving input tip of the FUT, which is mounted on a similar 5-axis
stage (Input). Finally, the transmitted beam is out-coupled (Output) and is measured

by a photodiode power sensor (PM). More details are provided in the text.

for experimental realization by allowing to fine-tune the incident beam diameter in a
straightforward way. Moreover, the output of the laser source needs no special prepa-
ration (compared to tapered nano-spike [76, 99], reverse tapered splice [100], or capped
[101, 102] approaches as examples), and is similarly relatively less sensitive to unwanted
environmental effects (e.g. vibrations and air convention). Furthermore, coupling in
free space has the most potential for power-transmission scalability, as better thermal
management of the coupling elements is possible in contrast to other approaches. At
higher power levels, the inevitable (mostly absorption related) losses become more im-
portant to be handled appropriately. As thermalisation related issues are becoming more
prominent a number of other possible coupling solutions — like low temperature gluing
[102] or high temperature splicing [100, 103] to fibres — are yet to prove themselves
as capable alternatives. The realized experimental setup based on these considerations,
that has been used for the CE experiments will be introduced in the next Section.

3.2 Low power transmission setup

Figure 3.1 shows the schematic layout of the transmission setup assembled for the CE
experiments. The laser source is a Bookham LC96A1060-20R laser diode (LD), emitting
a λLD, 0 = 1064 nm quasi-single-moded (QSM) beam — as defined in Subsection 2.2.3
— with ∆λLD = 10 nm spectral bandwidth. Its average power level is set at PLD, 0 ≈
100.0 ± 0.7 mW. The output of the laser diode is connected to a PM-980 fibre that is
commercially available (dLD, core = 5.5 µm, NALD = 0.12).
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The output of the LD patchcord (which terminates with a standard FC/APC connector)
is mounted on top of an stage assembly, that incorporates a ThorLabs MicroBlock
Stage (MBT616D/M) and a compatible Pitch and Yaw (P’n’Y) platform (APY002/M).
The former allows the accurate alignment required in the 3 translational axes (XYZ),
while the latter enables the adjustment of the angular directions along 2 angular axes
(pitch and yaw), ensuring that the alignment of the launched beam is possible though a
combination of 5-axes.

The collimating and the focusing lenses are two ThorLabs achromatic doublets, with
focal lengths of fcol = 10 mm (AC080-010-B-ML) and ffoc = 50 mm (AC127-050-AB-
ML), respectively, both with <0.5 % reflectance anti-reflection coatings at λLD, 0 =

1064 nm. This lens pair is chosen so that — assuming a typical collimating and refocusing
layout depicted in Figure 3.1 — their magnification (MLens = ffoc/fcol = 5) matches
reasonably well with the ratio of the mode field diameter (MFD) of the incident beam,
and that of the FM supported by the hollow-core test fibres. More specifically, these
MFDs are wLD ≈ 6.6 µm and between wNANF ≈ 21 − 24.5 µm, for the PM-980 fibre and
the hollow-core NANF samples to be discussed in more detail in Section 3.3, respectively.
The latter wNANF range is estimated by the theoretical expectations, that is, the MFD
is close to ~70 % of the core diameter for HCFs, when optimal coupling is achieved
[123]. Consequently, a magnification corresponding to MMFD = wNANF/wLD ≈ 3.2 −
3.7 is expected by using the aforementioned lens pair. The discrepancy between the
magnifications MLens and MMFD is then corrected by adjusting the exact position of
both lenses along the optical axis. Based on a simple ray transfer matrix analysis, the
required displacement of the lens pair to ensure better matching of the magnification
values can be calculated. Finally, the lenses are fine-tuned, until the optimal transmission
efficiency — and such, a corresponding coupling efficiency — is experimentally achieved.
A magnified image of the intensity profile of the beam incident on the NANF as recorded
by a CMOS detector is also shown by the inset on Figure 3.1.

Furthermore, the choice to employ the achromatic doublets introduced in the previous
paragraph is made in order to reduce the impact of spherical aberration. The relatively
short focal lengths of the optical elements allow the setup to remain compact. On
the other hand, the small radius of curvature that would be required assuming that
conventional singlets have been used, would introduce significant aberrations. Thus,
increasing the number of refractions by utilizing the cemented achromats lessens the
influence of these errors. Lastly, since only a relatively small power level of PLD ≈
100 mW is incident on the lenses, any absorption related effects are expected to have
minimal contribution, and as such can be neglected.

An identical stage assembly as described previously was also built to provide the same
5 degrees of freedom for alignment of the input of the fibre under test (FUT). Since the
exact position of the output of the FUT does not require the same precision for appro-
priate power transmission measurements, a simple 3-axis translational stage provides
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adequate alignment for the experiments. The fibre samples have been always cleaved
with a Fujikura CT-100 precision mechanical cleaver, which can reliably and repeatably
provide flat facet cleaves with <0.3° precision according to the specifications. Once both
fibre ends are prepared, they are mounted on top of their respective mounting platform.
As the PM-980 patch fibre is terminated with an FC/APC connector, no special prepa-
ration of the output of the laser-source is required.

Since the fibre samples can range between 10 − 2000 m, they are either wound up on
a commercially available plastic bobbin, or kept in a loose coil. Nevertheless, the coil
diameter is always ensured to be >30 cm for all these cases, minimizing any possible
macro-bending induced losses to a reasonably negligible level. Note that, as discussed
prior in Section 2.3, HCFs are effectively single-moded only after a certain length of
propagation. This is explained by the different attenuation of the different mode groups.
As a result, in general, longer length of fibre pieces (usually >10 m) are used, when
achieving a high modal purity is of importance. Furthermore, special care was taken
during the alignment procedure of the setup, such that only the FM of the fibre samples
will be excited, with minimal excitation of HOMs.

The optical power levels at different locations along the experimental layout are mea-
sured with a standard ThorLabs photodiode power sensor (S121C — labelled as PM)
and a compatible console (PM100D) is used for data recording and calculating the rel-
ative statistics. The sensor head is always positioned such that the incident beam fills
the same expanse on the detector surface, ensuring that power readings are reliably
comparable by having reduced margin of error. In the following Section, the NANFs
that have been used during data acquisition of the Thesis will be discussed.

3.3 Fibre samples

As mentioned in the previous Section, the optical elements responsible for highly efficient
coupling of the laser source were chosen such that they are optimized for the fibre
samples that are used in the experiments. In this Section, relevant NANF samples
will be introduced. Furthermore, unless specifically indicated otherwise, this (NANF)
geometry will be assumed during future discussions.

Table 3.1 summarizes the most relevant parameters of the fibre samples that has been
used in the Thesis, while Figure 3.2 shows their respective cross sections and FM atten-
uation. It can be seen from the Table that such a simple geometry still has quite a few
adjustable parameters. For instance, while keeping other parameters fixed, the impact
of different membrane thicknesses (th) of the microstructure — and in turn the choice
of optical transmission window for a given wavelength — can be investigated. This will
be discussed in more detail in Section 3.5, comparing NANF-1 and NANF-2, which have
thicknesses th ≈ 360 nm and ≈ 750 nm, respectively. At the same time, it can be appre-
ciated that all NANFs listed have comparable dcore ≈ 29 − 33 µm core diameters. This
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Table 3.1: Summary of the relevant characteristic parameters of the fibre samples
used for the experiments discussed in the Thesis. More detailed discussions is provided

in the text.

Parameter NANF-1 NANF-2 NANF-3 NANF-4 NANF-5
Colour code [−] Blue Red Gold Black Green
Number of tubular
elements [−]

5 5 6 6 6

Antiresonance
window order for
λ0 = 1 µm [−]

1st 2nd 2nd 2nd 2nd

Avg. core diameter
(dcore) [µm]

30.0 29.4 33.2 31.2 32.0

Avg. membrane
thickness (th) [nm]

360 750 720 770 780

Avg. FM attenuation
λLD = 1064 nm
[dB/km]

1.58 ±
0.13

0.35 ±
0.05 − − −

λSP I = 1075 nm
[dB/km]

− − 0.56 ±
0.06

0.74 ±
0.05

1.29 ±
0.09

allows their respectively measured coupling and transmission efficiencies to be compared
in a more justifiable manner when similar coupling conditions are present.

It should be also noted that this Table provides an exhaustive list of fibre samples
that have been used for all the measurements and results to be discussed. As such,
the corresponding labelling will be used in the rest of the Thesis. Similarly, unless
specified otherwise, all fibre samples were always prepared using the same Fujikura
precision cleaver. Lastly, the NANF samples undergo a brief inspection before the
actual measurements take place. Once they are aligned for optimal transmission in the
previously discussed setup, the fibres are checked for any substantial scattering visually
observable using a commercially available IR viewer scope. After it has been confirmed
that there are no localized defects in the FUTs, the pieces are considered to be ready
for the appropriate experiments.

3.4 Misalignment sensitivity

Inspired by the work of Siwicki et al. on the coupling tolerances of ARFs [124], firstly,
the required accuracy for highly efficient coupling has been investigated for in-house
manufactured NANFs. As discussed earlier the input tip of the test fibre under exam-
ination is mounted on top of a stage assembly, enabling a 5-axes alignment procedure.
This covers the 3 translational axes (XYZ) and 2 rotational axes (Pitch and Yaw), while
the possibility of any adjustments along the 3rd rotational axis (Roll) is intentionally
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Figure 3.2: Measured spectral attenuation of the used NANFs via the cut-
back technique | Spectral attenuation of the relevant NANF samples summarized in
Table 3.1, as measured by the cutback technique. The length of the cutback lengths
varies between 50 − 400 m, depending on the specific fibre piece. The curves follow the
same colour coding defined at the table; blue, red, gold, black, and green for NANFs
1-to-5, respectively. The lighter shaded boundaries surrounding the main curves illus-
trate the 1σ error bar of their respective averages. The vertical dashed lines marks the
important central wavelengths of λLD = 1064 nm (left) and λSPI = 1075 nm (right) of
the used laser diode and SPI fibre laser light sources, respectively. On the top, the
corresponding cross sections recorded by scanning electron microscopy (SEM) are also

presented.

excluded. This is justified in one part with the reasonable radial symmetry of the quasi-
Gaussian beam of the laser diode used as the source for the experiments. Figure 3.3
illustrates the naming convention of these axes.

On the other hand, in order to support the omission of control over the ’Rolling’ axis
even further, a 3-paddle polarization controller by ThorLabs (FPC564) has been inserted
between the laser source and the PM-980 patchchord. Initial power transmission tests
with NANF-2 showed no significant dependence of the transmission efficiency on the
polarization state of the laser beam — because of symmetry reasons, the other samples
are also expected to show similar behaviour. This observation strongly suggest that
the polarization dependent loss for these fibres are negligible, confirming that the 5-
axes alignment stage is sufficient. For this reason, the polarization controller has been
removed from the experimental layout before the measurements that will be discussed
have been performed.
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Figure 3.3: Naming conventions for the 5-axis misalignments | a) side and b)
top view schematic of the receiving input fibre tip, respectively. The direction of the
arrows points towards the positive change from the optimal position, which is set as

the 0 reference value.

Considering first only the translational axes, they can be separated into 2 groups: (i) the
axial component, and (ii) the lateral component(s), corresponding to ’Z’ for the former
and ’X’ and ’Y’ for the latter in Figure 3.3, respectively.

Taking the zR Rayleigh length as a point of comparison, an estimate of importance for
the respective misalignments can be provided, based on the definition of zR = πw2

0/λ,
where zR denotes the Rayleigh length, w0 is the beamwaist, λ is the central wavelength
of the field. Assuming λ = 1064 nm and w0 = 10 µm, which are relatively similar values
to the cases to be discussed, the Rayleigh length is zR ≈ 664 µm. While such a distance
from the beamwaist along the z-axis would reduce the CE significantly, compared with
a similar misalignment along the lateral direction would result in no coupling at all —
assuming a typical core radius of rcore ≈ 15 µm. This more than an order of magnitude
larger difference between zR and rcore agrees well with the cited experimental results
[124] as well. As such, the aim of my investigation has been set to concentrate on these
2 lateral (X and Y) translational axes, since their sensitivity towards misalignment also
leave less room for error. According to the findings of [123], it has been stated that the
best coupling is achieved, when the beam-core ratio — defined by the ratio of the MFD
and the dcore core diameter — is ~70 %. As future results will show, the experimentally
achieved CE values are in great agreement with the theoretically expected maxima.
Therefore, it can be reasonably assumed, that the alignment procedure positioned the
input of the FUTs, where this ideal ratio is obtained.

Secondly, it is only [124] that reports about investigating the influence of angular varia-
tions for HCFs in an actual experimental setup. While it is obvious that special care is
always given to minimise such misalignments, a better understanding of the impact of
them could be beneficial for numerous applications, where maintaining high CE is desir-
able. As an example, for high power applications precise and repeatable positioning of
the input fibre tip is mandatory. Maximizing and preserving high CE, as well as manag-
ing misalignments are critical when intense laser fields are to be coupled into the fibres.
This will be explored in more details in Chapter 4. Another specific scenario could be
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the case when the fibre tip has to be precisely positioned inside a smaller chamber that
contains micron-sized particles, with the intention that they can be optically trapped
and propagated inside the HCF along its length. In this example accessibility of the
input tip of the FUT is greatly limited, as it will be discussed in more detail in Chapter
5.

3.4.1 Angular tilt

The set of fibres that have been introduced previously in Section 3.3 have been first
measured for their coupling tolerance towards angular misalignments. The best coupling
positions are determined by optimizing all the available 5 axes, and are set as the 0 mrad
reference positions. Then, the coupling is intentionally misaligned along the respective
axes. First, the transmitted power levels have been recorded and the transmission
efficiency values have been calculated. Then, the attenuation induced propagation losses
has been accounted for, and finally, the CE values have been normalized with respect to
the maximum. Figure 3.4 summarizes the results of the measurements conducted on 4
of the NANF samples summarized in Table 3.1.

Taking the work of Wagner and Tomlinson [98] on SM fibre coupling as a benchmark,
Gaussian curves have been also fitted to the data points. The choice of a Gaussian fit is
also based on their findings for spatial misalignments — i.e. translational and angular
deviations — of the receiving fibre tip from the optimal position. The thick black
curve shows the theoretically predicted sensitivity, based on the parameters set by the
experimental layout (distance between receiving fibre tip and the surface of the focusing
lens closest to it: ~35 mm, the estimated 1/e2 spot radius at that surface ~1 mm), for an
arrangement of optical components with perfect radial symmetry, assuming an ideally
matched proper beam-core ratio (~70 %). Because of symmetry reasons, the pitch and
yaw axes are not differentiated for the theoretical curve.

Note, that assuming that only the FM of the FUT is excited and transmitted, the
attenuation induced losses during propagation affects all measurements identically for
the given NANFs, respectively. Because of this, it can be considered as a background
offset that does not impact the coupling sensitivity in any significant manner, and could
have been ignored. However, the impact of the attenuation, and more importantly the
uncertainty of it can be clearly seen on the Figure, as for a longer length (l ≈ 800 m) of
NANF-1, the 1σ error bars near the optimal position of the input tip are visibly larger
than the other FUTs. This could be improved by either using a shorter sample, or by
more precise knowledge of the ∆α uncertainty of the attenuation — the impact of the
latter is visible when contrasted with NANF-2 (∆αNANF-1 = 0.13 dB/km, in contrast
with ∆αNANF-2 = 0.05 dB/km), as an example.

Examining the figure in more details, it can be observed, that on the one hand, the two
different angular axes (pitch and yaw, plotted with solid and dashed lines respectively)
show reasonable agreement, as expected from the symmetry of the cross sections of

50



Chapter 3. Fibre coupling optimization measurements

Figure 3.4: Angular misalignment sensitivity plots of in-house NANFs |
Filled and empty boxes with error bars show the calculated CEs while the solid and
dashed lines plot the fitted Gaussian curves, for the pitching and yawing axes, respec-
tively. The thick solid curve illustrates the theoretical expectation based on equations
provided in [98]. The visibly wider curve is attributed to HOM transmission, as sug-
gested by the inset showing the transmitted beam distribution at the largest misalign-

ment. More details are provided in the text.

the fibres. The minor discrepancy between the pitching and yawing angle can be an
indication of some slight astigmatism inherent to the coupling setup. On the other
hand, there is a clearly distinct difference in performance between NANF-3 (yellow)
and the other 3 samples tested. NANFs 1,2, and 5 show better agreement with the
theoretical expectations. However, NANF-3 visibly separated from the former group
of samples. The most likely reason for this behaviour was considered to be related to
observed transmission of HOMs by this fibre piece.

As an attempt to compare the curves quantitatively, the full width at half maximum
(FWHM) of the respective plots were used as a figure of merit. The calculated values, as
well as the lengths of the inspected fibre lengths are summarized in Table 3.2. While this
measure is not intended to adequately characterize the acceptance range on its own —
as this terminology cannot sufficiently account for multi-moded behaviour — it still can
be used as a reasonable point of comparison. Losing half of the input power is absolutely
unacceptable, especially for high power applications. For instance, at the 2 kW power
level, a drop of ~2 % of the CE already translates to ~40 W of absolute power.

Comparing the FWHM of the different fibres, the slightly larger values for the yawing
axis compared to the pitching axis could indicate minor experimental misalignments
in the coupling setup — not related to the fibre samples. Furthermore, NANF-3 shows
significantly larger value, up to 150 % of the other NANFs, while as mentioned, this is also
attributed to the transmission of HOMs. As can be seen by the inset of Figure 3.4, when
substantial misalignment has been introduced, the output beam of this specific fibre
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Table 3.2: PnY results of own fibres including a 1σ confidence interval. Note that
NANF-4 of Table 3.1 has not been tested. For comparison, values based on theoretical
considerations [98] is also presented in the last column. More details are provided in

the text.

Parameter NANF-1 NANF-2 NANF-3 NANF-5 W&T
[98]

Length of fibre
samples used [m]

~800 ~50 ~400 ~1200 N/A

FWHM of pitching
angle [mrad]

49.53 ±
2.47

56.68 ±
2.88

75.01 ±
2.06

51.74 ±
0.82 44

FWHM of yawing
angle [mrad]

52.20 ±
2.88

60.46 ±
3.70

76.49 ±
2.88

55.20 ±
3.29 44

was indeed, visibly different from that of a quasi-Gaussian — indicating a significantly
lower HOM loss relative to the other fibres. This explains the larger relative power
transmission for more significant misalignments, since the excited HOMs were not filtered
out even after propagating a significant length (~400 m) through the fibre. Moreover,
a similar conclusion was reached by [124], for the same characteristic feature observed.
Unfortunately, no explicit data is available for the HOM loss values of those specific
HCFs. A comparison with the results reported there is shown in Figure 3.5. Note that
since the two different axes (pitch and yaw) show no significant differences, only one of
them — pitch — is chosen to be plotted. Furthermore, in order to compare the results
with those provided by Siwicki et al., the total transmission efficiencies will be compared
for better clarity. The fibre samples detailed in [124] are:

i) ~10 m long step-index single-moded SCF (dcore ~5.8 µm),

ii) ~1 m long “ice-cream” cone type fibres (dcore ~25.0 µm), and

iii) ~40 cm long revolver-type tubular fibres (dcore ~23.8 µm).

While all plots are following the same trend, the results can be arranged into 3 different
groups:

a) First, the ARF-2 curve (red dashed line) with the least sensitivity towards angular
misalignments was attributed to the lack of optimization for single-moded guidance
for that specific fibre before its fabrication. As mentioned before, this means that
the HOM loss values for the fibre were not large enough to suppress the HOMs
for the given fibre length, resulting in multimoded transmission. When put in
contrast with the other HCFs by the authors, a similar behaviour can be observed
as with the in-house NANF-3 and the other NANF samples.

b) Secondly, it has been debated the other HCFs tested by Siwicki et al. (ARF-1,
ICF-1 and ICF-2, with purple, black and blue colours respectively) might still con-
tain some HOMs, as they show similar behaviour to the in-house drawn NANF-3
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Figure 3.5: Angular misalignment sensitivity plots in comparison to other
relevant HCFs | Solid, dotted and dashed curves illustrates the average relative trans-
mission efficiencies normalized to their respective maxima, for in-house NANFs, Ice-
cream cone type HCFs and single element revolver type ARFs from Siwicki et. al [124],
respectively. For better readability only one direction of misalignment is shown. More

detailed discussion is provided in the text.

(yellow), which is known to support multimoded transmission. Since unfortunately
no exact description for HOM losses is provided for the quality of the transmitted
beam, it cannot be concluded without a doubt.

c) Finally, the remaining curve (green, NANF-5) show high-brightness single-moded
guidance. This is supported by the better agreement with the calculations from
the theoretical expectations [98].

3.4.2 Lateral shift

A similar study, this time focusing on the lateral misalignment has been also conducted.
Comparison is shown in Figure 3.6 including the corresponding cross sections of the
respective fibres. Note that for an appropriate comparison of the impact of such mis-
alignments, a correct figure of merit should also take into account that the core diameter
of both solid- and hollow-core fibres considered can wary greatly. Following the works of
Wagner and Tomlinson [98], it is feasible to normalize the translational changes to the
size of the focused (to be coupled) beam waist. Since Siwicki et al. clearly took great
care to achieve the best alignment possible, it can be safely assumed, that this translates
to a case, when the beam-core ratio is ~70 % for HCFs, as suggested by [123]. On the
other hand, for the step-index SCF, an MFD of 6.2 µm is used for the normalization, as
provided by the manufacturer of the sample.
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Figure 3.6: Lateral misalignment sensitivity plots in comparison to other fi-
bre types | All lateral shift (∆r) data points are normalized to the beam waist (wfibre)
of the respective fibres, while the values recorded are normalized to the respective max-
ima. The blue curve shows the sensitivity of the in-house drawn NANF-1. Compared
to that are plotted the SM SCF, (dark red), Ice-cream cone HCF (green), and single
element tubular ARF (purple) from [124]. Solid and dotted lines represents displace-
ments along the X (vertical) and Y (horizontal) axes, respectively. For more in depth

discussion, see text.

As mentioned before, achieving and maintaining high CE is even more crucial for high
power transmission, where the significantly more intense beam can overlap with the
cladding structure more, and therefore it can possibly induce permanent damage as
well. Moreover, since all in-house fabricated NANFs showed similar behaviour, only
one of them (NANF-1, blue) has been included here. From Figure 3.6 it can be also
seen that all the HCFs show slightly worse sensitivity compared to the SCF step-index
fibre (plotted with dark red). The visibly different behaviour of the solid-core step
index fibre is explained by 2 separate effects. Firstly, it is experimentally challenging
to cover optimal coupling by matching the beam-core ratio to ~70 % for such a large
distribution of core sizes (6 − 25 µm). Because of that, it has been suspected that a
certain degree of mode-mismatch could be present for the SCF, resulting a lower than
expected transmission and in turn, sensitivity to misalignments. Furthermore, it has
been argued by the authors of [124], that the different physical confining mechanism of
SCFs and HCFs could also play a role. Additionally, it has been also considered that
the stronger focusing might result in a beam that is incident on the fibre tip under an
angle that exceeds its maximum acceptance angle supported by its NA.

The difference between the sensitivity of the X- and Y- axes (discerned by solid and
dotted curves respectively) for the ICF and SCF fibres are claimed to be related to fibre
structure variations in the referred article [124]. The difference between the ICF and
ARF (green and purple) curves are claimed by the authors to be connected to their
structural difference, i.e. the lack of nodes in case of the tubular ARF. Measurements
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Figure 3.7: Longitudinal misalignment sensitivity plots in comparison to
other fibre types | Complementary plot analogous to Figure 3.6, demonstrating the
impact of longitudinal shifts (∆z) — normalized to the beam waist (wfibre) of the re-
spective fibres. The values recorded are similarly normalized to the respective maxima.
The blue curve shows the sensitivity of the in-house drawn NANF-1, while the red,
green and purple markers represents the SM SCF, Ice-cream cone HCF, and single el-
ement tubular ARF (purple) from [124], respectively. Note the scale of the horizontal

axis. For more in depth discussion, see text.

using NANF-1 are shown with blue markers. The data shows a similar trends compared
to the ice-cone HCFs, however, it also have better symmetry along the 2 axis.

3.4.3 Longitudinal shift

Analogously, misalignments along the optical axis have been also investigated, Figure
3.7 showing the corresponding curves. In this case, similar behaviour to that of Figure
3.6 can be observed. The most sensitive fibre piece towards misalignments along this
axis is likewise the in-house fabricated NANF. On the other hand, the SCF sample seems
to be the most resilient to such errors. However, it is important to highlight that here,
the abscissa is more than 10-times larger compared to the lateral shifts. This practically
translates to the fact that a slightly larger deviation in the longitudinal direction from
the focal point still supports a relatively high coupling efficiency. It must be noted,
that the reduced number of data points plotted — also covering a narrower domain
— are limited by the resolution and travel distance of the mounting stage used in the
experiments. Finally, as it will be discussed in Chapter 4, this greater tolerance will
also results in the procedure of compensating for thermal lensing becoming easier to
manage when kW-scale optical beams are coupled. Due to the fact that the induced
focal shifts will not lead to instantaneous degradation of the coupling efficiency, the
necessary corrections can be done manually even with a slight time delay present.

Lastly, it must be noted that the typical core diameters for all the HCFs discussed here
— in both Subsections 3.4.2 and 3.4.3 — were ~23 − 34 µm, while for the step-index
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SCF it was closer to ~5.8 µm. These values correspond to supported wfibre beam waists
of ~16.6 − 22.4 µm for the HCFs, while, as mentioned earlier, it is closer to ~6.2 µm for
the step-index SCF. Again, it must be noted that this could result in a less reliable
comparison because of a wide range of core diameters covered.

Since the impact of misalignments have been discussed here, the influence of some of the
main geometrical parameters of the NANF structure will be examined in the following
Section.

3.5 Impact of the optical transmission window

As discussed in the theoretical introduction (Subsection 2.3.4), there are numerous pro-
posals on how the performance of a HCF can be improved by careful engineering, which
are supported by simulations [123]. However, as also mentioned, the actual realization
(i.e. the fabrication) of such advanced fibres geometries suggested can become very
challenging. In this Section, the influence of arguably the most principal parameter of
the NANF geometry will be examined in more detail; the thickness (th) of the glass
membranes of the microstructure (see Figure 2.4). It has been shown before — through
Equations 2.14 and 2.15 — that this thickness can have a significant impact on the
spectral transmission of a NANF. Additionally, it is also important, that which optical
transmission window of the fibre does the λ0 central wavelength of the laser source fall
into.

It has been shown theoretically, that the order of the optical transmission window of
any ARF — and by extension the NANF and DNANF geometries too — determines
the maximum coupling efficiency achievable for the fibre considered [123]. Based on the
findings of this cited study, I have conducted several high-precision experiments using
the previously introduced experimental setup to verify these theoretical expectations
[125]. The further expansion of the combined results of these conference proceedings
have been also published in [126], and will be discussed in this Section.

Visually, the impact of using an optical transmission window of a different order can be
seen on Figure 3.8. In this case, a 6-tube NANF with dcore = 32 µm core diameter is
considered. Assuming an ideal lossless structure, the characteristics of different optical
windows are demonstrated by shifting the λ wavelength of the field, while maintaining
the th thickness of the antiresonant membrane constant — through Equation 2.15. Plot-
ting the x-component on the electric field, it can be seen that for the 1st window, the
field changes sign only once across the glass membrane, while for the 2nd window, this
change happens twice. When comparing these fields with that of an ideal Gaussian beam
as an example, whose magnitude does not change sign, it can be seen that the electric
field for the latter case is better matched than for the former. This observation can be
also extended to the higher order windows, however, the discrepancy between odd- and
even-numbered windows will decrease as the order of the window order increases.
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Figure 3.8: Illustration of the electric field inside the glass membrane of
an ARF | Normalized electric field distribution of the fundamental LP01 mode of a
typical 6-tube NANF. Highlighted are the curves of the x-component of the electric
fields of different wavelengths, corresponding to different optical windows, along the
marked cut of the fibre cross section. It can be seen that the electric field changes
sign an m-number of times inside the cladding membrane (illustrated by the light-blue
section), where m is the order of the respective transmission window. These curves
show an increased overlap with a strictly-positive Gaussian distribution for the case of
even-numbered windows, with the best fit correlated to the 2nd order. (Figure adopted

from [126]

Also influential is the role of the number of nested tubes. Again, for operation in the
first window, the same argument leads us to conclude that coupling efficiency into the
simple ARF would be the lowest. The NANF geometry (with 1 nested element) improves
this slightly as the field would change signs twice as it crosses the two membranes and a
DNANF (with 2 nested elements) would again see a slight decrease in coupling efficiency,
although the difference would grow smaller as the number of nested tubes increases.

As can be seen from Figure 3.8, the biggest contrast is present between the 1st and 2nd

windows, and can be as high as 1.4 percentage point (p.p.). It is also clearly visible that
the higher order windows (3rd, 4th, and so on) do not suggest better overlap and in turn,
better coupling performance. Ultimately, we can conclude that the most effective way
of optimizing the CE for a specific application is to operate in the second 2nd window.
Therefore, I will use two NANFs, which operate in the 1st and 2nd antiresonant windows
for λ = 1064 nm, respectively, to compare this theoretically predicted 1.4 p.p. discrep-
ancy, with what is experimentally measurable. These samples have been introduced in
Table 3.1 — labelled NANF-1 and NANF-2. They will be colour-coded by red and blue,
respectively, for the rest of this Section.

3.5.1 Methodology

Using the same experimental layout introduced and discussed in detail in Section 3.2,
the fibres are prepared according to the standard procedure mentioned in Section 3.3,
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and are mounted on top of the 5-axis assembly. In order to demonstrate the reliability
and repeatability of the measurements, a set of 4 independent cleaves are used as inputs
for 4 individual experiments with identical coupling conditions. After each cleave, a
slight re-alignment of the input fibre tip to the incoming beam is required to optimize
the power throughput, which will be referred to Pout. Similarly, the Pin reference input
power is measured by removing the FUT, and positioning the power meter at a position
after the focal position of the lens assembly, such that the beams incident in the 2 cases
had identical spot sizes, minimizing any error related to the spot size and spot position
on the detector surface.

Each individual experiment is recorded over a time window of ~30 s, corresponding to
~5000 data points in order to provide a data set that enables quantifying and averaging
of the instabilities of the light source. Once the total measured transmission efficiency
M-TE = Pout/Pin has been recorded, the calculated coupling efficiency is extracted by
excluding the propagation loss accumulated over the length of 10 m. This procedure
has been performed for both FUTs of the same length, for the NANF-1 and NANF-2
samples, respectively. Once the propagation losses are accounted for, the calculated
experimental results can be compared with the theoretical expectation, detailed in the
next section.

3.5.2 Results

After recording the output power for 4 separate input cleaves, I calculated the transmis-
sion efficiency as the ratio between the Pout output power and the Pin reference input
power. The average CE was then extracted from the transmission efficiency by account-
ing for the average loss accrued after propagation over 10 m of fibre. The propagation
efficiencies (including the uncertainties) were calculated from the values in Table 3.1
to be 99.60 ± 0.03 % and 99.92 ± 0.01 % for NANF-1 and NANF-2, respectively. It can
be seen that the contribution of the attenuation can account for a measurable (~20 %)
portion of the expected CE difference (0.32 p.p. compared to 1.4 p.p.) between the 2
fibres. Separating the losses experienced during propagation (by assuming Gaussian
propagation of error) leads to the calculated coupling efficiency values of 93.3 ± 0.3 %
and 94.7 ± 0.3 % for samples NANF-1 and NANF-2, respectively, showing an average
difference of 1.4 p.p. or 1.5 % relative change.

Figure 3.9 illustrates my measurement results in terms of the FM CE of the fibre samples.
The results shaded in blue correspond to NANF-1 whiles those in red correspond to
NANF-2, respectively. Moreover, the different hues indicates the results of separate
measurements (input cleaves 1 − 4). After post-processing the recorded power values
over the mentioned 30 s time windows for each cleave, such that the propagation losses
are accounted for, I grouped the corresponding CE values shown on the x-axis into
0.125 % wide bins for better visual representation. The count percentages along the y-
axis refer to the number of occurrences of the given average CE value of the bins, relative
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Figure 3.9: Histograms of the coupling efficiency | The y-axis covers the counts
of coupling efficiency recorded for given bins for each fibre piece, blue and red for
NANF-1 and NANF-2, respectively, each bin aggregating a range of 0.125 %. The
different colour shades illustrate the results from independent experimental conditions.
The average across all measurements and confidence interval is highlighted with thick
black lines and shaded backgrounds, while the corresponding numerical values are shown
above the respective histograms. The uncertainties arise from the power fluctuations

of the source.

to the total number of sample points for the respective NANF. Records from different
experimental conditions, i.e., individual precision cleaves and re-optimized alignment,
are contrasted by the distinct colours shown on the stacked bar chart. Highlighted
on the labels are the average experimental results of 93.3 ± 0.3 % and 94.7 ± 0.3 % for
NANF-1 and NANF-2, respectively.

This measured CE difference of 1.40 ± 0.06 p.p. already shows excellent agreement with
the theoretically predicted 1.4 p.p. reported by the simulation of [123]. However, the
achievable maximum CE values quoted there are 97 % and 98.4 %, respectively, for 1st

and 2nd window NANFs — while only 93.3 % and 94.7 % CEs were measured exper-
imentally, respectively. This ~3.7 % discrepancy is assumed to be related to the fact
that the simulations assumed a perfectly symmetrical Gaussian beam, and flawless mi-
crostructure. The difference between the previously presented measurements and the
earlier theoretical predictions can be explained by the shape of the laser beam which
is in fact not an ideal Gaussian, and the cross section of the fibre, which also includes
some minor variations.

To verify this hypothesis, a finite element simulation has been repeated by colleagues in
the group for the CE calculations with updated inputs: the FM distribution supported
by the fibres were determined based on their parameters defined by the SEM images
— also depicted in Figure 3.2. Similarly, the electric field distribution was provided by
capturing the output beam using a CMOS camera. Using the same optical elements, the
beam had to be magnified in order to ensure an adequate resolution of the distribution

59



Chapter 3. Fibre coupling optimization measurements

for the numerical simulations. The CE maxima from these simulations — which are now
based on measured properties of the experimental setup — are 93.2 % and 94.5 %, for
NANF-1 and NANF-2 respectively, indicating a difference of 1.3 p.p., or 1.4 % relative
deviation. These values show remarkable agreement within 1σ error with the experi-
mentally measured 93.3 % and 94.7 % CE values, and a difference of 1.4 p.p., or 1.5 %
relative deviation. Similarly, the findings also confirm the role of both the asymmetries
in the cross section of the fibre, as well as in the profile of the experimental laser beam.

3.6 Conclusion

In summary, by using the NANF structure as an example, I have experimentally shown
that a CE of 94.5 % can be achieved. In order to attain such a high value, it is important
to realize and maintain adequate coupling conditions of the setup and the delivery fibre.
Based on prior theoretical expectations suggested by simulations [123], I have built
an experimental layout capable of verifying these predictions. I have measured the
coupling efficiency into two nearly identical NANFs fabricated in-house and operating
at 1064 nm in the first and second antiresonant windows, respectively. My results verified
the difference in CE between these fibre samples, also showing great agreement with the
theory. Of particular relevance, I have identified for the first time the advantage of
launching into the 2nd optical transmission window. Additionally, theory suggest this is
the highest CE achievable utilizing any of the transmission window orders.

Note that the seemingly negligible 1.3 p.p. or ~0.06 dB difference in coupling loss between
the first and second window is comparable to the loss incurred by propagation in as
long as 350 m for a fibre with attenuation of 0.174 dB/km — the lowest experimentally
measured value reported [36]. While there has been tremendous amount of improvement
in the HCF fabrication processes to accommodate the transmission of more commonly
used optical beams, there is still room for improvement, and further progress is expected,
as claimed by the authors.

The next Section concludes the Chapter by providing a few examples, where the findings
presented can be valuable.

3.7 Outlook

The results presented here show that using NANFs, and in theory by extension other
antiresonant fibres operating in their second antiresonant window, are the preferred
choice for various applications where coupling efficiency into the fibres is critical. One
such example where the findings can be beneficial is the PoF concept [10], as mentioned
in the Introduction. Furthermore, exploring the coupling and delivery of other, more
exotic beam distributions, such as optical vortex beams, is also a recent, emerging field of
study. This example has already found application in areas such as laser micromachining
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or optical trapping and manipulation using HCFs [127]. Lastly, using different optical
windows might be favoured in specific cases. It has been shown that using the 1st optical
window allows the transmission of a wider spectral broadband — as can be seen in Figure
3.2. Moreover, such fibres also provide better draw yield [65]. The advantage of using
other higher order windows over the previously mentioned ones are yet to be recognized
and capitalized on.

For the scope of this Thesis, however, the results are invaluable for high-power laser
delivery, where HCFs promise to be the next generation solutions [94]. In this latter
application, optimizing the launch efficiency not only ensures delivering the maximum
power from the source to the work-piece, but also helps simplify heat management and
avert damage to the fibre by light not captured by the fibre’s modes — i.e. the FM. In
fact, one of the main driving forces behind the investigations presented in this Chapter
was to establish a strong and reliable foundation for delivering kW-scale average power
beams through the novel NANFs. Thus, the following Chapter is dedicated to discussions
about the research leading to the demonstration of long-haul high-power delivery of such
scale.
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4 High power transmission experiments

Building on the results of achieving high coupling efficiency (CE) — as presented in
Chapter 3 — here, the prospect of high-power transmission of high-brightness CW laser
beam through hollow-core fibres (HCFs) will be considered. As mentioned in the In-
troduction (Chapter 1), one of the greatest potential of HCFs is the unique feature of
having a material-less core. This enables significantly larger power levels to be delivered
practically penalty-free, in sharp contrast to their solid-core fibre (SCF) counterparts.
A number of applications, like subsurface rock drilling [128] or high-speed lithium ion
battery welding could benefit from employing the HCF technology.

In this Chapter, the upscalability of power transmission through HCFs — more specifi-
cally through in-house fabricated nested antiresonant nodeless fibres or NANFs — will
be analysed. First of all, the used experimental setup will be introduced. This will be
followed by presenting the latest state-of-the-art results; the transmission of 1 kW av-
erage optical power beyond the distance of 1 km. After evaluation of the measurement
data, relevant limiting factors (i.e. absorption related degradation) will be identified.
Besides the experimental results, insight provided by simulations will be also discussed.
The proposal of extracting the excess cladding light as a technique to enable further
scaling of power delivery by overcoming the previously mentioned boundaries will be
investigated and characterised experimentally. Findings will show that the suggested
approach is practically applicable and it demonstrates improved transmission with bet-
ter handling of the observed thermal effects, enabling the stable coupling of the available
2 kW average power, and its delivery over 10 m. Finally, the Chapter concludes with a
brief summary and outlook at possible future works and applications.

4.1 High power delivery layout

The schematic layout of the high-power delivery (HDP) transmission setup used for
the experiments is shown in Figure 4.1. For safety measures the entire arrangement has
been built inside an interlocked enclosure, such that the system can be operated remotely
during experiments. The laser source is an SPI 2kW QUBE CW fibre laser, with a central
wavelength of λ0 = 1075 nm, providing a beam via a SCF delivery fibre with dSPI =

20 µm core diameter and NASPI = 0.075 numerical aperture. This output is terminated
with a water-cooled, thin, plane-parallel beam-delivery optical (BDO) glass window,
which protects the delivery fibre connected to the source from any contamination. The
maximum available output of the laser is limited at PSPI,max ≈ 2.2 kW.
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Figure 4.1: Schematic layout of the HPD transmission system | BDO: Beam
delivery optics, C: Collimating lens, F: Focusing lens, TrStg: Translation stage, PzStg:
Piezo stage, FUT: Fibre-under-test, ScC: Input scattering monitor camera, ThC: Ther-
mal camera, MonC: General monitor camera, ModeC: Output mode detector, Spct:
Spectrum sampling fibre, connected to the optical spectrum analyser BC: Beam path
covering screen, WP1 and WP2: Wedge pairs (for better visibility, only one of each pair
is illustrated) , PM and pm: Power meters, ND: Neutral density filter. Control and
Monitor PCs are also included, summarizing the remotely controlled and monitored

components, respectively.

The diverging beam is collimated (C) and refocused (F) using commercially available UV
graded fused silica (UVFS) plano-convex singlet lenses from ThorLabs. These optics are
coated with -YAG anti-reflection (AR) coatings (providing lower, sub-0.3 % reflectance
at the wavelength of 1075 nm, than the broadband alternative) and have focal lengths
of fcol = 50 mm (LA4148-YAG) and ffoc = 75 mm (LA4725-YAG) respectively. The
choice for the focal lengths is analogous to the case of the low power laser diode ex-
periments discussed in Section 3.2. However, in this instance relatively high CW power
levels — beyond 1 kW — are expected to be incident on the optical components. There-
fore the absorption of these lenses become crucial, presenting an important difference to
the experiments detailed in Chapter 3. For this reason, singlets were preferred, allow-
ing the thermalisation and consequently the temperature induced changes to be more
homogeneous. The predicted worsening of spherical aberration in the system is then
partly compensated by employing lenses of larger diameters. Utilizing only the central
segment of the optical elements, the marginal part of the beam experience smaller devi-
ation, which is favourable, as the spherical aberration is directly proportional to the 4th

power of the distance from the optical axis. Both lenses are mounted into low distortion
Polaris Kinetic Mirror mounts with minimal thermal hysteresis, which are fixed on top
of two, separate, 3-axis ThorLabs translation stages (TrStg). Finally, the focused beam
is coupled into the fibre-under-test (FUT), which is fixed on an in-house water-cooled
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V-groove atop of a 3-axis translation stage with stepper motors and piezo actuators
(PzStg).

It is worth noting here, that for alignment purposes, a different, dedicated laser of the
SPI QUBE has been used. This secondary source shares the delivery fibre with the main
beam, however, its maximum output power is limited below 1 mW. Moreover, its central
wavelength is ~650 nm. The combination of these 2 parameters enabled a more practical
approach to align the system, since a beam can be provided, even when the safety
enclosure is open. Following the same procedure, as discussed in Section 3.2, optimal
coupling conditions can be established. It is evident, however, that in this case, the
optical components will be aligned for the aforementioned visible source. By calculating
the optimal lens positions for the wavelengths of the alignment and the main laser, the
difference of the lens positions for both of these scenarios can be easily determined.
Following the adjustment of the lenses to be optimized for the latter 1075 nm beam, the
system is confirmed to be aligned for high power operation.

The input end of the FUT is stripped longer than usual of its coating (for ~10 cm),
ensuring proper thermal connection and heat management along the entire length of
the V-groove. This is crucial, as the fluence of the beam is the highest in this segment
of the fibre. Any light that is not coupled in here could be incident on the V-groove
indirectly, and such its cooling is advantageous. The FUT is mounted using Kapton-tape
as shown in the photo of Figure 4.2 a). This both assures mechanical fixing and helps
to achieve better thermal conduction. The latter is due to the fact that a single piece of
Kapton-tape has a thermal conductivity of kKapton ≈ 1.75 W/(m · K), compared to the
kair ≈ 0.25 W/(m · K) for air, an approximately 7-fold increase, assuming an ambient
temperature of ~20 °C [129]. Note, however, that overlapping a number of Kapton-tape
pieces did not provide any additional benefit.

As mentioned in Section 3.4, the input tip of the FUT should be as close to the edge of
the mounting as possible for minimal bending. However, the Kapton tape also should
not be placed too close to the source-side edge of the water-cooled V-groove, as that
could lead to overheating of the tape, ultimately resulting in a breakdown of coupling
and permanent fibre damage. In practice, the most stable operation was achieved, when
<1 mm of the fibre tip was sticking out of the V-groove. Additionally, the first few mm’s
of the stripped fibre was only in contact with the V-groove and the ambient air, while
the rest of the uncoated section was secured with the Kapton tape — similarly to what
is depicted in Figure 4.2. Since the entire setup is enclosed during operation, the final
3-axis stage (PzStg) is also remotely controllable.

Note that, opposed to the experimental setup presented in Section 3.2, this layout lacks
the 2-angular axes of alignment of the input tip of the receiving FUT. However, the em-
ployed Polaris mounts can practically fulfil the same purpose in this case, as the coupling
optical lenses can be adjusted along the angular axes if necessary. Moreover, as it will be
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Figure 4.2: Input tip monitors | a) Photo of the water cooled V-groove mount,
with a sample fibre piece mounted on top of it. Blue labels mark the position of the
fibre piece and the location of the stripping point, before which the initial section is
stripped, while the following length still has its protective coating on. These segments
are also highlighted with red indicators. The 2 cameras with microscope objectives,
monitoring the scattering (ScC in Figure 4.1) from the top and from the profile are
visible on the left hand side of the photo. Illustrations of typical images captured by
the b) top and c) profile cameras also indicated by the arrows during operation. The
scattering of the incident beam is observable by the brighter white and purple sources

respectively.

shown in Section 4.2 and later in Section 4.5, the measured transmission efficiencies, and
in turn the calculated coupling efficiency (CE) values are in great agreement with the
respective maxima predicted by the theory. This indicates that the coupling conditions
are close to the experimentally attainable optimum. Based on these points, it has been
concluded that the realized experimental setup can satisfy the precision and accuracy
needs of the NANF samples (detailed in Section 3.4), which are essential to achieve and
maintain high (>95 %) CE.

Several diagnostic cameras have also been installed to monitor the system during op-
eration. Scattering at the input of the test fibre is recorded using 2 ThorLabs CMOS
cameras, equipped with a microscope objective (ScC). One of the cameras provides a
top view of the input tip, while the other one captures the scattering from its profile. An
example for each of the scattering images as seen by the monitoring devices during oper-
ation are shown in Figure 4.2 b) and c), respectively. Here, the bright white and purple
areas highlights the sources of scattering for the cameras, respectively. Note, that these
illustrations were captured at low power demands for better visibility, since at higher
levels, stronger attenuation before the detectors are required to avoid the saturation of
the cameras. Lastly, the temperature of the initial segment of the fibre is captured with
a FLIR A-300 Series thermal camera (ThC), while the entire setup is also constantly
monitored using a commercial web camera (MonC).

66



Chapter 4. High power transmission experiments

After being propagated through the fibre, the out-coupled beam is first incident on the
primary wedge pair (WP1). Most of the power is transmitted by the pair, and without
any other intermediate optical element, it is collected by a water-cooled Gentech Power
Meter (PM). Furthermore, this high power beam path is also covered with anodized
aluminium screens (BC) in order to block any unwanted scattering, protecting the other
devices of the setup. On the other hand, the reflected beam from W1 is then focused
with a fImg = 60 mm bi-convex lens (LB1723-B) labelled (Img). A secondary wedge
pair (WP2) transmits most of the remaining power to a S130C ThorLabs power meter
(pm). This secondary power meter can measure significantly smaller power fluctuations
and have a faster response time compared to the main PM. These characteristics allow
more delicate optimization and operation of the system by providing feedback with
higher resolution. Finally, the reflected beam from WP2 is attenuated with a neutral
density filter (ND), before it is incident on a HAAS camera (ModeC), which records the
transmitted near-field beam profile. Note, that for better readability, only one of the
WP wedge pairs is shown in Figure 4.1.

Furthermore, the spectrum of the transmitted beam is also recorded using a commercial
multimode fibre (Spct) pointed at the Gentech power meter, that captures the scattered
light from detector’s surface. The fibre is connected to an ANDO AQ6317B optical
spectrum analyser (OSA) which can cover the 600 to 1750 nm wavelength range. All
monitoring and diagnostic devices are displayed continuously during operation. Based
on the feedback provided by them, the input tip of the fibre under examination is
constantly kept at an optimal position (remotely and manually, without any dedicated
automatic software) to maintain maximum transmission. Once the highest coupling
efficiency is achieved, the power level of the source is gradually increased.

As for recording the reference input parameters (e.g. output spectra of the laser source
and power calibration of its control software), a commercially available broadband di-
electric mirror with >99 % reflectivity is introduced before the focusing 2nd lens. This
way the beam can be steered such that it directly illuminates the water cooled power
meter. Adjusting the position of the collimating 1st lens, it is possible to ensure the same
beam diameter incident on the detector, as it is during the transmission experiments.
Correspondingly, the Spct fibre tip collecting the scattering from the detector surface is
also re-positioned. These steps allows reliable comparison of both the power levels and
the spectra recorded, in a similar manner, as discussed previously in Chapter 3.

It is also worth noting here, that the experimental setup presented in Section 3.2 also
provides a convenient platform to review the fibre samples. As part of the fibre prepa-
ration procedure, it is a mandatory step prior any high-power experiment, to examine
every fibre sample to be tested. This is practically done by observing the FUT with
a commercial infrared viewing scope (IR-viewer), when low average power (<100 mW)
light is coupled. As the fibre is transmitting the coupled beam, its outer surface can be
observed along its tangent — from the direction opposing the direction of propagation
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— with the IR-viewer. If any increased scattering is noticed, further checks are required.
Initially, the degree of the localized loss induced thermalisation has to be characterised.
This is practically done by focusing the thermal camera at the suspected point of de-
fect, and monitoring the induced temperature increase when a relatively low power of
the SPI laser source is being coupled (less than a few hundred W’s). By extrapolating,
the expected peak temperature at maximum power demand can be estimated. If this
value is above what is determined to be the maximum temperature of safe operation
(~100 °C), an approximately ~1 m segment that includes the localized defect has to be
cut from the fibre sample.

4.2 1st Generation results

Using the experimental layout previously introduced in Section 4.1, the power delivery
performance of some of the fibre samples have been examined. In general, all high-power
measurements were terminated at their respective power level because of one of 3 main
reasons: i) optimizing the position of the input fibre tip was not sufficient to regain an
acceptable transmission efficiency, ii) temperature values on the thermal camera reached
>70 °C, which was agreed to be a safety limit, or iii) small particles captured by the laser
light propagating along the fibre lengths became dangerous by blocking or absorbing too
much power (and possible threatening causing damage in the fibre). The latest point
will be examined in more detail in Chapter 5.

1001m transmission

First, the performance of NANF-4 (see Table 3.1 for reference) has been analysed. The
original total fibre length for this piece was ~1010 m. However, a small localized defect
had been observed during inspection with a low power laser diode, ~300 m from one
end, which had to be cut out. In an attempt to demonstrate delivery over 1 km of
distance, the 2 (now ~300 m and ~700 m) pieces were fusion spliced together, resulting
in a final re-combined length of 1001 m. The splicing was performed with great care,
using a standard arc-fusion splicer, and the localized splice loss were estimated to be
~0.1 dB. For safety reasons, the 2 bands were kept in a free-coil arrangement, with bend
diameters Dbend > 30 cm, while the splicing point was submerged in water, in order to
guarantee better local heat dissipation. The results to be presented here have been also
published in [94].

The transmission efficiency over ~1 km of the NANF-4 fibre is shown in Figure 4.3.
Absolute transmitted power levels (Pout), as well as calculated transmission efficiency
values (TE) of a given input power level (Pin) are presented corresponding to the left
vertical axes, with black and blue, respectively. Moreover, the secondary, right hand
axis also shows the peak temperature measured at the initial section of the fibre. The
black markers show a highly linear correlation between the input and the output power
levels, which can be examined in more detail by observing the blue TE curve, calculated
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Figure 4.3: Characterization plots of the 1 km transmission measurement |
Black markers connected with solid lines show the transmitted power of the 1 km long
NANF piece, as a function of the coupled input power, displaying good linearity. The
corresponding transmission efficiency is shown with blue markers connected by dotted
lines, indicating only a ~1 % reduction over the entire ~1.3 kW power demand range.
Red markers joined by dash-dotted lines indicate the measured peak temperature values
of the initial section of the FUT, suggesting a similarly linear dependence on the input
power. All data points correspond to their respective vertical axis of the same colour

which is also indicated by the respective arrows with corresponding line styles.

by the ratio of the power values. Note that the slight sawtooth-like behaviour of the
TE displays qualitatively the previously briefly mentioned procedure; that is, as higher
optical power levels are being transmitted through the coupling optical elements, the
phenomenon of thermal lensing begins to appear. This is observed by a small, but no-
ticeable (~1 to 2 %) drop in the transmission efficiency. Nevertheless, the lost TE can
be recovered by repositioning the input fibre tip, until the coupling conditions are op-
timal again. Ultimately, however, above some characteristic threshold input power, the
realignment procedure gradually restores a smaller fraction of the lost power. Conse-
quently, the CE progressively starts to decline, until the maximum achievable efficiency
is considered hazardous, and the experiment is stopped. Note that the specific value of
this threshold can depend on many factors, from the optical properties of the coupling
elements to the modal loss of the FUT — in this case it is concluded to be ~1300 W.
The relatively small (~1 %) variation in the measured TE is explained by a rigorous and
frequent re-alignment approach that was taken during the experiments.

Examining of the practical considerations of the setup, two important points have to be
mentioned. First, since optical power levels on the kW-scale are coupled into the FUTs,
exceptional care was taken to maintain the input facet in immaculate condition. This
was generally achieved by conducting the high-power experiments on fibre samples with
fresh cleaves on both ends, as any potential contamination could lead to irreversible fibre
damage. When the same cleaves have been used over the span of several days, a reduced
transmission efficiency even at lower power levels was observed, signaling the need for a
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clean facet. Studying the degradation of the facets over time is an important work, and
accordingly, efforts to provide more insight about the dynamics are investigated [130].
Additionally, it must be noted, that an approach this careful can require a considerable
ramp up time. Typically a few minutes are spent at every power increment step — every
data point in Figure 4.3 — to ensure secure and stable operation, which becomes even
more relevant above the kW threshold. Consequently, this could represent a possible
bottleneck and make the concept discussed here less feasible for applications that demand
the guidance of comparably high intensity beams at a faster pace.

After accounting for the αNANF-4 ≈ 0.74 dB/km attenuation, the calculated CE is ~95 %,
showing good agreement with the expectations based on the results from the previous re-
sults discussed in Section 3.5. It can be noticed that the total TE is slightly decreased by
1 % (from ~80 % to ~79 %). This is attributed to the thermal lensing induced distortion
of the beam profile. Moreover, the temperature of the initial stripped section of the fibre
is also plotted with red data points as the function of the input power. When compared
to the behaviour of the black transmitted power curve, a similar linear dependence when
compared to the output power’s can be observed. Note that the maximum temperature
recorded is 72 °C, still well below the damage threshold of the coating, which should
be able to withstand temperature levels exceeding 100 °C. However, for further power
scaling, implementing other techniques to improve the coupling and transmission are
highly recommended to be adopted. More details about these methods will be provided
in the following Sections.

On the other hand, Figure 4.4 demonstrates the sturdiness of the experiment. The
spectrum of the input reference beam is plotted by the dash-dotted black curves, while
the transmitted one is shown in red. Considering the spectral evolution over 1 km of
delivery, it can be seen that there is only a minor development — a small redshift can be
noticed (~1 nm) in the output spectrum, compared to its input counterpart. This is most
noticeable on the central inset highlighting the wavelength range around the main peak.
Furthermore, the smaller artifact like features observable near the wavelengths of 540 nm
and 1260 nm (magnified on the right hand insets), are not generated by any specific
physical phenomena during the transmission through the FUT. Since these are already
observable in the reference input spectrum, they are attributed to other non-relevant
sources: either nonlinear effects already present in the laser system, or a characteristic
feature of the OSA used. The artifact near 540 nm is suspected to be related to a ghost
signal of the 2nd harmonic of the central peak around the wavelength of λ0 = 1075 nm.

As an effort to investigate the origin of the slight redshift observed, a finite element
simulation method has been adopted by Dr. Seyed Mohammad Abokhamis Mousavi,
in order to model the propagation of the light inside the NANF. This approach utilizes
the generalized nonlinear Schrödinger equation (GNLSE), including a semi-quantum
mechanical description of the rotational and vibrational Raman responses of air [94]. It
can be appreciated that an almost identical redshift is suggested by the calculations,
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Figure 4.4: 1 km spectral and modal transmission | The input and output spec-
tra are shown after propagation through 1 km of NANF. The input power is ~1.3 kW,
corresponding to 1 kW transmitted power. Additional inset graphs highlight the evolu-
tion of the central main peak, and the lack of dynamics for the 2 artifacts (recognised to
be inherent to the laser source) at wavelengths near 540 nm and 1260 nm, in the middle
and on the right, respectively. On the top left, the captured output mode image at the

highest power level is also depicted.

corresponding to the Raman response of the atmospheric air inside the core of the
NANF. As discussed prior in Section 2.3, the small overlap between the high-intensity
electric field and the glass structure of the NANF (in the order of ~1 × 10−5) found to
play no role in the spectral evolution at these power levels and length scales, as also
supported by the simulations. The top-left inset of Figure 4.4 shows the recorded near-
field mode profile of the 1 kW transmitted beam, visibly presenting a near-Gaussian beam
profile. However, since the experimental setup was built inside an enclosure for safety
reasons, conducting a more diligent M2 beam quality factor measurement was practically
unfeasible. Nevertheless, a separate M2 measurement has been conducted using the setup
discussed in Section 3.2, showing an experimental value of M2 ≈ 1.1, strongly suggesting
that the beam quality has been conserved throughout the long distance delivery.

In summary, we have shown, that it is possible to transmit a high-brightness beam with
over 1 kW average power beyond 1 km distance through a NANF, without any significant
spectral penalty. The sole reason for concluding the experiment at this stage has been
the existence of the splicing point. As mentioned at the end of Section 4.1, any localized
scattering source induces localized heating, which has to be considered and managed by
applying proper cooling procedures. While every measures have been taken to ensure
safe operation, it has been acknowledged to be too hazardous to pursue transmission of
even higher power levels with this fibre piece.

71



Chapter 4. High power transmission experiments

In the next Section, the scalability of NANFs for high-power laser delivery applications
will be examined. Based on the findings discussed here, an estimate for the maximum
practically transmissible power and feasible transmission length will be given. After
identifying the potential bottlenecks, experimental solutions will be proposed and im-
plemented to overcome these limitations. This aim will be also supported by simulational
tools. After analysing their impact on the performance, results of measurements using a
next generational system will be presented. Furthermore, during the detailed discussion
that will follow, all representative values will be compared with similar relevant studies,
and most importantly, with the current state-of-the-art SCF technology.

4.3 Current limitations

Presumably, one of the most powerful commercially available CW laser source near 1 µm
central wavelength is the Yttermium doped fibre laser (~10 kW), while the highest ever
reported up-to-date source considering the same central wavelength has been developed
by Lockheed Martin for the US military, at an extreme average output power of 300 kW
[11]. This latter laser system follows the design of spectral beam combining [131], in
order to achieve such remarkable average power levels. However, it must be also noted,
that this approach generally leads to a slightly reduced beam quality (M≥1.5), which
can be detrimental for applications that require high precision — e.q. material process-
ing.Ultimately, delivering high-power beams of such scale through optical fibres of any
kind will be limited in distance by non-linear effects (e.g. spectral broadening), and by
attenuation. As an example for the latter, considering the earlier used NANF-4 as a
reference, assuming the highest CE discussed previously (>95 %), the total transmis-
sion will be only 50 % after 4 km of propagation, because of the αNANF-4 ≈ 0.74 dB/km
attenuation at λ ≈ 1064 nm. Based on these parameters as guidelines, the practical
bottlenecks of scalability will be explored in the following.

4.3.1 Spectral degradation

The recorded reference spectra of the SPI laser source is shown in Figure 4.5. It can be
seen that the spectrum of the source slightly broadens as power level increases. This is
attributed to be an intrinsic characteristic of the laser source. This observation will be
used for the simulations that estimate the spectral penalty the beam suffers from during
propagation in HCFs.

In order to make reasonable comparisons, a few definitions will be introduced here. As a
figure of merit, the terminology of the spectral power overlap ratio function S has been
adopted. In silica fibres, the critical input power for stimulated Raman scattering (SRS)
is defined as the power level, at which the output optical power will be equally distributed
between the pump and the Stokes signal wavelengths. This condition corresponds to S =

0.5, which will be therefore defined as the critical spectral broadening for the following.
Based on the term ’high power transmission capability’ (HPTC), originally coined by
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Figure 4.5: SPI spectra at different power demands | The respective curves
show the relative power of the spectral components in 10 % increments of the power
demand of the SPI fibre laser, with Pmax = 2200 W. Note that the plots are shifted
on top of each other by a 20 dB offset, starting from the lowest average power on the
bottom going towards the highest on the top. All spectral components not within the

central range are >50 dB below their maximum.

Okuda et al. [13], the figure of merit ’power-distance product’ (PDP) corresponding to
the product of the transmitted optical power and the transmission distance will be also
used for the sake of comparison. Additionally, it will be assumed that during propagation
a high quality (M2 ≈ 1 − 1.1) beam profile has been maintained.

It had been presented in the Supplementary material in [94] how the measured spectra
shown in Figure 4.5 can be scaled up to the case of ~11 kW in a sensible way, based on the
spectral evolution observed from 0.1 to 2.2 kW. Furthermore, the evolution of all spectra
after propagation through an optical fibre with identical geometry as NANF-4 over the
length of up to 10 km has been discussed as well. Based on the simulations detailed
there, it has been also concluded that even at the maximum output average power
level of PSPI, max ≈ 2.2 kW, transmission over 5 km of appropriate NANF is possible
without any serious spectral penalty, which corresponds to a PDP of ~1 × 107 W · m.
When compared to previous results of PDP = 1 × 105 W · m [17], 3 × 105 W · m [37] and
4.2 × 105 W · m [13] — with all of the cited sources using microstructured SCFs — the
advantage of using HCFs is clearly visible. Moreover, simulations using a similar cross
section to the SCFs reported in the cited publications also show that these PDP values
are also close to their fundamental limit as expected from their corresponding HPTC.
The cited publications will be compared to other relevant results in Subsection 4.5.1,
and visualized in Figure 4.16.

Based on the insight gained from this analysis, it has been confirmed that there is
still room for progression, as the results reported in Section 4.2 (1 kW delivered over
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1 km length, corresponding to a PDP of 1 × 106 W · m) can be enhanced further by
approximately one order of magnitude. It should be also noted that until this point,
only HCFs with their cores filled with ambient air have been considered. Assuming a case
where the HCF is under vacuum, or is filled by a Raman-inactive gas (e.g. Argon), the
same simulations predicts PDP values possible beyond the maximum power levels and
transmission lengths available at the time of conducting the experiments. Ultimately,
in those scenarios, the theoretical PDP limits will be determined by the available laser
power and fundamentally achievable attenuation of the HCFs.

On the other hand, as also presented in Section 4.2, the main limitations of the scaling of
high-power delivery experiments are more practical, and related to the available coupling
technique and equipment. So far, none of the simulations discussed in this Section
considered the impact of beam distortions that can be present in the beam that is being
coupled into the FUT. In the experimental layout used here (i.e. free-space coupling), the
practical boundaries are related to absorption and heating of the used optical elements,
namely the BDO, the collimating and the focusing optics. While at relatively low power
levels (i.e. the CE measurements discussed in Chapter 3) these effects are insignificant —
hence can be safely neglected — above a certain threshold, they must be considered. The
actual value of such threshold can depend on many experimental factors. As a specific
example, using the commercially available ThorLabs lens pair for coupling (detailed in
Section 4.1) altered focusing conditions were observed above ~250 W of average output
power of the SPI laser source, and such, remote realignment of the fibre tip was necessary
— as revealed by the saw-tooth shape of the transmission efficiency plots in Figure 4.3. In
order to estimate the scalability of high-power, high-brightness transmission of HCFs,
another simulational tool has been utilized, which can take these thermally induced
effects into account.

4.3.2 Digital twin in COMSOL

As an attempt to gain more insight about the thermalisation of the lens pair, I have
designed a digital twin of the high-power delivery setup in the COMSOL finite element
simulational environment. The very simplistic layout is presented in Figure 4.6. On
the left side of the schematic, the bare fibre tip of the previously introduced SPI laser
source is set. As the light propagates towards the right, it interacts with the 3 main
optical elements, the BDO, the collimating and focusing lenses, respectively in that
order. The results of the COMSOL model were initially verified by an independent
MatLab simulation developed by Dr. Hans Christian Hansen Mulvad, which considers
the paraxial propagation of a Gaussian beam, employing a thin lens approximation.
This MatLab code has been already used effectively as a multifunctional tool to aid
the alignment of the free-space coupling setup. The simulation can calculate the ideal
positions of given lenses to achieve a desired focal spot to match the MFD of the FM of
the HCF. Moreover, it is also capable of estimating the thermally induced focal length
change. All of these figures of merit will be compared in the following.
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Figure 4.6: Layout of the COMSOL digital twin of the high-power delivery
experimental setup | As the light is propagated from left to right, it is incident on
the labelled optical components of BDO, Lcol, and Lfoc in that order. The combined
optical power of the rays is subsequently reduced, as fractions of it is being absorbed
by the optics. This is represented by the change of colour in the rays, following the
upper colour scale. Similarly, the induced temperature increase is also shown inside
the optical elements, highlighted by the bottom scale. All grid lines are separated by

10 mm, positioning the focus near 530 mm from the fibre tip of the source.

For the COMSOL simulation to be introduced and discussed here, the "Bidirection-
ally coupled ray tracing" approach, using the ray-optics approximation has been im-
plemented. Unfortunately, this method also limits the capabilities of the code, as the
actual electromagnetic field distribution near the focus cannot be determined precisely.
The designed ray tracing simulation uses the exact laser-related, geometrical, and mate-
rial specifications of the coupling optics provided by the producers to solve the related
equations. Table 4.1 summarizes the most relevant and important values used. While
almost all parameters are precisely specified, some approximations had to be made. As
an example, while the reflectance of the AR-coating was given, its absorption was not,
and as such the latter was neglected. However, since measuring the thermalisation of the
optics was experimentally possible, the simulation can be verified to a certain extent —
this will be discussed in more detail in Subsection 4.3.3. Accordingly, the imaginary re-
fractive index of the UVFS lens material (κ, marked by an asterisk in Table 4.1 ) had to
be estimated by matching it to the experimental results. The value of κ = 3 × 10−9 used
here translates to an absorption loss of αabs = 4πκ/λ0 ≈ 350 ppm/cm, corresponding
to a total loss of 175 ppm total loss for each lens — where ppm denotes parts per million
or 1 × 10−6. Comparing this to a realistic estimation of 210 − 230 ppm total loss (based
on typical values of 20 − 50 ppm/cm absorbance for UVFS, and 100 ppm per surface loss
for electron-beam coatings) a reasonable agreement is achieved.

Nevertheless, the model still makes minor predictions, like mechanical properties of the
optical elements, or the change of the focal length reasonably accurate. Considering the
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Table 4.1: Summary table of parameters and boundary conditions used for the simu-
lation of the HPD setup using the COMSOL code. The value of the imaginary part of
the refractive is approximated, as marked by an asterisk (more detail about its valida-

tion is in the text)

Parameter Value Unit
Laser source central wavelength 1075 [nm]

Antireflection coating reflectance @ 1075 nm 0.2697 [%]

Laser source output diameter 18 [µm]

Imaginary refractive index of the UVFS lens
material * 3 × 10−9 [−]

Laser source numerical aperture 0.075 [−]

Temperature dependence of the refractive index
(dn/dT) 1 × 10−5 [1/K]

Laser source output power 1 − 2200 [W]

Heat transmission coefficient 10 [W/(m2 · K)]

Distance from source to the centre of the 1st lens 50 [mm]

Distance between the lens pair 400 [mm]

The maximum mesh element sizes are <100 nm at the source, and <1.5 mm for
each lens surfaces

Mounted parts of the lenses are thermally insulated, but heat can radiate at the
clear interfaces

Mechanical expansion is only allowed on the clear surfaces, but not at the fixed
mount sides

case 2 kW input power, as an example, Figure 4.7 a) shows the first surface of the first
(collimating) lens. Contour colours represent the isothermal lines (right scale). It is
evident that the lens heats up from the initial room temperature of ~21 ℃ to over 70 ℃
near its centre, where the most intense part of the beam is incident. The cross section
is coloured such that the absorption induced refractive index change is presented (left
scale). The impact of the thermal lensing is twofold. On the one hand, as seen on the
scale labels, the change of refractive index has a positive sign. This is due to the fact
that the temperature dependence of the refractive index (dn/dT) of the lens material has
a positive sign, as shown in Table 4.1. Practically, this translates to stronger focusing,
resulting in a paraxial focus shift, translating the focal point closer to the source, as well
as reducing the beamwaist. On the other hand, it is also clearly visible, that the change
is not homogenous, but rather there exists a radial thermal gradient. This means that
the optical rays closer to the optical axis experience a relatively larger change in the
direction of refraction than those incident on the cooler, outer region of the lens. As a
result, the intensity profile of the beam will be also altered.
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Figure 4.7: Simulated impact of thermalisation of the collimating lens | Cal-
culated changes of a) opto-thermal and b) mechanical properties inside the collimating
lens, assuming 2 kW of incident power. Part a) shows isothermal lines of the temper-
ature according to the right hand scale, and refractive index change shown by the left
hand colour legend of the first surface, closest to the laser source. b) illustrates the
effect of the thermally induced Von Mises stress (deformation is upscaled by 5 × 104 for

better visibility).

Additionally, Figure 4.7 b) highlights the mechanical stress induced by the thermal
expansion of the lens. Note that the deformation is over-exaggerated by 4 orders of
magnitude for better visibility. Calculating the von Mises stress is generally used to
give an upper limit, above which a failure event can happen. In this case, the maximum
simulated stress is 16 MPa. As a point of comparison, according to the data provided by
Corning, for its high-purity fused silica glasses, the threshold value called the modulus
of rupture (MoR) — where permanent damage would be expected — is set at 52.4 MPa,
still well above the calculated maximum. The distinct triangular feature visible in both
a) and b) plots are attributed to the fixing points defined by the Polaris mounts.

Furthermore, it is also possible to de-couple different aspects of the simulation. Assuming
that the thermal absorption does not change the index of refraction of the optics, but only
leads to mechanical expansion induced by stress, the beam distribution is only impacted
negligibly. The actual bulging of the lens only contributes to ~<0.1 % of the combined
deviation. Additionally, it can be also seen that the highest von Mises stress is located
near the edge of the lens, where no optical ray is incident. This demonstrates, that the
temperature dependence of the refractive index is the dominant factor responsible for
altering the focusing. These findings indicate that the current bottleneck of coupling is
not determined by mechanical, but by thermal effects — and as such, the phenomenon
and its impact has been investigated further and will be discussed next.

4.3.3 Thermal lensing

Figure 4.8 a) shows the peak temperature values of the 1st collimating lens, as a function
of the Pin average input power. The data points plotted with red represents the exper-
imentally measured values, as captured by the thermal camera, while the blue markers
depicts the calculated values based on the simulations, respectively. Parts b) and c)
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Figure 4.8: Thermalization of the collimating lens | a) Temperature dependence
of the lens as the function of the incident power. The red and blue markers denote the
measured and simulated temperatures, respectively, including the equations describing
the linear fit of both data set. Example thermal distributions of same lens as b) recorded
during the measurements c) calculated by the simulations, at the maximum 2.2 kW
incident power levels. Note that the scales for both scenarios are set to be the same,

allowing better visual comparison.

illustrates the total temperature distribution for Pin ≈ 2.2 kW, corresponding to the
experiments and simulations, respectively. As the colormaps were set to be the same,
it can be appreciated that the distributions shows reasonable similarity. Nevertheless,
the simulated values are also limited by the approximations/uncertainties in parame-
ter values used – e.g. coating properties. Note that the calculations also consider the
influence of the BDO on the beam, as it is also susceptible to thermal lensing, and con-
sequently introduces beam distortions. Furthermore, when compared to Figure 4.7 a),
a ~3 °C peak temperature difference can be noticed. This is explained by the fact that
here, the 2nd surface of the collimating lens is being analysed (in contrast to the 1st one
illustrated in the previous Figure). The only reasoning behind this choice is that it is
experimentally more feasible to capture this surface with the thermal camera.

Examining the data more quantitatively, linear curves have been fitted to the available
discrete data points. Highlighted are the parameters of the linear dependence, including
regressions values of R2

meas = 0.997, R2
sims = 0.999, for the measured and simulated

cases, respectively. Furthermore, the slopes of 0.0223 and 0.0235 °C/W are within ~6 %
difference between the measured and calculated temperature values, respectively, sug-
gesting reasonable agreement. The discrepancy is attributed to the simplifications and
approximations (e.g. the coating properties of the lens, or the material absorption of
the substrate) used by the simulation. As an example, it has been also shown that the
cleanness of the surfaces of the optical elements can have a significant impact on the
quality of the focusing [132], however, its contribution through the calculations can be
difficult to capture precisely.
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Figure 4.9: Comparison between simulation and experimental values of
thermal focal shift | Red markers indicate the required realignment along the Z
optical axis during the high power experiments. Blue circles denotes the focal shifts cal-
culated by the simulations. A linear curve has been fitted to both set of data, with their
equation displayed alongside, with regressions values of R2

meas = 0.993, R2
sims = 0.998,

respectively. The estimated focal shift of 800 µm beyond the 2 kW power difference
ensures that the fibre tip can be always positioned near the focus during high-power

operation.

Now that it has been verified that the simulation provides comparable results to the
measured values, the thermally induced focal shifts for the 2 cases will be examined
and contrasted. Figure 4.9 shows the recorded adjustment of the input tip of the FUT
required along the optical (Z) axis in red, while the change of the focal position predicted
by the simulation is displayed with blue, as a function of the power increment. The
former values have been practically logged by Kinesis software (ThorLabs), which has
been used for precise control of the fibre tip remotely during the experiments discussed
previously in Section 4.2. For the simulations, the focal position is determined by the
smallest MFD given by the study, corresponding to the beam waist. Still, as calculations
are based on ray optics approximations, this position is defined as the minimum total
distance from the optical axis summarized for all optical rays considered. On the far
right hand end, an estimated shift assuming maximum power demand from the laser
source is included. The predicted focal shift of ~760 µm is confirmed to be within the
travel range of the remotely controllable piezo-stage (3.5 mm) on top of which the fibre
input is mounted. This ensures, that assuming the same experimental conditions, the
available equipment is capable of accommodating the requirements for efficient coupling
— when only the phenomena considered so far are being taken into account.

On the other hand, up until this point, only the focal shift along the optical axis has
been examined. As a point of reference, the calculated Rayleigh length, as given by zR =

πw2
0/λSPI, for this case is zR ≈ 660 µm. This suggests that the previously estimated
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760 µm focal shift at the highest power levels available could change the beam diameter
by a factor of ~

√
2 . Considering that the ideal beam-core ratio has been set as 70 %,

this change in the size of the beam waist can have a significant impact, and must be
accounted for. Just as important is the possible distortion of the beam distribution near
the focus, which has been neglected so far. However, as discussed earlier, since the CE
is defined by the overlap integral of the respective fields, these alterations can have a
significant impact.

The current limitations of the COMSOL simulation described here are two-fold. Firstly,
the beam distribution is expected to deviate from a quasi-single-moded beam cross sec-
tion due to the non-homogeneous thermally induced refractive-index change illustrated
in Figure 4.7 a). Secondly, during the previous discussions, the phase distribution of the
incident beam near the focus has been considered constant. While this was a reasonably
approximation and simplification for the calculations at low power levels (P ≈ 100 mW),
this estimation is expected to lose its validity as the power is increased.

4.3.4 Discussion

In summary, the transmission at the highest possible power in the experimental setup
(2.2 kW) should be achievable. As discussed prior, the spectral penalty would be negli-
gible for fibre lengths of 5 km. Furthermore, the results of the COMSOL model suggest
that within its limitations -– i.e. without fully characterizing the electromagnetic field
— it is possible to compensate for the thermal lensing induced focal shifts. The constant
re-positioning of the fibre tip of the FUT is practically easy to achieve, and would allow
to maintain a high CE.

However, because of the inhomogeneous change of the refractive index inside the optical
elements, at higher power levels, not only the position of the focus, but the diameter
of the focal spot, and its actual beam distribution is also expected to change. These
predicted beam distortions are more complicated to manage. The simulated focal shift
indicates a smaller beam waist at the altered focus, which results in a deviation from the
ideal ~70 % beam-core ratio discussed previously in Section 3.4. Furthermore, the beam
distribution is also expected to deviate further from the FM distribution supported by
the fibre microstructure. Combining these 2 phenomena leads to the conclusion, that the
bottleneck for maintaining high CE is limited by effects, which cannot be compensated
by simple repositioning of the fibre tip.

Generally, 4 main directions have been proposed to minimize the impact of thermal
lensing. Firstly, using optical lenses made out of higher purity material would reduce
their absorption, and in turn lessen the thermally induced refractive index change. This
approach limits the impact of unwanted effects (prevention) instead of attempting to
manage them (treatment). Nevertheless it must be mentioned, that the cost of such
optical components can be significantly higher. Furthermore, based on the available
manufacturing techniques, while the impact of thermalisation can be lessened, because
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of the unavoidable defects that could materialize during fabrication, it cannot be nullified
completely.

Secondly, the possibility of pre-compensating has been considered. In this approach, the
coupling optics are aligned in such a way, that the coupling conditions are not optimized
for low-power transmission, but the beam waist is slightly larger when compared to an
ideal case. However, due to the absorption of the lenses, the thermally induced distor-
tions will eventually alter the focusing. Taking this effect into account, the coupling can
be intentionally misaligned to ensure that at the cost of a slightly reduced CE (~2 %)
at low power levels, the altered beam waist will match better with the MFD of the
test fibre, at higher power levels, where the handling of the losses become more critical.
Initial measurements showed promising results to confirm this theory experimentally.
Considering the thermalisation related requirements to achieve the state of equilibrium,
this approach might also provide some improvement by lowering the ramp up time —
with the exact improvement depending on the maximum peak power employed. How-
ever, such a trade-off can be also considered more dangerous, as other factors could
become more dominant over time, e.g. the contamination of the optical surfaces [132].
Additionally, while it is possible to adjust the beam diameter as intended, the actual
beam distribution cannot be compensated in this simple approach either. Consequently,
above approximately 1 kW input power, the temperature of the fibre coating reached
above 70 °C values, and such the idea to further explore this suggestion has been dis-
carded.

Another proposal could be to ’heat up’ the optics in such a controlled way, that when the
effect of absorption is included, the combined temperature distribution becomes closer
to being homogeneous. In theory, a "negative" of the expected thermal distribution
can be determined and through simulations, a heating solution capable of providing
it can be calculated. Some of the main disadvantages of this approach is that it can
be energy inefficient and practically inconvenient. Furthermore, as temperature of the
optical elements is expected to reach values near to ~70 °C, heating components capable
of precise temperature control at this level is required. Similarly, the used equipment
(e.g. mounting solutions) must be able to operate safely under such environmental
conditions. Because of these concerns regarding safe operation, this direction has not
been investigated further either. Nevertheless, by carefully designing a heat management
arrangement, the scaling of this approach could theoretically go beyond the capabilities
of prior suggestions. This is due to the fact, that in contrast to those proposals, which
try to minimize the influence of thermalisation, and such the arising deviations, here,
the heating is actively controlled.

Lastly, a coupling setup which consist of optical materials with refractive indices that
show temperature dependence with opposite signs (dn/dT) has been considered. In
this approach, a system can be designed where the individual thermally induced beam
distortions are such that the sum of them practically cancels out any deviations [13, 132].
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This could lead to an unaltered beam distribution, independent on the incident power
to a certain extent. While this solution is the most refined way to handle the discussed
phenomenon, it is also the one, which requires the most resources, both from the side
of appropriate designing, as well as the cost of manufacturing those optical elements. It
is also worth noting, that the material of the employed lenses (UVFS) provides one of
the lowest absorption at the relevant wavelength of ~1 µm. Consequentially, inserting
another material with the desired property of negative dn/dT coefficient, would also lead
to an unwanted increase of absorption and the related phenomena. For these reasons,
it has been concluded that this direction is not feasible at the moment, and has been
postponed as future work if desired.

After considering and comparing the introduced prospects, trade-offs and complexities
of the options, the first suggestion has been followed. The impact of employing optical
lenses of higher quality will be presented and discussed in Section 4.5. However, before
that, another technique to handle another absorption related concern will be addressed.

4.4 Cladding light extraction

While the previously reported ~>95 % CE values in Section 4.2, are practically the
highest achievable, assuming a Pin ≈ 1 kW average input power, the corresponding
localized coupling loss of PCpl-Loss ≈ 50 W is quite substantial. The exact length along
which this power dissipates can depend on many factors (e.g. core-HOM and cladding
mode losses, thermal conduction, etc.), but reasonably can be estimated to be around
a few metres. Since the fluence of the laser field is the highest at this segment of the
fibre, a considerable loss over a relatively short distance is expected as a result of the
coupling loss. Therefore the temperature of this section is being constantly monitored
during high-power operation. The recorded peak temperature values have been already
presented in Figure 4.3, however, very little explanation was provided there. In this
Section, a more thorough examination will be detailed.

In order to control this thermal dissipation at the initial section of the fibre, several
approaches have been proposed to extract the excess light from fibres, and are com-
monly called cladding light strippers (CLS). These techniques range from laser [133] or
chemical aided etching [134] of the fibre structure, to methods reducing the cladding
diameter [135]. While the results show significant reduction in temperature and good
thermal handling properties, the main drawback of these procedures are that they alter
a section of the fibre permanently. Another desirable proposal is the practice of applying
a refractive index-matching material to the exterior surface of the uncoated fibre [136].
This allows the excess light from the fibre cladding to enter the surrounding medium.
By doing so, not only does the material act as a heat sink to reduce the thermal load
by increasing the heat capacity of the ensemble, but also manipulates the total surface,

82



Chapter 4. High power transmission experiments

where thermal conduction can be utilized to reduce the heating. This approach could
be a non-invasive alternative, which could be very practical for research purposes.

Figure 4.10 a) depicts my implementation of this non-invasive method to extract the
excess light from the test fibre. After stripping the coating of the initial segment of
the fibre for approximately 10 cm it is mounted onto the water-cooled V-groove block
— identically to what has been already discussed in Section 4.1. However, in this case,
only the very beginning is fixed with commercial Kapton tape, to ensure a reasonable
mechanical stability of the input tip. In addition a small amount of index matching
gel (ThorLabs G608N3) is applied along the initially uncoated length of the fibre inside
the water cooled V-groove, until it is fully covered to ensure better heat conduction.
Furthermore a single UVFS uncoated substrate of UVFS ground glass diffuser (ThorLabs
DGUV10-220) has been also placed on top of the gel-covered part of the fibre. This
enables light to be extracted from the cladding (via the gel) and safely diffuse into the
surroundings. The glass piece is placed closer to the other end of the V-groove, such
that, together with the Kapton tape, they provide a more secure way of fixing the FUT.
Parts b) and c) show the improvement achieved by implementing the CLE technique.
Note, that the colour-scale on the right of each capture is different for better contrast.
Additionally, the contour of the glass piece is also visible in the bottom left corner of
Part c), when the method is applied.

The refractive indices of the materials are nfibre ≈ 1.509, ngel ≈ 1.450, nUVFS ≈ 1.443
for the fibre, for the index matching gel and for UVFS glass diffuser, respectively, at
the used central wavelength of λc,SPI = 1075 nm. While the values do not match pre-
cisely, by implementing this technique, the handling of the thermal load is significantly
improved, as it will be shown in the following. It is also expected that as the input
power is increased, the exact refractive index values will slightly change, and similarly,
the efficiency of the extraction of the excess light may also vary. In general, quantifying
the exact values would certainly be valuable. However, because of the complex nature of
the phenomenon, developing a reliable way of measurement has been postponed to be a
dedicated future project. As the results in the following Section will show, the technique
enables the coupling of the highest power provided by the available laser source. Because
of that, there was no intention to take other actions to optimize this technique to the
fullest extent possible — e.g. by employing glass pieces or gels of different materials.

To demonstrate the improved performance here, a ~13 m long piece of NANF-5 has
been tested initially. Along with the transmission efficiency, the hottest temperatures
measured at the initial section of the test fibre vs input power are presented in Figure
4.11. While the red plots show the measurements without the implementation of the
CLE technique, the blue curves represent those which were conducted with it. It is
evident from the graph, that extracting the excess cladding light does not degrade the CE
considerably. This suggests that the method does not introduce significant mechanical
stress on the fibre piece, consequently, the microbending loss values are not changed
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Figure 4.10: Cladding light extraction visual aids | a) Photo of the realized
CLE layout. The fibre is laid out horizontally on the image, with the input facet
on the left. The glass diffuser substrate is placed on the other end to ensure better
clamping on the fibre piece. Note that the longer, horizontally placed Kapton tape is
only for visual purpose here, as during the high power operation it is removed, and the
initial, stripped fibre section (including the part below the glass piece) is covered with
an index matching gel. See text for more details. Thermal captures b) and c) show
the temperature distributions as captured by the thermal cam with and without the
CLE technique implemented, respectively. Notice the contour of the diffuser plate on
the bottom left as indicated by the arrows, and the change of range on the colourmap

scales.

noticeably. Comparing the maximum temperature reached with CLE above 1.5 kW,
the ‘safe’ level was already exceeded without the CLE technique at around 700 W of
input power, as highlighted by the horizontal black dash-doted reference line. The
experiment without any extraction was terminated because the fibres were not tested for
operation above 70 °C, while the one with CLE was stopped because of the larger number
of travelling defects observed — this phenomenon will be examined in more detail in
the following Chapter. Notice, that the ’roll-off’ of the blue transmission efficiency
curve also coincides with a steeper increase of the peak temperature above 1400 W,
further indicating a connection between the CE and the heating of the initial section
of the fibre. Assuming that this thermalisation is the main limitation for achieving the
best transmission, the CLE technique significantly reduces this bottleneck, enabling the
scaling of the used setup to even higher levels, following the trend, most likely above the
2 kW output capacity of the SPI laser.

In conclusion, in this Section I have shown that it is practically feasible to extract the
excess light, that has not been coupled into the FM of the FUT. I have demonstrated
that this can be accomplished in a non-invasive way, such that no delicate preparation
of the fibre is required. The measurement results show no decline in maintaining a high
coupling efficiency, while the temperature of the initial section can be reduced by as
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Figure 4.11: CLE induced improvement comparison curves | Comparison
plot for presenting the impact of extracting the excess light, as observed during mea-
surements employing the 13 m long NANF-5. Transmission efficiency is marked with
squares and diamonds connected by solid lines, scaled to the left y-axis, as indicated
by the arrow. On the other hand, the measured peak temperatures are plotted with
upwards and downwards pointing triangles and dotted lines, corresponding to values
on the right-hand y-axis, as also indicated by the arrow. Both pair of curves are ad-
ditionally shaded red and blue for the cases without, and with the CLE technique
employed, respectively. Furthermore, the highest temperature value reached when the
CLE method has been applied is indicated with a black, dash-dotted horizontal refer-

ence line, slightly below 45 °C.

much as 20 °C at ~1.5 kW incident power. The concept of CLE developed and discussed
here will become advantageous for the experiments leading to the next milestone result
to be presented in the following Section.

4.5 2nd generation results

Building on the insight gained from studies discussed earlier, in this Section, the com-
bined impact of 2 main techniques to improve on previous results — that is employing
optical lenses of high optical purity and the application of cladding light extraction —
will be examined.

It has been argued, that the high CE can be more easily maintained for free-space
coupling, even at higher power levels, if transmissive optical elements of higher purity
are employed. This has been reasoned by the fact that those pieces of equipment are
less prone to absorption compared to the UVFS ones — e.g. those introduced in Section
4.1. Therefore, thermal lensing and related beam distortion effects are expected to be
significantly reduced. This enhancement could enable the upscaling of the transmitted
power to exceed the previously reported 1.5 kW average power level, above which the
impact of the phenomena becomes clearly visible.
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Figure 4.12: Temperature distribution of the high-purity collimating lens
at 2 kW incident power | The thermal image as captured by the thermal camera
illustrates the advantage of employing optical lenses made of HPFS material. Compared
to the temperature distribution of the commercially available components, this lens
shows negligible amount of heating, suggesting similarly minor absorption. Only the
BDO (highlighted by the text box with arrow) demonstrates measurably increased
temperature — suggesting that plano-parallel window to be the dominant contributor

of the experienced focal shift.

To explore the experimental capability of this approach, the previously discussed com-
mercially available ThorLabs lens pair has been replaced by a pair of custom made lenses
provided by II-VI Infrared (Coherent). Both of them are bi-convex aspheric lenses, made
of high purity fused silica (HPFS), claimed to have less than 10 ppm (parts per million)
contaminants, according to the manufacturer. This value agrees well with expecta-
tions based on typical absorption values of ~1 ppm/cm for low-OH silica, and 1 ppm
per surface loss considering a coating layered by ion-beam sputtering. The collimating
and focusing optics have focal lengths of fcol = 60 mm and ffoc = 80 mm, and central
thicknesses of thcol = 12 mm and thfoc = 11.3 mm, respectively. Lastly, both have an
appropriate anti-reflection coating for λAR ≈ 1080 nm (no additional reflectance value
has been provided). It should be noted, however, that these elements are also 100-times
more expensive than their 1st generation counterpart.

In order to quantify the improvement resulting from the utilization of HPFS lenses,
first, the setup was aligned in a similar way, as discussed in Subsection 4.1 and depicted
in Figure 4.8 b). Here, Figure 4.12 shows the captured temperature distribution of
collimating HPFS lens, at the highest demand of 2.2 kW. Note that this is indeed the
highest output of the SPI fibre laser, meaning that the results to be discussed here are
limited by the available laser source.
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There are 2 important features to consider here. First, in contrast to the previous
discussions, this lens does not show a Gaussian-like heat distribution. In fact, apart from
the reflections originating from the BDO, no deviation from a homogeneous distribution
is visually observable. Furthermore, the thermal camera itself was not able measure any
excess heating on the lens either. This suggests that the thermal load, and in turn the
thermal focusing induced by the optical lenses is expected to be significantly reduced.
On the other hand, as also visible on Figure 4.12, it is clear, that in this case, the
heating of the BDO will be the dominant factor in limiting the coupling into the FUTs.
Unfortunately, since this piece of optics also acts as an inherent protective sealing for the
laser source itself, replacing it with another one of higher purity was not possible. After
updating the digital twin introduced in Subsection 4.3.2 with the appropriate geometrical
and material values, the simulation shows good agreement with the experimental results;
the calculated temperature changes in the HPFS lenses are negligible, furthermore, the
model similarly indicates that the main source of the observed thermal effects is the
BDO.

Using the same, 13 m NANF-5 fibre piece presented in the prior Section, while also apply-
ing the same CLE technique, Figure 4.13 shows the final experimental results achieved,
using the upgraded 2nd generation layout. The light green square markers corresponding
to the left hand y-axis shows the measured transmitted power as a function of the inci-
dent power coupled into the FUT. Considering the loss accumulated during transmission,
using the attenuation value presented in Table 3.1, the calculated transmission loss is
0.0167 dB, which translates to ~99.6 % transmission efficiency. After accounting for this,
the calculated CE is shown by the darker green upwards triangle markers, corresponding
to the right-hand vertical axis. For comparison, the grey dots and black downwards tri-
angle markers represents the previously discussed scenario (see blue markers on Figure
4.11), that is, using the old pair of commercially available (ThorLabs) lenses, respec-
tively. Furthermore, both data sets, correspond to measurements where the same CLE
technique was applied. The improvement can be appreciated by observing how the new
layout results in both higher CE values, while the more moderate "roll-off" also allows
higher power levels to be coupled. This latter point also demonstrates the impact of the
higher purity lens pair. Due to the lower absorption of the material, the alteration of
the beam distribution at the focus from the initial, low-power case has been reduced.
This results in maintaining the same overlap integral — and in turn CE — even when
larger power levels are incident on them. It can be noted that for both cases, the roll-off
is observed above similar power levels. This suggest that the BDO (which remained
unchanged), and in turn its thermalisation, plays an important role in determining the
actual power threshold.

To examine the thermally induced effects in more details, Figure 4.14 a) shows the
required compensation of the position of the input tip of the FUT, in order to maintain
maximum CE. This can be basically interpreted as the thermally induced focal shift. The
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Figure 4.13: Comparison plot of 1st and 2nd generation power delivery re-
sults | Corresponding to the left vertical axis, grey dots and green square markers show
the transmitted power as a function of the incident coupled power, when the 1st and
2nd generation experimental setup has been used, respectively. The calculated coupling
efficiency values for the respective data points are also shown with downwards and
upwards pointing triangle markers of black and green, respectively, scaled to the right
vertical axis. The improvement is clearly visible both by the ~1 % increased CE, and

by the notably slower roll-off above the 1500 W input power level.

3 cases presented are i) when a new pair of out-of-the-box commercial lenses have been
used, ii) when the same lens-pair has been employed, after everyday usage for several
months, and iii) when the new high-purity lens pair have been utilized, depicted by
blue, red, and green markers, respectively. Comparing the impact of maintaining a clear
surface of the optical elements is clearly visible between the red and blue markers, which
aligns well with the expectations based on the works of Bonhoff et al., as the authors
claim that the influence of thermally induced effects depends greatly on the degree of
contamination present at the surface of the optical components [132]. Furthermore, it
can be also appreciated, that the high purity lens pair performs even better than both
of the previous cases, as less realignment is required to manage the thermal focusing
and preserve the high CE.

Moreover, Figure 4.14 b) highlights the contribution of the CLE technique on the peak
temperature measured on the initial section of the FUT. In this case, the 3 scenarios
presented are when a fresh pair of commercial lenses were employed, without and with
the CLE technique, and when the high purity lens pair have been installed, for red,
blue and green, respectively. The former 2 data sets are the same as those shown in
Figure 4.11. In addition, here, the green markers show almost identical effect on the
coating temperature, regardless of the used lens pair. Below ~1.5 kW of input power the
blue and green markers behave practically identical. However, above this level, when
the commercially available lens pair has been used, as the CE started to roll off (as can
be seen in Figure 4.13), the increase of the temperature values measured can be also
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Figure 4.14: Impact of thermal effects influencing the coupling efficiency
at high incident power levels | Part a) shows the results of applying CLE and
the usage of high-purity lens on the paraxial shift of the focal position of the beam.
This is measured by the travel distance of the fibre tip stage required to achieve the
best transmission efficiency. On the other hand, b) demonstrates the highest measured
temperature of the coating, as the function of the incident power, as recorded by the
thermal camera. The latest results using both the high-purity lens pair, and CLE
technique are plotted with green, while the red-blue contrast indicates different per-
formances of the same commercially available lens pair of lower purity, demonstrating
the impact of weariness (a) and of employing the CLE method (b), respectively. Note
that for a), the ∆P power difference is shown on the horizontal axis. The reference 0
position is set at the highest respective power level, at which no repositioning of the

input tip from its initial position was required.

observed. On the other hand, the slope of the green markers (i.e. the case when the
HPFS lens pair has been used) changes only slightly above this threshold — showing
similarities with the behaviour of the respective CE curve in Figure 4.13.

Concluding the list of observations, Figure 4.15 presents the hardly noticeable spectral
evolution of the transmitted beam at the maximum demand of 2 kW average power.
Compared to what has been already shown in Figure 4.4, an indication implying the de-
velopment of an even smaller shift might be observable. This is the due to the ~2 orders
of magnitude lower PDP, which results in a significantly smaller nonlinear interaction
with the air-filled hollow-core. However, the noticed difference might be due to fluctu-
ations in the laser output spectrum. These findings agrees well with the expectations
from Subsection 4.3.1, that is the transmission should not impact the spectrum in any
significant way. The captured cross section of the transmitted beam is also presented,
displaying that the high-brightness, quasi-single moded intensity distribution has been
also preserved.

4.5.1 Discussion

In summary, Figure 4.16 shows most recent and relevant CW power delivery results
reported in the literature up until the date of submission. Studies employing both SCFs
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Figure 4.15: 2 kW spectral and modal transmission | Spectra of the 2 kW CW
beam before and after propagating through 13 m of HCF, as recorded by the optical
spectrum analyser, depicted by black and green curves, respectively. Both spectra are
also normalized to their respective peak intensity. A slight red shift is noticeable, which
is expected from the simulations, and are contributed to rotational SRS. The inset also

indicates the high-quality output profile of the transmitted beam.

(solid markers) and HCFs (hollow markers) are included, while red symbols mark the
outcomes of the experiments discussed in this Chapter — T1 and T2 for the 1st and 2nd

generation setups, respectively. The diagonal lines indicates the PDP threshold levels
that correspond to the case of S = 0.5, for the scenarios labelled by the shaded regions.
At these boundaries only half of the output optical power is expected to remain within
the wavelength range defined by the input beam, while the rest of the transmitted power
is shifted to Stokes signal wavelengths considering the respective circumstances.

Firstly, the 1 kW-1 km result (labelled T1) reported in Section 4.2 is clearly beyond
the capabilities of SCFs of any kind. Nevertheless, it can be also seen, that it is still
well below the capabilities of HCFs. As it has been discussed in [94], a 6-to-10-fold
improvement in PDP is still possible. However, this estimation also considers that the
core of the fibre is filled with air — assuming that the fibre is evacuated, PDP values
orders of magnitude larger are predicted.

Secondly, similar, independent research conducted by Cooper et al. [143] — labelled
as H8 on Figure 4.16 — align well with the results presented in this Section. (Note
that at the time of submission, only a pre-print version of the article is available.) The
group also reports the transmission of over 2.2 kW average power over 6.25 m of their
own in-house fabricated 5-tube NANF, using a laser source providing a CW beam with
narrow spectral bandwidth around the λ0 = 1080 nm central wavelength, and excellent
M2 = 1.045 beam quality. Unfortunately, while the authors seems to employ a similar
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Figure 4.16: Scalability of high-brightness high-power CW beam delivery
through optical fibres | Solid diagonal lines represents the power-distance product
(PDP) thresholds, above which the labelled fibre type would transform the transmitted
beam to have S = 0.5 spectral power overlap after propagation. Solid dots, and empty
diamonds depicts experimental demonstrations of other groups using SCFs and HCFs,
while open circles indicates the results presented in this Thesis, respectively. The
markers denotes the following works: S1 - Shima et al. [17], S2 - Röhrer et al. [38], S3
- Matsui et al. [37], S4 - Okuda et al. [13], H1 - Jones et al. [137], H2 - Hädrich et al.
[138], H3 - Palma-Vega et al. [139], H4 - Zhu et al. [140], H5 - Zhu et al. [141], H6
- Cooper et al. [142], H7 - Cui et al. [103], H8 - Cooper et al. ’23 Pre-print available
[143], T1 - 1st generation results, published Mulvad et al. [94], T2 - Most recent, 2nd

generation result discussed in this Section. Figure adapted from [94].

free-space coupling approach using a pair of lenses, they do not provide much detail
about their optical purity or absorption. Information about such parameters of the
optical elements could be crucial, as they claim that "[...] no additional adjustments to
the NANF input coupling were performed for the entire duration of high power testing".
Considering the discussions above, this suggest that Cooper et al. have also found
an adequate way to manage the absorption related effects that can have detrimental
impact on the CE. Nevertheless, the findings reported in this Thesis presents the highest
average CW power level ever transmitted through any kind of HCFs up to date, and such
are world record results, and another significant stepping stone for future high-power
delivery research.

4.6 Conclusion

In conclusion, in this Chapter the state-of-the-art results of long-haul, high-brightness
CW power delivery using hollow-core anti-resonant fibres have been presented. After the
realized experimental setup had been introduced, the highest power distance product
(PDP) of 1 × 106 W · m — i.e. 1 kW average power over 1 km distance — has been
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experimentally demonstrated. Examining the measurement data in more details, showed
that it is possible to further improve on this value. Analysing the spectral evolution of
the beam when transmitted over 1 km indicated only minor spectral broadening. This
has been attributed to rotational Raman scattering of the ambient air molecules inside
the hollow-region. However, simulations suggested that even at 2.2 kW average power
— that is at the maximum demand of the available laser source — transmission over
5 km of HCFs is achievable without significant spectral penalty.

Based on this insight, I have coded a simulation, which acts as the digital twin of the
experimental setup. Once the model had been verified against the measurements, it has
been used to identify the possible bottlenecks that could scale down the capabilities of
the experimental layout. I have found that the main limiting factor for maintaining a
highly efficient coupling and robust transmission is related to the management of light
absorption along the system. After pinpointing the relevant sources of material absorp-
tion both in the coupling optics and the fibre structure, I have proposed 2 techniques
that could lessen the restrictions they impose on the power delivery.

Firstly, by implementing a method to extract excess light that has not been confined in
the fundamental mode of the HCF, I have demonstrated that the peak temperature of
the initial section of the fibre can be significantly reduced without having any impact
on the CE. Furthermore, by employing optical elements of higher optical purity, I have
shown that the quality of the incident beam can be preserved even at higher power
levels. Combining these 2 techniques allows the same, high CE to be maintained over
a larger power range, which led to the independent demonstration of transmitting 2 kW
of optical power over 13 m of NANF.

The results discussed in this Chapter paves the way for new applications, which re-
quire long distance transmission of single-moded optical beams with considerable aver-
age power. Such operation would not be possible by using conventional SCFs, due to
their limitations; namely that the most intense part of the beam is confined inside a
material can lead to significant nonlinear effects. As pointed out previously, this can be
efficiently avoided by utilizing a HCF-based technology.

4.7 Outlook

Finally, this Section concludes the Chapter by providing a range of possibilities, where
the findings presented can be of interest. While there are a huge number of possible
directions to explore that could take advantage of the results presented in the prior
Sections, the 6 main distinct directions with the most promising prospects for future
work has be considered:
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4.7.1 Upgrading the COMSOL model

A powerful next step for the simulations would be the implementation of the COMSOL
wave-optics module. This would significantly increase the complexity of the software;
nonetheless, it would also help in understanding the evolution of the focal spot as the
input power level is increased. Combining the upgraded model with the mathematical
definitions of optical aberrations introduced in [98] could provide meaningful insight for
further scaling of the power levels. Understanding the thermally induced deviations of
the beam distribution could also allow better compensation of it, e.g. by introducing an
additional optical element, the refractive index of which changes with temperature with
an opposite sign compared to those already in use.

4.7.2 Characterization of light extraction efficiency

It has been presented how implementing the CLE technique reduces the thermal load on
the FUTs, without having any measurable impact on the CE. However, it has been also
stated in Section 4.4, that during the experiments no special effort was given to optimize
and characterize the efficiency of the extraction of the excess light. From Figure 4.14
b) it can be also observed, that even at the highest demand of the laser source, when
utilizing the CLE routine, the maximum temperature reached is <50 °C. This is far
below the 100 °C threshold value considered at the time as the limit of safe operation.
Since the available power levels are limited by the laser system, there were no incentive to
further characterize the CLE technique. This insight, however, could become important
if laser sources of even higher output powers will be used.

One proposal that has been considered is the utilization of a device similar to an inte-
grating sphere. In that case, the optical power of excess light extracted could be more
precisely quantified. This metric then in turn could be correlated with several other
parameters, ranging from characterization of the excited cladding modes, to providing
a feedback to monitor and maintain high CE. Furthermore, if it can be assumed that
no cladding modes have been excited, even at lower power levels, optical attenuation
of higher-order core modes might be possible to measure. This is reasoned by the fact
that for ARFs optimized for SM transmission, the attenuation of HOMs are significantly
larger. While these are distinctly different from the cladding modes, in this scenario,
the higher loss values would lead to higher temperature values measured. Comparing
this case to that of lossless, purely SM transmission, all thermal contributions could be
attributed to the HOMs.

4.7.3 Enhanced drilling

Over the last decades, many of the essential minerals required by several industries
have to be excavated from deeper locations, usually surrounded by harder geological
formations as well. It has been reported, that the main contributor of the cost of such
extractions is related to the drilling process. Taking the development of geothermal
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resources as an example, Jamali et al. states that the relevant cost can account anywhere
from 50 to 70 % of the total investment, and that it can follow an exponential dependence
on the depth of the procedure [128]. This is mainly reasoned by the high wear of
the drilling bit during operation. However, by pre-conditioning the material — via
laser induced thermal rock softening — the excavation can be made easier, and in turn
cheaper.

It has been shown that it is possible to enhance the hardness of industrial steel by laser
surface engineering [144]. Similarly, characteristics of hard rocks can be also altered
by using high power laser systems [128]. By employing a remote technology which can
modify the underground environment by locally making it more brittle, the earlier men-
tioned wear related costs of the tools used can be decreased significantly. Furthermore,
the exponential growth of the depth related costs can be also reduced, as it has been
shown in this Chapter, that delivery of high-power, high brightness laser light is possi-
ble on the km-scale. To explore another one of the examples, the drilling of deep-sea
mineral nodes can be also considered. These nodes have enormous mineral reservoirs,
ranging from cobalt, through zinc, to lithium amongst many others [145]. Some of these
are essential resources for one of the most recently emerging sector: the electric vehicle
industry.

Finally, to revisit the first example in this Subsection, the field of a promising next
generation renewable and carbon-free energy sources of geothermal systems is considered
here. In general, the energy output of solar and wind farms can fluctuate significantly
over time based on factors out of human control. However, it has been shown recently,
that it is possible with geothermal power plants to store and harvest energy on demand
as necessary — without relying on batteries to store the excess [146]. While this would
not lead to the other more common techniques (e.g. power plants) becoming redundant,
geothermal energy can become a practical counterpart complimenting those. Similarly,
the previously discussed results presented can help with the laser-aided excavation, that
is required to establish such facilities.

4.7.4 Delivery of narrow bandwidth optical fields

As mentioned earlier in Section 2.5, in this Thesis, optical beams with relatively broad
bandwidth have been considered and used. However, another similarly important field
is the employment of narrow bandwidth light sources. In that case, the first nonlin-
ear phenomenon that limits the possibilities of using SCFs is the stimulated Brillouin
scattering (SBS), as the corresponding input threshold power is practically ~3 orders of
magnitude lower, than the stimulated Raman scattering (SRS) detailed in this Chapter
[40]. For this reason, such sources are expected to experience some degree of unwanted
nonlinear degradation even when only a few metres of SCFs are used. Therefore, fibre
amplifiers of narrow bandwidth beams are generally limited to similar length scales. On
the other hand, by using HCFs, this distance can be increased to beyond tens of metres.
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However, faster ramp up time of the coupled power would be also required, which might
be practically challenging as it has been discussed in Section 4.3, since the appropriate
management of the thermalisation and the induced thermal lensing is not trivial. Never-
theless, the approach of spectral beam combining for power scaling — akin to the system
used in References [11] and [131] — could greatly benefit of research studies similar to
those condected by Cooper et al [143].

4.7.5 Power transmission in vacuum

As mentioned earlier, a promising and still not yet well explored domain for high power
CW delivery is the prospect of evacuating the fibres in order to lessen the impact of
any nonlinear phenomena [94]. Probably the most interested fields would be mainly
industrial ones, where the delivery of multi-kilowatt power levels over multi-kilometre
distances are necessary. Without the intention to provide an exhaustive list, the technol-
ogy could be feasible for example during the decommission of nuclear power plants [14],
or when utilizing laser-aided drilling of subsurface and underwater rocks for oil, gas, or
coal harvesting — as discussed in the prior Subsection. In these scenarios, the target
area for material processing can be hazardous and/or the access to it can be difficult,
and such, controlling the position of processing precisely remotely can be advantageous.

4.7.6 Long-haul delivery of optical pulses

Another obvious and straightforward step from CW power delivery would be to shift
the attention towards the transmission of pulsed laser light [147]. First of all, the
air-filled core would significantly reduce the experienced spectral dispersion (i.e. chirp).
Furthermore, it could be possible that filling the core instead with an appropriate gaseous
medium would lead to a self-sustaining soliton, with the additional advantage of having
a conveniently interchangeable core. Similar pulsed power delivery has been very well
demonstrated and studied by numerous other groups [147–150].

Understandably, however, exploring this possibility would deserve a study on its own.
Firstly, a distinctly different laser source capable of delivering short pulses would be
required. This in turn would also demand more refined optical components that have
minimal spectral shift along the broader range of spectral components of the light pulse.
Furthermore, an ARFs that can accommodate the spectrum of the source is just as
essential. For these reasons, the conversion towards laser pulse delivery would not be
straightforward. From the designing process to the actual realization of an experimental
setup, it was acknowledged to be such a serious undertaking, that this direction was
not pursued further, as it lies far beyond the scope of present Thesis. Nevertheless,
the demonstration of delivering ultrashort (<100 fs) pulses trough HCFs with negligible
dispersion could be a stimulating opportunity from academic research purposes [150] to
industrial applications [128, 148].

95



Chapter 4. High power transmission experiments

4.7.7 Propulsion of particles

Last, but not least, by virtue of having a solid material-less core, HCFs are also capa-
ble of delivering small particles in the micron and sub-micron size range. Originating
from what at the time was considered an unwanted phenomenon, the next Chapter is
dedicated to discussions and experimental demonstrations of the propulsion of such par-
ticles.
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5 Particle guidance inside hollow core fibres

During the high-power delivery experiments discussed in the prior Chapter, for some
of the tested fibre samples, an unusual phenomenon was occasionally witnessed. Above
some not too sharp input power threshold, it appeared that localised scattering of light
from distinct points were propagated along the length of the fibres under test (FUT).
This observation was developed into a study driven by curiosity, and as the investiga-
tion matured, progressively more possible applications were identified. While the initial
aim was to conduct experiments at high powers, the practical problems encountered
actually restricted the analysis to focus on lower power experiments thus far. Unfortu-
nately, considerably more time than initially envisaged were spent on trying to solve the
seemingly obvious (but actually rather complex) problem of creating freely suspended
particles that the laser could trap and guide through the fibre — as it will be presented
in Section 5.2.

In this Chapter, the initial observation of the mentioned phenomenon will be discussed
first. Subsequently, potential explanations will be a reviewed. Comparing and contrast-
ing the different options that can be employed to verify the assumptions, the designed
experimental setup will be introduced and the choices made for the final layout will be
justified. This is followed by an overview of the materials of the micron sized particles
and droplets that could be guided during the experiments. Then, the gathered data
from the experiments is presented and evaluated, and the demonstration of particle de-
livery is presented. Furthermore, current limitations of the setup and the approach is
reviewed. Finally, the Chapter closes by providing concluding remarks, and recognizing
potential applications.

5.1 Initial observation

Figure 5.1 displays a captured still image of NANF-5 during high-power operation
(>500 W), highlighting the unexpected high scattering sources with red arrows. Visually,
their scattering pattern showed resemblance to those originating from static imperfec-
tions that can appear during the fibre drawing process (e.g. touching tubular elements
in a revolver-type fibre). However, they also displayed other features that proved any
suggestion trying to connect the two phenomena false. First of all, they were not static,
but moving along the length of the fibre — hence the term travelling defects was coined.
Their path along the fibre was observable by their increased scattering. Moreover, while
they were clearly visible, the transmitted power measured also dropped. The exact
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Figure 5.1: Static image of inside of the HPD enclosure, during high-power
(>500 W) operation | The fibre in the figure is wound on an in-house aluminium
drum. Red arrows mark the scattering induced by travelling particles propelled by the
laser beam. These are suspected to be ammonium chloride particles, which are formed
from the chlorine trapped inside the fibre during fabrication. At high power levels these

particles are captured and being propagated along the fibre.

value could greatly vary based on factors like the ’intensity’ of the scattering, the cou-
pled power, and the number of defects being present at the same time, but typically
around 0.2 − 1 % of the input power was observed to be lost. However, once the defects
left the beam, the lost power was regained. Lastly, these events were never observed at
lower power levels, but usually required substantial optical power to be coupled into the
FUT for the phenomenon to arise.

Since at that time, this was regarded as a parasitic phenomenon (considering the power
delivery efficiency and stability), significant effort was made to search for explanations
regarding the origin of the phenomenon. As their behaviour (e.g. scattering intensity, or
speed) depended on the coupled power, as well as they were observed to exit the fibre,
they were suspected to be travelling inside the hollow core of the fibre — opposed to the
smaller tubular elements of the NANF structure — and consequently, their maximum
physical dimension was determined to be less than the core diameter. According to the
scientific literature, 2 possible explanations have been proposed:

1. The phenomenon of optical discharge (OD) has been reported in HCFs [27, 151]
that showed some similarities. However, there are 2 main significant differences
that were conflicting with the observations:

(a) The intense scattering from the OD was travelling towards the source, while
our findings showed that in our case, the defects were propagating away from
it.

(b) The travelling discharge permanently altered the structure of the fibre that
ultimately led to catastrophic fibre damage, and as a result, to the failure of
confinement of the beam.
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For these reasons, the phenomenon of optical discharge could not satisfyingly de-
scribe the event observed, and was discarded as a proper interpretation of the
encounter.

2. The other plausible explanation was that the travelling defects were small particles,
captured and trapped akin to Ashkin’s laser tweezers [105]. Since this assumption
was not contradictory, but rather a suitable interpretation of the observations, this
direction was investigated further.

5.1.1 Microparticle delivery

As mentioned, it was speculated, that particles with diameters in the micron scale were
being guided inside the fibre during the experiments when higher power levels were
utilized. After the first demonstration of guiding atoms in HCFs in 1995 by Renn et
al. [152], the delivery of particle with much larger diameters (50 nm to 10µm) were also
reported shortly after, by the same group in 1999 [153]. However, 2 main questions
still remained: What are these particles that are being propagated, and where are they
coming from?

Based on the findings reported by Bonhoff et al. [132], the origin of the particles ob-
served could be explained by considering the atmospheric lab conditions. For this rea-
son, a commercially available air-purifier (Levoit LV-H132, with HEPA filter) and an
accompanying particle counter device (Tera Groupe - NextPM sensor, supplied by RS
Components) were both installed. Note that as discussed earlier in Section 4.1, the en-
tire high-power delivery system had to be built inside a safety enclosure. This solution
also had the added benefit of sealing the setup from unwanted air movements to a cer-
tain extent. However, based on the insight provided by the particle counter, it has been
concluded that no unwanted particles above its detection threshold were present inside
the enclosure during high power experiments. For this reason, the concept of trapping
and propagating ambient dust particles was dismissed.

On the other hand, both of the former questions can be seemingly explained by the
observations made by Lyngsø et al., during their experiments using their own in-house
fabricated HC-PBGF [154]. The group reports, that during examination of the fibre
performance, the ro-vibrational spectra of HCl can be witnessed, which originates from
the fused silica that makes up the fibre structure. Building on this conclusion, Rikimi
et al. conducted a rigorous study monitoring the long-term performance of HCFs [130]
over time. Advancing on the work of Lyngsø et al., Rikimi et al. also report the
detection of ammonium chloride (NH4Cl). They argue that the NH4Cl develops on the
fibre facets, and speculate that the material is produced during fibre fabrication, when
the temperature can reach values beyond 2000 °C. Therefore, the theory of capturing
and propelling these ammonium chloride particles have been adopted. Additionally, the
intention to replicate the witnessed phenomenon of particle guidance in a more controlled
manner, as a mean to better understand the underlying physical aspects has been formed.
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Moreover, by taking advantage of such a unique opportunity, other applications have
been conceptualised.

Motivated by the ambition to showcase the capabilities of the in-house fabricate NANFs
to their fullest extent, the possible implementation of a remote sensing device, based on
the utilization of an optically levitated microparticle (as originally proposed by Bykov
et al. [39]) has been considered. This concept acts as the main driving force behind the
studies to be presented in the following. In order to achieve this objective, an essential
first step is to gain more insight about the dynamics of the observed particle guidance
through HCFs. Therefore, an experimental setup that allows the controlled launch and
study of such particles is proposed and discussed in the next Section.

5.2 Particle delivery setup

The previously discussed high-precision, low power laser diode based experimental layout
has been considered as a starting point to develop a system capable of launching and
optically delivering micron-size particles. Figure 5.2 depicts the general flowchart of
demonstrating controllable particle guidance. The process of particle propulsion can be
broken down into 5 specific steps:

1. Preparation and deposition

2. Trapping and coupling into the fibre

3. Propulsion and confinement

4. Ejection or extraction

5. Evaluation of the recorded data

The following Subsections will describe each of the aforementioned stages of particle
delivery. Finally, the Section will be concluded by presenting the designed and realized
experimental setup.

5.2.1 Preparation and deposition of particles

In practice, particle samples are generally available in 2 physical forms: either a) as a
powder, or b) as an aqueous suspension. As mentioned in Section 2.7, one of the first
fundamental steps required before the optical manipulation of microparticles (McPs) of
any kind can be performed, is to break the relatively strong Van der Waals forces present
between the sample and its container — even if the particles are dispersed in a suspension
[121]. There are 2 common methods for making the McPs airborne for experiments,
depending on which of the aforementioned groups they belong to. Either mechanical
vibration is introduced to the system to force the powdered material off the surface of
its holder — usually via a piezo actuator [77, 155, 156] — or the particle suspension
is dispersed by using a nebulizer [157–159]. One can also differentiate between active
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Figure 5.2: Particle guidance setup flowchart | The schematic illustrates the 5
stages of the experimental setup in a simplified manner. 1) Preparation stage; the sam-
ple (Smp) containing the microparticles (McP) is pre-conditioned for the experiments.
This step can include the adjustment of the concentration of the suspension, or break-
ing up any aggregation of McPs, for example. 2) Trapping stage; the particle sample is
being locally deposited into the previously aligned optical beam path. 3) Delivery stage;
the coupled McPs pass through an initial filtering technique (droplet gating - DG). As
the trapped McP is being propagated along the length of the fibre-under-test (FUT),
important data regarding its position and visual appearance is collected by monitoring
devices (Mon), while at preset checkpoints (CP), a timestamp (TS) is recorded to esti-
mate its velocity. 4) Lastly, the guided McP leaves the FUT, and a target plate (Trgt)
captures it. During the measurements, the transmission of the fibre is also constantly
monitored by using a power meter (PM) to capture the output power. 5) Finally, the

recorded measurements are being evaluated and interpreted.

and passive trapping processes. As mentioned in Section 2.7, because of the relevant
van der Waals forces present, it would require a considerable amount of optical power
to actively select and lift up a McP into the air — while for McPs that are confined
and manipulated inside liquids, this is a far more feasible approach. On the other hand,
a cloud of particles can be introduced into a well-defined volume which contains the
fixed optical trapping beam. Due to the Brownian motion of the dynamics of these
particles, some could eventually drift into the beam path because of the probabilistic
nature of their movement pattern. Therefore, it might take some time until a particle
travels into the optical path of the trapping beam, and for that reason, this method can
be labelled as a more more stochastic, passive solution. A schematic depiction of the
working principle of the 3 techniques to be considered here are shown in Figure 5.3.

(a) Piezoelectric vibrational stage

For the case of particles available in a powdered form, a platform is typically used. The
sample is deposited into this container, which has piezo membranes attached to it — in
most practical cases gluing is applied. By vibrating the piezos at the eigen-frequency of
the particle holder, the McPs are forced off the surface of the platform, as the mechanical
force exceeds the Van der Waals bonding forces. The exact frequency can depends on
many factors including the shape or the material of the sample holder. If a trapping
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Figure 5.3: Schematic illustrations of the considered particle deposition
techniques | a) A powder of McPs deposited on top of an optically transparent stage
can be shaken off in a localized manner, such that the airborne particles can be trapped
by the focused beam. The assembly consists of a glass slide and a piezo plate. By
oscillating the latter at the eigen-frequency of the former, the mechanical vibrations
force the McPs off the glass piece, incident into the beam. b) A jet nebulizer uses a
pressurized air flow (disrupted by a baffle) to deliver a suspension (Susp) of particles
into a localized volume as a fine mist. These, now airborne McPs — which may also
have a shell of the solvent around them — can now pass into the optical beam, allowing
them to be trapped. c) By having a drop of McP containing suspension place on top of
a glass slide, the particle can be trapped easier while still inside the liquid environment.
Then, by evaporating the surrounding medium, the captured McP could possibly remain
inside a stiff optical trap, while practically being airborne. Note that this has not been

demonstrated yet experimentally.

beam is positioned such that it overlaps with the expected trajectories of the particles
as they bounce off the surface of the container, the now airborne McPs can be confined
by the laser. The technique was reportedly first used by Thurn and Kiefer [155]. A
schematic illustration of this approach is also depicted in Figure 5.3 a).

While this concept generally takes a more active and localized approach for deposition,
the supporting electronic devices can also make it more complex. A frequency gener-
ator providing the signal to the piezo vibrating stages are expensive, and the stages
themselves must be also capable of handling a large enough amplitude that will res-
onate the particle platform that holds the sample. Furthermore, the actual optimal
frequency of the vibration depends on the specific the geometrical parameters of the
particle stage, that has to be calculated on a case-by-case basis, and can typically range
between 0.1 to 100 kHz. An advantage of this technique is that it is not sensitive to size
or material composition of the McPs — opposed to the method of using a nebulizer for
deposition.
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(b) Dispersing using a nebulizer

On the other hand, a nebulizer is usually employed instead for particles that are sus-
pended in fluids [157]. In this case the suspension containing the McPs is loaded into the
device which generates a cloud of airborne liquid droplets, that can contain a number
of the particles. A general schematic is depicted in Figure 5.3 b). However, the actual
method of nebulization depends on the type of the specific nebulizer. Moreover, the size
of the McPs can have a significant impact on the performance of the different devices
[160]. Furthermore, some of these concepts also employ a fine mesh for producing the
micron sized droplet cloud, which can be easily clogged without careful precautions.
Lastly, by the nature of this approach, the material composition of the McP component
is restricted by the potential chemical interactions between the solid and liquid parts of
the mixture.

One crucial characteristic of the nebulizers to consider is the size distribution of the gen-
erated droplet cloud. Not only can this determine an upper bound of the particle size
that can be utilized, but it is also an important factor of considering an optimal concen-
tration of the suspension. By diluting the suspension to an appropriate concentration
determined by the factors mentioned above, the particle density, that is the average
number of particles suspended in the airborne droplets can be manipulated. While the
desired density can depend on the actual application, it is generally feasible to achieve
a value resulting in having on average only 1 particle per droplet. In order to ensure a
more homogeneous mixture, the suspension is also typically pre-conditioned by using a
sonicator. Here, an RS Pro 100 W ultrasonic cleaner with 2 L tank capacity has been
used. Placing the sample into an ultrasonic bath, most of the agglomerated clusters can
be broken up, resulting in a more uniform particle distribution. This enables a much
easier regulation of the particle density of the generated droplets, which is beneficial for
the experiments.

In general, compared to the case of employing a piezo-stage, the utilization of a nebulizer
is considered to be a passive approach. This is due to the fact that the trajectories of the
nebulized particles generally follow a stochastic distribution, and the produced cloud is
not well localized. As the droplets enter the deposition chamber, they start to fill the
available volume uniformly — chiefly because of the existing air movement. It is only
when a number of these particle containing droplets enter the already present optical
beam that they can be trapped. For better localization a more flexible delivery employing
a nozzle can improve the probability of such trapping events to happen by directing the
cloud of droplets towards the trapping beam with better accuracy.

(c) Solvent evaporation

Lastly, the possibility of optically trapping a particle inside the suspension then removing
it from the liquid environment was briefly explored. For practical reasons, in this case
the beam was directed upwards. A microscope slide holder mounted on top of a similar
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3-axis ThorLabs MicroBlock Stage (MBT616D/M) has been installed such that the focal
point of the beam is slightly above the horizontally placed glass piece. A drop of the
sonicated suspension is placed on top of the glass slide, such that the focused beam is
incident on it, and the focal point is located inside the mixture. Then, the transmitted
beam is strongly attenuated, such that a CMOS camera can image the inside of the
drop containing the McPs. The main advantage of this approach is that trapping inside
an aqueous medium is practically more feasible, as stronger optical trapping can be
achieved even when relatively lower optical powers (~100 mW) are being used [159].

By adjusting the position of the microscope slide via the stage, separate McPs inside
the suspension can be captured by the focused beam. It has been speculated that once
trapped, the McP can be removed from the mixture, either by relocating the focus out-
side the suspension, or by removing the solvent from around the particle. An illustration
of this concept is shown in 5.3 c). The latter option could be achieved by either normal
or externally aided evaporation (e.g. increased air movement). Unfortunately, despite
all efforts, such extraction of the McP from the suspension have not been demonstrated.
It has been suspected to be caused by the induced mechanical forces on the McP during
extraction, as the surface tension of the surrounding medium de-stabilize and ultimately
breaks the optical trap. Because of these reasons, this approach was not pursued any
further.

Finally, Table 5.1 summarizes the main advantages and disadvantages of the 2 — (a),
and (b) — main techniques discussed. Some of the most relevant parameters when
considering the final design was the required financial investment, ease of use, modularity
and the compatibility of current equipment, with the latter ones being more subjective
and specific for our case. After careful consideration, the approach of using a nebulizer
has been chosen to be the preferred technique for particle deposition. This is because
the required equipment is inexpensive, a wide variety of particle suspensions with precise
standards are readily available, and the simple integration into the already assembled
experimental setup. A more detailed discussion about the McP samples will be provided
in the next Section.

5.2.2 Trapping and coupling of particles into the HCF

One important aspect for the case of trapping in air is that the strength of the trap
can be affected to a greater degree by the environment. Air movements, temperature
and relative humidity all have a significant influence on how stably a particle can be
contained within the trap [161–164]. In order to reduce the impact of such phenomena,
the previously discussed delivery solution must be able to provide the particles of ap-
propriate speeds within a few 100’s of µm in front of the beamwaist [118]. Those slow
enough particles, whose trajectory also overlaps with this cone defined by the focused
beam will experience optical forces acting on them that will ultimately lead to stable
optical trapping.
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Table 5.1: Comparison table of the main deposition techniques (piezo stage or nebu-
lizer) contrasting their respective advantages and disadvantages of employment

Aspect Piezo stage Nebulizer
Cost $ $ $ $
Complexity Complex Simple

Method of deposition In batches Possible to deposit
constantly

Particle size constraint No strict limitations Limited by the
nebulizing technique

Size distribution Well defined by the
particles

Stochastic distribution of
sizes

Localization Can be localized more
precisely

A cloud of fine mist fills
a larger volume

Requirements on form
of particle sample Powdered preferred Suspended in liquid

However, the focusing of the beam is ultimately dictated by the hollow-core FUT, as
maintaining a highly efficient transmission is essential. This limits the stiffness of the
optical trap, as the beamwaist is determined by the core size of the fibre. Nevertheless,
if the previously mentioned conditions are met and the trapping is accomplished, the
coupling of the particle into the HCF is practically straight-forward, and self-sustaining.
This is due to the fact that for typical non- or weakly absorbing particles, the Fgrad

gradient force will always push the particles towards the most intense part of the beam
— i.e. the centre. Furthermore, the scattering force will push the particles parallel
to the direction of propagation, essentially guiding them into the hollow-core. The
governing equations have been introduced earlier in more details in Section 2.7. In the
next Section, the impact of the particle size relative to the core diameter of the FUT
will be also examined through more specific examples.

5.2.3 Propulsion and confinement of the particle inside the HCF

Generally speaking, once the trapped particle is coupled into the fibre, it will be confined
near the centre of the core, assuming that the beam is not altered significantly along
the fibre. Meaningful alterations can mean a) natural loss of power as a result of the
attenuation of the fibre after a given length, b) too tight bending of the fibre leading to
a larger centrifugal force than what can be compensated by the radial optical force, or
c) a local imperfection or permanent damage of the fibre structure inducing a significant
drop in power, just to give a few examples. Lastly, the HOMs can also have an influence
on the guidance [119]. However, since additional care is always taken to excite on the
FM of the FUT, the possible impact of HOMs is not considered here.
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So far, only a single beam has been considered to be coupled into the fibre. In this case,
the speed of the particle can be regulated simply by adjusting the power output of the
laser source. It is, however, important to note that while the axial force acting on the
particle is proportional to the optical power — it scales linearly according to Equation
2.26 — there is also an obvious lower threshold, below which, the radial forces cannot
stably trap the particle. The results to be reported in the following are based on a system
using the previously introduced low power laser diode source (PLD, max ≈ 100 mW). This
further supports the importance of maintaining a high CE and in turn transmission
efficiency, such that the trapping forces will remain sufficiently large along the entire
length of the fibre.

On the other extremity, there also exist an upper bound, a maximum delivery speed of
the particles. Experiments using the SPI fibre laser source (PSPI, max ≈ 2.2 kW) has been
considered, but had to be postponed and will build the foundation of an independent
study in the future. An estimation of the practically achievable peak propulsion velocities
based on relevant parameters will be provided later in Subsection 5.4.3.

5.2.4 Ejection of the particle from the HCF

Generally speaking the particle can be delivered through the fibre with 3 distinct pur-
poses:

Principal particle delivery

First of all, the delivered particle can be trapped again outside of the fibre (i.e. ’funda-
mental particle delivery’). In this scenario, the particle should not suffer any degradation
during guidance, as the main goal is to re-locate it intact to a target environment. As an
example, the transfer of an adequately sized biological sample to a specialized inspection
tool can be considered — a schematic of which is depicted in Figure 5.4 a). Utilizing a
low power optical beam ensures minimal heating through absorption, while also guar-
anteeing stable trapping and delivery. It also allows the speed of the propagation to
remain slow enough such that it can be re-captured after the guidance. In this case only
a modest length of HCFs (~10 to 100 m) are assumed.

Particle gun

On the other hand, by increasing the optical power level, not only stronger trapping,
but higher particle speeds are achievable. In this case, the delivered sample could be
deposited onto some surface. A variant of a ’particle-gun’ is illustrated on Figure 5.4 b).
As an example, precision surface patterning with sub-micron accuracy, using material
ranging from polystyrene, through sodium chloride (NaCl), to gold (Au) McPs has been
already demonstrated [165]. The flexibility of optical propulsion enables a wide variety
of materials to be delivered and deposited — the technique is basically limited by the
damage threshold of these particles. However, as it will be discussed in Subsection 5.4.3,
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Figure 5.4: Schematic illustrations of different applications and extraction
types of microparticles guided inside hollow-core fibres | a) One of the most
fundamental utilizations of optical delivery of McPs is the simple relocation of the
particle to a more desirable environment. This could be a specialized laboratory, or
even a chamber with reduced air pressure, to give some examples. b) By employing
more intense optical beams, the McPs can be accelerated to higher speeds, and can be
deposited to a target location. In this scenario, the surface of interest can be processed
in micron scale resolution, by practically using the delivery fibre as a particle gun. c)
When McPs that have more peculiar features (e.g. radio- or thermal-luminescence),
detecting the signals they can give off, and determining their location become the most
important tasks to handle. In this case, thanks to their more easily replaceable nature,
while still preferable, the extraction of the McP is secondary — assuming limited costs.

this approach might require the HCFs to be kept in a straight position, as tighter bends
might not allow the optical forces to counteract the possible centrifugal forces present.

Localized sensing applications

Finally, it is possible to take advantage of the particles during their guidance inside
the HCF. For this approach, maintaining a stable trapping along significant distances
is crucial. As the most recent reports demonstrated a remarkably low attenuation of
0.174 dB/km [36], conserving significant portion of the optical power over km-scales is
possible. The guidance of particles with special properties (e.g. radio-luminescence)
presents a unique opportunity to develop a long-haul sensing instrument [39] — Figure
5.4 c) schematically illustrates this scenario. This utilization is arguable considered to
be the main driving force behind further studies presented here.

5.2.5 Experimental layout

Based on the considerations discussed so far in the Section, the final layout of the
experimental setup is shown in Figure 5.5. The arrangement is a slightly altered version
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Figure 5.5: Schematic layout of the particle propulsion experimental setup
| Similarly to the experimental setups introduced earlier, a layout based on a free space
coupling approach has been realized. A pair of lenses (C and F for collimating and
focusing, respectively) are used to manipulate the nebuilzed microparticles through
the fibre-under-test (FUT). The transmitted power level is constantly monitored by a
power meter (PM) measuring the transmitted light. The laser source is a low power laser
diode, with central wavelength of 1064 nm. The microparticles are initially deposited by
a nebulizer into a buffer chamber (BuffCh), where the higher speed McPs are passively
filtered out via the air convention. Then, the remaining McPs, which have appropriate
velocities fall into the deposition chamber (DepCh), where the focused beam can trap
and couple them into the FUT. The input fibre tip, the entire length of the fibre
used, and the output tip are all monitored using CMOS cameras, labelled as DepCam,
FibCam and Exit cam, respectively. Finally, the delivered McP can be captured by a
target, that can be placed right after the output interface of the FUT. More details are

provided in the text.

of the one used for the low power coupling experiments (Figure 3.1).

Choice of nebulizer

In general, 2 nebulizers have been considered: a) Omron MicroAIR U100, and b) PariBoy
Classic. After initial tests employing both instruments, the latter has been chosen as
the preferred apparatus. There has been 2 main reasons for this decision; Firstly, the
Omron nebulizer houses a vibrating element and a metal alloy mesh of fine holes. The
supplier does not provide exact specifications, but inspections under microscope suggest
hole diameters of ~50 µm. For practical reasons related to the clogging of the mesh,
working with this device has been problematic. On the other hand, the PariBoy does
not have such a fine-mesh, but it is a compressor based nebulizer instead. Furthermore,
as connection tubing is also provided for the latter, the generated droplet cloud can be
more easily directed.

It is also worth noting here, that when a nebulizer is generating the cloud of droplets,
it is practical to do so in short bursts. This is beneficial for 2 reasons. Firstly, if a less
expensive equipment is employed, the nebulization rate (deposited volume over time,
usually <1 mL/min) is usually fixed, which translates to a constant average droplet
velocity. Typical flow rates usually produce relatively high speed droplets that can
be difficult to capture with lower stiffness traps. This can be overcome by using a
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more sophisticated (and expensive) nebulizer which has the capability to adjust its
nebulization rate. Secondly, a continuous flow of droplets can also degrade the beam
quality — and in turn the coupling efficiency. The droplets which are not trapped by the
beam can induce interference patterns in the field. In an ideal case, only a very limited
amount of particles, with the lowest possible velocities should be present in the particle
capturing chamber during experiments. The former concern regarding the speed of the
particles is addressed by employing an assembly of chambers that can separate and slow
down suitable particles, and will be discussed in the following.

Particle deposition chamber

The output of the PariBoy is connected to a buffer chamber, which is sealed on all sides,
apart from 2 openings: one on the side for the nebulizer mouthpiece, and one on the
bottom, which is directed towards the focused laser beam — as illustrated in Figure 5.5.
The main purpose of the buffer chamber is to provide an initial selection process. The
droplets with higher speeds will simply hit and attach to the opposite wall. Based on the
works of Caviezel et al. [166], and Bolledulla et al. [167], assuming relevant quantities
present in the system (e.g. Reynolds number, Weber number, etc.), the droplets will
adhere to the surfaces, and are not expected to bounce back from them. Thanks to
this, they will not lead to any undesirable interference pattern in the beam distribution
either. Furthermore, because of their speeds, it would not be possible to stably trap
these droplets with the used laser diode nonetheless.

After the droplets of lower speeds have been separated, they are expected to begin
free-falling towards the focal point of the laser beam. They very rapidly reach their
terminal velocities of <15 mm/s, that can be estimated by equating the gravitational
force with the viscous drag. Combining Equations 2.27 and 2.29 showing a direct,
squared dependence of the velocity on their exact diameter of the droplets, as they
leave the buffer chamber via the opening on its bottom. The droplets fall through a
straight metal tube, which also enables the evaporation of the surrounding liquid. The
advantage of this section is twofold: Firstly, the reduced size would further slow down the
droplets. Secondly, by thinning the surrounding outer droplet shell less unwanted effects
can interfere with the experiments. Ideally, the aqueous medium should fully evaporate,
ensuring that only the McPs are entering the beam path. Observations show, however,
that some liquid droplets can remain and be captured by the beam.

Ultimately, the surviving particles and droplets arrive at a 3D-printed nozzle. As dis-
cussed by McGloin et al. [158] and subsequently, by Summers et al. [159], "The design
[of the nozzle] can be quite critical with slight alterations significantly altering the flow
behaviour". The final nozzle fabricated in house is depicted on Figure 5.6 a) including
the dimension, and is in essence a scaled version of what is presented in the article
cited above. The assembly depicted schematically here is mounted on top of a 3-axis
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Figure 5.6: Influential parts of the final particle guidance setup | a) Specifica-
tions of the used, 3D printed nozzle connecting the buffer chamber with the deposition
chamber. As mentioned in the text, the exact dimensions are critical for optimal McP
deposition and trapping. b) Displays a photo of a trapped and guided McP, as it is
being propelled along the length of the fibre, as seen through a conventional IR viewer
scope. c) Schematic illustration of the droplet gating section, highlighting the interme-
diate section of the fibre, which is stripped from its coating. This enables to influence

the mechanical properties of the core of the HCF more directly.

ThorLabs MicroBlock Stage (MBT616D/M). This enables the precise positioning of the
nozzle, allowing the cloud of particles to enter the focused beam at the desired region.

It is worth noting that, unfortunately, no discussion regarding an ideal nozzle structure
were provided by either [158] or [159]. Nevertheless, as later results will show, our
3D-printed model performed suitably. Because of that neither did I conduct a proper
characterisation on the impact of the nozzle parameters (e.g. sharp angles, final output
diameter), as optimization of this part of the setup was not essential. Still, such a study
would certainly be beneficial for future works.

Finally, the droplets and particles leaving the nozzle enter the beam path and — because
of the stochastic nature of deposition — a number of them are trapped and coupled into
the FUT. Figure 5.6 b) shows a typical image of a scattering source — that can be either
a droplet or a McP — highlighted by the red arrow, being propagated inside the HCF
as seen by an InfraRed viewer. Unfortunately, however, it is not possible to determine
if the artifact visible consist of a single free McP, multiple McPs, McP(s) with a liquid
shell, or an empty liquid droplet without any McPs inside it, by such a photo on its own.

Droplet gating during delivery

As stated the previously, it is still possible for a pure liquid droplet of the suspension to
be coupled into the hollow-core delivery fibre. In an attempt to filter out such events,
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when longer (lFUT>1 m) HCF pieces have been used, another gating mechanism has
been proposed and implemented. In this case, the fibre has been stripped of its coating
for a short segment (~5 cm), after a longer initial section (~30 cm), which is left intact
— as depicted on Figure 5.6 c). While such an alteration will not have a significant
impact the fundamental core mode, it enables a better control of the physical properties
of this uncoated length. As the trapped scattering source is coupled and propelled inside
the HCF, it ultimately passes this stripped section, which acts as another method for
filtering. The influence of applying such practice (droplet gating - DG) will be discussed
later in Section 5.4.

Particle delivery checkpoints

Lastly, when longer lengths of fibre pieces have been examined (lFUT>1 m), multiple
locations were labelled along the length of the FUT. During the measurements these
positions act as checkpoints for the particle that is being propagated. Knowledge of
the distances between these points enables the estimation of travelling speed, by simply
recording a timestamp of the particle passing the set checkpoints. Note that such la-
belling on the fibre should be minimally interfering, as it has been shown by Schmidt et
al. that an absorbing marking can have a significant impact on the propelled particle —
ultimately it can also halt the delivery [168]. This is explained by the absorption induced
gas dynamics inside the HCF. Quantified measurements of the achieved particle speeds
will be reported in a later Section.

Now that the experimental setup has been introduced and discussed in detail, it is
important to review the available particles that will be used during the study.

5.3 Microparticles

In this Section, the relevant micron-sized materials that have been involved during the
experiments will be discussed.

First of all, the McPs of choice will be justified. There are several factors that have
been considered. Arguably, the material of the McP is one of the most fundamental
properties. An inert, inexpensive option is preferred for the initial experiments. Fur-
thermore, having a low density material is advantageous, since for the same volume, a
lower gravitational force will be acting on the McP. This would allow lower optical power
levels to be employed, while still maintaining stable optical trapping. Similarly, higher
damage thresholds would enable longer exposure to the light source before evaporating
the particle, which in turn would translate to longer possible delivery lengths.

Regarding the size of the particle, having a precisely specified dimension with mini-
mal variance is beneficial, as it would enable measurements with better repeatability.
Similarly, in order to compare the results more reliably with theoretical models, simple
spherical shapes are preferred opposed to more complex shapes, e.g. more elongated,
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rod-like structures. Finally, in order to ensure that a more simplified discussion using
the ray optics approximation is valid, that the size parameter (defined by Equation 2.24)
should satisfy the relation ξ ≫ 1, promoting larger McPs.

As discussed in the Section 2.7 the first obvious constraint is imposed by the fibre core,
as an upper limit for the particle size. Figure 2.9 also showed that larger relative particle
sizes allows a larger fraction of the beam to interact with the McPs following the trend
of an error function. In general, only up to 60 % of the optical power can be practically
utilized, as oversized particles could "clog" the fibre. Such an event would require the
contaminated section to be removed, as it will not be possible to transport particles over
the obstruction. This can be both inconvenient and undesirable, depending on the exact
location of the accident, especially if significant lengths of fibre pieces are utilized.

5.3.1 Polystyrene microparticles

Based on the points discussed in the previous Subsection, microparticles made out of
polystyrene (PS) was chosen for the initial experiments. This material satisfies all the
prior requirements of an ideal candidate. Merck Sigma-Aldricht has a huge range of
available latex beads made of PS with <2 % size variation. I have selected the option of
PS particles with dptcl = 10 µm diameter. This size ensures that the maximum fraction
of the optical power can be utilized, while also allowing some space inside the core of
the HCF such that some degree of instability of the coupled beam would not result in
breaking the optical trapping of the McP inside the fibre, causing it to stick to the inner
surface of the core.

On the other hand, these McPs are also provided in the form of a suspension. This
aligns well with the choice of using a nebulizer to provide airborne McPs for the optical
trapping experiments. However, it is also important to mention that the PS-McPs are
subject to degradation, when illuminated by laser light over time [107]. This would
limit the length over which it is possible to propel such particles without considerably
damaging them.

Lastly, it must be mentioned, that the potential impact of micron and sub-micron sized
(inert) particles on the human health is still not understood well-enough. Continuous
research effort is focused on studying the effect of microplastic particles, as increasing
international interest is shown, recognizing its potential threat on the environment, and
by extension to humans. At present it is agreed to be at worst have minimal influence.
This is important to consider, as one of the most common material of microplastics
is indeed polystyrene [169] — which were used extensively in the experiments to be
discussed in the following Sections. Considering the point above, all the experiments
described in this Chapter had been conducted with appropriate personal protective
equipment (PPE).
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5.3.2 Liquid droplets

As mentioned previously in Subsection 5.3.1, the PS-McPs are provided as a liquid
suspension. Because of this, another important component that must be discussed here
is the liquid environment itself. There are 2 main constituents that has to be considered.
Firstly, there is the is the original solvent: de-ionized (DI) water. On the other hand,
isopropyl alcohol (IPA) has been used to dilute the suspension to a desired concentration.
The decision of using IPA over DI-water has been made because of the more favourable
evaporation properties of the IPA. In the following, these 2 materials will be discussed.

De-ionized water

Originally, the McPs are already prepared with the de-ionized (DI) water as the solvent
of the suspension. Since the nebulization process is expected to generate a number of
empty, particle-less droplets as well, the interaction between the laser beam and the
DI-water droplets is also anticipated. Unfortunately, the most undesirable property of
the DI-water, is that it evaporates relatively slowly. This also enables the possibility
of previously separated airborne water droplets to merge, combining both their solvent
volume and particle content. Such an event is unwanted, as it can both push the size of
the droplet above the limit set by the core diameter of the HCF, and can also lead to a
cascade of similar events, as the larger droplet has a higher chance to merge yet again
with other droplets as well. As the main objective is to examine the dynamics of the
delivery of independent PS McPs by the laser light through the HCFs, another liquid
with better vaporization was also used, and will be introduced next.

Isopropyl alcohol

One of the main benefits of using IPA as the solvent of the suspension is that it evaporates
significantly faster than the DI-water. This is a preferable trait as it will ultimately lead
to less unwanted phenomena related to solvents, most importantly to DI-water. Consid-
ering the case of IPA, droplets have enough free-space travel that the surrounding shell
is able to evaporate faster than its DI-water counterpart. Control of relative humidity,
temperature and air flow can play a significant role, as mentioned earlier [162].

In conclusion, Table 5.2 summarizes the most relevant parameters of the materials dis-
cussed in this Section. The table also puts the 2 solvents into contrast. Firstly, their
index of refraction at the important wavelength of λLD, 0 = 1064 nm is comparable. This
suggest that the related optical forces acting on both of them would be consequently
similar. On the other hand, their mechanical properties are clearly different. Not only
does the IPA have a lower density, but also a lower enthalpy of vaporization. Both
of these characteristics are favourable, as the former lessens the impact of gravitation
forces, while the latter enables faster evaporation of the liquid.
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Table 5.2: Summary table of the main materials present during the particle deposition
experiments

Parameter Polystyrene De-ionized
water

Isopropyl
alcohol

Index of refraction at
1064 nm (n) [−] 1.572 1.324 1.376

Density (ρ) [kg/m3] 1050 997 786
Enthalpy of vaporization
(∆Hvap) [J/g] N/A 2257 732.2

Particle radius (rptcl) [µm] 5 < dcore < dcore

Figure 5.7: Relevant forces acting on different nebulized materials | Calcu-
lated values of the optical scattering force (Fsctr) propelling the trapped McP along the
length of the fibre, as well as the gravitational force (Fgrav) acting on it, as a function
of the droplet radius, plotted with dotted and solid curves, respectively. The materials
considered are isopropyl alcohol (IPA), de-ionized water (DI-water) and polystyrene
(PS), with blue, red and gold colours, respectively. It can be seen that up to a radius of
~10 µm, droplets of any material composition is expected to be levitated against grav-
ity. Dashed black line indicates the upper size bound set by the core diameter of the
fibre. The calculations assume a total average input power of 100 mW, and a focused

beamwaist of 15 µm.

Lastly, Figure 5.7 illustrates how the more relevant optical and gravitational forces
(according to Equations 2.26 and 2.27) act on the materials considered in this Section. It
can be seen that the absolute value of the respective forces are similar for all 3 materials.
Because of that, almost identical behaviour is anticipated from any scattering sources
that will be observed, regardless of their material composition.
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5.4 Experimental results

5.4.1 Initial experiments

To begin with, the efficiency of the nebulizining process has been examined. For the
initial experiments, an extremely short (~10 cm) piece of NANF-2 has been used. The
main objective of these studies were to demonstrate the deposition, trapping and cou-
pling of McPs.

Nebulization of empty DI-water droplets

First of all, the PariBoy nebulizer is loaded with pure DI-water without any McPs. The
output of the mouthpiece is placed at the input of the buffer chamber, while the assembly
is aligned such that the nozzle output is ~1 mm away from the input tip of the FUT
— in front of and above it, as it is depicted in Figure 5.6. This alignment procedure
is conducted with the aid of the input monitoring camera. During the nebulization
procedure, a typical scattering pattern, similar to that shown the left hand side of Figure
5.8 a) was visible. However, note that this photo was taken when another liquid was
examined — which will be discussed in the next paragraph. Nevertheless, the observed
scattering was practically identical, independent on the material. While it was clearly
visible, that airborne droplets have passed through the beam path, no DI-water droplets
were witnessed to be coupled into the FUT. On the one hand, this demonstrated that
depositing the cloud of droplets at a well defined position is practically achievable. On
the other hand, the impact of a relatively long deposition chamber assembly, and the slow
evaporation of the water have to be considered. It is assumed that the combination of
these 2 phenomena leads to the originally smaller droplets being merged into significantly
larger ones, which are now too oversized (both in diameter and weight) to be trapped
by the relatively weak trap.

Guidance of empty IPA droplets

On the other hand, as mentioned earlier in Section 5.3, IPA has a more desirable en-
thalpy of vaporization. Loading the PariBoy nebulizer this time with pure IPA results
in somewhat different observations. Because of the quicker vaporization, the environ-
mental conditions outside the fibre play a crucial role on the dynamics of the droplets.
Unexpectedly the produced cloud of droplets disappears significantly faster — something
that can be seen by the naked eye as well. For this reason, a longer deposition time
was also necessary before any scattering was observable. This is suspected to be caused
by the increased partial vapor pressure introduced by the evaporation of those droplets
generated at the beginning of the deposition. As the concentration of the IPA vapor
pressure reaches the level of saturation, the most recently produced droplets evaporate
at a reduced rate, enabling them to reach the laser beam. Figure 5.8 a) shows that these
droplets are also small enough that (assuming they enter the laser beam) they can be
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Figure 5.8: Still photos of the laser-microparticle interactions | For all pic-
tures, the laser light propagates from left to right. a) The deposited fine mist of IPA
droplets are incident into the focused laser beam. In front of the fibre tip, scattering
from a number of droplets is visible. A single droplet coupled into the NANF can
be also seen on the right hand side. Note that the elongated scattering is caused by
the ~10 m sec exposure time of the capturing detector. b) A typical scattering image
recorded at a stripped section of the fibre under ~40-times magnification. The red
dashed lines indicate the outer diameter of the un-coated fibre segment. The inset
highlights the propelled PS-McP at even larger magnification. The horizontal darker
lines are suspected to be induced by the refraction of the scattered light at the glass
membranes building up the cladding structure of the NANF. A dark background cap-
ture is shown for better visibility. c) False coloured sequence of an observed particle
propagating through the same section after post-processing the images. Similarly, the
red dashed lines indicate the outer diameter of the stripped section. The images are

recorded at 20 Hz frame rate.

coupled into the NANF. Furthermore, they are preserved while being propagated inside
the FUT, and exit the fibre piece at the output end. In contrast to using DI-water, it
has been proved that IPA droplets can be captured and delivered through NANFs. For
this reason, it has been decided that IPA is the preferred choice of main solvent for the
suspension to be used for McP deposition.

Coupling of polystyrene microparticles

The final experiment using the ~10 cm piece of NANF-2 as the delivery fibre also in-
cluded an IPA based PS-McPs suspension being loaded into the nebulizer. The originally
provided mixture had a concentration of 10 %, with DI-water as the solvent. A small
amount of this mixture has been diluted with IPA to c ≈ 0.67 % before pre-conditioning
it in an ultrasonic bath for ~15 min. This new concentration has been calculated based
on the dMMAD ≈ 3.8 µm mass median average diameter (MMAD) of droplets produced
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Figure 5.9: Photos the microscope slide before and after the particle de-
livery experiments | a) Reference photo before, and b) after particle guidance have
been observed through a relatively short 10 cm piece of NANF. A 10x magnification
microscope objective has been used, allowing to cover a larger area of inspection. On
part b), the deposited particles are highlighted with squares, with the inset showing
one of them further magnified (~40x). The highly scattering region on the left hand
side of both images is a piece of Kapton-tape, that has been used to mark the glass
slide and the area of interest for the experiments, with the bottom and right lines are

the edges of the microscope cover slide used as a target.

by the PariBoy device (as provided by its specification), such that most of the gener-
ated droplets are expected to contain 1 single McP. The diluting has been done using
Eppendorf Research plus mechanical pipettes.

During this set of experiments, similar scattering patterns as what is shown on Figure
5.8 a) were also observed. Furthermore, parts b) and c) also display a still picture and
a sequence of photographs of the trapped and propagated McP, as it could be seen by
using a microscope objective, respectively. However, just by examining these scattering
patterns of such basic still images, the size, material constituent or McP content of the
droplets cannot be determined. For this reason, in this scenario, a commercially available
precision cover glass with thickness of 170 µm supplied by ThorLabs (CG15KH) were
also placed immediately after the output of the short fibre piece. A smaller area of
X-by-Y mm’s were surrounded with markers on the cover glass slide for inspection. It
has been recorded before and after conducting the experiments, as shown on Figure
5.9 a) and b) respectively. It can be seen that there is a clear indication of a handful
of particles being deposited onto the cover glass, with their sizes matching well with
the expected diameter of 10 µm. Note that a considerably larger number of scattering
sources were observed to be propagated during the experiment. However, it is assumed
that most of these were indeed droplets of IPA or DI-water — that remained from the
original suspension before dilution.

5.4.2 Delivery of PS microparticles

After it was confirmed by the initial experiments, that McPs have been transported
through a short piece of NANF-2, the scalability of delivery length has been explored.
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Figure 5.10: Naming convention for the 2 m single-loop fibre experiments
| The schematic illustration labels the important segments of the single-loop particle
propulsion experiments. As the light is coupled into the fibre from the left, it first
passes the droplet gating section (DG). Then the particle is guided along the length of
the fibre first going through the sections labelled ’Up’, ’Arc’, ’Down’, and finally ’Out’.
Lastly, it passes through another intermediate stripped section that is monitored with a
CMOS camera, before leaving the FUT. The red dots mark the checkpoints (detailed in
the text), at which positions timestamps of the propagated particles are being recorded.
Note that the sections ’Up’ and ’Down’ are practically fixed to be vertical during the
measurements, while ’Arc’, and ’Out’ consists of curves and more horizontal segments.

In this step, a slightly longer length of ~2 m from the same fibre has been used. In
order to keep the system compact one loop (with dbend ≈ 30 cm) of the NANF has been
introduced between the input and the output facets. As it will be shown, this also had the
added benefit of conducting measurements similar to those done by Schmidt et al. [170]
previously. The ingenuity of their work takes advantage of the bending introduced to the
fibre. By arranging the loop such that the plane it defines is either laid flat horizontally,
or fixed vertically, a particle being propagated along its length would experience guidance
in all spatial directions. This could demonstrate the capability of delivering McPs along
any trajectory determined by the fibre, essentially confirming total 3D maneuverability.

During the measurements to be discussed in this Subsection, all the previously set pa-
rameters (PLD = 100 mW, cdil = 0.67 %) has been kept the same. Additionally, the
previously mentioned droplet gating has been implemented, and delivery checkpoints
have been established, since the longer length made these improvements practically
feasible. Figure 5.10 illustrates the final experimental layout schematically, with the
appropriate naming conventions, as they will be used in the following. Note that a
secondary stripped section (labelled ’B’) has been also introduced. However, the only
purpose of this alteration is to enable a better imaging of the guided scattering source
as it approaches the end of the NANF.

118



Chapter 5. Particle guidance inside hollow core fibres

Horizontal loop

Conducting experimenters when the fibre piece was placed horizontally granted many
valuable insights. First of all, the impact of the droplet gating concept has been rec-
ognized. Without introducing any additional disturbance to the stripped section (e.g.
external heating), during the experiments it was apparent that the DG had an influence
on the guidance of the droplets. As the scattering sources entered the uncoated segment
of the fibre, in most cases, the reflected light from the laser beam quickly disappeared.
It has been considered that there could be 2 possible explanation for this behaviour;
either a particle falls out of the trap, or a droplet is evaporated inside the core. Since
the transmitted power is constantly monitored, the latter explanation seems to be more
plausible. Even after witnessing 10’s of such terminations of the scattering, the transmis-
sion efficiency has not degraded. As the phenomenon of clogging induced transmission
reduction has been observed numerous times during the experiments, the evaporation
of droplets is strongly suggested to be the proper explanation. Furthermore, it has been
observed that applying any external heating (e.g. an arc-lighter) would also destroy the
coupled PS-McPs, and such, any additional alteration apart from the stripping of the
coating has not been applied.

After further examination of those scattering sources that did pass the droplet gate
(~5 % of all coupled droplets), the extended length of the FUT allowed the observation
of other unusual phenomena. As a consequence of the nebulizer providing a distribution
of droplet sizes (and similarly McP content), scattering sources of different travelling
speeds were witnessed. As a faster droplet approaches a slower one, 2 outcomes are
usually observed. It is possible, that they merge together and continue to propagate with
a slightly faster speed because of the increased volume, and therefore better interaction
between the optical field and the droplet. On the other hand, it has been also observed,
that in some cases, the 2 droplets do not collide, but the faster one overtakes the slower
one. It has been speculated that this would require the droplets to be guided along
non-overlapping trajectories through the HCF. However, in order to obtain a better
understanding of this phenomenon, a more rigorous study is necessary.

Additionally, the resilience of the particle guidance have been also tested. It can be
appreciated, that introducing minor disturbance (e.g. touching) to the FUT does not
impact the trapping and continuous delivery of the particle. Nonetheless, major turbu-
lence (e.g. squeezing or shaking the fibre) can cause the droplet to fall out of the trap.
Furthermore, blocking the laser beam momentarily usually does not result in a loss of
guidance, since the particle can be re-captured, if the optical forces are re-introduced
quickly enough. Practically, dropping the particle required the laser source to be ob-
structed for >1 s.

Since the particles travelled only in the horizontal plane, all relevant forces are expected
to maintain their relative direction compared to each other. Considering the drag as a
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Table 5.3: Summary table for the distances between the checkpoints set along the
length of the vertically positioned ~2 m long NANF-2 piece used for the particle guid-

ance experiments.

Definition Label Distance from
previous checkpoint

Beginning of upwards section Up-1 N/A
End of upwards section Up-2 67 mm
Beginning of downwards
section Down-1 780 mm

End of downwards section Down-2 69 mm
Output of the test fibre Out 456 mm

balancing and limiting force, this leads to a constant speed of propulsion of the guided
particles along the length of the fibre. According to the measurements, the calculated
values ranged between 1.39 to 6.98 mm/s. The considerable variance is attributed to the
slightly different droplet sizes, and multiple scattering sources simultaneously present in-
side the FUT. The latter point will be discussed in more detail later in this Subsection.
Assuming a very simplistic model, an expected particle speed of vmodel ≈ 8.3 mm/s is
predicted, indicating a reasonable agreement with the measurements, within its limi-
tations. Lastly, similarly to the original observation introduced in Section 5.1, when a
droplet or particle has been trapped, coupled and propelled along the HCF, the trans-
mitted power showed a temporary drop (between 1 to 3 %), which is restored, after the
droplet or particle has left the FUT. Note that the increase percentage value compared
to that case can be originated from many factors — e.g. the different material or size
of the droplet/particle that is being propagated.

Vertical loop

Considering now the case when the fibre loop is positioned vertically, the gravitational
force can be parallel with the optical axis at different segments along the FUT — and
consequently, with the optical scattering force. Since the direction can be either the
same or the opposite, the amplitude of the resulting net force acting on the particle
depends on its location along the length of the FUT. Table 5.3 summarizes the relevant
distances between the set checkpoints along the length other FUT. Accordingly, Figure
5.11 shows the calculated speed of the scattering sources based on their travel time
between the checkpoints. The presented results can be categorized into several groups.

The monitored scattering sources labelled P-01, P-02, P-03, and M-04 can be grouped
together by their shared feature of showing a greater speed when they are travelling
downwards, as opposed to upwards. This is an intuitively expected property based on
how gravity increases or decreases the velocity of the guided particle, respectively. On the
other hand, M-04 can be further separated from the rest of this group, as average speed is

120



Chapter 5. Particle guidance inside hollow core fibres

P-01 P-02 P-03 M-04 D-05 D-06 D-07 D-08
0

1

2

3

4

5

6

7

8

9

10

D
ro

p
le

t 
s
p

e
e

d
 [

m
m

/s
]

Up Arc

Down Out

P-01 P-02 P-03
1.1

1.2

1.3

1.4

1.5

Figure 5.11: Bar plot of calculated particle speeds | Labels ’P’ refer to suspected
particles, ’M’ denotes droplets containing multiple particles, while ’D’ stands for obser-
vations when the beam has been disrupted by other scattering sources simultaneously
present inside the NANF. The inset highlights the speed differences measured for the
slowest droplets observed. Notice how the ’Upwards’ particle speeds are lower than
their ’Downwards’ counterparts for P-01 to M-04, while the relationship is reversed
for D-05 to D-08. Note that the segments containing horizontal directions (’Arc’ and

’Out’) always show lower speeds than the prior 2.

also approximately twice of the previous 3 particles. This behavior strongly suggest that
multiple number of particles were present in that case, however, the observed scattering
was not significantly different for the two cases.

By using the Equations 2.26, 2.27 and 2.29 provided in Section 2.7, the diameter of the
observed scattering sources can be also estimated. Considering the 2 cases of equilibrium,
that is Faxl −Fgrav −Fdrag ↑ = 0, and 0 = Faxl +Fgrav −Fdrag ↓ = 0, for when the particle
is propelled upwards and downwards, respectively, assuming that the optical power is the
same, the dptcl can be approximated as a function of the ∆v = v↓ − v↑ speed difference
of the 2 steady state solutions. The previous assumption is justified by the low loss of
the NANF, which over the length of FUT used here is <0.02 %. In this case, the particle
diameter is given by:

dptcl =

√
9
4
η ·K
ρptcl · g

· (v↓ − v↑) . (5.1)

However, the above equation only holds true when only a single particle is present inside
the fibre, as it will be shown later.

As an attempt to verify the particle guidance, the dptcl particle diameters have been
estimated using Equation 5.1. The calculated values for P-01, P-02, P-03, and M-04
are shown in Figure 5.12. Furthermore, the other materials present the system (i.e. DI-
water and IPA) have been also considered. The calculations suggest particle diameters of
1 to 2 µm, as opposed to the expected 10 µm of PS particles. This behaviour is suspected
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Figure 5.12: Bar plot of calculated particle diameters | a) presents the calcu-
lated radii of some of the scattering sources observed, assuming K = 1 in Equation
5.1. Labels P refer to suspected particles, while M denotes droplets that are believed
to contain multiple particles. Note, that for the particle sizes considered here, the va-
lidity of the used ray optics approximation becomes problematic. b) shows the 10 µm
diameter PS-McP, after being guided through the l ≈ 10 cm short piece FUT used for
the initial measurements discussed earlier as a reference. In contrast, parts c) and d)
display captured particles after being delivered over l ≈ 2 m, clearly demonstrating the

degradation induced by the long exposure to the trapping beam.

to be related to the sensitivity of PS towards the extended exposure to a focused laser
beam, causing the McP to degrade over time [107]. The assumption is supported by the
fact that it can take between 10 to 30 min for the droplets to be transmitted through
the significantly longer FUT. Furthermore, on the right hand side insets, the ~40-times
magnified image of the transmitted McPs are displayed. These particles illustrates the
difference between the delivery over shorter (l ≈ 10 cm) and longer (l ≈ 2 m) lengths of
FUT — as they have been deposited onto the microscope cover slide glass piece placed
right after the output tip of the respective FUTs.

On the other hand, in contrast to all of the previously mentioned 4 scattering sources,
Figure 5.12 also displays the group of D05-08, for which the earlier discussed trend is
opposite: they show a greater speed when they are travelling upwards, as opposed to
downwards. Because of this, their sizes cannot be estimated by using the same equation.
Figure 5.13 shows that assuming that the same optical power (100 mW) is incident on the
same McP, the travelling speed upwards (golden curve) should never be larger than its
downwards counterpart (red curve). It can be also appreciated that even if a change in
particle size is considered, the respective curves do not cross, indicating that evaporation
alone cannot explain the phenomenon.

Assuming that the optical power is not identical at the ’Up’ and ’Down’ segments,
however, can indeed recreate a case similar to the observed phenomenon. This can be
seen more clearly on the highlighted inset by the dashed blue curve, which assumes a
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Figure 5.13: Different calculated droplet speeds as a function of droplet
radius | Considering IPA as the constituting material, the green, gold and red lines
illustrate the different cases, when the gravity is neglected, it points to the opposite
(upwards propagation) or same (downwards propagation) direction compared to the
optical force, respectively. It can be seen that assuming the same 100 mW incident
optical power the red curve is always above the gold one. However, even a relatively
small (~2 %) drop in power can result in an intersection of the two (dashed blue and
solid gold) curves, as highlighted by the inset. Assuming that every other parameters
are kept identical, this scenario corresponds to the case when another droplet is present
in front of the measured one, causing a fraction of the power to not reach the latter, as
it interacts with the former. The shaded area highlights the droplet sizes above which
the droplet could not be propagated upwards against gravity. Furthermore, the black

dashed line indicates the upper radius limit imposed by the fibre core.

minor power reduction of ~2 %. This change in optical power can be interpreted as
a result of multiple scattering sources being present inside the FUT during the same
measurement. As it has been discussed earlier, the guided particles causes the beam
distribution to be slightly disturbed after the location of the scattering source. This
results in a somewhat altered modal content of the beam, leading to a slightly increased
HOM intensities, which have higher attenuation values, and in turn the transmitted
power is reduced while the McP is inside the FUT.

Lastly, for all the scattering sources measured and presented here, it can be also seen that
they have been propagating slower, when the fibre is positioned horizontally (segments
labelled Arc and Out), as opposed to the cases when it is directed vertically (segments
Up and Down). This is suspected to be caused by the impact of gravity causing the
position of stable trapping (i.e. Fgrav = Frad) to be slightly off the optical axis. As
a result, for these segments, the incident optical power, and in turn the Faxl is also
reduced, leading to slower propulsion speeds.
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5.4.3 Peak speeds achievable

Finally, as mentioned earlier, one field where the acceleration of McPs to high velocities
could be appreciated for experiments is the analysis of the impact of colliding microme-
teorites with spacecraft [171] in a laboratory environment. This could be a desired, less
expensive alternative approach, proposed to improve the longevity of satellites. Here,
based on the data presented earlier in Subsection 5.4.2, an expected particle speed range
will be extrapolated.

In order to give an estimate of the maximum achievable vmax velocity, the scenario when
the axial optical force is balanced by the drag, that is Faxl = −Fdrag is considered.
Mathematically, inserting the Equations 2.26 and 2.29 and reordering the terms leads
to:

vmax =
1

6π · c0
· 1
η

· nptcl
rptcl

· P ·Qsum. (5.2)

As can be seen from Equation 5.2, the relevant terms to be considered are:

1st term Constant scaling factor.

2nd term Viscosity shows that vmax is inversely dependant on η. This can be reduced to
some extent by manipulating the material of the environment surrounding the
particle, e.g. decreasing the pressure of the filling gas.

3rd term Describes how vmax depends on the material properties of the McP to be accel-
erated. Qualitatively, a smaller particle would experience less drag, and a higher
index of refraction would guarantee larger optical forces — assuming that the ratio
of the particle radius rptcl and the wfoc beamwaist of the focused beam (i.e. the
dcore core diameter of the delivery fibre) is the same.

4th term P shows a linear dependence on the average power of the light source,

5th term Finally, Qsum includes all the previously discussed quality factors, e.g. Qopt or
QMFD. This unified quality factor scales the efficiency of the interaction between
the laser beam and the MCP, as discussed earlier in Subsections 2.7.1 and 2.7.3.

In the following, the example of a SiO2 McP will be considered. This is justified by the
observation made previously in Subsection 5.4.2, that is polystyrene based MCPs suffer
from the significant disadvantage of fragility. When illuminated for an extended amount
of time, McPs made out of PS are degraded and ultimately destroyed.

Figure 5.14 shows the estimated maximum achievable propulsion speeds. The calcula-
tions assumed a particle density of ϱSiO2 = 2650 kg/m3, η = 18 × 10−6 Pa · s viscosity of
ambient room environment [77], and a Qopt = 0.1 quality factor [110]. The blue and red
curves represents the scenarios, when the incident average optical power is 1 and 2 kW,
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Figure 5.14: Maximum expected propulsion speeds of SiO2 McPs | The blue
and red curves illustrates the expected delivery speeds, as a function of particle radius.
A steady state condition is assumed, such that the optical scattering force is balanced
by the drag, resulting a net force of 0. The solid lines shows the case where ideal
coupling of a Gaussian beam into a HCF with a core diameter of dcore = 30 µm is
considered. On the other hand, the dotted curves corresponds to the scenario where
the total optical power of the beam is utilized, as the focusing is such, that it matches
perfectly with the relevant particle size. Lastly, the dashed vertical lines marks the

important values of rptcl = 5 µm and rcore = 15 µm.

respectively. As expected from Equation 5.2, because of the linear dependence, the dou-
bled power results in twice as fast particle speeds. On the other hand, the dotted curves
denotes simulations, where the relative particle size is ΛMFD = 1, while for the solid
curves, the core diameter is set at dcore = 30 µm, a typical nominal value for NANFs.
The former case can be interpreted as the particle is coupled into a fibre, which has a
core diameter ~1/0.7 times the particle diameter, that is ~140 % larger — in accordance
with the predictions from [123] about achieving maximum CE. While the realization of a
fibre with such parameters is practically not feasible, the influence of the QMFD factor is
clearly visible, when compared with the more realistic solid lines. Lastly, the 2 vertical
dashed lines mark the previously mentioned important sizes of the rptcl = 5 µm particle
radius, and rcore = 15 µm fibre core radius.

Furthermore, it is important to review how McPs moving at speeds between 100 to 200 m/s
can restrict the flexibility of fibre deployment. Considering the previously discussed
particle diameter of rptcl = 5 µm, a standard spool diameter (and in turn bending di-
ameter of a fibre) of dspool = Dbend = 30 cm, and a theoretically achievable speed of
vmax = 150 m/s, the calculated centripetal force, according to

|Fcpt| =
mptcl · v2

max

rspool
. (5.3)

would be |Fcpt| ≈ 208 nN. Based on Equation 5.2, this would required an optical power of
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P ≈ 1.5 kW. According to Equation 2.26, the corresponding axial force is Faxl ≈ 254 nN.
Practically, this is usually more than 2 to 3 times the Frad force component — for strong
optical traps, using high NA objectives and correspondingly strong focusing. This is
generally not the case when HCFs are used, as these fibres have significantly acceptance
angles leading to aforementioned discrepancy between axial and radial components of
the Fopt total optical force.

The above observations strongly suggest that if a McP of such speed (vmax = 150 m/s)
would approach a section of the HCF, that has a bend diameter of Dbend = 30 cm, the
Frad force would not be sufficient to counteract the expected Fcpt centripetal force. In
order to keep the propagating particle inside the fibre spool, the relation Fcpt ≤ Frad

must hold. Otherwise, the McP in theory could pierce the fibre structure at its bend
and leave it along the tangent. Considering identical parameters, and a comparable
Frad = 100 nN, an estimated bend diameter of Dbend ≈ 145 cm is required. Practically,
this translates to the necessity of employing a straight fibre piece, if particle speeds
beyond 100 m/s are desired.

Lastly, it must be mentioned that the average velocity of such micrometeoroids is on
the scale of 10 km/s [171], approximately 2 orders of magnitude beyond what has been
estimated using the parameters of the currently available equipment. From Equation 5.2,
it can be also seen, how this gap could be reduced. First of all, the material properties
(i.e. nptcl and rptcl) are determined by the composition of the micrometeoroids, and
as such can be considered constants for the sake of this discussion. Next, the most
straight-forward step would be to increase the optical power. As shown in Chapter 4,
however, the thermal load on the coupling elements practically set an upper bound on
the maximum optical power that can be coupled into a HCF. Additionally, the QMFD

quality factor can be increased by reducing the ΛMFD relative particle size, through
the utilization of a fibre with smaller core diameter — as shown in Figures 2.9 and
5.14. Similarly, this approach is limited by the available fibre fabrication techniques
and capabilities. Lastly, the viscosity of the core material (i.e. air) can be reduced by
evacuating the fibre piece. While the realization of an experimental setup combining
these points is indeed a challenging task, it is an essential step for on-the-ground space
debris related research efforts.

5.4.4 Current limitations

As mentioned earlier, degradation of the PS-McP is suspected to be the main limiting
factor for long haul particle delivery [107]. Since this restriction is imposed by the
material itself, the only viable option is to use McPs of different constitution (e.g. SiO2).
This would enable the reliable and intact delivery over significantly longer distances. On
the other hand, the results discussed strongly suggest that the used particle diameter
of 10 µm is adequate for the NANFs used here, as the ΛMFD relative particle sizes
leads to reasonable QMFD quality factor values. Furthermore, while the nebulization
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of the suspended McPs is satisfactory, it could be potentially improved by optimizing
the depositing nozzle design. It has been also proposed that by implementing a counter
propagating airflow, both the initial speed of the droplets inside the nebulized cloud can
be reduced, as well as the evaporation of the surrounding liquid shell can be accelerated.
The former allows more particles to reach low enough velocities, such that they can be
trapped, while the latter reduces the solvent ratio of the particle cloud during deposition
[162].

Additionally, by upgrading the laser source used, a number of opportunities would be
unlocked. Smaller power fluctuations would assure more secure trapping of the particles,
and in turn more reliable guidance could be achieved. Moreover, since no internal
cooling system had been implemented for the laser diode used in these measurements,
the available average optical power was limited to ~100 mW. This, however, was not
considered a serious restraint at the time of conducting the initial measurements, because
of the already mentioned sensitivity of the PS-McPs to long exposure of high fluence
beams.

Lastly, for the sake of simplicity, and with the aim to gain initial expertise with optical
guidance of McPs, only one beam has been utilized. This also limited the manoeuvra-
bility of the McPs, as only one-directional propulsion was possible. By splitting the
original beam, and introducing a counter propagating beam that is being coupled into
the same HCF from the opposite end of the FUT, an optical force of opposite sign can
counteract the axial force of the initial beam. Then, by simply adjusting the power ratio
of the two arms, it is possible to maintain the particle at a given position along the
fibre, or even propel it in the opposite direction. Meanwhile the radial components of
the coupled beams are combined, resulting an optical trap of similar stiffness, compared
to if only one beam would be used [39, 119, 172].

Similarly, the broadband spectrum of the laser diode used here only allow optical trap-
ping based on the exchange of momentum between the McP and the photons. By
employing a source with narrow linewidth, more precise control could be enabled by
interfering the counter propagating beams such that a standing wave is achieved. This
effect, however, also depends on the relation between coherence length of the laser, and
the length of the fibre piece as well.

5.5 Conclusion

In summary, I have designed and built an experimental setup that is capable of demon-
strating the guidance of micron sized particles, for the first time utilizing an in house
fabricated NANF for such application. I have set up a particle dispenser solution that
can create a localized cloud of McPs that can be captured by the beam incident on the
delivery fibre. I have presented the capacity of the NANFs to propagate these McPs over
a reasonable distance of >1 m in virtually any spatial direction. The results discussed
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in this Chapter indicate that the realized setup will be able to take advantage of the
record-low attenuation of NANFs. As the steps to follow, with the acquired know-how,
the guidance of more durable (e.g. SiO2) McPs over record distances beyond 100 m are
achievable. Such an advancement could pave the way to the realisation of a long-distance
remote sensing device which would discussed in the following Section.

5.6 Outlook and possible applications

Further work based on the promising results of the initial experiments presented in this
Chapter has been considered. The main proposals are:

5.6.1 Long term fibre performance monitoring

One distinctly different direction of research that is worth mentioning here can be derived
from the initial observation of the optical propulsion phenomenon. Considering, that
NH4Cl has been witnessed to accumulate inside the fibre underlines the importance of
constant monitoring of the fibre characteristics over time [173]. Better understanding
of the alteration of the transmission of the fibre samples will be also beneficial for high-
power delivery applications. Similarly, gaining more insight about the process of fibre
transmission degradation can be influential for applications from telecommunications to
those requiring the adjustment of the gas composition in the hollow regions of HCFs
[74], to give some examples.

5.6.2 Optical guidance of highly evaporative liquid droplets

Another fascinating study could be the closer inspection of highly evaporative droplets.
Using IPA as a solvent was preferred, because of its quick evaporation in ambient con-
ditions as it has been discussed. On the other hand, once an evaporative equilibrium
has been reached, it was possible to trap and couple the IPA droplets into the HCF.
Furthermore, thanks to the low gas diffusivity of the fibre, it is possible to maintain this
equilibrium for practically the entire length of the fibre sample. The ability to trap and
optically manipulate materials of similar volatility could enable new opportunities of
fundamental research. This could provide insight about these liquids that has not been
possible yet because of the sensitivity of these materials towards environmental forces.

5.6.3 Short fibre sample characterisation

A similarly feasible application where the propulsion of McPs can be of great benefit
is the field fibre characterisation. Measor et al. proposed a characterization method
that is "simple, inexpensive, non-destructive, non-contaminating, and can be used for
very short sample lengths" [174]. The scattering of the delivery beam from the trapped
particle propagated inside a liquid-filled waveguide was observed. From the particle tra-
jectories along the samples, the attenuation of both single- and multi-moded waveguides
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pieces with lengths <5 mm were calculated. Results from the measurements showed
great agreement with theoretical models, demonstrating a promising step towards next
generation HCF characterisation techniques.

5.6.4 Droplet lasers

Another possible method to interact with droplets (as well as McPs) inside the HCF is
by using them as high-quality resonators. Such droplets can support stable whispering
gallery modes of the incident light by acting as resonators. Although the first micro-
droplet laser has been already introduced in 1984 [175], the challenges of localizing and
trapping such fragile droplets have been improving slowly. Nevertheless, new develop-
ments (from liquid crystal lasers to more efficient integration with microfluidic based
techniques), there seems to be encouraging prospects for further advancement of droplet
lasers [176].

5.6.5 Optical conveyor belt into high vacuum

Relatively shorter fibre pieces can be also utilized for delivering nanoparticles into envi-
ronments that are otherwise practically troublesome to access. It has been demonstrated
by Grass et al., that it is possible to delivery particles of dptcl = 387 nm diameter into
fine vacuum (~1 × 10−1 mbar), by using a HCF of l = 15 cm length [177]. The reported
1 × 104 mbar/m pressure gradient combined with a lower attenuation, slightly longer
fibre piece could allow the delivery of particles to even higher vacuum levels, thanks to
the low gas diffusion. Applications for fundamental physics, like force sensing, matter
wave interferomety, or quantum mechanics [177, 178], could greatly benefit from such
instrumentation.

5.6.6 Remote sensing

Nevertheless, the previously mentioned ideas did not take advantage of the low atten-
uation of the in-house fabricated NANFs just yet. One of the main inspiration for
establishing the research discussed in this Chapter has been proposed by Bykov et al
[39]. The main limiting factors in the previous reports have quoted the lack of con-
servation of optical power and beam distribution along the length of the HCFs as a
considerable limiting factor. The transmission efficiencies reported in earlier Chapters
clearly indicates that using the latest NANF technology, the possible delivery lengths can
be significantly increased. Furthermore, since these fibres can preserve a high-brightness
beam distribution, while also having a comparably larger core diameter to conventional
SM-HCFs, making them an ideal method for long-haul micron sized particle delivery.

Arguably one of the most attractive proposal is the optical trapping and guidance of
materials with special properties. As an example, zinc sulphide — which displays radi-
oluminescent behaviour — can be considered. With proper engineering, NANF samples
can be manufactured that have optical transmission windows both at the wavelength of
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the trapping beam, as well as around the wavelength of luminescence of the particle.
Moreover, the low attenuation enables the precise manipulation of the McP, while also
allowing the emitted luminescent signal to be detected at the output of the HCF. Local-
ization techniques, such as those based on Doppler-velocimetry [39, 75], can determine
the precise position of the particle with great resolution. It is possible to install a con-
siderable length of km-scale HCF in more dangerous or sensitive environments — e.g.
nuclear power plants or hospitals — where early detection of radiation leakage is crucial.
The practically simple replacement of possibly contaminated particles can be also done
distant from the hazardous surrounding. This further indicates the desirability of this
technique, compared to similar radiation detecting methods based on SCFs, which are
more susceptible to radiation related bleaching effects, while HCFs are far more robust
[179].

5.6.7 Coating of the inner walls of HCFs

By using a secondary laser beam to ablate the already coupled particles guided inside
the core of a HCF, novel post-treatments of optical fibres can be enabled. One of such
application of precise control of McPs inside HCFs is the opportunity to layer the in-
ternal surface of the core-cladding boundary. Romodina et al. reported the rocket-like
backward propulsion of optically trapped microparticles in HCFs [180]. As a possible
application, the authors mentioned the deposition of the material of the trapped particle
inside the fibre structure. By using a secondary fs-laser source with optimized parame-
ters, the trapped microspheres acted as micro-lenses, and the focused beam damaged the
particle, scattering their material inside the core. This allows to coat the inner structure
of HCFs, with a wide array of materials, at positions hardly accessible otherwise, far
inside the end facets. Such coatings can shift the anti-resonance transmission windows
of ARFs, and unlock the integration of wavelength filters, Bragg-grating mirrors or am-
plifiers.

5.6.8 High-speed particle launching

Lastly, as it has been briefly mentioned in Section 2.7, by coupling laser beams of kW
scale average power level, particle speeds of 100 to 200 m/s are possible for air filled
HCFs. Furthermore it has been discussed in [94] that by evacuating the core of a NANF,
the threshold above which unwanted nonlinear effects start to have significant impact
can be pushed beyond 10 kW average power. Additionally, this would also reduce the
drag acting on the trapped and guided McPs. Such studies could enable particle speeds
that could be relevant for the field of micrometeorite collisions.

The impact of micrometeoroids and orbital debris on man-made instruments has shown
to be a threat to space missions since one of the earliest studies on the topic, conducted
back in 1957 [181]. Ever since, the designing process of virtually all space equipment —
from space suits to spacecrafts — has to consider the harsh environment, that has been
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compared to sandblasting [171]. For both financial and practicality reasons, conducting
relevant important research should be feasible on ground instead in space. However,
the acceleration of micron sized particles beyond km/s levels still remains a challenging
task. By combining the exceptional power handling capabilities with the unique feature
of having a hollow core, NANFs could become a valuable asset to future research in this
field, thanks to their potential of achieving propulsion of relevant McPs at comparable
speeds.

A very simplistic case study is provided here with the intention to give an impression
of the scale of the parameter space of such an investigation. Consider a spherical silica
particle (nptcl ≈ 1.4496 at λ = 1064 nm) with particle radius of rptcl = 5 µm and
material density of ϱptcl = 2650 kg/m3. Assuming a realistic normalized force factor
of Q = 0.1, and an optical beam with P = 2 kW power, under ideal, size-matching
focusing conditions, using Equation 2.26, the corresponding total optical scattering force
is Faxl ≈ 9.66 × 10−7 N. According to Newton’s law of motion (F = m ·a), the calculated
acceleration of the McP is aptcl ≈ 6.965 × 105 m/s2, if the scattering force pushes the
McP towards the direction of propagation of the beam. In order for the particle to
reach an estimated velocity of v ≈ 10 km/s, it would only take t = 14.4 ms, assuming
linear motion at constant acceleration inside an evacuated environment (i.e. the drag is
neglected). Lastly, supposing that the optical beam distribution is maintained during
this time, a distance of ~71.79 m would be required. This finding based on a highly
simplified scenario shows, that by using a HCF of <100 m — with its core evacuated
and kept in a straight arrangement, such that the centrifugal force can be omitted — it
would be possible to simulate the impact of micro-meteorites on ground. Unquestionably,
however, there are many other other practical concerns that must be solved, before it is
possible to realize such an experiment.
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6 Conclusions and future work

In summary, my key scientific results and contributions can be compiled into 3 distinct
points, that have been discussed in much detail in the 3 main Chapters establishing my
Thesis. These are:

• I have conducted experimentally investigations leading to the demonstration of
highly efficient coupling of a quasi-single-moded, continuous mode laser beam,
with central wavelength λ0 = 1064 nm into a hollow-core fibre with a nested anti-
resonant nodeless geometry, using a free-space coupling approach. By comparing
the transmission of 2 almost identical fibre sample, that only differs in their re-
spective optical window at the important central wavelength of the laser source
used, I have experimentally verified previous theoretical expectations. My findings
show that anti-resonant hollow-core fibres operating in their 2nd optical transmis-
sion window are the preferred choice over their counterparts that operate in any
other ordered window, for applications, where the coupling efficiency is a crucial
aspect. The results can have significant contributions to fields, like the delivery of
high-brightness, high-power optical beams, as an example.

• Building on the past work of the research group, I have proposed, designed, and re-
alized experimental methods to further advance the capabilities of high-brightness,
near-infrared, high average power continuous wave laser beam delivery. By upgrad-
ing the optical components of the preceding experimental setup with ones of higher
optical quality, furthermore by employing a cladding light extraction technique, I
have presented independently the transmission of >2 kW average power through a
nested anti-resonant nodeless fibre of >10 m. This result is comparably the highest
power value for any kind of hollow-core fibre transmission at the date of submission,
and is only limited by the available equipment. Furthermore, as discussed exten-
sively in Chapter 4, such a performance goes beyond the fundamental limitations
of solid-core fibre technology, that is set by optical nonlinearities. Lastly, as field
of hollow-core fibres continuously advances, the ultimate capacity of air-guiding
fibres is yet to be fully taken advantage of. The reported findings can enable more
advanced applications from those that utilize material processing, such as subsur-
face drilling or the decommissioning of nuclear power plants, to new opportunities
in particle acceleration or long-path interferometry based gravitational wave de-
tection.

• I have designed and installed an experimental layout, that can reliably demonstrate
the optical trapping and delivery of micron sized particles through in-house drawn
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nested anti-resonant nodeless fibres. While the phenomenon of optical guidance in
hollow-core fibre have been reported nearly 30 years ago, the required experimental
instrumentation that could be capable of presenting long-haul application of the
technique has not been realized before. I have built an experimental setup, that can
act as a foundation for future work, with the aim of demonstrating the capabilities
of hollow-core fibres as long-distance remote sensing devices.

Based on the above mentioned main pillars, several possible directions for future work
have been already proposed at the end of each experimental Chapter. Without the
intention of providing an exhaustive list, here I will summarize some of the main points,
a number of interesting next steps that could follow the studies discussed in the Thesis:

• Extending the scope of highly efficient coupling and delivery of quasi-single-moded
optical beams into hollow-core fibres, the demonstration of similarly effective guid-
ance of otherwise sensitive optical vortex beams is considered. The protection
granted by an optical fibre enables the preserved transmission of beams with such
unique properties.

• The quantified characterization of the developed cladding light extraction tech-
nique show promising applications from low-power coupling efficiency related stud-
ies to improved safety consideration of systems used for high-power material pro-
cessing procedures.

• As discussed, the experimental results presented in the previous Chapters were
limited by the available equipment. Thus, the ultimate capabilities of hollow-core
fibre technology are yet to be demonstrated. Simulations suggest that a nested
anti-resonant nodeless fibre with the parameters comparable to those used in the
Thesis are still not utilized to their fullest potential. A further 7 to 10-fold im-
provement of the power-distance product is expected considering a fibre the core
of which is filled with ambient air. Assuming that the core is evacuated instead
suggests an improvement over 2 orders of magnitude beyond what is possible with
conventional glass fibres [94]. The obvious challenge to be solved for these appli-
cations is the proper thermal management of the coupling approach used, as well
as the heating of the fibre coating.

• Furthermore, hollow-core fibres with significantly lower loss values — below the
limits set by Rayleigh scattering for silica — have been already presented [36].
Other novel geometries, implementing a double nested cladding structure are pre-
dicted to reach attenuation levels below 0.1 dB/km, and speculated to revolutionize
a number of scientific fields, from telecommunications, through sensing, to power
delivery [82].

• Throughout the Thesis, a near-Gaussian beam profile was considered to be desired.
As such, the possibility of employing few- or highly multi-moded antiresonant fibres

134



Chapter 6. Conclusions and future work

have not been explored. This field is largely unexplored, and consequently shows
promising opportunities by enabling the transmission of 10s of kW average power
levels beyond slightly reduced, but still in the range of 100 to 1000 m distances
[57]. For applications where preserving a high-brightness beam is not essential, this
approach can provide a substantial improvement and greater flexibility (through
the extended delivery length) over their solid-core counterparts.

• Arguably one of the more attractive applications of the earlier discussed proposals
is the precise control of optically manipulated particles through hollow-core fibres.
The long-haul guidance of such microparticles of different kind shows so many
promising possibilities from remote sensing to coating the inner structure of the
fibre core, that this direction of investigations will most certainly influence the
future of research efforts exploring the capabilities of employing a hollow-core
fibre based technology.

• Lastly, the complete combination of experimental Chapters could lead to the
demonstration of a highly efficient coupling of high-power optical beam, into a in-
house drawn hollow-core fibre, that can launch micron sized particles with speed
values beyond >100 m/s. As this capability proposes an unique solution to possi-
bly simulate the impact of micrometeorite collisions on the ground, it is a field of
study that is certainly worth further investigations.
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Symbols and Notations

This list summarizes the notations and symbols used in the report

Acronyms

µBL Micro bending loss

ARF Anti-resonant fibre

BDO Beam delivery optics

CE Coupling efficiency

CLE Cladding light extraction

CLS Cladding light stripper

CMT Coupled-mode theory

CRFP Carbon fibre reinforced polymers

DG Droplet gating

DNANF Double nested anti-resonant nodeless fibre

FM Fundamental mode

FUT Fibre under test

FWM Four-wave mixing

HCF Hollow-core fibre

HHG High-harmonic generaion

HOMER Higher order mode extinction ratio

HOM Higher order mode

HPD High power delivery

HPFS High-purity fused silica

LD Laser diode

LL Leakage loss (sometimes also referred to as confinement loss)
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LP Linearly polarized

MBL Macro bending loss

McP Microparticles

MFD Mode field diameter

MMF Multi-mode fibre

MOF Microstructured optical fibre

MoR Modulus of rupture

NANF Nested anti-resonant nodeless fibre

NA Numerical aperture

NLE Non linear effects

NL Non linear

OD Optical discharge

PBGF Photonic bandgap fibre

PDP Power distance product

PnY Pitch and yaw

PoF Power over fibre

PS Polystyrene

QSM Quasi-single-moded

RSL Rayleigh scattering loss

RVF Revolver type fibre

SBS Stimulated Brillouin scattering

SCF Solid-core fibre

SMF Single-mode fibre

SPM Self-phase modulation

SRS Stimulated Raman scattering

SSL Surface scattering loss

TE Transmission efficiency

UVFS UV grade fused silica
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Constants

ε0 Electric permittivity of vacuum [ 8.854 · 10−12 F m-1 ]

c0 Speed of light in vacuum [ ~3 · 108 m s-1 ]

kB Boltzmann constant [ 1.38 · 10−23 J K-1 ]

Notations

αR/B Raman/Brillouin attenuation coefficient [ m-1 ]

αidx Attenuation [ m-1 ]

βidx Propagation constant [ µm-1 ]

χ(j) j-th order electric susceptibility tensor [ — ]

η Dynamic viscosity [ kg m-1 s-1 ]

|ψidx⟩ Arbitrary wave function [ — ]

Λ Particle to channel ratio [ — ]

λidx Wavelength [ nm ]

E Electric field vector [ V m-1 ]

Fidx Force [ pN – nN ]

H Magnetic field vector [ A m-1 ]

ωidx = 2πc
λidx

Angular frequency [ rad s-1 ]

Φidx Optical phase [ rad ]

ϕidx Angle of convergence [ rad ]

ρ Volume charge density [ C m-3 ]

θidx Angle of incidence [ rad ]

ε = εrel · ε0 Absolute electric permittivity [ C V-1 m-1 ]

εrel Relative electric permittivity [ — ]

φidx Angle of refraction [ rad ]

ϱidx Material density [ kg m-3 ]

ϑidx Angle of reflection [ rad ]

ξ Particle size parameter [ — ]

CSR/SB Spontaneous Raman/Brillouin response coefficient [ — ]
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cidx Speed of light in material (idx = 0 for vacuum) [ m s-1 ]

gR/B Small signal Raman/Brillouin gain coefficient [ m W-1 ]

I Optical intensity [ W m-2 ]

j General running index [ — ]

K Wall correction factor [ — ]

kidx = 2π
λidx

Angular wavenumber [ rad nm-1 ]

MFD Mode field diameter
(
1/e2) [ µm ]

n(NL) Nonlinear index of refraction [ — ]

nidx Refractive index [ — ]

Pidx Optical power [ mW – kW ]

rcore Fibre core radius [ µm ]

rptcl Particle radius [ µm ]

th Microstructure membrane thickness [ nm ]

w0 Beam waist [ µm ]

zR Rayleigh length [ µm ]
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