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This thesis focuses on developing power scaling architectures for solid-state and fiber lasers. The
thermally-guided fiber-rod (TGFR) laser is suggested as a novel power scalable concept. This
device lies in a domain between bulk rod lasers and traditional fiber lasers. The motivation is to
benefit from the excellent thermal management properties of fibers, whilst negating deleterious
nonlinear effects owing to the tight beam confinement and long interaction lengths that plague high
power fiber lasers. An elegant thermal guiding technique is proposed to provide mode control with
the TGFR. We derive the refractive index profile that ensues as a result of end-pumping the TGFR
with a fiber-coupled diode laser. Furthermore, we construct a model that predicts the resulting
impact on Gaussian beam propagation through the TGFR for various pump configurations. A
model describing the gain within the device is derived from the laser rate equations. These two

models allow us to predict amplifier and laser performance of the TGFR device.

We initially suggest soft glass as a host material for the TGFR, owing to the ability to dope this
material with rare-earth ions in significantly higher concentrations than silica which is the
traditional material of choice for fiber lasers, thus allowing the realisation of shorter devices. The
requirements of a soft glass host are discussed in terms of both device fabrication and laser
operation. Three potential sources are identified, including an in-house manufactured neodymium-
doped and undoped phosphate glass, a commercial neodymium-doped and undoped silicate glass,
and a neodymium-doped and undoped phosphate glass obtained through collaboration. The
fabrication of potential TGFR devices with these three sources is described. This is followed by a
laser investigation of these devices, where the issues of glass homogeneity and transmission loss
become apparent, which are largely attributed to poor glass quality and unsuitable compatibility
between the doped and undoped glasses. The neodymium-doped phosphate obtained through
collaboration performed best, with a maximum output power around 1054nm of 2.5W, with a slope

efficiency with respect to launched pump power of 28.5%. However, the poor glass quality



prevented the thermal guiding investigation, and thus the beam quality was dictated by the highly
multimode guide, resulting in a beam propagation factor of M” = 60. Additionally, although this
device had the lowest loss of the three sources, a significant loss of 5.7dB/m was measured using

the Findlay-Clay analysis.

In light of these glass quality issues, the TGFR concept was fully tested using an extra-large mode
area silica fiber. A mode guiding investigation revealed that an in-built non-uniform refractive
index profile was responsible for providing a degree of guiding, even in the absence of pumping.
This guiding was well predicted by assuming a parabolic refractive index profile and utilising the
mode guiding model. Furthermore, the thermal guiding model gave excellent agreement with
measured data across a range of launched pump powers up to 30W. The device was operated as an
amplifier for seed beams at 976nm and 1030nm, and good agreement with the gain model was
observed. At 976nm a maximum gain of 4.1dB was achieved for a 60mW seed resulting in an
output power of 155mW, and 2.2dB for a 450mW seed resulting in an output power of 750mW.
For 1030nm a maximum gain of 5.0dB was achieved for a 50mW seed resulting in an output power
of 160mW, and 3.9dB for a 1.1W seed resulting in an output power of 2.7W. Excellent beam
quality was maintained throughout amplification with M> < 1.1 at the maximum gain levels for
both 976nm and 1030nm. The concept was extended to a laser configuration at for both the 975nm
and 1030nm transition. A device operating at 1032.5nm achieving a maximum output power of
13.1W with a slope efficiency of 44% with respect to launched power and 53% with respect to
absorbed power. Excellent beam quality was achieved at maximum output power with M* < 1.1.
Additionally, a device operating at 978.5nm achieved a maximum output power of 1W with a slope
efficiency of 8% with respect to launched power. Again, excellent beam quality was achieved at
maximum output power with M* < 1.1. The slope efficiencies of both of these devices, particularly

the latter, are expected to increase with higher pump powers.

An Yb:YAG thin-slab architecture is suggested as a power scalable architecture for cylindrical
vector (CV) beams, which have promising applications within materials processing. A seed source
is constructed for operation at 1030nm, which exploits thermally-induced bi-focusing to produce a
radially polarised output beam with a maximum output power of 6.9W, with a conversion
efficiency of 41% with respect to absorbed pump power. The beam quality was measured as M* =
2.3, whilst the radial polarisation extinction ratio (RPER) was > 15dB. It was demonstrated that the
seed source could be amplified in a highly asymmetric thin-slab gain medium whilst maintaining
radial polarisation purity. The implications of the Gouy phase shift owing to astigmatic focusing
within the slab are discussed. Amplifier experiments yielded a gain of 7.5dB for a 25mW seed
input power, and 4.4dB for a 1.45W seed input power, resulting in a maximum output power of 4W.
The beam propagation factor at the maximum gain level was maintained at the lowest seed input
power at M> = 2.3, and was only slightly degraded to M* = 2.4 at the highest seed input powers.
Crucially, the RPER was maintained at >15dB for both cases.
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Introduction

Chapter 1 Introduction

Lasers are truly remarkable. These extraordinary devices have been manipulated to recreate the
tremendous pressure and temperature conditions present in the core of a star [1]. Lasers designed
with incredible accuracy are able feel ripples in the fabric of space and time, resulting from the
merger of distant black holes [2]. Operating as a source of ultrashort pulses, lasers have produced
the shortest events under our control [3], allowing the dynamics of electron interactions to be
investigated in an unprecedented manner. These are merely a few examples of the groundbreaking

developments that have stemmed from the birth of the laser.

1.1 Lasers

The exceptional attributes of directionality and spectral purity are unique to laser radiation. These
properties allow lasers to propagate over long distances as thin beams of light, occupying a narrow
wavelength band. The underlying explanation for this unique light source lies in coherence, which
ensures the oscillating electric field of the laser emission has a fixed phase relationship in space and
time. Spatial coherence across the cross-section of a laser beam is maximised for the lowest-order
fundamental propagation mode. These diffraction-limited modes can be tightly focused to
dimensions on the scale of a wavelength, and will diffract at a slower rate compared to lower
quality laser beams. High temporal coherence implies the electric fields oscillate with a fixed phase
relationship at a single location over time. Certain lasers are constrained to operate on a single
longitudinal mode, thereby achieving excellent temporal coherence since the electric field will
evolve as a pure sinusoid. In contrast, supercontinuum lasers emit radiation across a broad
spectrum, and therefore display relatively low temporal coherence. Coherence, and in particular
spatial coherence between emitted photons, demonstrates the clearest distinction between laser
light and other sources of light such as sunlight or an incandescent bulb. These incoherent sources
emit photons with a random direction and spectral phase, and therefore cannot realise the unique

properties achieved by lasers.

As with much of our modern day understanding of physics, the original seeds of the laser concept
were planted by the great mind of Albert Einstein, when in 1917 he postulated the pivotal idea of
stimulated emission [4]. Stimulated emission is essential to understanding the laser concept, and
consequently is responsible for its name: Light Amplification by Stimulated Emission of Radiation.
This concept states that a laser ion in an excited state can be stimulated by an incoming photon,
resulting in the emission of a second photon which is indistinguishable from the stimulating photon,
possessing the same directional, spectral, phase and polarisation properties. Thus the stimulated

photon is coherent with the stimulating photon. Furthermore, the presence of a population inversion
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between two energy levels can lead to coherent amplification and ultimately laser emission. This
concept was first realised in the microwave regime by Charles Townes in the mid-1950s [5]. In
1958 Arthur Schawlow and Townes developed the theory to extend the maser into the optical
regime, suggesting feedback for oscillating radiation could be provided by a Fabry-Perot resonator
[6]. The first laser device was demonstrated with a flashlamp pumped ruby rod laser in 1960 by
Theodore Maiman [7].

Today, almost sixty years after its invention, the excellent properties of lasers are essential in
numerous applications such as materials processing, which includes and is not limited to cutting,
drilling, welding, surface treatment and engraving. Lasers in the form of optical fibers are
employed to provide high capacity data transmission over long distances, contributing to the
infrastructure of the internet. The military utilises lasers for tasks such as rangefinding, target
illumination, target designation and for countermeasures. Lasers are exploited in medicine in areas
including vision correction and surgery. Exciting scientific research such as inertial confinement
fusion and gravitational wave detection make use of laser devices. Other applications include data

storage, microscopy and the entertainment industry.

Clearly, a particular laser should have properties that are well suited to its intended application. In
the years following its birth, lasing was demonstrated in a range of geometries and in a whole host
of materials including crystals, glasses, gases, semiconductors and liquids. Lasers can be operated
to produce a constant output power, known as continuous-wave (cw) operation, or they can be
pulsed via techniques including Q-switching, gain-switching and mode-locking. Thus, depending
on the application, parameters such as average power, peak power, pulse energy and repetition rate

will take precedence.

The orientation of electric field oscillation, known as the polarisation, constitutes another important
parameter of laser radiation that should be considered. Traditional polarisation states, such as linear
or circular polarisation, are often desired. However exotic cylindrical vector (CV) beams with
spatially inhomogeneous polarisation distributions are attracting growing interest, particularly
beams with radial and azimuthal polarisation states, which form an interesting subset of CV beams.
These unique beams can form doughnut-shaped intensity distributions owing to a polarisation
discontinuity at the centre, and have been shown to have promising applications with particle
trapping [8], high-resolution imaging [9], and materials processing where they have demonstrated

higher cutting and drilling efficiencies when compared to traditional polarisation states [10, 11].

1.2 Power Scaling Solid-State Lasers

Many of the discussed applications, such as those within the military and materials processing, and
a whole host of emerging applications, require lasers with high power (average and/or peak) and

excellent beam quality. The objective of this thesis is to design, demonstrate and analyse novel
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laser concepts that are capable of scaling output power. Whilst the demonstrations within this thesis
consider cw operation, it should be noted that the techniques are equally applicable to pulsed

operation.

This thesis will concentrate on power scaling techniques for solid-state lasers. Solid-state lasers
based on crystal and glass hosts doped with laser-active ions constitute the most versatile source of
laser radiation. Typically the host material is doped with rare-earth ions providing radiation in the
near-infrared region. These systems display impressive performance across a range of parameters
including good efficiency, high pulse energy, high peak power, high average power and excellent
beam quality. There is huge flexibility in the geometry of the laser medium, with solid-state lasers

broadly being divided into bulk and fiber geometries.

Bulk lasers are typically based on a bulk piece of rare-earth doped crystal or glass, with common
designs including the rod, slab and thin-disc. Generally, these devices can deliver high pulse
energies and peak powers, but are limited by deleterious thermal effects that arise as a result of
high power operation. Effects such as thermal lensing and stress-induced birefringence can act to
distort the laser beam, whilst thermally-induced fracture can result in catastrophic failure of the
device. Therefore, the design of these devices for high power operation is usually focused on
providing effective thermal management. For example, the design of the slab laser, which provides
a large cooling area in close proximity to the heated region, provides a superior power-handling
capability compared to the rod laser, however the effects of thermal lensing and stress-induced
birefringence are an issue. The thin-disc laser provides an example of a design which provides
excellent thermal management, and is a clear frontrunner for high power bulk lasers. This results
from its extreme geometry which establishes an essentially axial heat flow, allowing it to largely
bypass thermal degradation effects. Consequently, 4kW of average power has been achieved from

a single-disc laser with impressive beam quality [12].

Fiber lasers constituent another extreme, fabricated from rare-earth-doped glass into a long, thin
structure. This geometry provides a large surface area to volume ratio, allowing the fiber to display
excellent thermal management properties. The fiber laser was originally demonstrated in 1961 [13],
however it was not until 1985, with the development of a low-loss fabrication technique for silica
fibers [14], that these devices began to show their true potential as high power lasers. Today, fiber
lasers have evolved dramatically, and are fabricated with a range of materials, taking various forms
including microstructured and very large core area designs. Furthermore, fiber lasers have reached
the 10kW level with diffraction limited beam quality [15]. Unlike their bulk counterparts, the laser
modes within a fiber are guided by total internal reflection, leading to very high intensities over
long interaction lengths. This environment favours nonlinear effects which can act to shift power to

undesired spectral regions and act to destabilise laser operation. Additionally, the tight confinement
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of radiation can lead to laser-induced damage in the fiber core. Thus further power scaling in fiber
devices, and particularly the scaling of peak power, is limited by these nonlinear effects. The
energy storage, and therefore the ability to extract high pulse energies, is limited by amplified

spontaneous emission which acts to deplete the upper-state population in these high gain devices.

1.3 Thesis Overview

Following this brief introduction to the topic of interest; this thesis will begin in Chapter 2, where
we will introduce background theory relevant to laser devices. Here we will mathematically
describe essential concepts of laser operation including gain and the energy level systems required
to achieve a population inversion. We will introduce the concept of the laser resonator and discuss
performance in terms of output power. Finally, we will expand on the discussion above, explaining
the origin and effect of high power limitations, followed by a description of how different solid-

state geometries have been devised to overcome these limitations.

Chapter 3 introduces the concept of the thermally-guided fiber-rod (TGFR) laser, which forms the
major component of this thesis. The TGFR has dimensions which fill the regime between
traditional solid-state and fiber gain media. The motivation for this concept will be presented,
covering the improved thermal management properties compared to bulk devices such as rod and
slab lasers, and the improved immunity to nonlinear effects compared to fiber lasers. A unique
aspect of the TGFR is the method of laser mode control, which utilises thermally-induced lensing
to guide the mode through the device. A model will be presented which estimates the strength of
the thermally-induced lensing effect and predicts the corresponding evolution of the guided laser
mode. The chapter will conclude by introducing a model for predicting gain within the TGFR

device, which will be useful for analysing power scaling potential.

In Chapter 4 we suggest neodymium-doped soft glass as a host material for the TGFR. Soft glasses
exhibit a less defined glass network than silica; the traditional material of choice. Consequently,
these materials can be doped with rare-earth ions in significantly higher concentrations, leading to
shorter device lengths. Combining this with the physically larger transverse dimensions of the
TGFR over traditional fibers will lead to reduced deleterious nonlinearities. Furthermore, these
devices can be realised with excellent uniformity in doping concentration and refractive index,
which will be extremely important for the proposed thermally-induced guiding technique.
Therefore, in this chapter we will present the requirements of a soft glass host glass in terms of
fabrication and laser properties. The manufacture of a glass host from constituent materials will be

described, along with the fabrication of suitable devices from three different soft glass hosts.

Chapter 5 will then assess the power scaling potential of these fabricated soft glass devices. The
chapter will begin with the introduction of a tunable fiber laser, which will act as a useful tool for

measuring gain or loss in a device, and will be utilised as a probe beam for thermally-induced
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guiding experiments. The devices fabricated from the three host glasses will then be characterised
and analysed in terms of laser performance, with particular emphasis on device losses and

homogeneity.

Chapter 6 follows on from the developments of Chapter 5, and suggests an alternative host material
for the TGFR device. Here, we acquired an extra-large mode area ytterbium-doped silica fiber,
which is known to have excellent optical quality and impressive doping uniformity. The quality of
this device is such that we can perform an investigation into the thermally-induced guiding
technique. Following this, the TGFR device is investigated in an amplifier and laser configuration,

utilising the gain and thermal guiding model to predict and optimise performance.

In Chapter 7 we explore an exciting concept that follows a different novel power scaling approach.
Here we are concerned with achieving high power CV beams, predominantly for applications
within materials processing. Contrary to the conventional approach of amplifying these beams in
cylindrically symmetric gain media, we suggest amplification in a highly asymmetric ytterbium-
doped YAG thin-slab. We introduce a radially polarised seed laser required for the amplification
experiments. This simple and robust seed laser exploits thermally-induced bi-focussing for direct
generation of a radially polarised beam with excellent polarisation purity. The amplification of this
seed source in the slab architecture will be presented, along with the important implications of the
Gouy phase shift and how this effect is compensated. Further power scaling considerations will be

discussed.

Finally, Chapter 8 will conclude the results and key findings of this thesis. We will suggest future

experiments, which based on the results of this thesis, show great potential.
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Background

Chapter 2 Background

2.1 Chapter Overview

Following the motivation to achieve high power laser sources presented in section 1.1, this chapter
introduces relevant background theory concerning lasers. We begin in section 2.2 with a
microscopic view, considering light and matter interactions at the atomic level. Here we will
introduce the essential concept of gain and describe basic laser energy level structures. Section 2.3
introduces the laser resonator and describes the essential components required to achieve lasing.
The laser performance in terms of power will be presented along with a discussion on the modes of
a laser resonator. In section 2.4 we will describe some of the key limitations faced when scaling
lasers to higher output powers, whilst section 2.5 will introduce several prevalent laser geometries

that are employed for high power operation. Section 2.6 will conclude the chapter.

2.2 Interaction of Light and Matter

This introductory section is inspired by the derivation given by Koechner [1], and is intended to

provide a basic overview of the key concepts involved in laser operation at the atomic level.

2.2.1 Two-Level System

Atomic Interactions

To understand the basic operation of a laser, it is important to consider the interaction of light and
matter at the atomic scale. Here, light refers to infrared, visible and ultraviolet electromagnetic
radiation. A simple introduction to this concept can be made by representing a piece of matter by
an atomic ensemble, consisting of Ny identical atomic constituents. Each atomic system comprises
of an electron in one of two discrete energy levels, a lower energy level, £;, and a higher energy
level, E,, with degeneracy (states with the same energy) g; and g,, as depicted in fig. 2.1. For this
simplified introduction, it can be assumed that each atomic system can only be in one of its two
states at any one time. Hence, N, represents the number of atomic systems with an electron in £;
and Ny represents the total number of systems i.e. Ny = N; + N,. Since degenerate states are equally

populated, the number of systems in each degenerate state, N;, is given simply by N/g..

Electron transitions between the two energy levels are possible. A transition from the lower energy
level, E;, to the higher energy level, E,, corresponds to the absorption of a photon with energy

equal to the difference between the two levels, AE = E, — E; = hv;,, where & is Planck’s constant
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and v;, is the frequency relating to the energy gap. In contrast, a transition from E, to E;

corresponds to the emission of a photon with energy Av;,.

E, N>, g5

E, N;, g;
Figure 2.1: Simple two-level system.

In the early 20™ century, when much of modern physics was being developed, Einstein postulated
on the probability of three processes by which the atomic system can undergo a transition, namely,
absorption, spontaneous emission and stimulated emission (fig. 2.2) [2]. The first and last of these
processes are stimulated by radiation, and are consequently related to the incident radiation energy
density per unit frequency, denoted by p(v), which was described by Planck for a black body in

thermal equilibrium [3]:

gy = 8mvidv hv
N A2
exp (T

2.1)

where p(v)dv is the radiation energy density centred on frequency v within bandwidth dv, c is the

speed of light, k5 is Boltzmann’s constant and 7 is the temperature.

Absorption occurs when a photon of energy /v, is absorbed by an electron in £, thus increasing
the atomic system from £, to E; (fig. 2.2, left). The rate of change of N, due to this process can be
described by:

dN,

dt = —B1,p(V12)Nq (2.2)

where B, is the Einstein coefficient which describes the probability of an absorption event per unit

time per unit spectral energy density of the incident radiation.

Spontaneous emission is the stimulus-free decay of an electron from E, to E;, resulting in the
emission of a photon of energy Av;, (fig. 2.2, middle). Photons are emitted with random phase and
are incoherent. The upper-state lifetime, 1,;, determines the rate of decrease of N,, which is given
by:

— = _A21N2 (23)

10
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where A4, = 1/15; is the Einstein coefficient describing spontaneous emission, and represents the

probability per unit time of a decay.

Stimulated emission results when an incident photon of energy /v, initiates an electronic transition
from E, to E,, resulting in the emission of a second, indistinguishable photon (fig. 2.2, right). The
emitted photon is coherent with the stimulating photon and has an identical phase, polarisation,

energy and direction. The rate of decrease of N, due to this process is given by:

dN,

dt —B21p(V12)N; (2.4)

where B;; is the Einstein coefficient which describes the probability of an stimulated emission
event per unit time per unit spectral energy density of the incident radiation. This stimulated
emission of photons is the underlying mechanism that allows amplification of radiation and thus

laser action.

. E 'f- \‘ E f’ - \\
2 ‘\_ - 2 W ‘\-_ - “

hv;,

Figure 2.2: Absorption (left), spontaneous emission (middle) and stimulated emission (right).

Combining equations 2.2-2.4, we can describe the overall rate of change of the populations:

dN,; dN,
& T ar —B12p(v12)N; + ANz + Br1p(vi2)N; (2.5)
For an ensemble of atomic systems in thermal equilibrium, the rate of transitions from E; to E; is

equal to the rate of transitions from £, to E;, i.e. what goes up must come down. Hence the

derivatives in equation 2.5 go to zero, and one obtains the logical result:

B1,p(v12)Ny = ANy + Byip(vi2)N, (2.6)

Another property of an ensemble in thermal equilibrium is that it will obey a Boltzmann

distribution, which describes the relative electron population density according to:

N E,—E
29z, (——2 1) 2.7)

Ny Bl g1 kgT

Equation 2.7 implies that for £, > E; and T > 0, (g2/g;)N; > N,. In thermal equilibrium the lower
state always has a higher population that the upper state. Combining equation 2.5 and equation 2.7,
we can write:

11
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32
(v12) = = 23)
Pz (%) (512) exp ((22)] -1 |
92/ \B2, kT
which when compared to equation 2.1 gives the Einstein relations:
Az1 _ 8mv1,2hvy, 2.9)
B,y c3
91 2.10
By = 5312 ( )

Equation 2.10 indicates that for a non-degenerate system, the rate of absorption is equal to the rate

of stimulated emission.

Absorption/Gain

An over-simplification of this model has been to assume that the energy gap is discrete. In reality
the energy levels will be broadened by a combination of homogeneous effects, including lifetime
broadening, and inhomogeneous effects, which can result from crystal impurities. Therefore, the
transition has an associated lineshape function, g(v,vy), which is centred on v, with bandwidth Av.
This lineshape defines the fraction of each energy level which is capable of performing a transition
corresponding to photons of energy between Avs and /(v + dv). Consequently, equation 2.5 can be

rewritten accounting for the lineshape function:

dN.
_d_tl = p(vs)g(vs,vo)dv[Bi,N; — By1N,] (2.11)

Note that the term relating to spontaneous emission has been omitted from equation 2.11.

It is worth noting that the signal bandwidth is typically significantly narrower than the atomic
linewidth, dv << Av, and can thus be approximated as a monochromatic wave at frequency vs.
Equation 2.11 can be recast in terms of the rate of change of energy density and subsequently

integrated over dv to obtain the rate of absorbed energy density per unit frequency:

_dp(vy)

ar p(ve)hvg(vs,vo) [B12ny — Bainy] (2.12)

where n; represents the population density of each level. One can transform this integral to the

spatial domain using the relation: dt = dz/c, and integrate over material length dz to obtain:

p(vs) = po(vs)exp(—a(vs)z) (2.13)

where py(vy) is the incident radiation energy density per unit frequency and:

12
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a(vs) = nyo12(vs) — Ny 031 (V) (2.14)

hvs.g(vs: VO)Bij
c

0, (vs) = (2.15)
where a(vs) is the absorption/gain coefficient and oj(vs) is the transition cross-section for a

transition from E; to E;, which quantifies the probability of a stimulated transition.

Consequently, in thermal equilibrium, we have from equation 2.7: (g./g;) > ni/n;, thus from
equation 2.10 and equation 2.15 we can write n,01, > n,0,;. Therefore, the radiation energy density
per unit frequency decreases exponentially as a function of distance in the material. Hence, to
achieve an increase in radiation energy density per unit frequency, we must depart from thermal
equilibrium to achieve n,0,; > n101,, a situation known as population inversion. This would result in
a negative value for o(vs), and consequently the radiation energy density would increase
exponentially as a function of distance through the material. Providing a net gain through the

stimulated amplification of radiation is essential to laser operation.

A population inversion can be achieved by optically pumping the system to increase n,. If we
consider pumping a non-degenerate two-level system, with B;, = B,; (equation 2.10) and thus o, =
oy1 (equation 2.15), we can at most achieve a situation where n, = n;, known as transparency. At
this point, the probability of an absorption event, quantified by equation 2.2, is exactly equal to the
probability of a stimulated emission, quantified by equation 2.4. Therefore additional pump
photons will be absorbed and emitted equally and we will not be able to overcome transparency.
Furthermore, to achieve a population inversion we must increase the reality of our model and

abandon our two-level picture.

2.2.2 Three/Four-Level Systems

Real atomic systems are more complicated than this simple two-level picture. An extension of the
previous section, whilst maintaining simplicity, is the three-level system and four-level system (fig.
2.3), which can be used to describe real lasers. These systems incorporate additional states not only
with different energies, but also with different lifetimes. More specifically, the inclusion of a long-

lived, metastable, indirectly populated state allows a population inversion to be created.

Three-Level System

A true three-level system (fig. 2.3, left) comprises of a ground state and lower laser level at energy
E;, a maximum energy level at £; and an upper lasing level at £,. In thermal equilibrium all the

atomic systems are in the ground state. The system is optically pumped at a frequency v;3, where E;

13
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— E; = hvys, therefore raising electrons to £;. The majority of the excited electrons decay to £, by a
rapid, non-radiative process, with a lifetime z;,. This fast decay is possible due to the comparatively
small energy gap between E; and E,, which can be carried away as vibrational energy by phonons
into the lattice of the material. The energy gap between E; and E; is larger than the maximum
phonon energy supported by the lattice, eliminating the possibility of very rapid single-phonon
decay, leading to a long lifetime for this transition, 73;. The same reasoning can explain the long
lifetime experienced by electrons in E,, given by 7,;. Therefore, the transition between £, and E; is
radiative, and thus corresponds to the emission of a photon with energy /v,;, where E; — E; = hv,;.
A population inversion between £, and E; can now be initiated when the optical pumping intensity
is sufficient, as the pump photons no longer depopulate the upper lasing level as with the two-level
model. In this model, it is assumed that the decay between from E; to E, is extremely rapid such
that no atomic systems exist in that state, i.e. 73, << 75; and n3; = 0. Therefore the total population

density is given by ny=n; + n.

E_; n_;:O E_q ”3:0

Non-radiative Non-radiative

n,#0 n,#0

IEVL.; thj

Laser
Laser hvyy

Emission

E‘i n;= 0
v ;E Non-radiative
Ej n; :,»é 0 Eo Ny # 0

Figure 2.3: Three-level system (left), and four-level system (right).

hvs, Emission

For clarity, the radiation energy density can be written in terms of the photon density, ¢:
p(v) = hvg(v)¢ (2.16)
Combining this result, with equation 2.15, leads to an expression for the Einstein B coefficients:
Bijp(v) = coy;(vij) ¢ (2.17)
The rate of change of population density can be described utilising equation 2.5:

dn,  dny n,

FTErTE Tp — a — (ny031 — ny013)cP (2.18)

where 7p is the pump rate density, i.e. the number of excitations per unit time per unit volume. Thus
the rate of change of the populations is determined by optical pumping, spontaneous emission and
the net stimulated emission. It is worth noting that to achieve a population inversion in a true three-

level system more than half of the atomic systems have to be excited to the upper laser level.

14
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Four-Level System

The four-level system (fig. 2.3, right) differs from the three-level system in that an additional level
is incorporated below the lower lasing level. This extra level, £y, is the ground state, and is separate
from the lower laser level, £,. As before, the system is optically pumped, raising the electrons to £;
where they again undergo rapid decay into the upper laser level, E,. The lasing transition occurs
between the metastable level £, and E;. The electrons then rapidly decay from E; to Ej, in the same
manner as from Ej to E,. Therefore, since 73,, 7,9 << 75, it is assumed that a population only ever
exists in £y and E,, thus ny = ny + n,. The rate of change of population for the upper laser level can
be written as:

dn, n,

E=rp —a— NyCO31 P (2.19)
where it has been assumed that the lifetimes of non-radiative decays are effectively zero. In
contrast to a three-level system, a four-level system does not require a significant fraction of the
population to be excited in order to achieve a population inversion between level £, and E;, and

can in principle be achieved with just a single excited atomic system.

Quasi-Three-Level System

Many lasers can be categorised as quasi-three-level systems, which exist in a regime between
three-level and four-level systems. The lower laser level of a quasi-three-level system is in close
proximity to the ground state, and is therefore thermally populated according to the Boltzmann
distribution (equation 2.7). Consequently, in the absence of pumping, a quasi-three-level medium
will absorb at the signal frequency and therefore a certain degree of inversion is required to reach

transparency and subsequently to achieve gain.

As the energy gap between the ground state and the lower laser level increases, the scenario tends
to a four-level system. This is because the thermal occupancy of the lower laser level decreases,
and as a result, so does the effective absorption cross-section at the signal frequency. Effective
cross-sections allow one to describe the transition probability between the sublevels of Stark
manifolds. Furthermore, transparency is achieved for oz 4n; = og gn,, where op 4/op g 1s the
effective absorption/emission cross-section for a particular transition. Note that the cross-sections
used in the remainder of this work refer to effective cross-sections. It follows that the upper-state

population density required to reach transparency, n; 7, is defined by:

My gy = np | —LEA (2.20)
2.Tr T UE_A + O-E_E .
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23 Laser Resonator

In this section we introduce the concept of a laser resonator. Initially we briefly cover the essential
components of a laser, before discussing the necessary condition to achieve lasing and explain how
the performance of a laser can be estimated. The modes of a laser resonator are introduced and

beam evolution is discussed.

2.3.1 Laser Components
There are just three essential components required to construct a laser:

1. Laser medium: an ensemble of atomic systems which can store energy and release this
energy to the stimulating laser radiation to achieve amplification.

2. Pump: a process which can excite the atomic systems to a higher energy level.

3. Optical feedback: to confine the radiation within the resonator, ensuring that the gain

experienced by the laser radiation exceeds the losses on each round-trip.

A wide variety of approaches have been used to satisfy these three requirements. Crystals, glasses,
dyes, gases and semiconductors are examples of materials that have been employed as a laser
medium. Electric discharge and optical pumping through the use of diode lasers, flashlamps and
even solar power can excite these materials. Flat or curved mirrors, gratings or simply a cleaved
fiber end are possible ways to provide the feedback essential for laser operation. In this thesis we
confine our research to novel power-scaling techniques for diode-laser pumped solid-state
configurations. Fig. 2.4 depicts these components schematically.

R, R;

Laser Medium
Laser Output

—

Pumping Process

Figure 2.4: Essential components of a laser.

Here we have shown the pumping process in a direction perpendicular to the laser medium, known
as side-pumping. The technique can make use of low brightness sources, and can result in an even
distribution of pump radiation longitudinally, i.e. along the direction of laser beam propagation.

However, due to the high inversion and thus gain at the edge of the laser beam, higher order modes
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(section 2.3.3) can become excited and reduce beam quality. Additionally, cooling of the laser
medium is complicated by the fact that the edge of the medium must be heat-sunk whilst
simultaneously being transparent to pump radiation. An alternative approach, and the one used
throughout this PhD, is end-pumping. Here, the pump beam is launched along the axis of the laser
beam, allowing a superior overlap between the pumped region and laser mode. It should be noted
that this approach requires the use of higher brightness pump sources, which are readily available

due to the vast improvements of pump diodes in recent years.

As stated previously, this research considers solid-state laser materials. More specifically, we
explore novel configurations of rare-earth ion doped crystal and glass media. These materials
typically exhibit electronic transitions involving the 4f shell and can exist in various architectures
depending on the specific application, as discussed in section 2.5. Both bulk and fiber geometries

will be explored.

Resonator modes are discussed in more detail in section 2.3.3. The laser mode of a bulk laser is
typically confined in the resonator using specialist mirrors with dielectric coatings, which can
display different reflection properties at the pump and laser wavelength. In fig. 2.4 we have
denoted the reflectivity of each mirror at the laser wavelength by R, and R,. At least one of the
mirrors needs to be partially transmissive at the laser wavelength in order to extract a useful output
beam. These mirrors can be plane, with stability provided by intracavity lenses or a thermally-
induced lens within the laser medium, or the mirrors can be curved to control the laser mode size
within the cavity. In the case of a fiber laser, the mode is guided through total internal reflection,
and can be confined using an external arrangement of lenses and mirrors, or through butt-coupled

mirrors or fiber Bragg gratings.

2.3.2 Laser Performance

Due to the wide variety of possible laser configurations, it is not surprising that the performance
characteristics can vary considerably. Two important and useful factors to consider are the laser
threshold power and slope efficiency. The former essentially dictates the power expenditure
required to achieve lasing within the resonator, whilst the latter quantifies the relationship between
output power and pump power, which can often be expressed as a single efficiency factor assuming
a linear relationship. In this section we will present a derivation of these two factors for a four-level

laser.

In order to derive expressions for the threshold power and slope efficiencys, it is helpful to consider
equation 2.19, which describes the rate of change of population density for the upper laser level of
a four-level system. Additionally, one can write the rate of change of photons in the laser mode

within the resonator as:
17
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ddy @
W= f n2C0-21¢ dV e (221)

TC
cavity
where @7 is the total number of photons in the laser mode and 7. is the cavity lifetime, which
describes the rate of decrease of photons in the cavity due to losses such as output coupling or

unwanted losses such as absorption or scattering within the gain medium. Thus the cavity lifetime

is related to the total photon number, at time ¢, by:
t
D) = dr(t = 0)exp (— T—) (2.22)
c

The total photon number decreases over the round-trip time, Tgr, according to:

where L represents unwanted losses within the cavity, and 7R represents the transmission of the
output coupler. A simple combination of equation 2.22 and equation 2.23 results in an expression

for 7.

Zlcav

T = m (2.24)

where we have used the fact that trr = 2/.,,/c where [, is the cavity length, and assumed L, TR <<
1. Furthermore, we can define a normalised pump rate density, r,, and normalised photon density,

@o, according to:

=% (2.25)
$o = q% (2.26)

where Rr is the total pump rate. The terms in equation 2.25 and equation 2.26 can be defined as:

Ry = f r, dV (2.27)
cavity
Dp = f ¢ dv (2.28)
cavity
f o dV = f redV =1 (2.29)
cavity cavity
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Hence equation 2.19 and equation 2.21 can be rewritten for steady-state operation as:

dn, n,
E = RTrO - a - n260'21¢7~¢0 =0 (230)
d®r c(L+TR)Pr
—_— = f Tl260'21(PT¢0 dV - =0 (231)
dt 2w
cavity
Equation 2.30 can be rearranged in terms of the excited state population density:
Rr1oT21
= 2.32
"TTy €021T21Pr o (232)
which in turn can be substituted into equation 2.31:
cPhoT c(L+TR
f PoTo av = SEETR) (2.33)
14021721 P79 2leay021T21 Ry
cavity
One can relate the total pump rate to the launched pump power, Pp:
PpNapshor
Rp=—+-""%" 2.34
= (2.34)

where 77,5 1s the fraction of launched pump power that is absorbed, 7qr is the quantum efficiency
which defines the fraction of absorbed pump photons which result in an excited atomic system and
vp is the frequency of the pump radiation. Additionally, one can relate the output power, Py, to the

total photon number:

C
Py = <PrthTR( ) (2.35)
Zlcav

where v is the frequency of the signal radiation. Equation 2.34 and equation 2.35 allow us to write
equation 2.33 in a manner which relates the launched pump power to the laser output power for

arbitrary pump mode and laser mode distributions:

dv =
1+ 2Ppleay 02172190 2l cav021T21PpNapsNoE
hv, TR

$oTo (L+TR)hvp
f (2.36)

cavity

From equation 2.36 we can calculate the laser threshold and slope efficiency for specified system.
If we consider the simplified but insightful scenario where both the pump and laser mode have top-
hat intensity distributions (fig. 2.5), we can write the normalised pump rate and photon number in

terms of radial distance from beam centre, r, and longitudinal position, z:
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To(T,Z)= Zl r < Wp 0<Z<l
’ (2.37)
10(r,z) =0 Elsewhere
¢O(T,Z)=7TW2l r < wp, O<Z<l
’ (2.38)
¢o(r,z2) =0 Elsewhere

where wp/wy is the pump/laser mode radius respectively.

A 7o, $o
Laser Medium Laser Output
i r
. I.
Pumped Region Laser Mode

Figure 2.5: Laser with top-hat pump and laser intensity distribution.

The threshold power, Pp 1y, is defined by the onset of lasing, and thus at threshold Py = 0.

Furthermore, one can rearrange equation 2.36, utilising equation 2.37 and equation 2.38 to obtain:

nwZ(L + TR)hvp

2021T21NapsNQE

Ppry = w, < wp (2.39)

The slope efficiency, #;, is defined as the rate of change of laser output power with respect to
launched pump power. Thus, if we consider the scenario where we are sufficiently far above

threshold, we can rearrange equation 2.36 to obtain the ratio P,/P,:

WLSWP

_dpy ( TR )(VL> w? 5 40

Pp > PP_TH

Equation 2.39 and equation 2.40 show that a laser will operate efficiently if intracavity losses are
minimised, the pump and signal beams overlap effectively, the quantum efficiency is close to unity,
the pump power is absorbed efficiently in the laser medium and the difference in energy between
pump and signal photons is minimised. Essentially the quantum defect, 7qp, defined as the ratio of
the signal frequency and pump frequency, i.e. 7op = vi/vp, stipulates the maximum theoretical

achievable efficiency for the laser, since the other efficiency factors can approach unity with
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careful design. Intuitively, a low laser threshold is achieved with a small pumped area (i.e. high
pump intensity), by maximising the efficiency factors and minimising the intracavity losses.

Additionally, a material which exhibits a large product of ¢,,7>; will lead to a low threshold.

As previously mentioned, the above analysis is valid for a four-level laser with low intracavity
losses and a high reflectivity output coupler, and is designed to give a physical understanding of the
relevant parameters which impact two important laser performance characteristics. A quasi-three-
level laser is complicated by the fact that the lower laser level absorbs the laser radiation, and thus

an additional saturable loss term [1], L5, occurs:
L3L = 20‘12n1l (241)

This term will be incorporated in the L term in equation 2.39. Therefore, this reabsorption term will
increase the threshold pump power relative to a four-level system. Due to the saturable nature of
the reabsorption term, as the intracavity intensity increases, the reabsorption loss becomes less
significant, and thus at high intracavity intensities the slope efficiency of a quasi-three-level laser

will approach that of a four-level laser.

2.3.3 Laser Modes

The resonator depicted in fig. 2.4 is essential to laser operation since it provides the feedback
required for the round-trip gain to exceed the losses in the cavity. A resonator is designed such that
the circulating photon flux repeatedly passes through the gain medium. One can define longitudinal
and transverse modes of the resonator by considering that the electric field distribution and phase
are reproduced after each round-trip through the resonator [4]. The transverse modes of the
resonator are defined as self-reproducing electric field distributions. In a bulk resonator, the mode
size along the device can be determined by cavity mirrors, intracavity lenses and thermal lensing
effects (section 2.4.1), whereas the mode size in a fiber laser is predominantly defined by the
engineered waveguiding structure which maintains a constant transverse distribution along the
length of the device. Oscillating modes must experience a round-trip phase shift equal to an integer
multiple of 2m. Therefore, resonant modes typically oscillate on multiple longitudinal modes
separated in frequency by the free spectral range of the resonator, which is inversely proportional to
the resonator length. However, operation on a single longitudinal mode can be achieved with

careful cavity design.

One can approximate the electric field distribution of a cavity mode under the paraxial
approximation (i.e. beam divergence angles are sufficiently small) by solving the Helmholtz

equation [5]:
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(V2+ k®)E=0 (2.42)

where V* is the Laplacian operator, k is the wavenumber given by k = 2w/l where A is the
wavelength, and £ is the electric field. Solving equation 2.42 in Cartesian or cylindrical coordinates
gives rise to two different families of solutions known as Hermite-Gaussian (HG) modes and
Laguerre-Gaussian (LG) modes respectively. The transverse intensity profiles of several of the
lowest-order HG,,,, modes are shown in fig. 2.6 for reference. Note that the indices » and m indicate
the number of nodes in the x and y-direction respectively. The HG(, mode corresponds to the

fundamental mode and has a Gaussian intensity distribution characterised by:

—2r?
I(x,y) = Ipexp 2 (2.43)
where /) represents he maximum on-axis intensity, 7 is the radial distance from the beam centre,
and w is the beam radius which corresponds to the transverse position where the intensity is equal

to 1/e* (or 13.5%) of the maximum on-axis intensity.

HG,

00
Q0

HGy,
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Q00

HGy, HG,q HGyq

X

Figure 2.6: Intensity profile of several of the lowest-order HG,,;, modes.

A very important property of these Gaussian modes is that they retain their profile throughout
propagation, although the beam radius can change. For example, a beam can be focused to form a

waist, which is where the beam radius decreases to a minimum value of wy. The radius of curvature
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of the beam wavefronts, Roc, which represent transverse surfaces with constant phase, will increase
or decrease depending on the proximity to the beam waist, and is infinite at the waist itself. Under
the paraxial approximation the following equations can be used to describe the evolution of the
beam radius, and radius of curvature of the beam wavefronts for the fundamental Gaussian mode,

as a function of longitudinal position, z, where z = 0 corresponds to the position of the beam waist:

w(z) = w, ;1 + (i)z (2.44)

Roc(2) = 2 [1 + (Zf)2 ] (2.45)

_ (nnw§
7w =(— (2.46)

where zy is known as the Rayleigh range and # is the refractive index of the medium the beam is

propagating through. These equations are depicted in fig. 2.7, which shows the beam radius
evolution and wavefront radius of curvature evolution for the fundamental mode with a wavelength
of 1030nm, focused to a 100um waist. The Rayleigh range for this beam is zz = 30.5mm, which
equates to the distance from the beam waist position whereby the beam has expanded by a factor of
V2, and can therefore be thought of as the distance over which the beam does not diverge

substantially.
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Figure 2.7: Beam radius evolution (left) and wavefront radius of curvature evolution (right).

The beam radius and wavefront radius of curvature can therefore be used to describe a Gaussian
beam. These two factors can be combined and described by a single parameter known as the

complex beam parameter, ¢, given by:

1
9(2) = — 2 (2.47)
Roc(2) ~ 'nw2(z)
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The complex beam parameter can describe the propagation of a Gaussian beam through various
optical elements with the use of the ABCD matrix formalism, as will be discussed in detail in

section 3.3.2.

Whilst the objective of this work is to develop novel power scaling architectures, it is very
important to preserve high beam quality in order to be useful for applications. The beam
propagation factor, M*, can be used to quantify beam quality, with the highest beam quality being
achieved for M* = 1. Considering the HG,, modes depicted in fig. 2.6, the M? factor has a value
(2n + 1) in the x direction and (2m + 1) in the y direction. Therefore, the fundamental HGy, mode
has a beam propagation factor of M* = 1, and is thus desirable beam for numerous applications. A
beam with M* = 1 has the highest potential for tight focusing, and has the lowest divergence for a
given beam waist radius. Ultimately, this means that for a fixed output power, the brightness,
defined as power over emitting area and solid-angle divergence, will be maximised for these beams.
Lower quality beams, with correspondingly higher beam propagation factors, can be accounted for

by multiplying the wavelength in equation 2.46 and equation 2.47 by the corresponding M? factor.

24 High Power Limitations

Unfortunately, despite the precedent set by equation 2.40, one cannot increase the pump power of a
laser system and expect an indefinite linear increase of output power at the signal wavelength. As
the power deposition density and photon flux increase various deleterious effects can act to reduce
or prevent a further increase in output power. A brief overview of the more prevalent effects is
presented in this section. Note that laser design has a considerable impact on the consequences of

these various effects, as will be discussed in section 2.5.

2.4.1 Thermal Limitations

Heating within the laser medium is predominantly a result of the quantum defect. Since the pump
photons have a higher energy than the signal photons, the energy difference is carried away as
vibrational energy by phonons (section 2.2.2), resulting in a heating of the host lattice. Further
sources of heating include non-radiative decay directly from the upper laser level, excited-state
absorption, energy transfer upconversion, non-radiative sites and absorption of power due to
impurities. The associated temperature rise and particularly the temperature gradients which are
established within the gain medium can have severe implications for power scaling. Thermal
limitations are more relevant in bulk geometries such as rod and slab lasers, whilst fiber lasers

perform better due to their high surface area to volume ratio and long length.
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Thermally-Induced Lensing

The electronic structure and density of a material vary with temperature, which in turn results in a
variation of refractive index with temperature, quantified by the thermo-optic coefficient, dn/dT.
Therefore, a transverse temperature variation across a laser medium leads to a locally-varying
refractive index. Since gain media are typically periphery-cooled, the temperature is higher towards
the beam centre, creating a focusing/diverging thermal lens for a material with a positive/negative
dn/dT. For example, pumping a laser rod can lead to a spherical lens whilst a cylindrical lens can be
generated in a slab geometry. This thermally-induced lens will typically have significant
aberrations, which can act to reduce beam quality. Additionally, the focal length of the thermally-
induced lens is dependent on pump power. Therefore, varying pump power can adversely impact

laser stability and potentially prevent laser operation entirely.

Stress-Induced Effects

As previously mentioned the density of a material is dependent on temperature. Generally,
materials display a positive coefficient of thermal expansion (CTE), and therefore increase in
volume with temperature. Thus for the common case of a material which is hotter towards its
centre, the inner regions will expand to a greater extent than the outer regions. Consequently,
stresses will be established within the material, as the hotter centre is constrained by the cooler

outer region.

These stresses can impact laser beam propagation. Firstly, the difference in expansion of various
regions of the material can result in the deformation of material surfaces, resulting in lens-like
profiles forming which can focus and aberrate the laser beam. Furthermore, the induced stresses
produce strains which modify the refractive index via the photoelastic effect. As with thermally-
induced lensing, a lens-like profile can occur across the laser medium, influencing laser stability
and beam quality. The orientation of the generated strains are dictated by the laser geometry and
heat extraction process for the laser medium, and thus a polarisation dependent refractive index
profile is created which can subsequently lead to depolarisation losses. Finally, ultimate device
failure occurs if the generated stresses exceed the stress-fracture limit. Since fracture typically
occurs at the material surface, the surface quality can have a significant influence on the maximum

tolerated stress.

2.4.2 Nonlinear Limitations

As the name suggests, nonlinear effects display a nonlinear response to an intense photon flux.
These effects are utilised in numerous applications across laser physics, including supercontinuum
generation and parametric amplification. Nonlinear effects are particularly limiting for high

average and peak power fiber lasers, where the high product of intensity and propagation length
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encourages nonlinearities. This section describes several important power scaling limitations

imposed by nonlinear interactions.

Stimulated Raman Scattering

Stimulated Raman scattering (SRS) is an inelastic scattering process whereby high intensity
radiation stimulates vibrational modes in the lattice medium. This process involves the conversion
of a signal photon to an optical phonon and a lower energy Stokes shifted photon. This conversion
is stimulated by the incident radiation which produces an atomic transition between different
vibrational states. The energy of the phonon is absorbed in the host lattice contributing heat to the

gain medium.

SRS becomes a limiting factor when the signal intensity and interaction length become large, such
that the Raman gain for the Stokes photon is substantial and significant energy is shifted to this
longer wavelength. Furthermore, SRS is a limitation in fiber lasers, where the tight beam
confinement and long interaction lengths promote the effect. The Raman gain and associated
frequency shift of the process are a property of the interacting material. Amorphous materials, such
as silica, have an inherently broad Raman gain spectrum, and therefore SRS provides a limitation
to high power broadband cw lasers and reasonably modest peak power pulsed lasers [6, 7].
Eventually a threshold is reached, whereby a further increase in pump power merely results in an

increase of power at undesired wavelengths.

Stimulated Brillouin Scattering

Stimulated Brillouin scattering (SBS) is an inelastic process involving the conversion of a signal
photon into an acoustic phonon and a lower energy Stokes photon via electrostriction. The acoustic
phonon can generate a travelling periodically varying refractive index profile which acts to reflect
the signal beam. This results in a Doppler-shifted Stokes wave travelling in the opposite direction
to the signal beam. The frequency shift associated with SBS is significantly smaller than that
associated with SRS. This backward propagating power can extract gain, thereby reducing the gain

available for the signal beam.

As with SRS the fiber geometry provides conditions which can effectively generate SBS. The gain
bandwidth of SBS in silica, ~10MHz [8], is considerably narrower than SRS, ~40THz [9].
Consequently, SBS gain is considerably higher for narrowband signals, and is a major limiting
factor in high power single frequency cw fiber lasers. The onset power for both SRS and SBS can
be increased by reducing beam intensity (i.e. increasing beam area) and interaction length (i.e.

shorter devices) [7].
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Self-Focusing

Self-focusing is a consequence of the Kerr effect. The Kerr effect occurs when radiation with
sufficient intensity generates a nonlinear polarisation, which instantaneously modifies the refractive
index according to: n = ny + n,l, where n, is the nonlinear coefficient of the material and / is the
radiation intensity. A Gaussian beam has a higher intensity towards it centre, therefore a radially
varying refractive index can be established, producing a Kerr lens. This lens results in beam
focusing, assuming a positive n,. At sufficiently high intensities the laser mode can be focused to a
sufficient degree to achieve complete beam collapse and ultimately material damage. This effect
cannot be alleviated by increasing mode size, since the reduction in Kerr-lens strength is balanced
by the increased sensitivity of the larger beam to focusing. Furthermore, self-focusing imposes a
hard limit for the maximum peak power of an ultrashort pulse of approximately 4MW in silica at a

wavelength of 1um [10].

Self-phase modulation

Another consequence of the Kerr effect relevant to high peak power pulsed operation is self-phase
modulation (SPM). Here the temporal intensity profile of the pulse modifies the refractive index,
leading to a time-dependent phase shift. Furthermore, this can lead to the pulse becoming chirped,
and result in a broadened optical spectrum and ultimately the transfer of power to a region outside

the intended bandwidth.

243 Damage Limitations

Optical damage can occur for lasers operating in both cw and pulsed regimes. In the former regime,
thermally-induced stress fracture can occur as a consequence of excess heat deposition, as
discussed in section 2.4.1. In the latter regime, high pulse intensity can result in multiphoton
absorption and the production of free-clectrons, which are subsequently accelerated and can
produce further free-electrons creating an avalanche process. Furthermore, this can lead to a high
level of radiation absorption and ultimately fracture due to extreme heat loading. Damage is
especially prevalent at the surface of a material due to the higher degree of impurities. Due to tight

beam confinement in fibers, high peak power devices can be limited by optical damage.

2.5 Laser Architectures

Since the invention of the laser, numerous architectures have been utilised to achieve the desired
performance. Laser sources which can provide high power (average and/or peak), large pulse
energy and excellent beam quality are utilised for numerous applications within materials

processing, the medical sector, the military and fundamental science. Various solid-state
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architectures have been developed to achieve these desirable characteristics, with two distinct types
emerging, namely: bulk lasers and fiber lasers. This section will discuss the relative advantages and

limitations of these designs in terms of the power scaling limitations described in section 2.4.

2.5.1 Bulk Architectures

Bulk solid-state lasers are generally based on a bulk piece of rare-earth doped crystal or glass. Fig.
2.8 depicts some common bulk geometries including the rod, slab and thin-disc design. Here, the
direction of heat flow is represented by the red arrows and the direction of laser beam propagation
is indicated by the blue arrows. Thermal effects are extremely important when considering power
scaling, and therefore different geometries have been developed to mitigate these effects. The laser
beam in a bulk laser propagates as a free-space mode, and its size is determined by cavity design

for a laser or by an optical system of lenses and mirrors for an amplifier.
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Figure 2.8: Schematic of rod, slab and thin-disc bulk laser geometries.

Rod

Rod lasers form a prevalent laser configuration and typically have a diameter on the order of
millimetres and a length on the order of centimetres. The rod laser can be end-pumped through an
end-face by a diode laser, allowing efficient operation as the laser mode extracts gain along the
length of the rod. Here, care must to taken to ensure a good spatial overlap between the signal and
pump mode, to ensure a high quality output beam. Side-pumping is another option, which has the
benefit of allowing pumping with significantly reduced beam quality. This configuration was
utilised by Maiman to achieve the first ever demonstration of a laser in a flash lamp side-pumped

ruby rod [11].

Heat generated from absorbed laser radiation is extracted from the cylindrical surface of the rod,
resulting in a radial temperature gradient which leads to thermal lensing. When operated at high
pump power aberrations of this thermal lens act to distort the fundamental mode, leading to
multimode operation and reduced beam quality. Additionally, the radial temperature gradient
results in stress-induced birefringence which can lead to depolarisation losses due to a variation in

birefringence direction across the beam cross-section. Furthermore, although kW-level average

28



Background

power operation has been achieved the beam quality is heavily compromised [12]; suggesting

fundamental mode operation is limited to the 100W level [13] for the rod configuration.

It is thermal gradients, rather than absolute temperature, that present the main thermal limitation in
bulk devices. The temperature distribution in cylindrical laser media will be presented in detail in
section 3.3. For reference, the temperature difference between the centre of the rod and the edge of

the rod, ATy, is given by:

Ppnabsnh

ATroa = 4mkl
T

(2.48)

where #, is the fraction of the absorbed pump power which is converted to heat, x is the thermal
conductivity of the rod material, /, is the length of the rod and we have made the simplifying
assumption that the pump displays a top-hat intensity distribution. Equation 2.48 indicates that a
lower pump absorption per unit length will lead to a lower temperature difference. An example of

how this may be achieved is to use a lower doping concentration over a longer rod length.

Slab

The slab configuration offers a route to higher power diffraction-limited operation. Slab lasers
typically have a thickness on the order of a millimetre whilst the other two dimensions are on the
order of 10s of millimetres. Pump radiation can be injected through the thin edges using diode
lasers, or through the large faces which allow the beam quality of the pump source to be relaxed.
The slab is cooled through the two large faces, ensuring effective heat removal due to the close
proximity to the generated heat, thus resulting in a one-dimensional temperature gradient. The
temperature difference between the centre of the slab and the surface of the large faces, AT, can

be described by:

Ppnabsnhts

ATg1ap = 8.l
sls

(2.49)

where ¢, is the thickness of the slab, w; is the width of the slab and /; is the length of the slab. Here,
we can see that by ensuring #, << w,, the temperature difference can be kept small in comparison to

the rod design.

The one-dimensional temperature gradient leads to several notable differences to the rod design,
including a cylindrical rather that spherical thermal lens, and birefringence axes which are
perpendicular with respect to the slab cross-section. This fact allows one to circumvent
depolarisation losses, as a beam that is polarised in the direction of one of the birefringence axes

will not incur polarisation losses as the birefringence is constant across the beam cross-section.
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Additionally, the improved heat extraction of the slab laser ensures a higher stress fracture limit

compared to the rod architecture, as discussed in 6.2.2.

However, power extraction can be more challenging in this highly asymmetric device. One solution
is to use external mirrors to send the beam on a zig-zag path across the width of the slab i.e.
perpendicular to the edge-pumped pump direction and the temperature gradient. This Innoslab
concept operating in a master oscillator power amplifier (MOPA) configuration achieved an output
power of 620W with beam quality M? < 1.5, and 1.1kW for 615fs pulses with a pulse energy of
55uJ at 20MHz repetition rate with a peak power of 8OMW and a slightly reduced beam quality
[14].

Thin-Disc

Thin-disc lasers consist of a crystal disc a few hundred microns thick and several millimetres in
diameter. A multi-pass pump configuration is generally employed to increase pump absorption in
the thin-disc. Heat is extracted from the back face of the disc, where a dielectric coating reflects
both the signal and pump beams. This configuration ensures a low maximum crystal temperature
due to the very close proximity of the heat-sink to the generated heat. Additionally, an essentially
one-dimensional axial temperature gradient is established, therefore transverse thermal lensing and
birefringence are significantly reduced. We can describe the maximum temperature difference
between the front face and the back face of the thin-disc, AT s, by:

ByNapsinta

ATgi5c = pZKT[TZ (2.50)
d

where #; is the thickness of the thin-disc and r; is the radius of the thin-disc. The very low

temperature rise in the thin-disc can thus by attributed the fact that 7, << r,’.

The thin-disc design has allowed excellent beam quality to be obtained at high output powers.
Impressive results include 4kW obtained from a single disc resonator with M* < 1.4 [15], and
242W from a modelocked laser operating at a repetition rate of 3.03MHz, producing pulses of 80uJ
with a peak power of 66MW and pulse duration of 1.07ps [16].

This architecture can be considered as a truly power scalable concept, since a doubling of the pump
beam power and area (with a corresponding change in resonator design) does not significantly
impact the maximum temperature, thermal distortions and peak intensity. An issue for high power
operation is transverse amplified spontaneous emission (ASE), which can be totally internally

reflected by the faces of the disc and deplete gain for the signal radiation.

30



Background

2.5.2 Fiber Architectures

Fiber lasers are long, thin devices typical constructed from silica glass. These devices can be
single-clad or double-clad, and consist of a rare-earth-doped silica core with a diameter on the
order of tens of microns, a silica cladding layer/s with a diameter on the order of hundreds of
microns and a polymer protective layer with a slightly larger diameter. The fiber length is typically
on the order of meters. Laser radiation is guided by a radially-varying refractive index profile. A
schematic of a typical step-index double-clad fiber is shown in fig. 2.9 where once again the red
arrows indicate heat extraction and the blue arrow indicates laser output. Also shown in fig. 2.9 is
the associated refractive index profile, where » indicates radial position and » indicates refractive
index. Signal radiation is guided along the core at the interface with the inner-cladding layer by
total internal reflection. The core diameter and refractive index contrast between the core and
inner-cladding can be engineered such that only the fundamental mode can be excited. Pump
radiation is typically launched into the fiber through the use of a fiber-coupled diode laser, and is
guided along the fiber at the interface between the inner-cladding and outer-cladding. The double-
cladding structure allows the use of high power multimode pump sources, thus allowing these
fibers to achieve higher output powers than single-clad devices. The pump radiation is absorbed as
it propagates, with the absorption rate determined by the doping concentration and ratio of the
inner-cladding and core area. This configuration ensures an excellent overlap between the signal

and pump radiation, and essentials acts as a brightness converter.

=

Figure 2.9: Step-index double-clad fiber and associated refractive index profile.

Fiber lasers have achieved great success in power scaling largely due to their extreme geometry,
sophisticated low-loss fabrication techniques for silica fibers, brightness improvements in pump
sources and excellent properties of Yb-doped silica including low quantum defect heating.
Furthermore, the ability to directly write Bragg gratings directly into the fiber and to achieve low-
loss splices between the pump delivery fiber and the active fiber leads to fully fiberised

configurations which provide robust and reliable operation.

The fiber geometry provides a very large surface-area to volume ratio, allowing excellent thermal
dissipation and granting a high level of immunity from the thermal limitations that tend to plague

rod and slab lasers. Considering equation 2.48, we see that the temperature gradient of a fiber is
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reduced compared to that of the rod owing to its low pump absorption per unit length. This thermal
resilience combined with the in-built engineered guide has allowed the development of kW-level
fiber lasers with excellent beam quality. However, a consequence of the fiber design is extremely
high intensities over long lengths, which despite the inherently low nonlinearity of silica generates
a regime where nonlinear effects and optical damage can occur, thus limiting maximum obtainable

average and peak power.

In light of these limitations, efforts have been made to increase mode area and therefore reduce
intensities and device length, assuming the inner-cladding to core area ratio is maintained. This
concept increases the onset power for nonlinear effects such as SRS and SBS in addition to
increasing the optical damage threshold. An additional advantage of a larger mode is an increase in
energy storage and therefore extractable pulse energy, which can be limited by ASE in the fiber
configuration. Furthermore the excellent thermal management properties of the fiber design can

still be maintained owing to its extreme geometry.

However, increasing the core area of a fiber increases the number of modes that can propagate, thus
the numerical aperture (NA) must be simultaneously decreased in order to retain fundamental mode
guidance. This approach cannot be continued indefinitely, since lowering the NA results in weaker
guiding and a higher susceptibility to bend-induced losses. A practical lower limit for the NA of
~0.05 [8], suggests an upper limit for the core diameter of a step-index fiber of ~16um at a
wavelength of 1um. One can circumvent this limitation by utilising a slightly multimode fiber,
configured in such a way that only the fundamental mode can propagate. This can be achieved by
coiling the fiber which a specific radius of curvature, thus employing bend-induced loss which can
provide a significantly higher loss for physically larger higher-order modes, whilst the fundamental
mode experiences a negligible loss. This approach has been employed to achieve an average cw
power of 1.36kW for a near diffraction-limited beam in an Yb-doped fiber with a core diameter of
40um [17], and more than 2.1kW for a single mode beam in a similar fiber with a core diameter of
50um [18]. It should be noted that mode area varies quadratically with wavelength, thus operating
at longer wavelengths increases the area of the fundamental mode and is therefore beneficial for
power scaling. Additionally, the self-focusing limit varies quadratically with wavelength [19].
Therefore, large core fibers based on thulium-doped glass, which provides gain in the 2um region

could provide a route to higher output powers, with kW-level sources demonstrated [20].

Alternative fiber designs that stray from the traditional step-index design can offer a route to
scaling mode area. Microstructured fibers are one such example, which consist of a periodic
arrangement of air holes surrounding a solid core doped with the laser active ion. The guiding
properties stem from the size and separation of the air holes, which through appropriate design can
lead to large core low NA devices. This design concept can be combined with chirped-pulse
amplification, a technique utilised in the ultrashort pulse regime whereby pulses are temporally
stretched pulses prior to amplification to reduce the peak power and thus nonlinearities within the
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device, followed by compression to retain the original pulse duration. Impressive results
incorporating this approach include 830W of output power obtained for 640fs pulses at 78MHz [21]
and 480fs pulses reaching a peak power of 3.8GW for a fiber with a 108um diameter core [22].

A final important concept to consider is the fiber host material. Silica is clearly the material of
choice for high power applications. However, soft glasses including phosphates and silicates show
excellent potential owing to the ability to incorporate rare-earth ions in these hosts in significantly
higher concentrations than silica. The use of these materials will form a major component of this
thesis and will be discussed in detail in Chapter 4 and Chapter 5. Another concept is that of the
single-crystal fiber (SCF). These devices are long thin crystalline rods, with typical lengths on the
order of centimetres and diameters of a millimetre or less. Pump radiation is launched through an
end-face of the SCF and is confined in the device through total internal reflection at the crystal/air
interface whilst signal radiation propagates as a free-space mode. This design thus ensures effective
pump/signal overlap, and the larger mode sizes result in a higher onset for nonlinear effects and
damage. An Yb:YAG SCF achieved a cw output power of 250W with a beam quality was M* = 15

[23]. Poor beam quality is typical of these naturally multimode devices.

2.6 Conclusion

The purpose of this chapter is to introduce background theory relevant to laser sources and high
power operation. We began by describing the interaction between light and matter on the atomic
scale, introducing three interaction processes, namely; absorption, spontaneous emission and
stimulated emission. We described how the gain necessary for laser operation can be achieved
through a population inversion, and discussed simple three-level and four-level energy systems

which can be used to approximate real lasers.

We then identified three essential components required for laser operation; a laser medium, a
pumping process and a cavity to provide optical feedback. The power performance of a laser
resonator was then discussed, and an equation approximating output power and slope efficiency
was derived. Laser modes were then introduced as self-reproducing transverse electric field

distributions, along with the concept and consequences of beam quality.

Various limiting factors applicable to high power operation were discussed, covering thermal and
nonlinear effects. Following this common high power laser architectures were described, with the
thin-disc and fiber laser emerging as the frontrunners in terms of high power, diffraction-limited
performance. It should be noted that whilst bulk and fiber regimes have achieved impressive
performance, neither are without their limitations. Additionally, these regimes act to complement

each other in terms of performance, and there is no clear optimum geometry satisfying all
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performance parameters. For example, bulk geometries are well suited to high pulse energy and
high peak power operation, whereas fiber lasers can produced very high average powers with
diffraction-limited beam quality. We will proceed in Chapter 3 to suggest a novel laser geometry
that aims to benefit the relative advantages of the bulk and fiber regime, whilst negating the

potential limitations, allowing the realisation of a high power laser concept.
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Chapter 3 Thermally-Guided Fiber-Rod Laser

3.1 Chapter Overview

This chapter begins in section 3.2 with the introduction of the thermally-guided fiber-rod (TGFR)
laser concept, a novel solid-state power-scalable geometry with dimensions that lie in the domain
between traditional bulk and fiber devices. The motivation is to benefit from the excellent thermal
management properties of fibers by maintaining a thin geometry. Additionally, the deleterious
nonlinear effects which plague high power fiber lasers are reduced by thermally guiding a laser
mode with significantly larger transverse beam dimensions, and by utilising a shorter device length
than traditional fibers. The profile of the thermally-induced guide will be derived in section 3.3,
along with an explanation of how this provides guiding within the device. Section 3.4 presents a
model for predicting the gain in the TGFR device operating in an amplifier configuration, which
will be a useful tool for analysing its power scaling potential. Finally, section 3.5 will conclude the

chapter.

3.2 Motivation

We are motivated by our desire to develop laser sources that can provide high power (average
and/or peak), high pulse energy and excellent beam quality for use in applications within materials
processing, the medical sector, the military and fundamental science. As described in section 2.5,
various solid-state architectures have been developed to achieve the performance required by the
specific application, which two distinct types emerging, namely bulk lasers and fiber lasers. The
thin-disc and fiber laser are leading the way in high power performance and are capable of attaining
kW power levels with diffraction-limited beam quality. However, bulk and fiber concepts are not
without their limitations (section 2.4), with the former generally plagued by thermal effects (with
the exception of the thin-disc laser) and the latter suffering from nonlinear, energy storage and
damage limitations. In light of these limitations, we propose the concept of the TGFR laser, which
occupies a domain between traditional fiber and bulk rod devices. The TGFR laser aims to benefit
from the advantages of bulk and fiber lasers whilst avoiding their limitations thus paving the way
for high power laser operation. A key novelty of the TGFR laser is its unique method of mode

control, which utilises thermally-induced lensing to guide the signal mode.

The TGFR is a cylindrical device consisting of a rare-earth-doped core material and an undoped
cladding material with a lower refractive index, creating a step-index structure. Unlike traditional
fibers, the core has a significantly larger diameter, on the order of hundreds of microns, a cladding
diameter ranging from hundreds of microns to a millimetre and a device length on the order of tens
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of centimetres (fig. 3.1). The cylindrical surface of the fiber-rod is in contact with a medium with a
lower refractive index to guide pump radiation thus providing good spatial overlap between the
pump and signal radiation. This could be air, water or another cladding glass. Pump radiation can
also be guided at the core/cladding interface, allowing some freedom in absorption length and

therefore device length.

~10cm

Water

Cladding

Core ~1mm

Cladding

Water

Figure 3.1: TGFR cross-section (left) and side profile (right).

This device utilises the key thermal management advantage of the fiber geometry by maintaining a
high aspect ratio, with physical dimensions between conventional rod and fiber lasers. The larger
transverse dimensions of the TGFR ensure a significantly larger mode size than traditional single-
mode fiber lasers, leading to mode sizes closer to bulk geometries. This will result in a higher
optical damage threshold, and combined with the relatively short device length, a higher threshold
for deleterious nonlinear effects. The larger mode area will result in a higher device saturation

energy, ultimately allowing larger pulse energies to be extracted before ASE limits performance.

3.3 Mode Control

Due to its large size, the TGFR core will form a highly multimode guide for signal radiation.
However, we propose to take advantage of thermal lensing, which is typically a deleterious effect.
This section will outline the principles of this thermal guiding technique by first describing the
temperature distribution in the TGFR, before explaining how this distribution can be employed to
control mode size through the device. A model is constructed that allows one to predict the

influence of thermal guiding on mode size through the TGFR.

3.3.1 Radial Temperature Profile

To understand how thermal lensing can be exploited, it is first necessary to describe the
temperature of the TGFR as a function of radial position, », and longitudinal position, z. Consider
the TGFR cross-section shown in fig. 3.2, which we have considered to consist of two regions,
namely the core region, radius r, and the cladding layer(s), with radius r,. Pump power is absorbed

in the core region and a fraction of this power, #;, is converted to heat.
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Figure 3.2: TGFR cross-section.

In deriving the radial temperature profile at each longitudinal position, the following assumptions

were made:

1. Heat is only generated within the core and is solely due to the quantum defect.

2. Coolant on the cylindrical surface ensures heat flow is entirely radial.

3. The TGFR consists of an infinite number of infinitesimally thin slices of length dz and
volume dV.

4. The TGFR is a cylindrically symmetric isotropic medium.

5. The cladding regions are concentric and can be considered as a single region.

6. The core and cladding regions have the same thermal and mechanical properties.

The steady-state heat equation describing the radial temperature, 7(7), of the TGFR at a particular

longitudinal position, z, is given as [1]:

Ld (0 _ @

= 3.1
rdr dr K G-

where Q is the heat deposited in volume dV at r, z. Equation 3.2 describes the heat density for the

two regions of interest:

Py
Ql = 2
nrdz 0<r<n
(3.2)
QZ = 0 Tl Sr S TZ

where Py is the heat deposited in a slice at z. The following boundary conditions can be applied to

this situation:

1. The temperature is continuous across the core/cladding interface, ie. Ty(r = 1) =

Tp(r =1y).
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2. The derivative of the temperature is continuous across the core/cladding interface, i.e.

AT, (r=171) _ AT, (r=1y)
dar - dr ’

3. The temperature is maximal at the centre of the TGFR i.e. @ = 0.

4. In a steady state, the heat removed from the cylindrical surface area, dA4, of the TGFR
by the coolant is equal to the generated heat [2]:

PH = dAhT[Tz(r = Tz) - Tc] (33)

where T¢ is the coolant temperature and %7 is the heat transfer coefficient, which varies

between 0 for thermal insulation and oo for unrestricted heat flow to the heat sink.

By combining equation 3.2 and equation 3.3 and factoring in the boundary conditions, one can

solve equation 3.1, to obtain a description of the radial temperature variation across the TGFR:
2 2
T, T 2K T
Tl(r)=TC+Q11 2ln<—2>+—+ 1-(= 0<r<mn
4k n hrry Ty

Qi1 _ Qi1 ln(r)

2hrry 2K E

(3.4)

Tp(r) = Tc + rn <r<n

Therefore, a parabolic temperature variation occurs in the core region, whilst a logarithmic decay
exists in the cladding region. This variation is shown for a typical example in fig. 3.3. Here we
consider the temperature profile across an Yb-doped silica TGFR when pumped with a top-hat
beam at 915nm, with 1030nm the intended operation wavelength. The TGFR in this example has a
length of 10cm, a core radius of 150pum and a cladding radius of 240um. It is assumed that 100W is
absorbed within the core region, with no longitudinal dependence on absorption. A coolant
temperature T = 20°C is assumed, along with a thermal conductivity x = 1.38W/mK [1] and a heat
transfer coefficient 47 = 570W/mK [Appendix 3.1].

3.3.2 Thermal-Guiding Concept

The previous section describes the temperature profile of a TGFR when pumped. The thermo-optic

coefficient, dn/dT, quantifies the change of refractive index with temperature:

n(r) = 3—;T(r) (3.5)

where n(r) is the refractive index at z and r. Trivial combination of equation 3.4 and equation 3.5
reveals that the thermally-induced refractive index profile follows the temperature profile, and thus

exhibits a parabolic profile in the core region and a logarithmic profile in the cladding region:
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dn r2 T 2K dn Q.r? [r?
ny(r) = —<TC + Qi [2[n<—2>+ + 1]) —Ql = <—2> + Nnat 0<r<n

dT 4k 7‘1 hrry AT 4k 4
(3.6)
n Qqr{ Q17 r
le(T) = d_T Tc + TT’I‘Z - oK In (g) + Npat n<rsmnmn

where n,,, represents the refractive index of the material at T¢.
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Figure 3.3: Example of the temperature profile across the core and cladding of a TGFR.

To understand how this parabolic refractive-index profile impacts beam propagation, it is useful to
recall the discussion on Gaussian beam propagation from section 2.3.3, and in particular the
complex beam parameter, ¢, given in equation 2.47. Gaussian beams will propagate differently
through different optical elements. For example, a beam propagating through a block of glass has a
longer Rayleigh range since ny.s > 714 (€quation 2.46), and therefore converges and diverges over
a longer distance. In order to describe the effect of an optical element on a Gaussian beam, one can
utilise ABCD formalism. This technique associates an optical element with a 2-by-2 matrix, known
as an ABCD matrix. With knowledge of the input beam parameters, ¢;,, and the ABCD matrix of

the optical element, the output beam parameters, ¢,.,, can be calculated according to:

. AQin + B

Gou =Co T p (3.7)

Table 3.1 lists three relevant ABCD matrices [3]. Scenario 1 describes beam propagation over a
distance d through a medium with uniform refractive index n. Scenario 2 quantifies the effect of a
thin lens of focal length f, where f'is positive/negative for a converging/diverging lens. Scenario 3
is particularly interesting in the discussion of thermal guiding, and it describes beam propagation
through a medium with a refractive index that exhibits a parabolic profile in the radial direction,

namely:
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1
n(r) = n, — Enthrz (3.8)

where n,, represents the maximum refractive index in the centre of the medium, and n,, determines
the rate of change of refractive index with radial distance. Equation 3.8 therefore describes the
thermally-induced refractive index profile that occurs in the core region, » < r;, which is the region

of interest for signal beam propagation. From equation 3.2 and equation 3.6, we can write:

dn Py 7y 2K
= —(T.+ ———|[1+21 (—) D (3.9)
Tl dT( ¢t 4mcdz[ e n * hrry T Mmac
n _dn( Py (3.10)
AT \ 2mrKedz

This result can be combined with the ABCD matrix in scenario 3 of table 3.1 to describe the effect
of a thermally-induced lens on a Gaussian beam. Equation 3.10 confirms that the parabolic profile

becomes stronger with an increase in heat power deposition density.

No. Optical System ABCD Matrix

Drift through a medium of
refractive index n

1 d 1
I d
1 1 1 —
1 n
a 0 1
Jin Yout
Transmission through a lens of
focal length f
™ 1o
2 1
—— 1
I 1 f
Yin Jout

Transmission through a duct with

a parabolic refractive index profile
Ntn 1 . Ntn
d cos| d |— ————sin| d [—
N n

: Ntp Ntn
—/NypNep Sin| d [— cos| d [—
i : Ny Ny

qi]] qﬁl“

Table 3.1: Three relevant ABCD matrices.
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Considering the example presented in fig. 3.3, we can use the ABCD matrix formulism to describe
beam evolution. Fig. 3.4 depicts how a Gaussian beam, with a waist on the input face of the device,
would propagate for various scenarios. The first scenario considers launching a 100pum beam waist
on the input face of the TGFR. Here, the beam is initially focused by the parabolic refractive index
profile. However, a smaller beam has a higher tendency to diffract, and so the beam forms a beam
waist of 30.6um before expanding. In contrast, a larger beam is more sensitive to lensing; therefore
the beam reaches a maximum at 100um before being focused again in an identical manner. The
beam repeats this oscillation along the length of the device with a period of 42.6mm. A simple

argument based on equating the two sides of equation 3.7 can be used to show that the beam
oscillation period is proportional to 1/,/ Py [Appendix 3.2]. Thus, if 1000W were absorbed in the

device, (i.e. a 10-fold increase) the period would decrease by 1/4/10, to a value of 13.5mm. The
beam waist radius within the device would also decrease, owing to the stronger thermal lens. It can
be shown that the product of the maximum and minimum beam radii is also proportional to l/m
[Appendix 3.2], hence the beam waist in the device would reduce to approximately 9.5um. This
scenario is shown for reference in the second scenario of fig. 3.4. The third scenario, assumes the
original absorbed pump power of 100W, but instead launches a beam waist of 30.6um. The period
and beam size ratio are independent of input waist parameters, therefore the beam oscillates out of
phase with scenario 1, i.e. initially expanding as diffraction outweighs focusing. By stipulating an
equal beam waist at the input and output of the device, one can derive [Appendix 3.2] the beam
waist radius that would neither focus nor diverge as it propagates along the device, wg, as shown in

equation 3.11:

2 1/4
we = <A—> (3.11)

TN Ne

In this example, a perfectly guided beam, where the focusing of the thermally-induced lens
perfectly balances the diffraction of the beam, would occur for wg = 55.4um. This is shown in the
fourth scenario of fig. 3.4. The final scenario shows the situation where no pump power is absorbed,
assuming a flat refractive index profile. The beam experiences diffraction with no focusing
component, and consequently interacts with the edge of the device after approximately 34mm,
where the beam would be guided by the engineered step-index guide. This interaction can result in
the beam coupling to higher-order modes, hence reducing beam quality, and resulting in increased

power losses from scattering at the interface.
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Figure 3.4: Beam radius evolution for a Gaussian input beam for scenario 1 (top) to 5 (bottom).
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The scenarios presented here make the simplifying assumption that the heat power is absorbed
uniformly both radially and longitudinally. The radial assumption is made due to the top-hat profile
of the multimode diode pump beam, and the assumption that the core material has good ion-doping
uniformity. However, assuming constant power absorption per unit length is a less reasonable
assumption. In a low pump power regime, where the fraction of excited ions is negligible, the
pump power absorption (and hence the heat power absorption) follows an exponential relationship

(i.e. equation 2.13):
Pr = Poexp(—nTapaz) (3.12)

where P, is the incident power and Py is the power transmitted through a length, z, of a doped
medium with the number of ions per unit volume given by 77, and ion absorption cross-section at
the pump wavelength o,,. Deviation from this simple relationship occurs as pump intensity
increases, and is discussed further in the context of gain modelling in section 3.4.1. Consequently,
for a device end-pumped through one end-face, the thermal lens at the pump input end will be
stronger than the output end. To account for this longitudinal variation in thermal lens strength, the
device was considered to consist of a very large number (ideally infinite) of thin slices, as shown in
fig. 3.5. The heat power absorption in each slice was calculated, allowing each slice to be modelled
as a thermal lens. The device was therefore essentially decomposed into an infinite number of

thermal lenses, which typically get progressively weaker further from the pump input end.

The thermal-guiding model starts with an arbitrary input beam, with a defined beam size and radius
of curvature, providing a known ¢;,. It then propagates the beam through a very thin longitudinal
slice of medium (fig. 3.6) with the appropriate parabolic refractive index profile defined by the
device configuration and pumping conditions. The model works by calculating ¢,.;, from this slice,
i.e. the output beam size and radius of curvature, which in turn becomes g;, for the next slice. This
process is then applied to arbitrary lengths of gain media and free-space. The model allows each
slice to be a different ABCD matrix, for example as the pump power is absorbed non-uniformly

this will lead to each consecutive slice having a slightly different thermal lens strength.

dz

- I~

Pump Input

m—)

Figure 3.5: TGFR decomposed into an 'infinite' number of thermal lenses, which are stronger (red)

at the pump input and weaker (blue) at the opposite end.
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Figure 3.6: The model calculates the output beam parameters from predetermined input beam

parameters and the appropriate ABCD matrix.

In order to calculate the output beam parameters, for any ABCD matrix, it is helpful to first recast

equation 2.47 in the form:

1 _ 1 . A _
9@ ~ Rocr) i@

R — i3 (3.13)
where R and 3 represent the coefficient of the real and imaginary parts of the expression.
Furthermore, one can now write ¢ as:

1 R+ R i 3
. = l
— i R+iI R2+32 R2 +5

(2 = ¢ == X+iY (3.14)

where X and Y represent the real and imaginary parts of the complex g-parameter. We can now

write equation 3.7 in the form:

o o CXgp+iY) + D (CXip +D) +iCYyy  (AXiy + B) — iAY,y,
out — Wout = U iV, )+ B (AXy, + B) + (AY,, A(AX;, + B) — iAY;,

(3.15)
R n (ACXZ, + ACY?, + ADX;, + BCX;, + BD) — iYyy,
—1 ]
out Sout (Axin + B)z + AzYizn

Simply by equating real and imaginary parts we can determine the beam radius and radius of

curvature of the output beam:

o (AX;, + B)? + A2YZ,
U ACX?Z, + ACY?, + ADXy, + BCXyy, + BD

(3.16)
2 2y2 11/2
A (AX;, + B)* + A°Y;,
Wout = | Y.
in

Equation 3.16 quantifies the output beam parameters in terms of the input beam parameters and the

appropriate ABCD matrix. This equation can be applied in a continuous fashion for any particular
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ABCD matrix, assuming that the input beam parameters are known. Therefore the beam size

through the TGFR device can be predicted under different pumping conditions.

34 Gain Performance

A model was constructed to predict the gain performance of the TGFR device operating in an
amplifier configuration. This model allows one to investigate how the device geometry and

composition impact performance.

The model considers how the intensity of a signal beam and a co-linear pump beam vary as they
propagate along a length of gain medium (fig. 3.7). Both beams are considered to have a top-hat
intensity profile, which remains constant in the transverse dimension along the length of the device.
The background theory covered in section 2.2 provides the basis for constructing this model. We

can recast equation 2.13 in terms of intensity:
I = Iyexp(—a(v)z) (3.17)

where [, is the incident intensity and /r is the intensity transmitted through a length z, with an
absorption/gain coefficient a at frequency v. Therefore, the intensity of the signal and pump beam

is a function of position through the material.

Gain Medium

Input Pump Output Pump
Intensity Intensity

Input Signal Output Signal
Intensity Intensity

Figure 3.7: The model predicts the intensity evolution of the signal and pump beam along the

length of the device.

34.1 Three-Level System

If we consider a quasi-three-level system, it is helpful to first consider equation 2.18, which
describes the rate of change of the upper and lower laser level, and recast it in terms of signal and
pump intensity. The pump rate density, rp, is equal to the number of ions that are excited per unit

time per unit volume, and can be written as [Appendix 3.3]:

_ Ipoy,

Tp = hvn ny (3.18)
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where Ip is the pump intensity and vp is the frequency of the pump radiation. Additionally, one can

show that the intensity of a beam can be related to photon density via [Appendix 3.4]:
I = hvco (3.19)

Incorporating equation 3.18 and equation 3.19 into equation 2.18, we obtain:

d;tl - d;tz - —I;:’;“ n + I;;ie 1, + I;Z’;e n, — IZZSL“ n + Z—}f (3.20)
where [ is the signal intensity, oy, and o, are the transition cross-sections for signal absorption and
signal emission respectively, o, is the transition cross-sections for pump emission and 7y is the
upper-state lifetime for the laser transition. Looking at equation 3.20 term by term, we see that the
lower state population increases (and hence the upper state population decreases) due to the desired
stimulated emission at the signal wavelength, in addition to spontaneous emission and stimulated
emission at the pump wavelength. The lower state population decreases (and hence the upper state
population increases) due to optical pumping and a signal re-absorption term owing to the three-
level nature of the system. In equilibrium, the rate of excitation is equal to the rate of decay, and
therefore the left-hand side of equation 3.20 can be set to zero. Considering that this is a three-level
system, we have ny = n; + n,, and thus we can calculate the population density in the upper laser

level:

(IPO'pa + ISUsa> ny

= hvp hv; (321)
2 IPapa IPape + [0 + [sos, + l ’
th hVP hVL hVL Tf

Therefore, from an incident pump and signal intensity we can calculate the population density of
the upper and lower laser levels, allowing one to calculate the absorption/gain coefficient, o(vy), at
the signal frequency. However, equation 3.17 indicates that since 0,1, > ). n,, the pump intensity
will decrease as a function of position, therefore the pumping rate and hence the value of n, will

vary with position.

The model accounts for this longitudinal variation by considering the gain medium to be
constructed of a very large amount of very thin slices, with thickness dz (fig. 3.8), in a similar
manner to the thermal guiding model presented in section 3.3.2. The input intensities of the pump
and signal radiation are known, and this determines the relative population densities within the first
slice. The population densities can then be used to calculate the absorption or gain experienced by
the pump and signal beams across the slice, by considering equation 3.17 differentiated with

respect to z:

dIT = _a(V)ITdZ (322)

48



Thermally-Guided Fiber-Rod Laser

Therefore, the intensity of each beam will decrease/increase for a positive/negative value of a(v).
The beam intensities leaving one slice then determine the population density within the next slice,
and the process continues slice by slice along the device. The gain for the signal radiation is
calculated by considering the ratio of the output and input signal power, which is calculated

trivially from the intensity and beam sizes at these two positions.

dz
Ei iE
Y

Intensity Intensity
> ) ----------------
> > — —_—

Input Pump Output Pump
Intensity Intensity

Input Signal / \ \ Output Signal
>
>

Figure 3.8: Gain medium considered as a very large number of thin slices.

3.4.2 Four-Level System

The same approach can be applied to the case of a four-level system, and it can be shown that
equation 3.20 is also valid, but with the consideration that o, = 0, i.e. the material is transparent to
the signal, and replacing n; with n,. Consequently, the gain of a four-level system will be unity
with zero pump power, assuming negligible losses due to scattering/absorption at the signal
wavelength. The gain in a quasi-three-level system will reach transparency for a pump intensity
that achieves a situation where oy, n; = oy n,;, when averaged over the device length, again

assuming negligible losses.

3.5 Conclusion

In this chapter we have introduced the concept of the TGFR laser, a device which occupies a
domain between traditional fiber and bulk rod devices, benefitting from the thermal management
properties of fibers, and the reduced non-linearities of bulk devices. A novel method for controlling
the beam profile was introduced, which relies on thermally-induced guiding within the device. The
thermally-induced refractive index profile was derived and shown to be parabolic in nature, and the
resulting beam guidance for various scenarios was presented. A model was constructed which
predicts beam evolution through the TGFR for the case of non-uniform heat distribution, utilising

the ABCD matrix formulism. Finally, a gain model was presented, which allows one to predict the
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gain experienced through the TGFR device operating in an amplifier device. The model can be
employed to optimise the performance of an amplifier or laser, by predicting the gain level for
various amplifier geometries and compositions. We have explained our motivation and have
assembled the relevant tools necessary to characterise and predict the performance of the TGFR
laser. Chapter 4 describes fabrication of three potential TGFR devices constructed from soft glass
hosts, whilst Chapter 5 and Chapter 6 assess the potential of the TGFR concept based on a soft

glass and silica host material respectively.
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Chapter 4 Soft Glass Thermally-Guided Fiber-
Rod Fabrication

4.1 Chapter Overview

In this chapter we suggest soft glass as the host material for a high power TGFR laser. Firstly, in
section 4.2 we will discuss our motivation for this material choice. In section 4.3 we describe the
background theory relating to the fiber-rod fabrication process. Section 4.4 will cover general glass
requirements which should be met to allow successful fiber-rod fabrication with suitable properties
for laser experiments. This section will also introduce three sources of glass material, which are
identified as potential candidates to achieve the objective of power scaling in a TGFR structure. In
section 4.5 the manufacture of one of these three glass sources will be described. Section 4.6 will
describe the quantification of the absorption cross-section of each doped glass host, which has
implications for the final fiber-rod dimensions. Section 4.7 will describe fiber-rod fabrication for
each glass source, paving the way for the laser-based experiments conducted on each source in

Chapter 5. Finally, section 4.8 will conclude the chapter.

4.2 Motivation

A TGFR device based on a soft glass host, such as phosphate or silicate, rather than silica which is
the material of choice for traditional fibers, brings many attractive advantages. Soft glasses consist
of a network former such as P,Os or SiO,, with additional components which impact the rare-earth
solubility, the refractive index and glass fabrication properties. Due to their multicomponent nature,
soft glasses possess a less defined glass network, ultimately resulting in a significantly increased
solubility of rare-earth ions compared to silica glass. For example, negligible concentration
quenching was observed in an Yb-doped phosphate fiber doped at 12 wt. % [1], whilst the doping
level of rare-earth ions in silica is limited to the percent level before the onset of deleterious effects
[2, 3]. Since soft glasses can have higher doping concentrations, the devices can be shorter, thereby

increasing the threshold power for nonlinear effects such as SRS and SBS.

Further benefits from using soft glasses over silica stem from the fiber fabrication process. Due to
the fact that some of the chemicals used in the fabrication of soft glass fiber devices cannot be
volatised, modified chemical vapour deposition (MCVD) as used for silica fibers is not possible.
Therefore the rod-in-tube approach is employed, which is covered in further detail in section 4.3.
This technique involves drawing fiber structures from a preform consisting of a rod of core glass

material sleeved in at least one tube of cladding glass. It is possible to commercially produce rare-
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earth doped phosphates and silicates with very good homogeneity and precisely controlled
refractive index. This allows fiber devices to have precisely controlled doping profiles, which is a
significant challenge in the MCVD process. A major driving force for production of these materials
stems from nuclear fusion research, which utilises large blocks of Nd:phosphate glass to deliver
MI-level pulse energies [4]. This excellent optical quality benefits laser experiments by minimising
distortions to the beam profile and transmission losses, which will be vital to the thermal guiding

concept.

Additionally, control over the fabrication process can provide a useful insight into device testing
since it enables a holistic understanding. This allows a feedback loop to be developed whereby a
device is made, characterised, and the results are utilised to suggest future fabrication
improvements, leading to a superior device. This process can be iterated to optimise the TGFR for

the desired outcome.

It is well understood that silica fibers have superior thermomechanical properties compared to soft
glasses. This might suggest that thermally-induced stress fracture could prevent high power
operation, since the pump radiation will deposit heat in the device owing to the quantum defect.

The maximum permissible heat power per unit length for a cylindrical geometry is [5]:
Py, =~ 8mR 4.1

where Py is the heat power per unit length and R, is the thermal shock parameter which quantifies
the heat power per unit length to induce thermal fracture. Typical values of R, for phosphate and
silicate soft glasses are in the region of 100W/m [6], indicating a maximum heat load per unit
length of approximately 2.5kW/m. If we consider pump power incident on the TGFR, we can
recast equation 2.13 in terms of power and differentiate with respect to length to obtain:

dF, (4.2)

P —aPyexp(—az)

where P, is the pump power at position z, P, is the incident pump power and « is the absorption
coefficient as defined by equation 2.14. Logically, the highest power deposition will be at z =0, i.e.
at the pump input end of the device, and so this is where we would expect thermally-induced stress
fracture to occur. If we assume the heat is deposited entirely due to the quantum defect, we can

multiply equation 4.2 by (1 - 5gp) to obtain the maximum permissible heat power per unit length:
Py = (1 —ngplaPy (4.3)

To get an estimate for the maximum operating power regime, consider the example of 800nm
pumping a Nd-doped phosphate glass, which typically has a peak emission wavelength at 1054nm.

Operating on these transitions leads to a quantum defect of 7op = 0.76. If we assume an absorption
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length, z,,s = 1/a, of 10cm, we obtain a maximum permissible launched pump power of Py =

1.07kW, suggesting kW-level output powers should be possible in a soft glass based device.

Whilst the fabrication process for soft glass fibers is not as developed as their silica counterparts,
research in this area is very active. Due to the ability to dope these glasses heavily, high gain per
unit length values have been reported, such as a 7 wt. % thulium-doped silicate fiber amplifier
which achieved a gain of 5.8dB/cm [7], and an 3/2 wt. % erbium/ytterbium-doped phosphate fiber
amplifier which produced a gain of 5dB/cm [8]. A modelocked laser based on a 5 wt. % thulium-
doped silicate fiber, produced 0.76n]J pulses at a repetition rate of 13.2MHz, and achieved a gain-
per-unit-length of more than 2dB/cm [9]. An impressive 56.9W of output power was reached with
a 12 wt. % ytterbium-doped phosphate fiber laser, and the same fiber used in an amplifier
configuration achieved a gain of 27dB [1]. A significant draw-back of soft-glass fibers is the high
propagation loss compared to silica which display sub dB/km losses for passive fibers around
telecommunications wavelengths. These losses can be attributed to absorption due to impurities,
which generate heat, and scattering, which can result from a non-perfect core/cladding interface.
Although the fiber used in [7] displayed a relatively impressive propagation loss of 0.7dB/m at
976nm, this is considerably higher than silica and thus represents a limitation which needs to be
addressed within this technology. The ability to achieve high gain per unit length can help to offset

these high propagation losses.

4.3 Fabrication Background

Fiber-rod fabrication was carried out in-house on a fiber-drawing tower designed to operate in the
temperature range suitable for soft glasses, i.e. < 1000°C. Essentially, a glass preform is heated by a
furnace to a temperature whereby the viscosity becomes sufficiently low so as to allow a fiber or
cane to be drawn down. The basic components of the tower are shown in fig. 4.1. The glass
preform, which typically has a diameter between 10mm and 20mm and a length between 50mm
and 100mm, is held by a silica support rod in the centre of a hollow cylindrical graphite susceptor,
which is turn is held in position by a silica mount and centred in an RF induction coil (fig 4.2).
Note that the silica is not deformed in the temperature range used for soft glass drawing. RF energy
is coupled into the susceptor, producing Eddy currents which result in heating of the preform.
Therefore, the RF coil and susceptor act as the furnace. During operation argon is passed over the
preform and susceptor to create an inert atmosphere. A thermocouple inserted in the wall of the
susceptor provides temperature information. Important drawing parameters are controlled through a
user interface, including: furnace temperature, preform-lowering rate and pulling rate. The furnace

temperature is critical, as this controls the viscosity of the glass, which determines whether the
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glass will be able to be drawn down. The fiber-rod dimensions are suited to drawing using the

cane-puller, however traditional fibers can be drawn using a much faster rotating drum.

There are three important temperatures to consider when drawing the preform into a fiber or cane:
the transition temperature T, the crystallisation temperature 7 and the melting temperature 7T7,. At
T, the glass is considered to be a supercooled liquid, displaying liquid-like thermal properties. This
is the temperature at which the glass would deform under its own weight, and is associated with a
viscosity of approximately 10'*°Pa.s [10]. If the glass is heated above T, then crystals i.e. long-
range atomic order, may form if the material is not cooled at a rate that prevents long-range bonds

having adequate time to form. 73, is the point at which the glass becomes a liquid.

Vertical
Translation Stage
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© orm‘_‘___? Graphite
ps Susceptor
RF Coil/,: RF Power
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Cane-Puller User
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Figure 4.1: Basic components of the soft glass fiber-drawing tower.
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Housing 4

Susceptor

Preform

Figure 4.2: Furnace and preform mounting arrangement.
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Knowledge of T, and T is vital for glass pulling, since one must heat the glass above T, to reach
the required viscosity for the glass to draw down, but keep it below T, to prevent deleterious
crystal formation. The presence of crystals in the glass will at best significantly increase scattering
losses in the device, and at worst prevent drawing of the glass completely. The glass stability
parameter, AT, quantifies the temperature difference between the crystallisation temperature and
the transition temperature i.e. AT, = Ty - T,. Ideally AT,, should be as large as possible, since it
represents the temperature range through which the glass can be pulled down without suffering

crystal formation.

In order to quantify these temperatures for a specific sample, one can carry out differential thermal
analysis (DTA), as described in [10]. In this technique a glass sample and an inert sample (i.e. air)
are provided with the same rate of heat input. The temperature difference between samples is
recorded and any shifts due to endothermic and exothermic processes indicate the temperatures of
interest. Below T, the DTA trace exhibits a flat baseline, since the glass sample and inert sample
are simply increasing in temperature subject to their thermal properties. As mentioned, 7, indicates
the temperature whereby the glass sample transitions to a supercooled liquid state, corresponding to
an endothermic peak as the thermal properties of the sample change. The point of deviation from
the flat DTA baseline indicates 7,. Following T, a flat but shifted baseline resumes, as the
supercooled liquid and inert sample continue to increase in temperature. Crystallisation of the
supercooled liquid can occur in stages, associated with successive exothermic peaks. As before, the
point of deviation from the DTA baseline and the first crystallisation stage indicates 7. Above the
crystallisation processes the baseline will continue until 7, is reached, which corresponds to an
endothermic peak. An example of a DTA run that was performed in-house is shown in fig. 4.3. The
glass sample used in this run is an undoped silicate glass, KF-2, which will be introduced in section

4.4.
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Figure 4.3: DTA example for KF-2 with T, 7, and T, indicated.
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Unlike silica preforms, soft-glass preforms are not produced via MCVD. The preferred fabrication
method is the rod-in-tube technique. In this method, a higher refractive index core glass rod is
inserted into a lower refractive index cladding glass tube. This process can be repeated for double-
clad fibers. A slight gap of the order of 100pm should be maintained between the core and cladding
to allow insertion. To keep losses to a minimum it is very important to ensure that air gaps do not
form at the interface between the core and the cladding glass. This can be achieved using a vacuum
pump above the preform (which has sealed at the bottom after the initial neck) to force air up and
out of the preform during a draw. Additionally, surface quality of the two fusing surfaces must be

good to ensure a high quality interface is produce.

Once the preform has reached the required viscosity, it will start to neck, or drop slightly, towards
the bottom of the preform. One can attach a weight to the preform to encourage necking. The glass
is then pulled down into a thin strand, and clamped in the cane-puller, which pulls the glass down
at a specified rate. Simultaneously, the vertical translation stage lowers the preform into the furnace,
thus the final dimensions of the cane are determined by the ratio of the lowering/pulling rates.

Caning is a significantly slower process than fiber drawing, and results in thicker glass structures.

It is very important that the various glasses used in the rod-in-tube preform have similar thermal
properties, i.e. a close match between drawing temperatures and the thermal expansion coefficient
(CTE). A close drawing temperature is necessary so that the glasses involved have similar
viscosities when being pulled down. If one glass reaches the required viscosity whilst another is too
viscous, then the preform will not neck down. Furthermore, if the temperature is then increased to
ensure the other glass reaches the required viscosity, one runs the risk of crystallisation in the first
glass, which will be further above its drawing temperature and thus closer to its crystallisation
temperature. A close match in the CTE is necessary to avoid the risk of cracking and the
core/cladding interface. Expansion mismatch can lead to stresses in the fiber-rod, amplified by the
rapid cooling within the glass as it is pulled down and out of the furnace. Furthermore, these
stresses can be locked into the fiber-rod, and initiate fracture during laser operation, when the

device is subject to high thermal loads.

4.4 Glass Requirements

The optical, thermal and mechanical properties of the glass host used for the TGFR investigation
are of critical importance. As mentioned above, it is of vital importance, particularly for the
fabrication process, that the thermal properties of the core and cladding glass should be well
matched, especially 7, and the CTE. Furthermore, the glass should display good homogeneity,
which will ensure the laser beam can propagate through the material without distortion, and will be
essential for the proposed thermally-induced mode control. The thermal guiding technique also
requires that the thermo-optic coefficient of the core glass is positive. Additionally, the

transmission losses of the glass should be low, so that gain is sufficient to achieve lasing in the
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fiber-rod device. Finally, the refractive index step between the core and cladding glass should be
suitable for radiation guiding. Table 4.1 summarises these requirements. Note that the first three
properties are important for fabrication, whilst the last five properties are important for lasing

experiments (the CTE is important in both domains).

The core glass material was doped with neodymium, which exhibits a four-level character for
transitions between the *Fs, level and the *I;» level, promoting a low lasing threshold.
Additionally, there are well-established fabrication techniques for Nd-doped soft glasses. Important
spectroscopic information, relating to absorption cross-section and peak emission wavelength

should be obtained, which will aid design.

Property Requirement
Glass stability parameter As large as possible
Transition temperature Close match between doped/undoped glass
Coefficient of thermal expansion Close match between doped/undoped glass
Thermo-optic coefficient Positive for the doped glass

Transmission losses at lasing wavelength | As low as possible

Homogeneity Beam distortions as low as possible

Refractive index Doped glass higher than undoped glass

Table 4.1: General glass requirements.

In light of this brief overview, three sources of potential glass hosts were identified. The first and
most desired source, labelled Source I, was in-house manufacture of a Nd-doped (NP35V) and
undoped phosphate glass (NP35). This manufacture was done in collaboration with a GTS, a glass
research and development company. In-house manufacture would allow the investigation to be
truly holistic, as important fiber-rod fabrication and compositional issues that arise could be traced
back to the glass manufacture and subsequently improved. The second source, Source I, was a
commercial laser glass company Kigre Inc., which supplied bulk pieces of Nd-doped (Q246) and
undoped silicate glass (KF-2) with very high optical quality. Finally, the third source, Source III,
came from collaboration with the Politecnico di Torino, an academic research institute which
specialises in soft glass manufacture and fiber fabrication. The institute provided fiber-rods with a
Nd-doped phosphate core glass (CL1:Nd) and undoped phosphate cladding glass (CL1). The
remainder of this chapter will discuss each glass source in more detail, covering the various
fabrication stages, benefits of each source and relevant spectroscopy. Table 4.2 displays a brief

description of each glass source, and the glass codes.
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Source Description Doped Glass | Undoped Glass

In-house manufacture of Nd-doped
I NP35V NP35
and undoped phosphate glass.

Purchase of Nd-doped and undoped
I Q246 KF-2
silicate glass from Kigre Inc..

Collaboration to obtain a fiber-rod
1 device constructed from Nd-doped CLI1:Nd CL1
and undoped phosphate glass.

Table 4.2: Host glass sources.

4.5 Glass Manufacture

Source I required the glass to be manufactured in-house, whilst Source II and Source III made use
of pre-manufactured glass. As stated previously, an important advantage of being involved with the
glass manufacture process is gaining an insight into how issues occurring downstream in fiber-rod
fabrication or laser characterisation experiments can be related to the glass host. The objective for
this phase was to manufacture glasses suitable for a rod-in-tube fiber-rod device, therefore

satisfying the criteria in table 4.1.

In order to keep the thermal properties closely matched, the compositions of the core and cladding
glass were kept as similar as possible, with the exception that the core glass was doped with
neodymium. The glass was predominantly formed from phosphorus oxide, which constitutes the
glass network former and makes up over 80% of the glass composition. Other constituents include:
lithium oxide and magnesium oxide which add strength to the glass, aluminium oxide which
increases durability, niobium oxide which controls the refractive index, antimony oxide which acts
as a refining agent and neodymium oxide which is added to the core glass to act as the laser active

ion. The neodymium concentration was specified at 0.3 wt. % (section 4.7.2).

To manufacture the glass, the above oxides, which exist in powder form, are accurately weighed
and mixed. The contents are then placed in a platinum crucible, utilised for its inert properties, and
melted in a furnace at approximately 1200°C. Following the melt phase, oxygen is bubbled through
the liquid to oxidise the constituents, which have been deoxidised by the ammonia present in the
phosphorus powder. The melt is then poured onto a hotplate at around 100°C, with graphite blocks
placed to determine the cast dimensions (fig 4.4 (left)). After approximately 1 minute the newly
formed glass is transferred to an annealing oven at 500°C, which is cooled very slowly to ensure
the glass does not crack due to thermal shock. This process was repeated for both the doped and

undoped glasses.
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It was immediately apparent from the first manufacturing attempt that the produced glass displayed
poor homogeneity. This was confirmed visually, as clumps of constituents formed, as shown for
the doped glass in fig 4.4 (right). Furthermore, the manufacture process was repeated, this time
with the inclusion of a homogenisation element, which corresponded to mechanically stirring the
glass in the melt phase, which achieved a more uniform glass composition. The doped/undoped
glass from the first manufacture attempt is labelled NP35V(1)/NP35(1), whilst the doped/undoped
glasses from the second improved manufacture attempt is labelled NP35V(2)/NP35(2).

A\

- Inhomogeneities

Figure 4.4: Poured melt (Ieft) and inhomogeneities in NP35V(1).

4.6 Absorption Cross-Section

The absorption cross-section and doping concentration must be considered when designing the
TGFR, since these parameters determine the absorption length and therefore device length. The
absorption length is defined as the length after which the pump power has been reduce to 1/e of its
initial value. Generally, a device on the order of three absorption lengths is necessary to ensure the
majority of the pump power is absorbed, thus allowing efficient operation. For the case of a four-
level system, with negligible lower state excitation, equation 2.13 can be used to write the

absorption length, z,, as:

1

Zaps(A) = W

(4.4)

where, as before, 0, is the pump absorption cross-section and ny is the total ion density.

The absorption cross-section of the doped glass from Source I and Source Il was measured in-
house, whilst the absorption cross-section for the doped glass from Source 111 was measured by the
Politecnico di Torino as discussed in [11]. Disc samples were obtained from an early iteration of
NP35V, labelled NP35V(0), and from Q246, to measure the absorption cross-section. The
NP35V(0) sample measured 10mm in diameter and 11mm in length and was doped at 0.6 wt. %.
The Q246 sample measured 10mm in diameter and 1.5mm in length and was doped at 3 wt. %.

Both samples were polished on the flat surfaces.
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To measure the absorption cross-section in NP35V(0), a sub-threshold 795nm fiber-couple diode
laser was used as a broadband source. The output of the 200um diameter delivery fiber was
coupled into a 65um diameter multimode fiber, which was connected to an optical spectrum
analyser (OSA). A pair of identical aspheric lenses, with a focal length of 4mm, was used to couple
the light, which was optimised for maximum transmission. Two transmission spectra were recorded,
one with the NP35V(0) sample in the collimated section between the lenses, and one without. Fig.

4.5 shows this set-up schematically.

Sample

Sub-Threshold OSA

795nm Diode

Figure 4.5: Experimental arrangement for absorption measurement.

The spectrum with the NP35V(0) sample exhibited maximum transmission across a range of
wavelengths which do not correspond to neodymium absorption lines. These maxima were used to
normalise the spectrum without the sample to account for Fresnel and scattering losses. This
allowed a power transmission spectrum for the sample to be obtained. Consider equation 3.12 with

wavelength dependence:

Pr(1) = PO(A)exp(—nTapaz) 4.5)

Equation 4.5 can be rearranged in terms of absorption cross-section, since the other parameters are
known. Fig 4.6 shows the absorption cross-section plotted as a function of wavelength for the
NP35V(0) sample. A peak absorption cross-section of 3.5 x 10" m* occurred at 800nm. It is
assumed this value is consistent across all NP35V iterations. This wavelength is well-suited to
diode pumping, with available sources at 795nm and 808nm. An advantage of the Source I glass is
the ability to specify the doping concentration and therefore control device length.
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Figure 4.6: Absorption cross-section as a function of wavelength.
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The experiment was repeated for the Q246 sample, with a white light source acting as the
broadband radiation source. A peak absorption cross-section of 2.5 x 10**m? occurred at 807nm,
which is again suitable for diode pumping. The doping concentration of the Source II glass was
fixed at 3 wt. %. Finally, the absorption cross-section for the Source III glass was measured to be

2.3 x 10** m* at 800nm [11]. The absorption cross-sections are summarised in table 4.3.

Glass Absorption Cross-Section (m”*) | Peak Wavelength (nm)

NP35V 3.5x 107 800
Q246 2.5x 10 807
CL1:Nd 23x10% 800

Table 4.3: Absorption cross-section values for each Nd-doped glass.

4.7 Fiber-Rod Fabrication

4.7.1 Fabrication Properties

Table 4.4 displays the thermal properties important for fabrication for the three glass sources. DTA
was performed in-house to obtain 7, and 7 for the Source I and Source II glass, whilst the CTE for
these glasses were provided by GTS and Kigre [12, 13] respectively. The properties for the Source
III glass were provided by the Politecnico di Torino [11]. Also included in table 4.4 is the
percentage difference between the doped and undoped glass for the relative thermal properties,

which as previously discussed, should be minimised.

In-House Manufactured Commercial Collaboration
Property
NP35V | NP35 | A% | Q246 | KF-2 | A% | CL1:Nd | CL1 | A%
Ty (°C) 469 464 1.1 502 481 4.2 522 530 1.5
Ty (°C) n/a n/a n/a 689 730 | 5.6 790 808 2.2
ATg (°C) n/a n/a n/a 187 249 | n/a 268 278 n/a
CTE (10'6 0C'l) 10.2 10.4 1.9 9.0 8.5 5.6 8.1 8.3 2.4

Table 4.4: Thermal properties important for fiber-rod fabrication.

Table 4.4 indicates that the Source I glass has excellent drawing properties. Firstly, 7, and the CTE
are very close, with less than 2% difference in value between NP35V and NP35. Additionally, no
crystallisation was observed, which is an excellent property for fabrication since it provides no
upper limit for the glass stability parameter. The Source III glass, CL1:Nd and CL1, also displays

impressive drawing properties, with less than 2.5% difference across the relevant thermal
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properties and a glass stability parameter greater than 250°C for both glasses. The Source II glass
displays the poorest performance in this analysis, with a percentage difference between Q246 and
KF-2 around 2-3 times greater than the other two sources. Additionally, this source provides the

lowest glass stability parameter, with both values coming in below 250°C.

These results are not surprising. The Source I and Source III glass was manufactured specifically so
that the doped and undoped glass would be compatible for fiber-rod fabrication, and thus have very
similar compositions. However, the doped and undoped glass from Source II are unrelated to each
other and fulfil different applications. Furthermore, differences in the compositions and thermal
properties are to be expected. In fact, Kigre Inc. suggested these glasses have a strong tendency to
crystallise. Unlike the other two sources, the key advantage of the Source II glass is the excellent
quality of the glass in terms of homogeneity and transmission losses, which are as low as

0.009dB/m for Q246 [12].

4.7.2 Source I Glass

Two batches of doped and undoped phosphate glass were obtained from the manufacturing process,
with the first batch displaying visually poor homogeneity. Due to the concerns over homogeneity, it
was decided that initially just the doped glass would be drawn down to fiber-rod dimensions. The
devices would then be characterised in terms of laser performance, and should the performance be
satisfactory, the full rod-in-tube preform would be drawn. This minimises financial burden, as
processing the undoped glass into a tube is an expensive and time-consuming process, and should
the doped glass not meet the required standard this processing will not be pursued. The absorption
length in the bulk glass was estimated from the doping concentration and the absorption cross-
section (table 4.3) to be approximately 18mm at 800nm, which corresponds to a device length in

the desired operating regime.

Doped glass from both the first and second manufacture attempt was processed into preforms.
NP35V(1), which displayed significant inhomogeneities, was processed by Crystran Ltd. into a
barrel polished cylindrical preform, with a diameter of 15mm and a length of 70mm. NP35V(2),
was processed in-house, and was diced into a preform with a square cross-section with dimensions

10mm % 11mm % 70mm long, with the outer surface polished.

Both preforms caned easily at 700°C, with no signs of crystallisation. Several meters of fiber-rod
were obtained for each glass, with a diameter/width of approximately Imm, and an NA, assuming
water guidance, of 0.75. Fig. 4.7 shows typical cleaved cross-sections of the drawn fiber-rod. The
left image shows NP35V(1), and clear inhomogeneities can be identified within the region
contained by the white dashed lines, whilst the right image shows NP35V(2), which appears clear.

Laser-based experiments were conducted on both samples and are discussed in section 5.3.
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Figure 4.7:Cleaved cane image from the first (left) and second (right) manufactured glass.

4.7.3 Source II Glass

Despite the inferior thermal properties (table 4.3) of the doped, Q246, and undoped silicate glass,
KF-2, fiber-rod fabrication was attempted. The bulk glass samples were processed by Crystran Ltd.,
as shown in fig. 4.8. The Q246 sample was barrel polished to produce an outer diameter of 19mm
and a length of 60mm. The KF-2 sample was polished with a quasi-octagonal cross-section, with a
diameter of 20mm and a flat-to-flat distance of 18.5mm, and length of 50mm. This non-circular
profile was chosen to increase pump absorption through mode-scrambling. A 3.5mm diameter hole
was drilled through the centre of the undoped glass to create a tube. The inner-surface of the tube
was polished to some extent with 1pm diamond grit paper. The ratio of the outer diameter of the
preform to the inner diameter of the hole was approximately 5.7, which leads to an intended
cladding area to core area ratio of ~33. The absorption length of the bulk glass was estimated to be
approximately 1.5mm (table 4.3), therefore the absorption length of the fiber-rod device should be
on the order of 50mm at 807nm, since the absorption length is increased in proportion to the
cladding/core area ratio. This puts the device length in the desired operating regime.

The Q246 preform was drawn down to allow insertion into the tube. The preform, although more
difficult to draw than the in-house manufactured phosphate glass, came down at 680 °C to produce
approximately 500mm of cane with a diameter of approximately 3.2mm. A section of the drawn
cane was inserted into the KF-2 tube, and the whole rod-in-tube preform was drawn down. Efforts
made to encourage the preform to neck below the crystallisation temperature were unsuccessful.
Therefore the temperature was increased to 840°C to initiate necking, at which point the preform
had become clouded with surface crystals. This is not surprising since this is significantly higher
than the crystallisation temperature of both glasses. The preform was caned with great difficultly.
During caning a vacuum was maintained over the top of the preform at 450mbar to prevent air gaps
between the core/cladding interface. A total length of 15 meters of fiber-rod was obtained with an

approximate cladding diameter of 500um and core diameter of 75um. This core diameter is
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approximately an order of magnitude larger than standard single-mode fibers, allowing us to
explore the intended operating regime. This device has a core NA of approximately 0.24 and a

cladding NA of 0.80 [12, 13].

Figure 4.8: Processed doped glass (left) and undoped glass (right).

Unfortunately, the obtained fiber-rod displayed significant crystallisation and damage. The entire
outer surface of the cladding material was covered in surface crystals. Fig. 4.9 (left) shows these
crystals, and one can clearly see where the glass has flowed around the crystals in the direction of
the draw, indicated by the red arrow. Whilst these superficial crystals could be removed with
careful polishing using 1um diamond grit paper (fig. 4.9 (right)), the finished surface was far from
ideal. Furthermore, damage at the core/cladding interface was apparent along the whole length of
fiber-rod. The cause of this damage is attributed either to crystallisation or CTE mismatch, and
cannot be improved by post-processing. Fig. 4.10 shows typical cross-sections of the fiber-rod,
with a visually high/low quality interface in fig. 4.10 (left/right) respectively. The interface quality
varied between these two regimes on a millimetre length scale, therefore a length of fiber-rod with
a consistently high quality interface i.e. on the order of an absorption length, could not be obtained.
These factors will have serious implications for the propagation losses of the device. Regardless of
the major fabrication issues, laser experiments were performed on these fiber-rod devices in section

54.

Figure 4.9: Surface crystallisation (left) and polished surface (right).
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N

Figure 4.10: Visually good quality interface (left) and poor quality interface (right).

4.7.4 Source III Glass

The objective of the collaboration with the Politecnico di Torino was to manufacture compatible
Nd-doped, CL1:Nd, and undoped, CL.1, phosphate glasses, fabricate fiber-rod devices and conduct
power scaling tests on these devices. The Politecnico di Torino has expertise in glass manufacture
and fiber fabrication and was responsible for producing the fiber-rod devices, whilst the laser

investigation took place at the University of Southampton.

Detailed information on the glass manufacture and fiber-rod fabrication can be found in [11]. The
rod-in-tube technique was employed and several meters of fiber-rod device were obtained, with a
core/cladding diameter of approximately 270um/800um respectively, with a core/cladding NA of
0.16/0.78. The doping concentration in CL1:Nd was approximately 1.3 wt. %, therefore from table
4.3 we would estimate an absorption length in this device of approximately 50mm at 800nm, in line
with the desired operating regime. Fig. 4.11 shows the fiber cross-section which exhibited a
visually high quality core/cladding interface along the entire length. Laser-based experiments on

this device were conducted as discussed in section 5.5.

Figure 4.11: Visually high quality interface for CL1:Nd/CL1 fiber-rod.
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4.8 Conclusion

In this chapter we suggest soft glass as the host material for the TGFR device, owing to its
excellent solubility of rare-earth ions which allow short devices, reducing deleterious nonlinear
effects. Additionally, these glasses can be commercially produced with a very uniform doping and

refractive index profile.

A method for producing the fiber-rod devices using a soft glass drawing tower was discussed. The
response of a glass to temperature was described and important transitions were highlighted. We
stressed that the glasses must have suitable thermal properties to allow fabrication. Following this,
we listed requirements that should be fulfilled by a host glass in order to allow successful
fabrication and power scaling in a laser architecture. In light of these requirements we identified
three potential sources of a suitable glass host. Source I involved in-house manufacture of the glass,
and the various steps of this process were described. Source II corresponded to purchasing
commercial glass from a laser glass company. Source III was obtained through collaboration with
an academic institute specialising in glass manufacture and fiber fabrication. The absorption of

pump radiation in each source was quantified.

Finally, each glass source was drawn into dimensions suitable for investigating the TGFR concept.
The Source I glass displayed good drawing properties, but concerns over homogeneity postponed
fabrication of the composite structure and only the doped glass was drawn, which was the subject
of a laser investigation presented in section 5.3. The Source II glass was not well-suited to fiber-rod
fabrication, and although a device was produced, significant crystallisation and damage sites will
undoubtedly impact losses. This device is characterised in section 5.4. The Source III glass
performed well during fabrication, and is characterised in section 5.5. The results from the
fabrication stage are not surprising, since the Source I and Source III glasses were manufactured
specifically to be compatible for drawing, whereas the Source II glasses were unrelated, and were

therefore not as well-matched in terms of drawing parameters.
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Chapter 5 Soft-Glass Thermally-Guided Fiber-
Rod Device Testing

5.1 Chapter Overview

Chapter 5 follows on from the fabrication efforts described in Chapter 4, and aims to assess the
power scaling potential of the three fiber-rod devices fabricated in section 4.7. Section 5.2
describes a tunable fiber laser seed source, which was a useful tool utilised throughout this PhD to
measure the gain or loss through a device, or to act as a probe beam. In section 5.3 the fiber-rod
fabricated from the Source I glass is characterised, covering homogeneity, transmission losses and
amplifier performance. Section 5.4 investigates the Source Il glass fiber-rod device in terms of
laser performance, whilst section 5.5 carries out this investigation on the Source III fiber-rod device.
Section 5.6 will conclude the results of this chapter, in light of the results obtained for the

characterisation of the three fiber-rod devices.

5.2 Tunable Laser

Tunability is an extremely useful property of a laser. In the context of this work, a single transverse
mode tunable laser source was deemed a necessity in order to measure gain at various wavelengths
around 1um. Additionally, the ability to tune to a wavelength which is out-of-band, and therefore
displays negligible absorption for a particular transition is valuable for loss characterisation
purposes. Finally, a single-mode beam is useful as a probe, and can be used to test the thermal-
guiding concept, as presented in section 6.3. To fulfil these requirements, a laser was constructed
based on an ytterbium-doped, single-mode fiber, with tunability provided by a reflection grating

employed in a feedback arm (fig. 5.1).

975nm
Diode Laser
Pump Beam
Dump
Input Port .
P 4 \ N
N
Yh:silica Fiber NN /7 Output
Reflection % —//
Grating Signal Fiber 7/
End-Cap Feedthrough Combiner HT > Iym
HR < lum

Figure 5.1: Tunable laser configuration.
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5.2.1 Laser Components and Operation

The following describes the basic components required for laser operation:

Pump Laser

A fiber-coupled diode laser operating at 975nm was used to pump the ytterbium-doped silica fiber,
which displays strong absorption at this wavelength (fig. 6.15). The pump fiber had a core diameter
of 105um with an NA of 0.22, and a cladding diameter of 125um. This specification matched the
input port of the pump combiner, allowing a low-loss splice (shown by a cross ‘X”) to be formed

between these fibers with <0.3dB loss.

Pump Combiner

A (2+1) x 1 fiber combiner was used. This device consists of a total of three input fibers and one
output fiber. Two of the input fibers are intended for multimode pump guidance and have
core/cladding diameters of 105/125um. Note that only one pump input was used and thus only one
input fiber is shown in fig. 5.1. A double-clad, single-mode fiber, which had a core/cladding
diameter of 10/125um and core/cladding NA of 0.08/0.46, is combined with the multimode pump
fibers through a fusing and tapering process. The output thus consists of one single-mode fiber,

which can guide the pump radiation at its cladding/polymer interface.

Active Fiber

An ytterbium-doped silica fiber matching the properties of the single-mode fiber discussed above
was employed as the active medium. The emission spectrum of ytterbium-doped silica, as shown in
fig. 6.15 exhibits a peak at 1030nm and spans a wide wavelength range in this region as a result of
inhomogeneous broadening within the glass host. Approximately Im of active fiber was spliced
onto the combiner output fiber with negligible losses. The other end of the fiber was cleaved
perpendicularly, with the Fresnel reflection from this flat end-face acting as an output coupler with

approximately 3.4% reflectivity. The fiber absorption at 975nm was 4.8dB/m.

End-Cap

It is important to suppress the feedback due to Fresnel reflections from the end-face of the fiber on
the input to the combiner, so that feedback can be entirely defined by the external cavity. To
achieve this, a core-less end-cap matching the cladding diameter was spliced onto the fiber end,
providing a homogeneous glass structure with a seamless interface through which the beam can
expand. Ideally, the beam reflected from the cleaved end-cap end-face would be significantly larger
than the core when it returns to the fiber, ensuring the fraction of light coupled back into the core is
minimised. This scenario is depicted in fig. 5.2, where the top figure demonstrates effective

feedback suppression. Evidently, the length of the end-cap has important consequences for
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feedback. An end-cap that is too short (fig. 5.2 (middle)) or overly long (fig. 5.2 (bottom)), can

result in a higher coupling efficiency back into the core, preventing the desired suppression.

Fiber End-Cap

_é

Figure 5.2: End-cap principle.

Basic Gaussian beam propagation can be utilised to estimate the optimal end-cap length. The
output of the fiber will form a beam waist, with radius wy, which can be estimated for a step-index,

single-mode fiber by use of Marcuse’s equation [1]:

Wo 0.65 + 1.619 N 2.879 51
Too VN5 = VNG 1)
where ., represents the core radius and VN is the V-number, a parameter used to quantify the

number of modes in a step-index fiber, given by:

2n
VN = —1; NA (5.2)

where NA is the numerical aperture of the core. Fundamental operation is achieved for fibers with a
V-number less than or equal to 2.405. Using the values above for the combiner fiber, we obtain VN
= 2.44 at 4 = 1030nm. Thus, using equation 5.1, we obtain an estimated output beam waist radius
of 5.44um. We can now utilise equation 2.44 and equation 2.46 to calculate the distance necessary
for the beam to expand to the maximum possible size when it completely fills the cladding, i.e. w =
62.5um. This desire is fulfilled for a length of silica of approximately 1.5mm, therefore indicating
an end-cap length of 0.75mm would be required. To achieve this requirement, a length of coreless
silica fiber with an outer diameter of 125um was spliced onto the active fiber. The length of
coreless fiber was then cleaved at the required distance from the splice point to create an end-cap of

suitable length. This resulted in an end-cap length of approximately 0.8mm.
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A simple experiment was conducted to investigate the performance of the end-cap. Consider the

cavity shown in fig. 5.3, which is formed by a Fresnel reflection at the end-face of core-less end-

cap with reflectivity R;, and by a Fresnel reflection at the end-face of the active fiber, with

reflectivity R,.
P, R, Yb:silica Fiber R, P,
€< /Tu :I ® =
Signal Fiber

End-Cap Feedthrough Combiner

Q

Figure 5.3: Cavity constructed to investigate the performance of the end-cap.

Due to very high single-pass gain of fiber lasers, this configuration will lase with a low threshold.

The power emitted from the end-cap end is denoted by P;, whilst the power emitted from the active

fiber cleave is denoted by P,. Using the Rigrod analysis [2] [Appendix 5.1], one can show that the

ratio of P; and P, for this scenario obeys the condition:

P, 1-R, |R,
P, 1— R, |R,

(5.3)

Measured values for P; and P, at a range of launched pump powers are shown in fig. 5.4.

Additionally, the signal power ratio at each pump power level is shown to be constant at a value of

5.1 with less than £1% deviation across the measured range. Assuming R, = 3.4%, equation 5.3 can

be solved for R; using a simple solver function. This results in an effective reflectivity from the

end-cap of R; = 0.14%. The end-cap is therefore effective at reducing feedback, with a reflectivity

over 20 times less than the cleaved fiber end-face.
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Figure 5.4: Output power and power ratio for the cavity as a function of pump power.
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Grating Feedback

Wavelength selection is provided by a reflection grating with a groove separation of dy = 1.67um,
optimised for operation around A = 1000nm, providing a reflectivity of approximately 95% in the
first diffracted order. The grating equation quantifies the diffraction angle, S, for each diffraction

order, m, for a particular incident angle, a:
mA = dy(sina + sinf) 5.4

Note that all angles are taken relative to the grating normal. The term on the right of equation 5.4
corresponds to the path length difference of light between adjacent grooves, hence when this
difference is equal to an integer number of wavelengths, constructive interference occurs, leading
to intensity maxima. For the zeroth order, i.e. m = 0, we obtain o = -f, and the beam is reflected as
it would be by a normal mirror, with no wavelength dependence. For higher orders, i.e. m = +1, we
observe intensity maxima at angles f.;, which will depend on incident wavelength. This is shown

schematically in fig. 5.5 (left).

The grating was operated in the Littrow configuration, whereby the angle of the first diffracted
order is equal to the incident beam angle, i.e. @ = . This transforms the grating equation to the

simple form:
mAd = 2d;sina (5.5)

Consequently, a variation of the incident beam angle results in a quantifiable change in the
wavelength satisfying the Littrow condition. The fluorescence from the ytterbium-doped fiber
contains a broad wavelength spectrum, which is collimated by a 20mm focal length lens, before
travelling to the grating. The grating can be angled to change the wavelength which satisfies the
Littrow condition. This wavelength will then travel in the exact opposite direction, where it will be
focused by the lens and coupled into the fiber, providing feedback. Above threshold, the laser will
operate on the wavelength which provides the highest feedback. This scenario is shown
schematically in fig. 5.5 (right). The black arrow represents the spectrally broad input beam and the
green arrow represents the wavelength that satisfies the Littrow condition and is fed back into the
fiber. The blue/red arrow represents a shorter/longer wavelength, both of which are diffracted at
different angles and are not fed back into the fiber. Therefore a cavity is formed between the
reflection grating and the Fresnel reflection from the cleaved end-face of the active fiber. Simply
by adjusting the grating angle, and thus the incident beam angle, one can vary the feedback and

ultimately the lasing wavelength.
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Figure 5.5: Reflection grating (left), Littrow configuration (right).

5.2.2 Laser Performance

The performance of the tunable seed laser was characterised. The laser could be continuously tuned
from 1024nm-1090nm, with a full width half maximum (FWHM) of 0.2nm over the entire power
range, as shown in fig. 5.6 for 5W output power at each wavelength. Fig. 5.7 shows the output
power as a function of launched pump power at 1030nm and 1090nm. The laser performed well,
achieving a slope efficiency of 47%/74% with respect to launched/absorbed pump power at
1030nm, and a slope efficiency of 40%/61% with respect to launched/absorbed pump power at
1090nm. The slight drop in efficiency at the longer wavelength can be partially attributed to the
larger non-radiative transition associated with this wavelength. Additionally, the operating regime
is better suited for high efficiency for the 1030nm laser, since we would expect the slope efficiency
to increase as the laser is operated more times above threshold. The laser operated on the
fundamental mode across the power and wavelength range, with M* < 1.1 in both the x- and y-
direction. The data for a beam quality measurement in the x-direction at SW of output power at

1030nm is shown in fig. 5.8, with the beam profile shown in the inset.
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Figure 5.6: The laser was continuously tunable from 1024nm-1090nm.

76



Soft-Glass Thermally-Guided Fiber-Rod Device Testing

18
16 F L ]
47% w.r.t. Launched Power °
0,

14 L ®1030nm 74% w.r.t. Absorbed Power °
é‘ @1090nm )
12 F o
= )
z 10 r ®
& e o, °
R ® o
g‘ 6 F ® : e 40% w.r.t. Launched Power
=) e o 61% w.r.t. Absorbed Power

4 b X

: L]
2 o8 8
ol
0 L L L 1 i L i
0 5 10 15 20 25 30 35 40

Launched Pump Power (W)

Figure 5.7: Output power at 1030nm and 1090nm as a function of launched pump power.
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Figure 5.8: Beam quality measurement for the x-direction and beam profile (inset).

5.3 Fiber-Rod Characterisation: Source I Glass

The fiber-rod devices fabricated from NP35V(1) and NP35V(2) (section 4.7.2) were tested to
determine suitability for power scaling. Initially, glass homogeneity and transmission losses were
investigated at 1054nm, the peak emission wavelength in Nd:phosphate (fig. 5.19). The device was

then characterised in terms of amplifier performance.

5.3.1 Transmission Investigation

Homogeneity Investigation

To test the effect of inhomogeneities on beam transmission, a HeNe beam was focused through a

35mm section of ~Imm diameter/width fiber-rod fabricated from NP35V(1)/NP35V(2), and the
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output beam was studied qualitatively for distortions using a CCD camera. The end-faces of the
fiber-rods were polished using 1um diamond grit paper, and care was taken to ensure the beam did
not interact with the outer surface of the fiber-rod, with an average beam radius through the device
of approximately 100um. The transmitted beam profiles are displayed in fig. 5.9, which clearly
shows extreme beam degradation for the NP35V(1) fiber-rod, whilst the NP35V(2) fiber-rod
transmits the beam with no discernible degradation. This result is not surprising, since the
manufacture of NP35V(1) did not include a homogenisation element, and the bulk and drawn glass
displayed visible inhomogeneities (fig. 4.4 and fig. 4.7). Consequently, NP35V(1) was abandoned

for future investigation, and all further tests were conducted on NP35V(2).

Transmission Losses

The transmission losses at the intended operation wavelength, 1054nm, were characterised using
the tunable laser as a seed source. Several fiber-rod samples were tested, ranging in length from
26mm to 48mm. The beam was focused through the fiber-rod in the same manner as the above
homogeneity investigation. An average transmission loss of approximately 11dB/m was measured.

This is a very significant loss term, which is believed to be due to contaminants in the glass.

5.3.2 Amplifier Configuration

A section of NP35V(2) fiber-rod, with a side length of approximately 700um and length of 48mm
was investigated in an amplifier configuration. This length of fiber-rod corresponds to
approximately 2.7 absorption lengths, and therefore ensures the majority of the pump radiation is
absorbed, i.e. ~93%. The end-faces of the fiber-rod were polished using 1pm diamond grit paper.
The ends of the fiber-rod were waxed into an aluminium bath, which was filled with water to
provide guiding for the pump radiation and cooling. A seed beam at 1054nm was focused through
the fiber-rod, without interacting with the glass/water interface, with an average beam size through
the device of approximately 100um. The output of a fiber-coupled diode laser, operating at 808nm,
was imaged in the fiber-rod in a counter-propagation configuration. The diode delivery fiber had a

core diameter of 200um and an NA of 0.22, and was 1:2 imaged into the fiber-rod, creating a
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400pum diameter pump beam on the input face of the fiber-rod. The pump radiation was guided

along the device at the glass/water interface. This set-up is shown schematically in fig. 5.10.

The pump losses due to scattering at the interface and unwanted absorption (i.e. absorption not due
to neodymium-induced transitions) in the glass were estimated by measuring the transmission
through the fiber-rod for similar launch conditions using a 975nm fiber-coupled diode laser, which
exhibits negligible absorption due to optical transitions in Nd:phosphate. This experiment yielded a
pump-guiding loss along the device of 12dB/m.

808nm Fiber-Coupled
Pump Diode

Power Meter
Fiber-Rod

1054nm seed

Figure 5.10: Amplification experiment.

5.3.3 Amplifier Performance

The small-signal gain was measured as a function of pump power for a 90mW input beam. Fig.
5.11 shows the measured gain up to a maximum launched pump power of 31.5W. A net gain was
not achieved, with a maximum gain of -0.14dB obtained at the maximum pump power. Also shown
in fig. 5.11 is the modelled gain which shows good agreement with the measured data. The

modelling investigation will be discussed further in the next section.
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Figure 5.11: Measured and modelled gain for NP35V(2) fiber-rod.
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5.3.4 Analysis

Fig. 5.11 shows good agreement between measured and modelled gain data. The model assumed
the measured losses for the signal and pump radiation of 11dB/m and 12dB/m respectively, the
measured pump absorption cross-section of 1.75 x 102*m” at 808nm (section 4.6), the specified
doping concentration of 0.3 wt. % (3.2 x 10 ions/m’), a quantum efficiency of 0.85 [3], and an
upper-state lifetime of 300ps and emission cross-section of 3.2 x 102*m? which is in good
agreement for typical Nd:phosphate glasses [4, 5]. Note that the fit was optimised by allowing
some freedom in the value for the upper-state lifetime and emission cross-section, whilst keeping

these values within close agreement with the literature.

Due to the large area of the pump beam the average inversion density was lower than desired,
resulting in low gain. Additionally, Fresnel losses from the fiber-rod end-faces and the high losses
at the signal and pump wavelength negatively impacted performance and thus a net gain was not
achieved. Based on the model one would expect this device to reach net gain at 37.5W of launched
pump power. This suggests that an amplifier or laser device based on this configuration would not

be suitable, since the power levels required to reach net gain are significantly higher than desired.

The gain model can be utilised to predict the performance of the fiber-rod amplifier in a more
suitable configuration. Since we obtained good agreement with the tested device, we can
investigate how other geometries would perform under the same pumping conditions and with the
same propagation losses for the pump and signal radiation. The transverse dimensions of the tested
device were significantly larger than the desired operating regime. We can reduce the core
dimensions to a circular cross-section with a diameter of 200um. This is still within the intended
TGFR operating regime, but is considerably smaller than the tested device, allowing a higher
inversion density to be achieved with the device and thus a higher gain. We can also include a
circular cladding layer, with a diameter of 400um, which will help to reduce pump guidance losses
and will benefit device handling. Since we have increased the cladding to core area ratio from 1 to
4, we can subsequently increase the doping concentration by a factor of four to 1.2 wt. %, to

achieve the same absorption length in a low power regime.

Fig. 5.12 displays the small-signal gain values for this hypothetical device. Here we see a
considerable improvement on the tested device, with a maximum small-signal gain level of 11.9dB
reached at the maximum pump power. These gain levels make this fiber-rod design interesting both
as an amplifier and as a laser device. However, the considerable losses of this device would
adversely impact laser efficiency as will be discussed in the following sections for the Source II

and Source III devices.
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Figure 5.12: Modelled gain for hypothetical amplifier device based on NP35V(2).

5.3.5 Conclusion

The objective of this preliminary investigation was to ascertain the suitability of the fiber-rod
device for power scaling applications. The glass performed well in terms of fabrication, with no
sign of crystallisation in the two fiber-rod devices. Furthermore, whilst a rod-in-tube preform was
not drawn, the compatibility between the doped and undoped glass was excellent, with less than 2%
difference in 7, and the CTE. A beam transmission experiment revealed that the fiber-rod device
fabricated from NP35V(1) was not suitable, since the beam was severely distorted, whilst the fiber-
rod device fabricated from the homogenised NP35V(2) glass showed negligible distortion.
However, very high transmission losses were measured for the signal and pump beam of 11dB/m
and 12dB/m respectively, which are believed to be due to contaminants in the glass. This had a
serious detrimental impact on performance, and prevented a net gain from being achieved. The
device geometry was not optimised for performance and achieved a gain of -0.14dB, which was in
good agreement with the model. It was concluded that significantly reduced core dimensions,

whilst still operating in the fiber-rod regime, would be beneficial to performance.

Ideally, we would go round the loop again, and perform another manufacture run. Here we would
pay particular attention to reducing contaminants in the glass, to minimise losses. We would then
commission processing of the bulk glass to produce rod and tube structures suitable for rod-in-tube
fiber-rod fabrication. The fiber-rod would be fabricated with smaller transverse dimensions, in
order to realise an improved gain performance and pave the way for further amplifier and laser

experiments.

However, experimental work on this project was unfortunately abandoned. The cost of obtaining
further glass samples was significantly increased. Furthermore, since this would only be the third
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glass manufacture run there is no guarantee of significantly reduced losses. Additionally,
processing the glass into rod and tube structures is a very expensive process. Finally, the lead time

for glass manufacture and preform processing was not in line with the timescale of this PhD project.

Nevertheless, this investigation has showed real promise for the soft glass fiber-rod concept. The
glass was well suited to fabrication, the gain levels are in line with expected values and the fiber-
rod withstood pumping up to the multi-10W level in a simple heat-sinking configuration. With a

more accessible source of glass, this project could make progress.

54 Fiber-Rod Characterisation: Source II Glass

Despite the poor quality of the fiber-rod fabricated from Q246 and KF-2, a laser investigation was
carried out. Initially an emission spectrum was recorded, to determine the wavelength of peak
emission and hence the wavelength that will be targeted for laser operation. A simple laser was

then constructed, with signal losses and output power performance characterised.

5.4.1 Emission Spectrum

The emission spectrum of the Q246 sample discussed in section 4.6 was taken to confirm the peak
emission wavelength. The sample was irradiated at 808nm by a fiber-coupled diode laser, resulting
in the excitation of neodymium ions, followed by radiative decay leading to a fluorescence
spectrum. The fluorescence was captured by a multimode fiber, which was connected to an OSA.
Fig. 5.13 shows the obtained power spectral density between 850nm and 1450nm. Three clear
peaks can be identified, corresponding to a quasi-three-level transition at 895nm, and four-level
transitions at 1059nm and 1332nm. The strongest transition, and the one targeted for laser

experiments, is at 1059nm, with a FWHM of 27nm.
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Figure 5.13: Emission spectrum as a function of wavelength.
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5.4.2 Laser Configuration

The set-up shown in fig. 5.14 was used to investigate laser performance in a short length of fiber-
rod. The fiber-rod was visually inspected and a section with the least amount of scattering centres
was chosen for laser experiments. This corresponded to a 21mm length of fiber-rod, which was
polished on the outer surface and end-faces with 1um diamond grit paper. The core/cladding
diameter was 75um/500um. The fiber-rod was housed in a water bath with the ends waxed into
position, providing heat-sinking for the fiber-rod and creating a pump guide at the cladding/water
interface. The device was pumped by an 808nm fiber-coupled diode, with a fiber diameter of
200um and NA of 0.22. The pump beam was chopped with a 15% duty cycle to minimise thermal
loading. The output of the pump delivery fiber was imaged into the fiber-rod, using a 65mm
collimating lens and a 50mm focusing lens, to create an input spot diameter of approximately
154pum with an NA of 0.29. This small pump spot size in relation to the cladding diameter was
chosen to increase the portion of pump light guided in the core, thus increasing pump absorption
and offsetting the short device length. This configuration led to a single pass pump loss of
approximately 72%. However, of this lost pump radiation it is unclear how much is absorbed and

how much is lost through scattering at the core/cladding interface and the cladding/water interface.

A simple cavity was formed by carefully positioning dichroic mirrors very close to the end-faces of
the fiber-rod. At the pump input end, a mirror with high transmission at 808nm and high reflection
at 1059nm was positioned, whilst at the output face various mirrors were aligned ranging from 50%
to 95% reflectivity at 1059nm. The output radiation was collimated by a lens and sent to a dichroic
mirror angled at 45° with high transmission for the pump wavelength and high reflection for the
signal wavelength. The pump radiation was sent to a beam dump, whilst the signal radiation was

sent on to diagnostics.

Beam Dump
Unabsorbed
Pump
808nm Fiber- Fiber-Rod Laser
Coupled Diode Output
Duty Cycle = 15%
Dichroic
— 70% Power Meter
HT @ 808nm R =70% @

HR @ 1059nm 1059nm

Figure 5.14: Laser configuration.
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5.4.3 Signal Losses

Signal losses due to absorption or scattering within the laser cavity were estimated using the
Findlay-Clay analysis [6]. This approach calculates the round-trip losses in the cavity by
considering the threshold pump power for a range of output couplers with different reflectivities at
the lasing wavelength. The laser threshold occurs when the gain experienced by the laser photons

on a round-trip is equal to the loss. This requirement can be written as:
RyG*(1—-1L)=1 (5.6)

where R, is the reflectivity of the output coupler, G = exp(gl;) represents the single-pass gain
where g is the gain coefficient and /j; is the length of the TGFR, and L represents the round-trip loss.

Rearranging equation 5.6, and assuming L << 1, leads to:
2g9ls =L —InRy 5.7

Furthermore, g = n,o,., and n, at threshold can be calculated using equation 2.19 with ¢ = 0, leading

to an expression for the gain coefficient at threshold, g,
Gth = TpTfOse (5.8)
One can then utilise equation 2.25 and equation 2.34 to rewrite equation 5.7 as:
—InRy =mPp —1L 5.9

2 l . .. . . .
where m = W. Equation 5.9 is instantly recognisable as the equation for a straight
14

line, commonly written as: y = mx + c¢. Furthermore, plotting — In R, against Pp should yield a

straight line, which intercepts the y-axis at -L, allowing the total loss of the resonator to be inferred.

The threshold pump power was measured for several output couplers ranging from 50-95%
reflectivity at 1059nm. A photodiode was used to determine the lasing threshold, identified by
relaxation oscillations. The data is plotted in fig. 5.15, with a reasonable straight line fit through the
data, indicating L = 0.1258, which corresponds to a very high loss of 13dB/m. It was assumed that
Fresnel losses from the fiber-rod end faces could be neglected due to the laser configuration, hence

this loss corresponds solely to propagation losses along the device.
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Figure 5.15: Resonator losses estimated from threshold power.

5.4.4 Laser Performance

Fig. 5.16 shows the output power as a function of launched pump power for a 95% and 70%
reflectivity output coupler. The presented data has been corrected for the 15% pump duty cycle.
For the 95% reflectivity output coupler, threshold was reached for a launched power of
approximately 800mW and a slope efficiency of 1.5% was achieved with respect to launched
power, whilst for the 70% reflectivity output coupler, threshold was at 2.16W with a slope
efficiency of 3.9%.

The laser operated at 1059nm as expected, with a FWHM measured as just below 0.1nm, limited

by the resolution of the OSA (fig 5.17). A highly multimode output beam was obtained (fig. 5.17

(inset)).
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Figure 5.16: Output power for 95% and 70% reflectivity output coupler.
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Figure 5.17: Operation wavelength and output beam profile.

54.5 Analysis

The laser performed poorly in terms of power scaling, with a high threshold and very low slope
efficiency. It is interesting to determine the underlying mechanisms that may be responsible for this
performance. The threshold power and slope efficiency for a four-level laser with a top hat pump
and signal intensity distribution is quantified by equation 2.39 and equation 2.40 respectively.
Table 5.1 displays the relevant values these calculations. Here we have assumed that the inversion
region, defined in this case by wp, and the signal mode are the same size and completely fill the
core. Note that 7 is replaced by —In R for values of R which are not close to one. We can only
define an upper limit of 0.72 for the fraction of absorbed power, since we cannot confirm the pump

power that is lost through scattering and unwanted absorption within the fiber-rod device.

Table 5.2 displays the measured threshold power, THy, for five output couplers as displayed in fig.
5.15. Also displayed is the threshold calculated from equation 2.39 assuming that no pump power
is lost through scattering or unwanted absorption, i.e. #.,s = 0.72. This is the best case scenario for
achieving a low threshold and is labelled THyn. Interestingly, the ratio of the measured and best
case threshold values is relatively constant, given by THy/THyn = 5. Thus whilst the absolute
values of the predicted threshold are significantly higher than the measured values, the trends are
well-matched. Furthermore, since we do know all the terms in equation 2.39 to a high level of
accuracy, a discrepancy in absolute values is not surprising. For example, the crystallisation at the
core/cladding interface and at the cladding/water interface will certainly incur significant pump

losses, thus reducing our value of 77,.
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Parameter Value
L 0.1258
vp 3.71 x 10" ™
v 2.83 x 10"
wp 3.75%x10° m
wy 3.75 % 10° m
Oie 2.9 x 10 m?[7]
7 3.3x10%s[7]
nQE 0.85 [3]
Habs Unknown < (.72

Table 5.1: Parameters for calculating threshold and slope efficiency.

Rm (%) | THy mW) | THyuy mW) | THy / THyn
95 799 164 4.87
894 1153 221 5.22
84 1448 279 5.19
70 2163 448 4.83
50 3845 760 5.06

Table 5.2: Measured and predicted threshold values.

Table 5.3 presents the measured slope efficiency, SEy;, for two output couplers, as displayed in fig.
5.16. Again we consider the best case scenario, with no unwanted pump power, resulting in slope
efficiencies, SEpmax, approximately an order of magnitude greater than SEy, as shown in the final
column of table 5.3. Again, we see that whilst the absolute values for the slope efficiency are
considerably higher than the measured values, the trend is well matched. As for the thresholds, this
can be explained by a lack of accurate knowledge of all the factors in equation 2.40. Again,
reduced pump absorption will act to decrease the slope efficiency. Furthermore, the overlap factor
between the pump and laser mode could be less than unity, since the gain will be higher in the
centre of the device, and larger modes may experience a higher loss due to crystallisation at the
core/cladding interface. Thus, even though the predicted performance was considerably better than
the measured performance, the trends agree well, therefore allowing the performance of other

lasers based on this device to be predicted.
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Ry (%) | SEm (%) | SEmax (%) | SEmax/SEm

95 1.5 13.5 9.0

70 3.9 34.5 8.8

Table 5.3: Measured and predicted slope efficiencies.

5.4.6 Conclusion

The fiber-rod laser fabricated from a rod-in-tube preform consisting of Q246 and KF-2 glass
performed poorly. A simple laser was constructed consisting of a butt-coupled mirror configuration.
Very high propagation losses of 13dB/m were estimated using the Findlay-Clay analysis, which is
over an order of magnitude larger than values reported in the literature [8]. This in itself does not
explain the low slope efficiencies, with a maximum slope efficiency of 3.9% achieved for a 70%
reflectivity output coupler. To explain the poor performance, it was postulated that the absorbed
pump power may be lower than the maximum possible value of 7,5 = 0.72, due to losses resulting
from crystallisation and damage at the core/cladding and cladding/water interface. Furthermore, the
overlap factor could be less than unity as a consequence of a tightly confined beam. Importantly,
predicted trends were in good agreement with the measured performance, allowing one to predict

the performance in other devices based on this configuration.

The source of the poor laser performance is clearly related to the low quality of the fabricated fiber-
rod device. This in turn can be attributed to the lack of compatibility between the glasses with
regards to drawing temperature and CTE mismatch. Furthermore, both Q246 and KF-2 have been
described as having a strong tendency to crystallise. This is unfortunate, since these glasses have
excellent optical properties, with Q246 displaying a loss of just 0.009dB/m in bulk form [7]. Ideally,
the excellent optical properties of Q246 and KF2 could be combined with the excellent drawing
properties of NP35V and NP35, to create a device with significantly lower losses at the pump and

signal wavelength.

5.5 Fiber-Rod Characterisation: Source III Glass

The fiber-rod device fabricated from CL1:Nd and CL1 was investigated in a laser configuration.
Initially, the homogeneity of the device was investigated, followed by a measurement of the
emission spectrum. The laser configuration will then be described, with signal losses and laser

performance presented and analysed.

5.5.1 Homogeneity Investigation

A HeNe beam was passed through the core of a section of fiber-rod to qualitatively determine the

effect of inhomogeneities in the glass, in the same manner as section 5.3.1. A 20mm long section of
88



Soft-Glass Thermally-Guided Fiber-Rod Device Testing

fiber-rod, with a core/cladding diameter of 300um/900um was used for this investigation. Care was
taken to ensure the HeNe beam did not interact with the core/cladding interface, and thus only
passed through core glass material, with an average beam size 75um through the fiber-rod. Fig.
5.18 shows the beam before (left) and after (right) transmission. Clearly extreme beam degradation
has occurred, which is attributed to an inhomogeneous glass structure. This could potentially be
due to poor glass homogenisation during manufacture. Furthermore, the glass is produced in very
small volumes, on the order of 100g, and it is difficult to achieve good homogenisation across the

majority of such a small sample.

Figure 5.18: Beam profile before (left) and after (right) transmission through the fiber-rod.

5.5.2 Emission Spectrum

The emission spectrum of the CL1:Nd sample was taken under irradiation at 795nm to confirm the
peak emission wavelength, as in section 5.4.1. Fig. 5.19 shows the obtained power spectral density
between 1010nm and 1150nm. The peak emission wavelength occurs at 1054nm, with a FWHM of
29.5nm. Therefore 1054nm will be targeted for laser operation.

1.2

FWHM = 29.5nm

Power Spectral Density (a.u.)
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1010 1030 1050 1070 1090 1110 1130 1150
Wavelength (nm)

Figure 5.19: Emission spectrum as a function of wavelength.
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5.5.3 Laser Configuration

A 60mm length of fiber-rod with a core/cladding diameter of 270pm/800pum was used in laser
experiments. The laser was incorporated in the same configuration as shown in fig. 5.14, but with a
different pumping arrangement. The fiber-rod device was cw pumped with a fiber-coupled diode
laser operating at 795nm with a core diameter of 200pm and an NA of 0.22. The output of the
pump delivery fiber was imaged into the fiber using two lenses acting as a 1:2 imaging system, thus
creating a 400 mm diameter pump spot with an NA of 0.11 at the front face of the fiber-rod, which
satisfies the conditions for guiding in the cladding. A laser cavity was implemented by aligning
appropriate mirrors close to the polished faces of the fiber-rod. At the pump input face a mirror
with high transmission at 795 nm and high reflection at 1054 nm was positioned, whilst at the other
end an output coupler mirror was placed with a reflectivity at 1054nm between 50-95%. The output
radiation was collected by a lens and sent to a dichroic mirror angled at 45° with high reflection at
1054 nm and high transmission at 795 nm. Therefore, residual pump radiation can be split from the
laser signal. The remaining pump power was sent to a beam dump, whilst the laser signal power
was sent on to diagnostics. A pump propagation loss of 111dB/m was measured at 795nm, leading
to an upper value for the fraction of absorbed pump power of #,,s = 0.78, however it is expected

that due to pump losses the actual fraction of absorbed pump power will be less.

5.5.4 Signal Losses

Following the approach described in section 5.4.3, signal losses within the laser cavity were
estimated. Fig. 5.20 displays the relationship between output coupler reflectivity and the launched
pump power required to reach threshold. A straight line can be fit to the data, giving a value of L =
0.1569, which corresponds to a loss of 5.7dB/m, considerably less than that measured for the

Source I glass fiber-rod device and more in line with values from the literature [9].

0.8

0.7 F ]
0.6 -In Ry, =0.0923*P- 0.1569

-0.2

0 1 2 3 4 5 6 7 8 9 10
Launched Pump Power (W)

Figure 5.20: Resonator losses estimated from threshold power.
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5.5.5 Laser Performance

Fig. 5.21 shows the output power as a function of launched pump power for a 95% and 70%
reflectivity output coupler. For the 95% reflectivity output coupler, threshold was reached for a
launched power of approximately 2.16W and a slope efficiency of 13.5% was achieved with
respect to launched power. For the 70% reflectivity output coupler, threshold was at approximately

5.3W with a slope efficiency of 28.5% and a maximum achieved output power of 2.5W.

The laser operated on numerous longitudinal modes around 1054nm with a FWHM = 1.3nm, as
shown at maximum output power in fig 5.22. A highly multimode output beam was obtained as

shown in fig. 5.22 (inset), with a measured beam propagation factor of M* = 60.
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Figure 5.21: Output power for 95% and 70% reflectivity output coupler.

1.2

FWHM = 1.3nm

Power Spectral Density (a.u.)
o

|

1045 1050 1055 1060 1065 1070
Wavelength (nm)

Figure 5.22: Operation wavelength and output beam profile.
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5.5.6 Analysis

As in section 5.4.5 the measured threshold and slope efficiency of the laser can be compared to the
values predicted by equation 2.39 and equation 2.40 respectively. Table 5.4 displays the relevant
values required for these calculations. Once again the fraction of absorbed pump power is defined

with an upper-limit.

Parameter Value
L 0.1569
Vp 3.77 x 10" 5™
VL 2.85x10"s"
wp 1.35x10%m
Wy 1.35%10%m
O 3.5% 10> m? [5]
T 3.26 x 10" s [4]
nQE 0.85 [3]
abs Unknown < 0.78

Table 5.4: Parameters of interest for threshold and slope efficiency.

Table 5.5 displays the measured threshold power, THy,, for six output couplers as displayed in fig.
5.20. Also displayed is the minimum possible threshold assuming the maximum pump absorption
factor and the relevant values presented in table 5.4, labelled THyn. Here we note good agreement,
with an average discrepancy between measured and predicted values of approximately 12.5%. In
the final column, we present the predicted threshold if we assume the idealised case where losses
for the signal radiation are just 1dB/m, leading to L = 0.0276, and assume an improved pump
absorption of #.,s = 0.9. This threshold is labelled TH;. The percentage difference between this
idealised scenario and the measured threshold is shown in brackets. As one would expect, the
benefit of this regime is most apparent for low output coupling, since the internal losses represent a
much larger fraction of the total loss of the laser. As the output coupling increases, the predicted

threshold values of the idealised case tend towards the measured values.

Table 5.6 presents the measured slope efficiency, SEy, for three output couplers. Also displayed is
SEmax, where we have assumed 7., = 0.78. Again we note good agreement, with an average
discrepancy between the measured and predicted slope efficiencies of approximately 10.5%. The
final column presents the predicted slope efficiencies for the idealised scenario, SE;, as described
above. Here we see a very significant difference in performance, with considerably higher slope

efficiencies achieved for this scenario. The difference between measured and modelled slope
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efficiency decreases as output coupling increases, as the predicted slope efficiency tends towards
the maximum value and is limited by the other efficiency factors. Consequently, for power scaling
applications, minimising the losses and maximising the pump absorption is critical to achieving

efficient operation.

Ry (%) | THy (W) | THyw (W) | TH; (W)
95 2.16 1.97 0.83 (61.6%)
89.4 3.11 2.55 1.46 (53.1%)
84 3.55 3.14 2.11 (40.6%)
70 531 4.86 4.02 (24.3%)
60 7.88 6.32 5.63 (28.6%)
50 8.76 8.05 7.54 (13.9%)

Table 5.5: Measured and predicted threshold values.

Ry (%) | SEm (%) | SEmax (%) SE; (%)
95 13.5 123 (%) | 37.3(176.3%)
89.4 21.0 20.9 (%) | 46.0 (119.0%)
70 28.5 34.8 (%) 53.3 (87.0%)

Table 5.6: Measured and predicted slope efficiencies.

5.5.7 Conclusion

The fiber-rod device consisting of a CL1:Nd core and a CL1 cladding was characterised in terms of
laser performance. Homogeneity was poor, resulting in extreme beam break-up. A simple laser was
constructed consisting of a butt-coupled mirror configuration. Propagation losses of 5.7dB/m were
estimated using the Findlay-Clay analysis, which is significantly less than the 13dB/m measured
from the Q246/KF-2 device, but still high compared to other reported phosphate devices i.e. 3dB/m
[9]. It is expected that the poor glass homogeneity stems from the manufacture process, which
produces small quantities of glass thereby making it challenging to achieve good homogeneity

across the entire sample.

A maximum output power of 2.5W was achieved in a highly multimode beam, with a slope
efficiency with respect to launched power of 28.5% for an output coupler with 70% reflectivity at
1054nm. The measured and predicted threshold and slope efficiency values agree well. It is clear

that further improvements, particularly in the slope efficiency and thus the maximum achievable
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output power, will be achieved for lower propagation losses and a higher pump absorption factor.

This will be essential for power scaling and can be achieved through improved glass manufacturing.

5.6 Conclusion

The aim of this chapter was to assess the suitability of the fabricated fiber-rod devices for power
scaling applications in a TGFR configuration. Initially, we introduced a tunable fiber seed laser,
capable of producing 10W-class single-mode output from 1024-1090nm, with a FWHM of 0.2nm.
This seed laser was utilised as a useful tool for gain and loss measurements, and provided a probe

beam for the thermal-guiding investigation covered in section 6.3.

The bulk of the chapter investigated the laser performance of fiber-rod devices fabricated from
three different glass sources as presented in section 4.7. The overall performance of these devices
was limited by the relatively high propagation losses. The Source I glass had an inherently high
bulk transmission loss of 11dB/m, believed to be due to contaminants in the glass network. It
should be pointed out that the site whereby this glass was manufactured (GTS) does not specialise
in laser glass. In the limited number of glass manufacture attempts it is not surprising that losses
may be considerably higher than commercial standards. The origin of the loss in the device based
on the Source II glass provided by the commercial laser glass company Kigre Inc., stems from the
poor compatibility between the core and cladding material. These glasses are unrelated to each
other and are not intended for fiber drawing. Furthermore, damage and crystallisation along the
device resulted in very high propagation losses of 13dB/m. The Source III glass provided by the
Politecnico di Torino performed best, giving an estimated loss of 5.7dB/m. However the beam
transmission experiment revealed poor glass homogeneity, potentially resulting from the very small
production quantities. The thermally-induced mode control technique was not investigated with the

soft glass fiber-rod devices, owing to the poor laser performance.

The gain model gave a reasonably good agreement with the measured gain values for the Source |
glass operating in an amplifier configuration. The fit between measured and modelled data was
optimised by varying unknown parameters such as the emission cross section and upper-state
lifetime, which were kept within reasonable limits as defined by the literature. The model was then
utilised to predict the performance of the Source I glass in a more suitable geometry with a smaller
transverse cross-section, resulting in a significantly improved performance. The deleterious impact
of the high propagation losses were apparent from the laser characterisation experiments performed
on the Source II and Source III glasses. It was apparent that lower losses would drastically improve
the slope efficiency of the laser devices. This can be illustrated by considering the Source III fiber-
rod with a 70% reflectivity output coupler, which was the best performing laser in terms of output
power achieving 2.5W. If these losses were reduced to 1dB/m, and the absorbed pump slightly

increased to 7.5 = 0.9, the efficiency of this device would almost double. Improvements in
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performance are even more significant when considering laser configurations with lower output

coupling.

In order to realise the potential of this concept, the issue of glass sourcing must be resolved. Ideally,
the glass would have the excellent optical qualities of a commercial laser glass, with the closely
matched thermal properties of the glasses intended for fiber-rod manufacture. To achieve this, |
believe the best approach would be a dedicated self-manufacture project. Clearly to achieve the
desired parameters in the glass, particularly the optical quality, many manufacturing attempts will
be necessary. Through an iterative process one would be able to zero in on the best composition.
The two manufactured attempts of the Source I glass highlight this fact, with NP35V(1) exhibiting
extreme beam degradation, whilst NP35V(2) allowed good beam transmission. Further iterations to
improve the losses within this glass could have proved promising. Unfortunately, such a source of

dedicated glass manufacture was not available within the budget or timeline of this project.

In order to fully test the intended concept, including the vital thermally-guided mode control
technique, a commercial very large core silica fiber was procured as will be described in Chapter 6.
This fiber was chosen since it matched the intended operating regime in terms of geometry and was
known to have excellent optical quality optimised with over a thousand manufacturing runs. Whilst
this fiber is not manufactured from the intended soft glass network, the results obtained in the
investigation will still be valid for potential future soft glass fiber-rod devices, when soft glass of

sufficient quality can be obtained.
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Chapter 6 Silica Thermally-Guided Fiber-Rod

Device Testing

6.1 Chapter Overview

This chapter explores the TGFR concept in a silica glass host. Section 6.2 will introduce the TGFR
device and present important device considerations. The thermally-induced guiding concept will be
experimentally investigated in section 6.3. Section 6.4 will compare measured gain levels in the
device with the predicted performance based on the model introduced in section 3.4. In section 6.5,
we will use the results obtained in the previous sections to design and construct TGFR laser devices.

Finally, section 6.6 will conclude the chapter.
6.2 Demonstration Considerations

6.2.1 Demonstration Material

Initially the TGFR concept was planned for soft glasses, but in light of the developments of
Chapter 5 it was not considered worthwhile with the current materials available. Therefore, rare-
earth ion-doped silica was deemed an excellent candidate for demonstrating the TGFR laser
concept, owing to its high fracture limit, positive thermo-optic coefficient and because there are
well-established fabrication techniques for producing high purity material with exceptionally low
background loss. Fortunately, an extra-large mode area silica fiber supplied by Nufern became
available towards the end of the PhD project, and was thus selected for the demonstration. The all-
glass fiber (cross-section shown in fig. 6.1) consisted of a 300um diameter core with an NA of 0.11
doped with Yb,0;, a 400um octagonal inner-cladding with an NA of 0.22 and a 480um outer-
cladding. Sophisticated fabrication techniques ensure that this fiber has impressive doping
uniformity. The core material can act as a thermally-induced guiding structure such that the signal
does not interact with the core/cladding interface. Additionally, the core provides guidance for the
pump radiation, ensuring a good pump/signal overlap efficiency and short pump absorption length,

benefitting quasi-three-level operation and the mitigation of nonlinear effects.

6.2.2 End-Capping System

In a high gain system, such as a traditional fiber laser, a resonator can tolerate fairly substantial
intracavity losses without seriously decreasing the laser efficiency. Should these same losses be
present in a low gain system the efficiency would be significantly reduced and the laser may not
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operate at all. Gain modelling (presented in section 6.4) for some typical TGFR device lengths
under the available pump power suggest fairly modest small-signal single-pass gain levels, in the
region of 5dB. Thus for optimal laser performance it will be imperative to keep intracavity losses to
an absolute minimum. Consequently, it was deemed a necessity to negate the loss associated with
Fresnel reflections from the cleaved fiber end-faces, with each face accounting for approximately
3.4% loss, resulting in a significant potential round-trip loss of 13.6% from the fiber end-faces

alone i.e. 2 end-faces with a round-trip corresponding to a double-pass of the device.

480um

Figure 6.1: Cleaved cross-section of extra-large mode area fiber used for TGFR demonstration.

Taking this information into consideration, two clear solutions were available. An appropriate
antireflection (AR) coating could be applied to the fiber end-face, or AR-coated end-caps could be
spliced on to the fiber end-faces. The former solution was disregarded in this instance owing to the
fact that substantial heat will be generated in the fiber core, particularly at the input face, which
could damage any applied coatings. Furthermore, excessive cost and lead times made this option
impractical. Therefore, splicing AR end-caps directly on to the fiber end-faces was pursued,

resulting in a physical separation between the generated heat and the AR coating.

To achieve this requirement, a simple but effective end-capping system was developed. The end-
caps were obtained from a standard Thorlabs B-coated silica window, providing < 0.5% loss at
915nm (the intended pump wavelength), and at 976-980nm and 1030-1040nm (the intended signal
wavelengths). The window, measuring 4mm thick with a 38.1mm diameter, had the AR coating
removed on one side by polishing, before being diced into approximately 7mm x 7mm x 4mm

cubes, by a glass processing company (Crystran Ltd).

In order to fuse the silica fiber to the silica end-caps, the end-cap and fiber must be heated to an
appropriate temperature, which is in the region of 2000°C [1]. This was achieved by using a CO,
laser, which produces an output at 10.6um and heats the silica by absorption of radiation. The laser
was directed onto the uncoated face of the end-cap, which strongly absorbs 10.6um radiation with

an absorption depth on the order of microns at the splicing temperatures [2].

As one would expect, the fiber end-face and uncoated end-cap surface must be well aligned before

splicing, that is, the faces should be flat and parallel to each other. This alignment was achieved by
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viewing the fiber/end-cap interface with a microscope through the end-cap (fig. 6.2). The fiber,
which has 3-dimensional control, is brought very close to the intended splice point of the end-cap
(i.e. the centre). When illuminated through the end-cap with light from the microscope, a fraction
of the light is reflected from the uncoated end-cap face, and a fraction is reflected from the cleaved
fiber end-face. These two reflected portions can then interfere, creating a phase difference
determined by the physical separation of the two faces. If the wavelength of the illuminating
microscope is Ay, then a separation of 1,,/4 between the two faces means that the portion of light
reflected from the fiber face has travelled a total distance of 4,/2 (there and back) further than the
light reflected from the end-cap face, which in terms of phase, equates to a phase difference of 7.
On reflection from the fiber face the light is reflected at an interface between a lower refractive
medium (air), and a higher refractive medium (silica), and therefore incurs an extra m phase shift.
Therefore a total phase shift of 2w occurs, thus the interfering light portions constructively interfere
and we would observe a bright fringe on the fiber end-face. In fact a bright fringe would occur for
any separation which is equal to an odd-number multiple of 1,,/4, i.e. 1,/4, 34/4, 5Aw/4, and so on.
Similar logic can be used to prove that any even-number multiple of 4,/4, i.e. 24/4, 44/4, 6A/4,
etc. would give a dark fringe. Thus, the separation difference between consecutive dark fringes is
An/2. A poorly aligned example of a 400um coreless silica fiber is shown in fig. 6.2 (top), where
multiple fringes can be observed. The end-cap is attached to a mirror-mount with pitch and yaw
control, therefore the parallelism can be actively improved as shown in fig. 6.2 (bottom). In this
case the alignment is improved, and only a few, wide fringes can be observed, indicating good

parallelism between the splicing surfaces.

End-Cap

Microscope Image

Microscope Fiber

AR Coating 1 \
Image Plane

End-Cap

Microscope Image

Microscope Fiber

AR Coating |

Image.Plane
Figure 6.2: Fiber and end-cap with poor (top) and good (bottom) alignment.
Fig. 6.3 shows the arrangement for splicing after the necessary alignment has been optimised. The

fiber is backed away from the end-cap by approximately 4mm using a motorised stage. The CO,
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laser is then directed on to the end-cap, with a beam diameter of a few mm at approximately 30W
to give a golden glowing region in the centre. After 10 seconds of heating the fiber is then moved
forward 4.1mm, with the 0.1mm overshoot allowing the two surfaces to push against each other
and create a strong bond. After 5 seconds the laser power is turned off and a strong bond is formed
(fig. 6.3). Note that it was necessary to directly contact a polished metal block on to the AR coated
surface of the end-cap, in order to improve heat extraction and thus prevent the AR coating from

being destroyed.

CO, Laser
Cooling Block ¢4 ¢ ap

Microscope Image

b
Translation

AR Coating Direction

Figure 6.3: Splicing configuration with good bond formed.

Once this process was optimised for the 400um coreless fiber, it was transferred to the extra-large
mode area fiber used for the TGFR laser demonstration with no modifications. Fig. 6.4 shows an
example of a section of this fiber with end-caps spliced on both ends, and the microscope image

after a successful splice.

Figure 6.4: Example of end-capped TGFR (left) and splice image (right).

6.2.3 Straightness Considerations

An important assumption in the mode control modelling presented in section 3.3 is that the TGFR
is kept perfectly straight throughout operation. Furthermore, preliminary experiments investigating
beam transmission through the TGFR indicated that straightness of the device was crucial. A
diffraction-limited beam at 1080nm was focused through a 59mm length of the TGFR without
interacting with the core (see section 6.3 for details). The TGFR was taped down in a v-groove.

The output face of the TGFR was imaged revealing a good quality beam profile for this scenario
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(fig. 6.5, left). This qualitative study was repeated, with the TGFR mounted in exactly the same
way but with a 50um thick strip of copper foil positioned under the centre of the fiber, causing a
slight bend. After re-optimising the alignment of the input beam it was deemed no longer possible
to pass a high quality beam through the TGFR. Instead, interference fringes appeared in the
direction of the bend (i.e. vertical), indicating that this 50um bend was more than sufficient to
completely destroy beam transmission (fig 6.5, right). Whilst this very simple and crude
experiment does not provide quantitative tolerances on the acceptable bend of the device before
transmission is degraded, it does highlight the fact that bends on the order of tens of microns are
more than sufficient to prevent the desired outcome. A quantitative study would be extremely

interesting for future experiments.

As a consequence of this realisation, it was important to design a mounting system to hold the
TGFR straight. This design must allow for the thermal expansion of the TGFR which occurs as a
result of pumping, whilst simultaneously providing effective cooling. A jig (fig. 6.6) was designed
and manufactured in-house to meet these requirements. It consisted of two hollow aluminium
halves, with a 10mm square cut-out in the bottom half. The end-capped fiber was lowered into the
square cut and the top half of the mount was bolted down. The end-caps were then greased into
place with very close fittings frames, which were in turn sealed onto the mount with silicone
sealant. Water was gently flowed from a flow-restricted water tower into the lower half and out the
upper half of the mount, resulting in a steady stream of water passing directly over the TGFR, thus
providing surface cooling. When the TGFR is pumped, it will heat up and expand due to thermal
expansion. The grease within the close fitting frames allows the end-caps to move freely as the
fiber thermally expands and contracts. Should the end-caps be fixed in place i.e. with the silicone
sealant, then this expansion would have to be taken up by a bend in the TGFR, which would be

detrimental to device performance.

50um Copper Strip

Fiber Fiber

High-Quality Output Degraded Output

Figure 6.5: Imaged beam transmission through a straight (left) and slightly bent (right) TGFR.
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Figure 6.6: Jig to hold end-capped TGFR.
6.3 Mode Control

6.3.1 Experimental Configuration

In order to experimentally validate the thermal-guiding model, the experimental set-up shown in fig.
6.7 was employed. In this arrangement a diffraction-limited seed beam at 1080nm provided by the
tunable fiber laser (section 5.2) was launched into one end of the TGFR, with known beam
parameters at the input face. A fiber-coupled diode laser operating at 915nm was launched into the
signal output end of the device in a counter-pumping configuration. This wavelength was chosen
for thermal guiding, amplifier and laser experiments, since it corresponds to a broad absorption
peak for Yb-doped silica (fig. 6.15). Pumping at the higher absorption peak at 975nm was not an
option since this wavelength will be targeted for amplifier and laser experiments. The pump fiber
had a core diameter of 105um and a core NA of 0.22, and was imaged into the device using an
imaging system consisting of collimating lens with a 25mm focal length and a focusing lens with a
50mm focal length. This pump configuration creates a beam waist of 105um, with an NA of 0.11,
at the TGFR end-face, satisfying the condition for core guidance. The signal is imaged from the
output face of the TGFR using a 1:1 imaging system, consisting of two identical lenses of 50mm
focal length separated by 100mm. Therefore, the beam evolution from the output plane of this
imaging system can be considered identical to the beam evolution from the output of the TGFR.
Furthermore, one can measure the evolution of the beam radius from the output plane as a function
of pump power. This evolution can be used to verify the thermal-guiding principle, since we know
the input beam parameters, g;,, the ABCD matrix, and the output beam parameters, ¢,,,. By varying
the pump power, we can vary the thermal lens strength in a controllable way. This will change the
parameters of each ABCD matrix that makes up the TGFR. Therefore, the accuracy of the model
can be determined by comparing the modelled and measured output beam evolution across a range

of pump powers.
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Figure 6.7: Experimental set-up used to investigate thermal-guiding within the TGFR device.

6.3.2 Non-Pumped Investigation

Before investigating the effectiveness of the model in predicting thermal-guiding, we first explored
the simplified case where no pump power is launched. Here we assume the refractive index
maintains a uniform profile radially and longitudinally, since no heating process occurs to generate
a parabolic profile. Considering equation 2.46, we see that the Rayleigh range increases in
proportion to the refractive index, therefore a Gaussian beam diffracts slower through a material
with a higher refractive index. A beam that propagates through a medium of length /, and
refractive index ng, will lag a beam that propagates a length /,, solely though air by a distance dj,, =

lo - lo/ng (assuming n,;- =1).

Before testing the TGFR device, a 3mm diameter, 60mm long Yb:YAG rod was investigated. This
material is known to have a good optical quality and a uniform refractive index profile, and can
therefore be used to confirm the experimental configuration is performing as expected. Assuming a
refractive index of ny,q = 1.8, we expect dj,; = 26.7mm. To test this empirically, a beam at 1030nm
was focused to a waist of approximately 90um, before being 1:1 imaged as discussed in section
6.3.1, with the image plane at 60mm. Fig. 6.8 (left) displays the input beam data overlaid with the
imaged beam data, which has been shifted by the length of the imaging system (200mm). We
observe good agreement between the data sets, confirming the imaging system is performing
appropriately. The experiment is repeated with the Yb:YAG rod inserted in the input beam, with
the imaged data also shown in fig. 6.8 (left). By shifting this data by d,, we observe a good overlap
between the input data and the imaged data after propagation through the Yb:YAG rod, as shown
in fig. 6.8 (right). This confirms the set-up is working sufficiently to conduct the investigation on

the TGFR.
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Figure 6.8: Input and imaged beam with no shift (left), and with dj,, shift (right) for Yb:YAG rod.

The beam evolution investigation was conducted on a 59mm long section of the TGFR. An input
beam, at 1080nm, was focused to a waist of approximately 78um, at a longitudinal position of z =
Omm. The longitudinal position of the input face of the TGFR, zrgrr, was shifted relative to the
waist position. Fig. 6.9 displays the input beam evolution and the predicted beam evolution
assuming a radially homogeneous refractive index profile for a single position: zrgrr = 13mm,
although a similar situation was observed for seven positions ranging from zrgrr = -8mm to zrgpr =
13mm. Here, we would predict the beam to interact with the core/cladding interface, leading to
guiding within the highly multimode core and a corresponding reduction in beam quality. However,
the figure also displays the actual measured beam evolution and output beam profile, which does

not correspond to the predicted evolution and displays good beam quality. This implies that the

model does not correctly predict beam evolution through the TGFR with the current assumptions.
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Figure 6.9: Measured and predicted beam evolution through the TGFR for zrgrr = 13mm.

It was postulated that the origin of this discrepancy may be the modelling of the refractive index
profile (RIP), which was assumed to be radially homogeneous. Taking a closer look at the preform
RIP (fig. 6.10), it is apparent that this assumption is incorrect as the refractive index clearly

decreases radially, perhaps as a consequence of the fabrication process.
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Figure 6.10: Preform RIP, with close-up view showing deviation (blue) from flat profile (black).

It was consequently assumed that the RIP displayed an approximately parabolic dependence in
order to incorporate it into the model, allowing each slice of TGFR to be described by the matrix
presented in scenario 3 from Table 3.1. In order to find an appropriate solution for n,, which was
assumed to be longitudinally constant, we considered the input and output beam parameters. Since
both ¢;, and ¢,,, are known, we can scan over a range of #n,, to determine the predicted output, and
therefore find the solutions which satisfy our requirements. Fig. 6.11 depicts this process, where we

have plotted output beam size and wavefront radius of curvature for zrggr = 13mm.

We have scanned the output beam parameters for n, = 0 — 5,000m™, in order to cover several
oscillations of the beam along the length of the device. This can be seen from the oscillating beam
size, as the output of the device periodically coincides with a crest or trough of the undulating beam,
and also from periodic switching of the radius of curvature from positive (expanding beam) to
negative (converging beam). The red lines shown in fig. 6.11 correspond to the measured output
beam parameters; therefore the intersection points of the plots indicate values of n,, that will satisfy
the output beam parameters. The green circles in the radius of curvature plot indicate the solutions
which satisfy the measured values. The red circles in the beam radius plot indicate solutions
whereby the beam radius satisfies the measured value, and has the beam has the correct sign for the
radius of curvature, which for this example is positive as the beam is expanding at the output. Here
we note three solutions for the beam size which satisfy these requirements. The purple regions
indicate the discrepancy between each of the three solutions and the two nearest solutions for the
radius of curvature, i.e. one solution either side. Here we note the discrepancy is smallest for the

first solution.
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This examination technique was applied across the range of zrgpr positions, and it was observed
that the solutions tended to centre on the same solutions shown in fig. 6.11. Taking an averaged
solution for the region around the first red circle of n, = 3,600m’2, we observed excellent
agreement with the measured data. Fig. 6.12 shows the predicted and measured beam evolution for
Zrgrr = 13mm, whilst fig. 6.13 shows predicted and measured beam evolution from the output

plane for four zrgpr positions.

Due to a lack of a reliable RIP on the TGFR core itself, we are unable to confirm whether the
solution from region 1 is in close agreement with the measured profile. However, this solution
provides close agreement with the measured beam evolution, and therefore allows us to investigate

the thermal-guiding model.
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Figure 6.11: Output beam size (top) and radius of curvature (bottom) as a function of ny, for zrgrr =

13mm.
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Figure 6.12: Measured and predicted beam evolution through the TGFR for zygrr = 13mm

assuming a parabolic RIP with n,, = 3,600m™.
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Figure 6.13: Measured and predicted beam evolution from TGFR output for zrgrr = -8mm, -1mm,

6mm and 13mm, assuming a parabolic RIP with n,, = 3,600m™.

6.3.3 Pumped Investigation

The thermal-guiding aspect of the model was then explored on the same TGFR device. In this
investigation a beam at 1030nm, was focused to a waist of approximately 69um, with the TGFR
positioned at zrgrr = Smm. These input conditions were kept constant, whilst the launched pump
power was varied. Assuming the previously determined solution of 7, = 3,600 m™ and a value of
dn/dT of 12.9K™' [3], we observed excellent agreement with the measured data across the full range
of launched pump power, up to a maximum of 30W. The predicted and measured beam evolution

for the range of pump powers is shown in fig. 6.14. This excellent agreement proves the validity of
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the thermal guiding model, confirming it as a powerful tool that can be utilised to optimise

amplifier and laser performance.
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Figure 6.14: Measured and predicted beam evolution from the TGFR for various launched pump

powers.

6.4 Amplifier Performance

Following the mode control investigation, the TGFR was characterised in terms of amplifier
performance. In this section we will experimentally measure gain in the device at 976nm and
1030nm, and compare this to the predicted performance. To investigate the single-pass gain within
the TGFR device, a similar set-up to that used for the mode control investigation was used, as
shown in fig. 6.7. However, a power meter replaced the camera in order to determine the output

power over a range of pump powers.

Spectroscopy

Fig. 6.15 shows the absorption and emission cross-section data [4] for ytterbium-doped
aluminosilicate glass. Point A represents the broad absorption band around 915nm that was utilised
to pump the TGFR. Point B indicates the peak in emission and absorption cross-section at 975nm.
Since both emission and absorption cross-sections are equal at 975nm, this is a true three-level
transition; hence transparency at this wavelength will occur when 50% of the ytterbium ions are
excited. To investigate single-pass gain at point B, a single-mode, fiber-coupled diode laser
operating at 976nm was used as a seed source. Point C indicates a broader emission peak occurring
at 1030nm. At this wavelength the emission cross-section is approximately an order of magnitude
greater than the absorption cross-section, and therefore this is a quasi-three-level transition, hence
we would expect to reach transparency at a lower excitation density than for 975nm. According to
equation 2.20, transparency would occur at 1030nm when approximately 8.5% of the ytterbium

ions are excited. Furthermore, once above transparency, we would expect the gain at 975nm to
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increase quicker, owing to the larger emission cross-section. The laser discussed in section 5.2 was

tuned to 1030nm to investigate the single-pass gain at point C.
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Figure 6.15: Absorption and emission cross-section for ytterbium-doped aluminosilicate glass.

Table 6.1 summarises important spectroscopic parameters used in the gain modelling of the TGFR
device. The doping concentration, 7y, was estimated from the absorption, using the spectroscopic
data. The cross-sections are depicted Gap/c o for absorption transitions, and 6a/c . for emission
transitions on points A/B/C respectively. For the gain modelling, the cross-section values were

considered to be accurate to within 15%.

Parameter | Value

ny 42 x10”° m?
i 840ps [5]

O a 0.8 x 10 m?
4 o 0.03 x 10** m’
0B a 2.6x 107 m’
OB o 2.6x 107 m’
0C a 0.06 x 10** m’
oc . 0.65 x 10** m’

Table 6.1: Spectroscopic parameters of the TGFR device.

Pump Absorption

Prior to the gain measurements, pump absorption at 915nm was measured. Pump radiation was

launched into the TGFR as depicted in fig. 6.7, and transmitted power was recorded across the
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entire pump power range. Note that a bandpass filter was used at the TGFR output which allowed
high transmission from 900-950nm whilst blocking other wavelengths. This was essential to ensure
that fluorescence from the 975nm and 1030nm peaks did not contribute to the measured power.
The measured and modelled absorbed power is shown in fig. 6.16. Here we note good agreement,
which provides confidence in the values for doping concentration, fluorescence lifetime and the

relative transition cross-sections.

976nm Gain

Gain measurements were made at 976nm, following the set-up depicted in fig. 6.7, with an
appropriate dichroic mirror to separate unabsorbed pump from the signal radiation. The input beam
was focused to a waist of approximately 60um at the input face, which led to an estimated average
beam radius of 60um throughout the TGFR, according to the thermal-guiding modelling presented
in section 6.3. The measured and modelled gain values for an input seed power of 60mW and
450mW are shown in fig. 6.17, which shows a reasonable agreement over the range of pump
powers. A maximum gain of 4.1dB was achieved for the 60mW seed resulting in an output power

of 155mW, and 2.2dB for the 450mW seed resulting in an output power of 750mW.
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Figure 6.16: Measured and modelled pump absorption.

1030nm Gain

The experiment was repeated at 1030nm, again utilising an appropriate dichroic for the device
output. The input beam was focused to a waist of 70um at the input face, which led to an estimated
average beam radius of 60um throughout the TGFR. The measured and modelled gain values for
an input seed power of S0mW and 1.1W are shown in fig. 6.18, which again shows a reasonable
agreement. A maximum gain of 5.0dB was achieved for the SOmW seed resulting in an output

power of 160mW, and 3.9dB for the 1.1W seed resulting in an output power of 2.7W.
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The beam quality in these gain experiments remained excellent, i.e. M” < 1.1, at both 976nm and
1030nm, over the full range of seed and pump powers. Fig. 6.19 shows the beam quality in the x-
direction and beam profile at maximum pump power for the 50mW 1030nm beam amplified at the

maximum pump power.

Conclusion

The results from the amplifier investigation are encouraging. The measured single-pass gain values
are in reasonable agreement with the modelled values. As expected, the transparency for the

1030nm transition is significantly less than for the 975nm transition i.e. approximately 4W versus
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Figure 6.18: Measured and modelled gain at 1030nm.
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40W respectively. Additionally, the gain increases faster above transparency for the 975nm
transition. Furthermore, excellent beam quality is maintained throughout amplification. This
promising performance, combined with the mode control results, paves the way for laser based

experiments, where the modest gain levels are more than adequate for laser investigations.
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Figure 6.19: Beam quality and beam profile at 1030nm for 50mW at the maximum pump power.

6.5 Laser Performance

The final experimental section of this chapter utilises the results obtained thus far to explore the
TGFR device in a laser configuration. The mode control investigation informs the design of a
stable cavity (section 6.5.1), whilst the gain performance investigation allows an estimation of
threshold powers (section 6.5.2), thus dictating appropriate intracavity optics. This investigation
explores laser operation on the two emission peaks previously discussed, i.e. 975nm and 1030nm.
Due to the quasi-three-level nature of the 1030nm transition, as compared with the true three-level
character of the 975nm transition, we expect a lower threshold for 1030nm, and therefore would
expect this transition to be dominant in a laser cavity with no wavelength-dependent losses. Owing
to this simplicity, the 1030nm laser will be discussed first in section 6.5.3, before discussing the

975nm laser in section 6.5.4, which requires additional complexity.

6.5.1 Laser Cavity Design

For a stable resonator mode, we require that the beam profile is self-reproducing, i.e. the transverse
profile remains constant over each round-trip, as discussed in section 2.3.3. It is useful to be able to
predict which cavity configurations are stable, and what the resulting beam size will be throughout
the cavity in that configuration. Consider a potential cavity design as shown in fig. 6.20. This
cavity comprises of a plane mirror, M1, an intracavity lens, L1, the TGFR, a second intracavity

lens, L2, and a second plane mirror, M2. The ABCD matrix for a round-trip through this cavity can
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be constructed by multiplying the ABCD matrices for each component, in the correct order. For
this example, starting at M1, the beam propagates through free-space over a distance d;, followed
by a lens, L1, followed by free-space propagation over a distance d,, followed by the first slice of
the TGFR which exhibits a parabolic refractive index profile, followed by the next slice, and so on
until we reach M2 at which point we work our way back to M1 to complete a round-trip. The
product of the matrices that describe each of these elements will produce an ABCD matrix which
describes the entire laser cavity. It is important to consider that this ABCD matrix will clearly

change as the pump power, and thus the thermally-induced lensing of the TGFR, is varied.
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Figure 6.20: Potential cavity design.

Since we stipulate that the beam must be self-reproducing, we can rewrite equation 3.7 as:

_Aq+B
S Cq+D

q (6.1)

where A, B, C and D represent the ABCD components of the laser cavity for a round-trip
starting/finishing at M1. The beam will form a waist on the plane mirrors, therefore from equation

2.47 and equation 6.1, the beam size on M1, wy, can be given by [Appendix 6.1]:

12 /1 — p2\1°%
Wy = [ﬁ <—CZ >] (6.2)

The beam can then be propagated through each ABCD matrix to build up a picture of how the
beam evolves through the cavity. Unstable cavity configurations will show up as imaginary values

for WM.

6.5.2 Threshold Estimation

It is very useful to predict the threshold pump power for 975nm and 1030nm operation. Knowledge
of this value allows appropriate intracavity optics to be selected. For example, an output coupler
with a higher transmission will increase slope efficiency but also increase threshold (equation 2.39
and equation 2.40), therefore knowledge of the relationship between the output coupler and

threshold can be used to make an informed choice. Additionally, threshold will be reached at a
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lower pump power for 1030nm, and thus threshold information can dictate the required suppression

at this wavelength to ensure 975nm reaches threshold first.

Both laser cavities were constructed with an input coupler that displayed high transmission at the
pump wavelength, i.e. T > 95% at 915nm, with high reflectivity at the laser wavelengths, i.e. R >
99.9% at 975nm and 1030nm, and an output coupler that provided a reflectivity of R = 70% at
975nm and 1030nm. For this analysis, we will assume there are no wanted losses due to scattering,
unwanted reflections, unwanted leakage through the high reflector and bulk absorption losses, i.e.

(1 — L) = 1. Furthermore, equation 5.6 can thus be written as:
1
G= |— (6.3)

Consequently, threshold will be reached at the particular wavelength the satisfies the condition of
equation 6.3. In this scenario Ry, = 0.7, therefore threshold will occur for a gain of G = 1.2, or
0.8dB. Utilising the gain model discussed in section 3.4, we can plot the small-signal gain at
975nm and 1030nm as a function of launched power, as shown in fig 6.21. Here we note that the
required gain at 975nm is achieved at approximately 41W of launched pump power. Repeating this
process at 1030nm we find that the required gain is reached at approximately 9W. Therefore, as
expected, with no wavelength dependent losses, the laser will reach threshold at 1030nm at a
significantly lower pump power. It is also interesting to note that wavelength-independent losses
will impact the 1030nm transition threshold more significantly than the 975nm transition threshold,

since the gain above transparency increases at a slower rate for the 1030nm transition.
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Figure 6.21: Small-signal single pass gain for 975nm and 1030nm as a function of pump power.
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6.5.3 1030nm Laser

Laser Configuration

Various laser configurations were modelled and trialled, however, in order to minimise the degrees
of freedom within the cavity and improve alignment stability, it was decided that the simplest
configuration should be employed. This essentially consisted of the TGFR device and the two
cavity mirrors, each positioned approximately Smm from the end-face of the TGFR. This
configuration is shown schematically in fig. 6.22, with the modelled signal beam profile shown in
red at a launched pump power of SOW. This configuration gave an average beam size through the

TGFR of approximately 75um, with little deviation in beam size across the range of pump powers.

HT @ 915nm 70% R
HR @ 1030nm 1030nm
TGFR
Pump Input Laser Output

L e — || )

Figure 6.22: Laser configuration for 1030nm investigation.

Output Power

The cavity was optimised for maximum output power. Threshold was reached at approximately
14W. A maximum output power of 13.1W was achieved, with a corresponding maximum slope
efficiency of 44% with respect to launched power and 53% with respect to absorbed power, as
shown in fig. 6.23. Note that the slope efficiency increases as the laser is operated further above

threshold, as is expected, owing to the signal radiation saturating gain in the beam wings.

The threshold value of 14W is in reasonable agreement with the value of 9W predicted in section
6.5.2; especially since this estimation assumes all other intracavity losses are zero. It is also worth
noting that since the cavity was optimised for performance at maximum pump power, it was not
necessarily optimised for the lowest threshold value. The slope efficiency with respect to absorbed
power, 53%, is reasonable, with the theoretical limit for this transition approaching 89% according
to the quantum defect. Minimising intracavity losses through improved AR coatings on the end-
caps would improve the slope efficiency. Additionally, one would expect the slope efficiency to

improve by operating the laser further above the threshold power.
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Figure 6.23: Output power as a function of launched power.

Wavelength

Fig. 6.24 shows the wavelength spectrum at maximum output power. The wavelength spectrum is
fairly broad with several peaks, which is not surprising considering that no wavelength selection

was employed in this configuration. The main peak is centred on 1032.5nm with a FWHM of

1.3nm.
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Figure 6.24: Output wavelength at maximum pump power.
Beam Quality

Excellent beam quality was achieved at maximum output power with M* < 1.1. Fig. 6.25 shows the

beam quality in the x-direction and the beam profile at maximum pump power.
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Figure 6.25: Beam quality and beam profile at maximum pump power.

6.5.4 975nm Laser

1030nm Suppression

The laser configuration employed for the 975nm laser was complicated by the fact that sufficient
suppression must be provided at 1030nm. To calculate the suppression necessary, it is helpful to
consider the gain experienced at 1030nm for 41W of launched pump power, i.e. the threshold
power for the 975nm transition. In order to suppress the 1030nm oscillation, the losses at this
wavelength must be sufficient so that the gain experienced at 41W is less than the threshold gain,
i.e. 0.8dB. With no losses, the small-signal gain for 1030nm at 41W is approximately 4dB.
Equation 5.6 can then be employed to calculate the total round-trip losses required at 1030nm, L¢3,
to set 41W as the threshold pump power for 1030nm. This leads to a value of Lo = 0.77, or =~ -
6.5dB. Therefore, inserting a device which incurs a round-trip loss greater than -6.5dB at 1030nm,
and negligible loss at 975nm, and assuming all other losses are negligible, we would expect 975nm
to reach threshold at 41W and saturate the gain, thus becoming the dominant output wavelength. A
notch filter was used to achieve this suppression, achieving =98% single-pass transmission around
976-980nm and blocking wavelengths between 850-970nm and 990-1300nm, with a single-pass

loss at 1030nm of greater than -40dB, which is more than sufficient from the desired suppression.

Laser Configuration

Simplicity of design was again considered important. The cavity consisted of an input mirror
positioned approximately Smm from one end-face of the TGFR, an intracavity lens of focal length
50mm, positioned approximately 60mm from the end face of the TGFR, and an output mirror,
positioned approximately 55mm from the lens. The lens-mirror feedback arm was necessary to

accommodate the notch filter, which was inserted at a slight angle (to prevent 1030nm feedback)
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into the cavity, between the TGFR end-face and the lens. This configuration is shown
schematically in fig. 6.26, with the modelled signal beam profile shown in red at a launched pump
power of 50W. This configuration gave an average beam size through the TGFR of approximately

70um, with little deviation in beam size across the range of pump powers.

HT @ 915nm 98% T 976-980nm 70% R
HR (@ 976-980nm HR otherwise 976-980nm
TGFR
Pump Input Laser Output

—> —>

f=50mm

Figure 6.26: Laser configuration for 975nm investigation.

Output Power

As with the 1030nm laser, this cavity was optimised for maximum output power. Threshold was
reached at approximately 42W, and a maximum output power of 1W was achieved, with a
corresponding maximum slope efficiency of 8% with respect to launched power, as shown in fig.
6.27. Owing to the fact that the notch filter also blocked the pump wavelength, it was not possible
to measure the unabsorbed pump power during lasing, thus a slope efficiency with respect to

absorbed power is absent. However, the absorbed power at threshold was measured to be 25W.

If we account for the additional loss at 975nm due to the notch filter, we would expect threshold to
be achieved at approximately 41.5W, which is in excellent agreement with our measured value.
Note that the lasing threshold was only just achieved with the available pump power, and the slope
efficiency is expected to increase at higher pump powers, once the system has been brought several
times above threshold. Additionally, as before, minimising losses at 975nm would improve the
slope efficiency and lower the threshold. Ideally, the 1030nm suppression would be achieved by
cavity mirrors which are highly transmissive at 1030nm. Not only would this eliminate the need for
an intracavity notch filter, it would also allow for the simpler design employed by the 1030nm laser.
Unfortunately, mirrors with these specifications are difficult to manufacture due to the close

proximity of the wavelengths of interest, and were therefore not available for this experiment.

Wavelength

Fig. 6.28 shows the wavelength spectrum at maximum output power, which is centred on 978.5nm

with a FWHM of 2.8nm. Note that no wavelengths occur outside the bandwidth of the notch filter.

Beam Quality

As before, excellent beam quality was achieved at maximum output power with M* < 1.1. Fig. 6.29

shows the beam quality in the x-dimension and the beam profile at maximum pump power.
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Figure 6.27: Output power as a function of launched power.
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Figure 6.28: Output wavelength at maximum pump power.
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Figure 6.29: Beam quality and beam profile at maximum pump power.
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6.6 Conclusion

In this chapter we demonstrated the concept of the TGFR using an extra-large mode area
ytterbium-doped silica fiber, which displayed numerous attractive properties including a crucially
important positive thermo-optic coefficient. A technique developed in-house for splicing AR-

coated end-caps onto the TGFR was presented.

The thermally-induced mode control technique presented in section 3.3 was experimentally
investigated. Beam evolution through the TGFR was investigated, and it was discovered that a
degree of guiding was built into the device even in the absence of pumping. The effect of this
guidance was estimated by considering the output beam evolution from the device for a range of
input beam parameters, leading to good agreement between measured and modelled beam
evolution. Thermally-induced guidance was then investigated by considering the in-built guidance
alongside that expected from pumping the TGFR. Again, good agreement between measured and
modelled beam evolution was achieved, confirming that the model is a valuable tool for predicting

beam guidance through the TGFR.

The performance of the TGFR as an amplifier was investigated. The gain model presented in
section 3.4 was used to predict the single-pass gain through the TGFR. Amplification data was
recorded at 976nm and 1030nm, and was found to be in reasonable agreement with the modelled
data. At 976nm a maximum gain of 4.1dB was achieved for a 60mW seed resulting in an output
power of 155mW, and 2.2dB for a 450mW seed resulting in an output power of 750mW. For
1030nm a maximum gain of 5.0dB was achieved for a 50mW seed resulting in an output power of
160mW, and 3.9dB for a 1.1W seed resulting in an output power of 2.7W. Excellent beam quality
was maintained throughout amplification with M* < 1.1 at the maximum gain levels for both

976nm and 1030nm.

The obtained results were then utilised to investigate the performance of the TGFR as a laser. The
mode control investigation was used to construct a model for predicting laser resonator stability.
The model can predict how the fundamental mode would propagate in the cavity. One might expect
the cavity to operate as a highly multimode laser owing to the large V-number of the device.
However, the diffraction losses for the guided, highly-multimode radiation are considerably higher
than the thermally guided mode. The amplification model was employed to predict laser thresholds
and the suppression required at the 1030nm transition to achieve lasing on the 975nm transition.
Simple laser devices were constructed based on the 1030nm and 975nm transition. The first device,
operating at 1032.5nm, reached threshold at 14W which agreed reasonably well with the predicted
value, and achieved a maximum output power of 13.1W with a slope efficiency of 44% with
respect to launched power and 53% with respect to absorbed power. Excellent beam quality was
achieved at maximum output power with M> < 1.1. The second device, operating at 978.5nm,

incorporated a notch filter in order to suppress 1030nm oscillation. Threshold was achieved at 42W,
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which was in excellent agreement with the predicted value, and a maximum output power of 1W
was achieved with a slope efficiency of 8% with respect to launched power. Again, excellent beam
quality was achieved at maximum output power with M? < 1.1. The slope efficiencies of both of
these devices, particularly the latter, are expected to increase with higher pump powers which
would bring the system further above threshold, allowing the laser mode to saturate gain in the
beam wings. Ideally the losses of both systems would be minimised by improving the AR-coatings
of the end-caps. Furthermore, achieving 1030nm suppression in the 975nm laser through the use of

cavity mirrors would improve cavity design and lower intracavity losses.

The TGFR concept has displayed encouraging performance, with good agreement between the
modelled and experimental data. This introduction is really only the beginning for these devices,
and it confirms that this device generally operates as expected. More powerful pump sources can
potentially improve the output power and efficiency. Q-switching experiments would be very
interesting, as these devices have good energy storage potential owing to the large mode area.
Furthermore, experiments exploring radially-polarised operation, combined with Q-switched

operation, could have significant implications for materials processing.
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Chapter 7 Radially Polarised Beam Amplification
in a Thin-Slab

7.1 Chapter Overview

Thus far, we have been concerned with power scaling the fundamental Gaussian beam, owing to its
desirable attributes. However, higher-order modes also offer some interesting benefits. In this
chapter we explore a novel power scaling geometry for cylindrical vector (CV) beams. These
unique beams have numerous applications, with high power operation being particularly relevant
for materials processing. In this chapter we demonstrate that the polarisation purity of cylindrical
CV beams can be maintained after amplification in a thin-slab, opening up a new route for power
scaling these beams. We begin in section 7.2 by outlining our motivation to scale the output power
of CV beams. Here, we highlight the numerous applications of CV beams, with particular attention
paid to the benefits these beams offer for materials processing. We then describe various CV beam
amplification techniques, and suggest the advantages of utilising the slab architecture. In section
7.3 we describe the operating principles of the radially polarised seed source constructed for the
amplification experiments. This source consists of an Yb:YAG rod which exploits thermally-
induced bi-focussing for direct generation of a radially polarised beam. Characterisation of the
source will cover beam quality, polarisation purity and output power. Section 7.4 describes the
Yb:YAG thin-slab amplifier used to amplify the seed beam, taking into account the important
consequences of the Gouy phase shift, and how this must be managed to retain excellent radial
polarisation purity. In section 7.5 amplification results will be presented, confirming the validity of
this approach. Considerations for power scaling this configuration will be discussed in section 7.6,
covering pump/signal overlap and a mitigation strategy for birefringence effects. Finally, section

7.7 will conclude the chapter.

7.2 Motivation

7.2.1 CV Beam Applications

CV beams have unique characteristics whereby the polarisation state across the beam cross-section
is not uniform, as with linear or circularly polarised light, but in fact forms an axially symmetric
distribution. Consequently, this leads to an intensity null at the beam centre owing to the
polarisation discontinuity. Radially and azimuthally polarised beams form an interesting subset of

CV beams, where the polarisation direction is orientated in the radial and tangential directions
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respectively. Fig. 7.1 indicates several common polarisation states, where the white arrows indicate

the direction of electric field oscillation.

Numerous applications for these exotic beams have been identified including particle acceleration
[1] and particle trapping [2], which utilise the intense longitudinal electric field produced by a
strongly focused radially polarised beam. A remarkable feature of radially polarised beams is their
ability to be focused to smaller beam sizes than linearly polarised beams, leading to applications in
high-resolution imaging [3]. Material processing, including cutting and drilling metal, is another
area where these beams have attracted great interest. It has been shown that cutting efficiency can
be 1.5-2 times higher using radial polarisation rather than circular polarisation [4], and drilling can

be 1.5-4 times more efficient with azimuthal polarisation compared to linear and circular
polarisation [5].

Figure 7.1: Vertically polarised Gaussian mode (a), circularly polarised Gaussian mode (b), radially

polarised LGy, mode (c), and azimuthally polarised LGy, mode (d).

To understand the superior efficiency of CV beams within materials processing, it is helpful to
consider an example. Here, we will explain the advantages of using a radially polarised beam for

metal cutting. Fig. 7.2 shows a schematic of laser metal sheet cutting.

s-pol
(_.©_) p-pol
Laser .
Processing
Direction

[
Molten :““‘ Ejected
Layer Liquid Metal

Figure 7.2: Schematic of laser cutting for side-view (left) and top-view (right).

The angle of incidence, &, which defines the angle between the incident beam and the surface
normal, can approach 90° for this configuration [6]. The power of the incident laser beam is
decomposed into a reflected and an absorbed component. The fraction of reflected power is a

function of incident angle and polarisation state, and can be quantified by the Fresnel equations [6]:
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2

Ry(£) = cos& — /n?, — sin%¢&
e cosé + /n?, — sin?&
7.1)
R, () = n2,cosé — /n2, — sin2¢ ’
: n2 cosé + /n?, — sin%¢

where R, and R, represent that fraction of power reflected for s and p-polarisation states
respectively, n,, is the refractive index of the material, and it has been assumed that the laser beam
travels to the material in a medium with a refractive index of unity i.e. a vacuum. The refractive
index of a metal consists of a real and an imaginary component, i.e. n,, = n + iy. The familiar real
component, n, describes the phase velocity, v,, of light within the material via v, = c¢/n. The
imaginary component, y, known as the extinction coefficient, accounts for attenuation in the
material, and defines an absorption depth, d,, at a wavelength A of d,,, = A/4my. For metals, y > 1
for typical incident wavelengths, and therefore the absorption depth is on the sub-wavelength scale.
Fig. 7.3 (left) displays the fraction of absorbed power for both polarisation states as a function of
incident angle for aluminium at a wavelength of 1um, with n,, = 1.5192 + 9.2643i [7]. Also shown
in fig 7.3 (right) is the ratio of the absorbed powers, which clearly depicts the much stronger
absorption of p-polarised radiation, especially at large angles such as those present in the metal

cutting process.
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Figure 7.3: Absorption of s and p-polarisations in aluminium as a function of angle (left), and ratio

of absorbed power i.e. p-polarisation/s-polarisation.

Figure 7.3 highlights a major limitation of using linearly polarised radiation for metal cutting,
namely that the absorption efficiency within the metal will vary over the circumference of the laser
beam. As shown in fig 7.4 (left), a linear polarised beam can achieve maximal absorption at a
single point on the circumference of the cut i.e. the cut front, but experiences a decreasing
absorption away from this point. Circularly polarised radiation bypasses this issue, and presents a
time-average of the s and p-polarisation states, achieving equal absorption at each point on the cut
circumference. However the fraction of absorbed power is between the maximum for p-polarisation

and the minimum for s-polarisation. Radial polarisation not only achieves equal absorption at each
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point on the cut circumference, it also achieves maximum absorption at each point, since it always
presents a p-polarisation state with respect to the metal, as shown in fig. 7.4 (right). Furthermore,
this excellent property is maintained regardless of processing direction. An additional advantage of
processing materials with CV beam arises from the doughnut-shaped intensity profile of the
radially and azimuthally polarised LGy modes. This results in a steeper intensity gradient
compared to the fundamental Gaussian beam, leading to a profile which is closer to the desired

flattop distribution.

Xz,

i

/N

Figure 7.4: Metal cutting with a linearly polarised beam (left) and a radially polarised beam (right).

The red/blue regions indicate high/low power absorption.

7.2.2 CV Beam Amplification

To realise their potential within material processing and other applications, CV beams must be
produced with sufficient power. Therefore a system that produces CV beams amplified to a high
power level is desirable. Various architectures have been employed for CV beam amplification,
including thin-disc [8], fiber [9, 10], single crystal fiber [11] and rod [12]. It is critically important
to avoid depolarisation effects during amplification. This is achieved in the thin-disc configuration
by geometry, which minimises thermally-induced bifocusing with a predominantly one-
dimensional longitudinal heat-flow. The axial symmetry of the other architectures ensures the
birefringence axes are orientated in the radial and tangential direction, resulting in different focal
lengths for radial and azimuthal polarised beams when thermally-stressed. Furthermore, a pure

radial/azimuthal polarisation state will not experience depolarisation loss.

However, CV beam amplification in a slab architecture, which lacks axial symmetry, has not been
investigated. The slab design, as shown in fig. 7.5, is utilised in high power systems and provides
cooling across the large surfaces, which are in close proximity to the pumped region. Thus under
pumping, an essentially one-dimensional heat gradient is established in the direction of heat
extraction, leading to a cylindrical thermal lens and perpendicular birefringence axes in the x and y
direction. Therefore, one can avoid depolarisation loss for a linearly polarised beam by ensuring the
polarisation state is parallel to the one of the birefringence axes, i.e. polarised along the x or y axis.
Furthermore, the high aspect ratio of the slab results in a superior thermally-induced stress fracture
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limit when compared to the rod design. Temperature gradients generated in the laser material result
in stresses which can lead to material fracture. Equation 7.2 compares the maximum permissible

heat power per unit length, Py, for the slab and the rod architecture [13]:

(PH/L)md 21
(PH/L)SM, E <“)S) 72

where ¢, is the slab thickness and w; is the slab width. Thus for an aspect ratio of w,/t; > 2.1 the slab
will withstand a higher pump power per unit length than the rod architecture. These benefits have
allowed slab amplifiers to produce 400W of nearly diffraction limited output power [14], and
1.1kW of multimode output power [15].

Heat Extraction

TTTTT ;
lllll y

Heat Extraction

Figure 7.5: Slab concept.

The slab concept offers an interesting route for power scaling CV beams to high average powers.
Firstly, the superior power handling ability as displayed in equation 7.2 will allow higher pump
powers, and ultimately a higher output power, compared to the rod design. As a bulk architecture,
the beam will propagate as a free-space mode, and therefore deleterious mode-coupling issues
associated with CV beams in fiber architectures can be negated. Additionally, amplification in a
slab is simpler than in a thin-disc, which due to the very short interaction length requires a complex
multi-pass arrangement to achieve an appreciable gain. Birefringence may cause concern at high
power levels, and act to reduce the purity of a radially or azimuthally polarised beam. However,
with effective heat-sinking this effect can be minimised. Furthermore, a technique to compensate

for potential depolarisation at high pump powers will be discussed in section 7.6.2.

7.3 Radially Polarised Seed Source

In order to conduct this investigation, we require a radially polarised seed source. This section
briefly highlights several common techniques for producing a radially polarised output. It then
discusses how the desired LGy, mode is targeted and explains the thermally-induced bifocusing
technique employed to achieve radial polarisation. Finally, the performance of the laser is

characterised, particularly in terms of radial polarisation purity.
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7.3.1 Generating Radial Polarisation

Various methods of producing CV beams have been implemented over the decades. CV beam
generation can be broadly divided into two distinct categories; intracavity and extracavity
techniques. Intracavity techniques rely on a cavity design that ensures one polarisation, i.e. radial or
azimuthal, is dominant over the other and is therefore emitted from the laser directly. One popular
approach is to exploit thermally-induced bi-focusing in host materials such as YAG to render the
resonator unstable for one polarisation, or yield a lower threshold for one polarisation by virtue of
having a more favourable spatial overlap with the inversion distribution [16]. Alternatively,
intracavity elements to provide polarisation discrimination, such as calcite crystals [17], Brewster-
angled axicons [18], conical Brewster prisms [19], grating mirrors [20], or nanograting waveplates
[21] can be employed. Extracavity techniques typically convert more traditional polarisation states,
such as linear or circular polarisation, into radial or azimuthal polarisation. This can be achieved
interferometrically, through the combination of orthogonal linearly-polarised HGjy and HGy,
beams [22]. Alternatively, a spatially-variable retardation plate can be used to convert linear

polarisation to radial or azimuthal polarisation [23].

7.3.2 LGy Mode Operation

We desire a radially polarised seed source operating on the LGy, mode. These are two separate
requirements, since a beam may operate on the LGy mode and not be radially polarised, whilst a
beam may be radially polarised and operate on some higher-order mode. This section will briefly
explain the principle behind LGy, mode selection, whilst the next section will describe how we can

achieve a radial polarisation state for this mode.

The normalised intensity profile as a function of radial distance from the beam centre, r, of an LGy,

mode can be described by [24]:
1 (2r2\" 2r?

where w is the beam radius for the lowest-order Gaussian mode. The intensity profiles of the first
three LGy, modes are shown in fig. 7.6. The LGg mode corresponds to the familiar fundamental
Gaussian mode, whilst the higher-order LG,, modes exhibit a doughnut-shaped intensity

distribution.

In order to obtain operation on a particular LGy, mode, the threshold for this mode must be lower
than the threshold for all other modes. To achieve this, the inversion profile within the laser gain
medium can be shaped in order to achieve the best spatial overlap with the desired mode. The
obvious choice for all modes with n # 0 is to use a ring-shaped pumped beam. All else being equal,

the mode with the best spatial overlap with the pump beam will reach threshold first and become
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the dominant mode in the cavity. One can thus tailor the pump beam to achieve a preferential

overlap with the desired mode.

Furthermore, we can consider the impact of the pump beam parameters for mode excitation. We
will denote the inner pump beam radius as 7; and the outer radius as r,, and can assume these values
and w remain constant over the length of the laser gain medium. Clearly, as the ratio »/r, tends to
zero, the pump beam profile tends to a top-hat, which is undesirable when exciting a doughnut-
shaped beam. Additionally, the ratio »,/w is important, with a smaller ratio favouring lower-order
modes. This concept is shown schematically in fig. 7.6 for a ratio r;/r, = 0.5, where it can be seen

that the larger ratio of r,/w favours the LGy, mode, whilst the smaller ratio of »,/w favours LGgq

mode.
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Figure 7.6: Intensity distribution of LGgy, LGy, and LGy, modes and ring-shaped pump beams.

An experiment was designed to investigate the concept of preferential excitation of LGy, modes, as
shown in fig. 7.7. The laser gain medium used was an Yb:YAG rod, measuring 2mm in diameter
and 3mm in length, which was mounted in a water-cooled copper heat-sink. The end-faces of the
rod were AR-coated at the pump and intended signal wavelength, i.e. 969nm and 1030nm
respectively. Pump radiation was provided by a fiber-coupled diode, with a core and cladding
diameter of 105um and 125um respectively. The output from this fiber was re-shaped to yield an
annular near-field beam profile with the aid of a capillary fibre with an inner-hole diameter of
100pm and an outer pump guide diameter of 200um. The end section of this fibre was tapered to a
solid-glass structure of 125um diameter to allow splicing to the pump delivery fibre with < 1%
transmission loss. The output beam from the capillary fibre was relay-imaged using a simple
telescope with a magnification factor of ~1.88 to yield a near-field annular pump intensity profile
and hence inversion profile in the Yb:YAG rod with r, = 188um and »;= 94um. The pump intensity

profile and computed LGy, intensity profile are shown in fig. 7.8.
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Figure 7.7: Investigation of LGOn mode selection.

Figure 7.8: Measured pump intensity profile (left) and computed LGy, mode intensity profile (right).

A laser cavity was formed comprising of a plane pump input mirror with high reflectivity (R >
99.8%) at 1030nm and high transmission (T > 95%) at 969nm, an intracavity lens with a focal
length of 100mm AR-coated at 1030nm, and a plane output coupler with 5% transmission at
1030nm. Hence the stability of the resonator was defined by the intracavity lens. The Yb:YAG rod
was positioned in close proximity to the pump input mirror (approximately 2mm away), and the
lens was positioned 110mm from the pump input mirror. The output coupler position was varied
from 110mm — 170mm away from the intracavity lens. As the output coupler transitioned away
from the lens, the calculated beam size for the fundamental mode in the Yb:YAG rod
systematically decreased, which is equivalent to increasing the ratio of r,/w. Therefore we would
expect that as the output coupler transitioned away from the intracavity lens, we would excite
higher-order modes. Fig. 7.9 shows the mode profile excited across a range of output coupler
positions, and shows a clear increase in mode order as the estimated beam size of the fundamental
mode in the crystal decreases, confirming our hypothesis. Note that this experiment was performed
close to lasing threshold at approximately 10W/2W of launched/absorbed pump power. The
generated beams were unpolarised, since the bifocusing effect, as explained in the next section, was

not strong enough to allow discrimination between the radial and azimuthal polarisation states.

LGy LGy, LGy,
r,/w=0.99 r/w=1.07 r/w=1.12 r/w=1.18 r/w=1.31

Figure 7.9: Generated LGy, modes with estimated r,/w ratio.
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7.3.3 Thermally-Induced Bifocusing

A radially polarised output was obtained using thermally-induced bifocusing, which provides
discrimination via different thermal lens focal lengths for the radially and azimuthally polarised
beams. This simple approach does not require bespoke intracavity elements, and does not suffer

from complicated extracavity conversion techniques which can result in significant power loss.

Thermally-induced birefringence was employed to achieve the bi-focusing effect. Yb:YAG is a
cubic crystal and is not naturally birefringent, and thus possesses a spherical indicatrix, indicating
that the refractive index is invariant to polarisation direction. When the crystal is pumped it heats
up, predominantly due to quantum defect heating, resulting in a temperature gradient across the rod
cross-section which can be approximated as entirely radial. This gradient establishes mechanical
stresses in the radial and tangential directions (fig 7.10 (left)), due to cooler outer regions of the rod
preventing the thermal expansion of hotter central regions. Since Yb:YAG has three independent
elasto-optic coefficients, the indicatrix transforms into an ellipsoid due to the thermally-induced
stresses [13]. Furthermore, the refractive index for light polarised in the radial direction, 7,4, is no

longer equal to the refractive index for light polarised in the tangential direction, #,,.

Consider a beam polarised in the x-direction, given by E, incident on the laser rod. At each point
over the cross-section E can be decomposed into a radial and tangential component, as shown in fig
7.10 (right) for a point P which makes an angle 3 with the x-axis. Since n.,q # n.,, a phase delay is
established between the two components, resulting in a rotation of the polarisation state. This
polarisation rotation will occur for all points over the beam cross-section, with the exception of

points situated on the x and y-axis of the rod, which will solely experience 7,,4 and n,, respectively.

A simple experiment based on this principle was conducted to determine if the birefringence axes
in the Yb:YAG rod would align with the radial and tangential directions when pumped with an
annular intensity distribution. The set-up for this experiment (fig 7.11) consisted of the Yb:YAG
rod positioned between a pair of crossed polarisers. A collimated HeNe beam, with a beam radius
of 500um, was directed through the polariser-Yb:YAG arrangement, and imaged onto a camera.
The first polariser is orientated to allow transmission of light polarised in the y-direction, whilst the
second is orientated in the x-direction. In the absence of pumping, the HeNe beam was completely
extinguished by the second polariser, since no polarisation rotation occurred. Pump radiation was
focused through the Yb:YAG rod in a counter-propagating configuration, forming an annular beam
waist in the crystal with 7, = 250um and »; = 125um. As predicted, polarisation rotation occurred
under pumping, leading to the intensity profile shown in fig. 7.11 at a launched/absorbed pump
power of 10W/2W. The intensity profile confirms the birefringence axes form in the radial and
tangential directions, owing to the clear Maltese cross structure. The dark cross is aligned with the

x and y axis indicating no rotation at these points, whilst intensity maxima occur in each quadrant at
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45° to the axes, i.e. when the polarisation is decomposed equally between the radial and tangential
direction. A slight distortion is observed on the lower two quadrants of the intensity profile, which
is believed to be due to damage spots on the AR coating on the Yb:YAG rod. Owing to the
difference in elasto-optic coefficient between the radial and tangential direction, it can be
concluded that the refractive index profile will vary differently as a function of temperature in these
directions, resulting in bi-focusing, i.e. a different thermal lens focal length for a radially and

azimuthally polarised beam.

Figure 7.10: Radial (dashed) and tangential (solid) stress distribution across rod cross-section (left),

radial and tangential components of an x-polarised beam at point P on the rod cross-section (right).

Yb:YAG

x-polariser ~ Camera

y-polariser

Pump é .

Figure 7.11: Experimental configuration used to investigate thermally-induced birefringence (left)

and output intensity profile at 10W/2W of launched/absorbed pump power (right).

7.3.4 Seed Laser Configuration

The bi-focusing effect can be combined with the targeted LGy, operation (section 7.3.2) to obtain a
radially polarised LGy, beam. Appropriate cavity design can create a situation where the beam sizes
of the radially and azimuthally polarised mode within the Yb:YAG rod are different. By matching
the pump mode to one of these laser modes the polarisation with the best spatial overlap will reach
threshold first and dominate over the other polarisation through gain saturation. A plane-plane
cavity was chosen, since stability is provided by the induced thermal lens, rather than an intracavity
lens or curved mirror, and thus a stronger discrimination between the radial and azimuthal

polarisation states should ensue. Careful tailoring of the cavity length can create a situation where
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there is sufficient difference in cavity mode size to produce an LGy, mode with a high degree of

polarisation purity for either the radial or azimuthal polarisation state.

The cavity configuration for the seed laser is shown in fig 7.12. As in section 7.3.2 the resonator
comprised of a plane pump input mirror with high reflectivity (R > 99.8%) at 1030nm and high
transmission (T > 95%) at 969nm, and a plane output coupler with 5% transmission at 1030nm. To
achieve radial polarised operation, the pump diode was operated near maximum power to allow a
strong bifocusing effect and achieve a high output power. The laser was initially aligned with the
mirrors as close as possible, resulting in a small beam size for the fundamental mode in the
Yb:YAG rod and thus a high r,/w ratio, leading to high-order LGy, operation. The output coupler
was then translated away from the Yb:YAG rod, resulting in an increase in of the fundamental
mode size in the Yb:YAG crystal. The output coupler was away until moved until LGy, operation
was achieved, after which very careful length adjustments and mirror alignments allowed the bi-
focusing effect to result in preferential lasing on the radially polarised LGy mode due to a more

favourable spatial overlap with the inversion distribution compared to the azimuthally polarised

mode.
Tapered f=40mm f=100mm
, Splice Yb:YAG
Laser Diode 5 ‘ - >
269nm Delivery Capillary
Fiber Fiber Dichroic Output
Mirror Coupler
Figure 7.12: Schematic of the radially polarised seed source.
7.3.5 Seed Laser Characterisation

A radially polarised LGy; mode was achieved for a cavity length of 57 mm, with the Yb:YAG rod
pump input face positioned approximately 2mm from the pump input mirror. A maximum power of
6.9W was obtained for 17W of absorbed power, corresponding to a conversion efficiency of 41%.
Radial polarisation was maintained from 6W = 6.9W of output power, and for a change in cavity
length of approximately £2.5mm around 57mm. The intensity profile at maximum power, shown in
fig. 7.13, confirms that a high quality doughnut beam was produced. Also shown in fig. 7.13 are
the intensity profiles of the beam after passing through a linear polariser orientated at the angles
depicted by the arrows. The clean two-lobed structure indicates excellent radial polarisation purity.
The beam propagation factor was measured, giving a value of M> = 2.3 in both the x and the y-
direction, which is in close agreement with the theoretical value of 2. Fig 7.14 shows the measured

beam quality in the x-direction.
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The intensity of the two-lobed profiles after transmission through a linear polariser was measured
along a circular path of radius » from the beam centre, where r is selected to maximise the intensity.
A given point on the circle can be described by an azimuthal angle, 6, ranging from 0° — 360°, as
shown in fig. 7.13. The angle of the polariser is defined by 6,. For a perfect radially polarised beam
one would expect the intensity at each radial and azimuthal position, /(r, #), to adhere to the

following relation:
I(r,0) = I(r)cos*(8 — 6,) (7.4)

The measured data for a single polariser orientation, 6, = 90°, is shown in fig. 7.15, alongside the
modelled intensity from equation 7.4 which describes a beam with perfect polarisation purity. To
determine the radial polarisation extinction ratio (RPER) the intensity at the predicted maxima i.e.
6 =90° and 8 = 270°, is averaged and divided by the averaged intensity at the predicted minima i.e.
6 = 0° and 6 = 180°, to yield an extinction ratio. The final RPER is the average of this extinction
ratio over four arbitrarily chosen polariser orientations: €, = 0°, 45°, 90° and 135°. The RPER of the

source was > 15dB, confirming a high degree of radial polarisation purity.

Figure 7.13: Intensity profile of generated radially polarised LGy, mode (left) and intensity profiles

after the beam has passed through a polariser orientated at the angles indicated by the arrows (right).
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Figure 7.14: Beam quality of the radially polarised beam.
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Figure 7.15: Measured and ideal intensity profile as a function of azimuthal angle for the radially

polarised beam after it has passed through a linear polariser orientated in the direction of the arrow.
7.4 Amplifier Configuration

7.4.1 Slab Amplifier Configuration

The set-up used for amplification of the radially polarised seed beam is shown in fig. 7.16. The
gain medium was an Yb:YAG slab with transverse dimensions Imm x Smm by Smm long and 5 at.
% Yb’" doping concentration. The slab was mounted in a copper heat-sink arranged to provide
conduction cooling of the Smm X Smm faces, and hence heat flows predominantly in the x-
direction. The end faces were AR-coated at the pump and seed wavelengths. Pump light at 940nm
was provided by a 50W diode-bar collimated in the fast direction (x) by a cylindrical microlens and
in the slow direction (y) by a cylindrical microlens array. The resulting beam was focussed into the
slab with the aid of an AR coated spherical lens of focal length 50mm to yield a rectangular
inversion region with approximate waist transverse dimensions of Imm (y direction) x 85um (x
direction), and hence an aspect ratio of ~12:1. Over 90% of the pump radiation was absorbed in a
single-pass. The radially polarised seed source was directed into the Yb:YAG at a small angle of
incidence (~3°) whilst being focused in the x direction with an AR coated cylindrical lens of focal
length 50mm. This arrangement yielded a seed beam profile that was approximately spatially
matched to the inversion distribution, with beam dimensions of ~55um (x-direction) and ~700pum
(y-direction) in the slab. After a first pass through the slab the seed beam was reflected by a plane
dichroic mirror with high reflectivity (>99.8%) at 1030nm and high transmission at 940nm. Thus
the beam made a second pass through the slab, with the exiting beam re-collimated in the x-

direction by the cylindrical lens before being re-directed to the beam diagnostics.
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| Diagnostics |

Half
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Polarised Seed Yb:YAG f=50mm
Source T Slab
o Dichroic Mirror
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Figure 7.16: Yb:Y AG slab amplifier arrangement.

7.4.2 Gouy Phase Shift

The amplification set-up involves astigmatic focusing and subsequent re-collimation of the
amplified beam with the cylindrical lens. This has a very detrimental impact on the polarisation
purity due to the different Gouy phase shifts of the constituent HG modes. The radially polarised
LGy, seed beam can be considered as a coherent superposition of an x-polarised HG,y mode and a
y-polarised HGy; mode, as shown in the theoretical computation in fig. 7.17 (left). In general, the

Gouy phase, ¥, for each HG,,, component in the astigmatic region evolves according to [25]:

Y, =2 [(n + %) arctan <lzeﬁ> + (m + %) arctan <I;Tf;)] (7.5)
where [ is the effective path length between the focusing and re-collimating cylindrical lens. In
this scenario [z = 2f, where f'is the focal length of the cylindrical lens, and zz, and z, are the
corresponding Rayleigh ranges in the x and y-directions respectively. This assumes that the beam is
non-astigmatic in the regions before focusing and after re-collimation. Therefore, through the
astigmatic region the phase of each HG,, mode evolves differently. Once the beam has been re-
collimated and enters the non-astigmatic region, the Gouy phase of each HG,,, mode will evolve
identically, thus any phase difference that occurred during passage through the astigmatic region
will be maintained. As the beam is focused in the x-direction, z, is significantly smaller than zg, in
the astigmatic region. Consequently, in this set-up, it can be assumed that 2f >> zg, and 2f << z,
(2= 100mm, zg, = 4mm, z, * 650mm). Hence, in equation 7.5, the inverse tangent of the first term
tends to 7/2 whilst the inverse tangent of the second term tends to 0. One can subsequently deduce
that the Gouy phase of the HG;, mode will evolve by 3m/2, whilst the Gouy phase of the HGy,;
mode will evolve by n/2 in the astigmatic region. Consequently, a net @ phase shift is established
between the orthogonally-polarised HG;o and HGy; modes. The amplified output beam (i.e. after re-
collimation) is the superposition of these modes and the resultant polarisation is a hybrid radial-
azimuthal polarisation distribution (fig. 7.17 (right)). To recover a pure radially polarised beam a
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half-waveplate with its fast axis orientated in the x or y-direction is incorporated into the output arm
of the amplifier configuration after re-collimation. This creates a further m phase shift between the
HGo and HGy; modes, hence compensating for the Gouy phase shift introduced during passage
through the astigmatic region, yielding a radially polarised output beam.

Before Astigmatic Region After Astigmatic Region

Radially Polarised Mode Hybrid Polarised Mode

7t Phase Difference

No Phase Difference

HG,, x-polarised HGy, y-polarised HG,, x-polarised HGy, y-polarised

Figure 7.17: Computation of radially polarised input (left) and hybrid output mode (right).

7.5 Amplifier Characterisation

7.5.1 Gain

Fig. 7.18 shows the measured gain as a function of pump power for the arrangement shown in fig.
7.16. Amplifier gain was measured for a range of input seed powers which were varied external to
the Yb:YAG seed laser with the aid of appropriate partially reflective dielectric mirrors in order to
preserve the seed beam characteristics. As the seed power launched into the amplifier increases the

gain decreases, as expected due to gain saturation.
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Figure 7.18: Measured amplifier gain for various seed powers as a function of pump power.
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The launched pump power required to reach transparency, Pr, for each seed power was interpreted
from the data presented in fig. 7.18 and is shown in table 7.1. One can predict the power necessary
to reach transparency for a top-hat pump beam, by initially considering equation 2.20, which states
the inversion density required to achieve transparency, n; 7. Furthermore, the number of absorbed
pump photons per unit volume necessary to achieve this inversion at a given point in time, ¢y, is
simply:

Nar

¢7T =

= s (7.6)

The population of n, decays exponentially, on a timescale dictated by the upper-state lifetime, as

described by:
t
n,(t) = n,(t = 0) exp (— ;) (7.7)

Differentiating equation 7.7 with respect to time, and evaluating the solution in the limit of = 0,

results in:

dnz _ nz(t = 0)
== - (7.8)

Utilising equation 7.8, one can derive the total number of photons required per unit time to

maintain transparency, €2, given by:

¢Tr

T

0=

14 (7.9)

where V is the volume of the pumped region given by the pump beam area A, multiplied by the
length of the gain medium, /. Since power is simply energy per unit time, we can write the required
launched pump power to reach transparency, Pr, as:

_ Dhy,

P = (7.10)
! Nabs

where 77,5, = 1 — exp(-6pa(Vp)ntl) in the regime where the pump power is well below the saturation
pump power, which is applicable to this scenario. We can evaluate equation 7.10 for the slab
amplifier, with the Yb:YAG parameters given by ny = 6.9 x 10*m>, 6, = 0.12 x 10*'m’ at
1030nm, o, = 2.2 x 10**m* at 1030nm, o, = 0.75 x 10™*m’ at 940nm, 7, = 950us [26], QE = 0.9
[27], and the configuration parameters given by 4p = 3.4 x 10"m” and / =5 x 10~ m. This results in
a value of Pr = 16.2W, which is excellent agreement with the measured transparency values

presented in table 7.1.

One would expect the transparency power to be independent of seed input power, and therefore the
gain of each seed should cross through the same point. However, in table 7.1 we notice a slight
discrepancy between the transparency pump powers, with a range of 2.5W. However, in the region

between 11W > 14.5W of launched pump power we observe very close agreement between the
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gain values of each seed beam, spanning a range from -1.4dB - -0.5dB. This observation can be
explained by considering that the internal losses due to imperfect AR/HR coatings on the lenses
and mirrors respectively, and scattering within the bulk material of the system are not accounted for
in the gain values. Furthermore, this range from -1.4dB - -0.5dB can be considered as

representing the internal losses of the system.

Also shown in table 7.1 is the maximum gain value, guax, and output power, Pyax, achieved at the
maximum diode pump power of S0W for each input seed. For a 25mW input seed power a
maximum gain of 7.5dB was achieved, resulting in an output power of 140mW. The gain decreased
to 4.4dB for a maximum input seed power of 1.45W, corresponding to a maximum amplified
output power of approximately 4W, with an extraction efficiency of 5.7%. The limited extraction

efficiency will be addressed in section 7.6.1.

Input Power (W) | Pr(W) | gmax (dB) | Pmax (W)
0.025 15.2 7.5 0.14
0.18 16.2 6.6 0.84
0.56 16.2 5.8 2.11
1.45 17.7 4.4 3.99

Table 7.1: Amplification results.

7.5.2 Radial Polarisation Purity

Crucially, the beam quality and polarisation purity were maintained for the amplified output beam
over the full range of pump and seed powers available, despite the highly asymmetric nature of the
gain region and associated thermal effects. Fig. 7.19 shows the intensity profile of the amplified
beam at the maximum gain level for the lowest (top) and highest (bottom) seed power, along with
the corresponding intensity profiles after the beam had passed through a linear polariser orientated
at the angles depicted by the white arrows. One can clearly see that the beam intensity profile is
preserved along with the high degree of radial polarisation purity. It is worth noting that without
the half-waveplate providing the necessary compensation, the computed hybrid mode in fig. 7.17
was produced. In terms of the beam intensity profile of this hybrid mode, the horizontal and
vertical lobes (i.e. a. and c. in fig. 7.19) remained unchanged, whilst the diagonal profiles (i.e. b.
and d.) were exchanged. Beam quality measurements show that the beam propagation factor was
M? = 2.3 for the lowest seed input power, i.e. no degradation, and M? = 2.4 for the highest seed
input power, i.e. a very slight degradation. Fig. 7.20 shows the measured beam quality in the x-

direction for the lowest seed input power at the maximum gain level. An example of a RPER plot is
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shown in fig. 7.21 for a single polariser orientation, 6, = 0°, at the maximum gain level for the

lowest seed input power. The measured intensity agrees well with the ideal scenario, and the RPER

was maintained at > 15dB for the lowest and the highest seed input powers.

Figure 7.19: Intensity profile of the output beam at maximum gain level and intensity profiles after
the beam has passed through a polariser orientated at the angles indicated by the arrows for the

25mW input beam (top) and 1.45W input beam (bottom).
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Figure 7.20: Beam quality of lowest seed input power at the maximum gain level.
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Figure 7.21: Measured and ideal intensity profile as a function of azimuthal angle for the amplified

beam after it has passed through a linear polariser orientated in the direction of the arrow.
7.6 Power Scaling Considerations

7.6.1 Pump Overlap

The results from the previous section suggest that amplification of radially polarised beams in a
thin-slab architecture is a potential route for power scaling. Transparency within the amplifier was
reached at the expected value, and high quality beams were obtained with excellent radial
polarisation purity at the maximum pump power. However, the amplifier extraction efficiency was
low, and was limited by the available pump power and by non-optimum spatial overlap of the
inversion region with the seed beam profile. The seed beam cannot extract inversion in the intensity
null central region of the doughnut profile. This is shown schematically in fig. 7.22, where we
depict the beam overlap in the slab for an LGy mode with radius w, and a top-hat pump beam. Fig.
7.22 (left) shows a two-dimensional representation of the overlap, whilst fig. 7.22 (right) shows the
beam intensity profiles through the centre of the beams (white dashed lines). The top-hat
approximation is reasonable for the slow axis of the pump beam, however in the fast axis there will
be significantly more power in the beam centre, overlapping the region of minimum seed beam
power. Therefore, in order to improve the extraction efficiency, pump shaping techniques should be
employed to minimise the pump intensity in the central region of the seed beam and maximise the

overlap factor between the pump beam and signal mode.
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Figure 7.22: Schematic showing the computed overlap of the LG(; mode and the approximated top-

hat pump mode in the slab shown in two-dimensions (left) and through beam centre (right).

7.6.2 Birefringence Compensation

Excellent radial polarisation purity was maintained up to the maximum power level available for
this experiment. However, it is anticipated that as this configuration is scaled to higher pump
powers, birefringence will act to depolarise the beam, reducing the purity of the polarisation state.
This is the result of thermally-induced stresses within the slab, which are different in the x and y
directions, as depicted in fig. 7.23. These stresses produce strains which lead to a different
refractive index for the x and y-polarisation state, as a consequence of the photoelastic effect. A

beam polarised in the x/y-direction will experience a change in phase, Ag, of:
Ap = kny Az (7.11)

where k is the wavenumber, given by k = 2n/A, ny, is the refractive index in the x/y direction, and

Az is the distance travelled through the slab.

Furthermore, we can consider the impact of this effect on a radially polarised beam propagating
through the slab. As in section 7.4.2., we can decompose the radially polarised beam into an in-
phase superposition of a x-polarised HGy mode and a y-polarised HGy; mode. Fig. 7.24 depicts the
phase difference acquired by each HG,,, mode, 4¢,,,, on the first and second pass through the slab,
where / is the length of the slab. In this scenario, after the double-pass, the HG;y mode acquires a
total phase of A¢;y) = 2kn,/, whilst the HGy; mode acquires a total phase of Agy; = 2kn,l. Since n, #
n,, the phase acquired by each HG,, component is different, and thus the phase relationship
between the components is lost, resulting in a depolarisation of the beam. This loss of radial
polarisation purity will be exacerbated as the pump power, and thus the birefringence, increases.

Note that for the time being, we have neglected the Gouy phase shift.
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Figure 7.23: Stress distribution across the slab cross-section in the x (solid) and y (dashed) direction

(left) and x and y components of the refractive index at point P on the cross-section (right).
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Figure 7.24: Phase acquired for each HG,,,, component on the first (Ieft) and second (right) pass
through the slab.

In light of this reasoning, a conceptual birefringence compensation technique was developed. This
technique suggests that the polarisation state of each HG,,,, mode could be exchanged after the first
pass but before the second pass through the slab, as shown in fig. 7.25. Therefore in this instance,
the HG,o mode would experience a refractive index of n, on the first pass and n, on the second pass,
whilst the HGy; mode would experience a refractive index of n, on the first pass and n, on the
second pass. Crucially, the total phase seen by each HG,,, mode is equal over a double-pass, and is
given by 4¢,,, = k(n, + n,)l. This ensures the phase relationship is maintained between the HG,, and

HGy; mode.
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Figure 7.25: Phase acquired by radially polarised beam on the first (left) and second (right) pass

through the slab with the polarisation states exchanged between passes.

The polarisation state of each HG,,,, mode can be exchanged between passes through the slab by
inserting a quarter-waveplate between the slab and dichroic mirror. Orientating the quarter-
waveplate with its fast or slow axis at 45° to the x-axis will ensure that a double-pass through the
waveplate will rotate the polarisation components of each HG,,, mode by 90°, achieving the desired
effect. The output beam, given by the in-phase superposition of the HG,,, components shown in fig.
7.25 (right) has a hybrid polarisation state, similar to that displayed in fig. 7.17 (right) but rotated
by 45°. However, the Gouy phase shift forces a further 7 phase shift between the HG,,,, components.
This is equivalent to reversing the direction of the arrows on one of the HG,,, components in fig.
7.25 (right), resulting in an output beam with an azimuthal polarisation state. This azimuthally
polarised beam can be converted to a radially polarised beam simply by using a pair of half-
waveplates with a 45° angle between the fast axis of each waveplate. This approach is equally valid

for amplification of an azimuthally polarised beam.

7.7 Conclusion

In this chapter we have introduced the concept of CV beams, which have a cylindrically symmetric
polarisation state across the beam cross-section. The benefits of utilising these beams in materials
processing are highlighted, and an explanation of the advantages of cutting metal with radially
polarised beams is presented. A seed source which adopts the technique of thermally-induced bi-
focusing to allow the radially polarised mode to dominate over the azimuthally polarised mode is
described, in addition to the mechanism by which this is possible. Characterisation of the seed
source includes the description of a method for quantifying the radial polarisation purity of a beam.
The seed source produced a maximum output power of 6.9W, with a conversion efficiency of 41%
with respect to absorbed pump power. The beam quality was measured as M*> = 2.3, whilst the

RPER was > 15dB.

It was demonstrated that the seed source could be amplified in a highly asymmetric thin-slab gain
medium whilst maintaining beam quality and, most importantly, radial polarisation purity. The

requirement for astigmatic focusing of the seed laser beam to match the rectangular inversion
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region leads to a change in the polarisation that results from different Gouy phase shifts of the
constituent orthogonally-polarised HG;o and HGy modes. We have shown that this can be
compensated in a very simple, power-scalable manner by the inclusion of a half-waveplate in the
output beam path. Amplifier experiments yielded a gain of 7.5dB for a 25mW seed input power,
and 4.4dB for a 1.45W seed input power, resulting in a maximum output power of 4W. The beam
propagation factor at the maximum gain level was maintained at the lowest seed input power at M
= 2.3, and was only slightly degraded to M? = 2.4 at the highest seed input powers. Crucially, the
RPER was maintained at >15dB for both cases.

The overall performance of the amplifier was limited by non-optimum spatial overlap of the
inversion profile with the seed beam profile and by available pump power. Noting the power
scaling potential of slab gain media, we anticipate that the availability of higher pump power along
with further optimisation of the pump beam profile to minimise inversion in the intensity null of the
beam centre, should offer a pathway to considerably higher powers. Furthermore, as the concept is
scaled to higher pump power, we anticipate birefringence will act to depolarise the beam. Therefore,
we suggest a birefringence compensation technique whereby the polarisation state of each HG,,
component of the radially polarised beam is exchanged between passes through the slab, ensuring
each component experiences the same phase evolution. It is worth pointing out that the techniques
presented in this chapter are equally applicable to azimuthally-polarised beams and hence will be of
interest for a range of applications, particularly laser processing of materials, where high power CV

beams can yield significant benefits.
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Chapter 8 Conclusion

The ability to produce high power laser radiation is essential to numerous industries. Solid-state
lasers are capable of producing multi-kW power levels with excellent beam quality. However, as
the output power is scaled various deleterious effects stemming from thermal gradients or nonlinear
processes can act to reduce performance. The aim of this thesis was to develop novel power scaling

solid-state architectures within the bulk and fiber regime to achieve high power operation.

8.1 Conclusion

This thesis begins with a short introduction in Chapter 1, covering the relevant history in the story
of the laser. Various applications for lasers are discussed, along with the unique and desirable
properties of these fascinating devices. The requirement for high power operation is stressed, and

several examples of high power solid-state designs are presented.

Chapter 2 introduces relevant background theory for high power laser operation. The interaction of
light and matter is described on the atomic scale, covering the principle of gain and various energy
level systems. An expression describing the performance of a laser in terms of output power is
derived, followed by the introduction of the modes of a laser resonator. The chapter then discusses
prevalent limitations for power scaling laser devices, covering thermal and nonlinear effects. This
leads into a description and justification of bulk devices, including the rod, slab and thin-disc laser,
and fiber devices. The relevant advantages and disadvantages of each architecture are presented. It
is apparent that although both bulk and fiber lasers can achieve multi-kW power levels with

excellent beam quality, neither is without limitation.

In light of the discussion in Chapter 2, Chapter 3 introduces the concept of the TGFR. This device
occupies a domain between traditional fiber and bulk rod devices, with the intention of capitalising
from the impressive thermal management properties of fiber lasers, whilst enjoying reduced
nonlinearities due to a larger beam size and shorter device length. Thermally-induced guiding is
suggested as a mechanism for mode control and therefore a model is presented which is capable of
predicting the beam evolution through the TGFR device for various pumping arrangements.
Additionally, a gain model is introduced, which allows the amplifier and laser performance of the

TGFR to be predicted.

Chapter 4 suggests soft glass as the host material for the TGFR. The excellent solubility of rare-
earth ions compared to silica can allow for short device lengths, therefore reducing nonlinearities.
Furthermore, these glasses and ultimately the TGFR devices can be produced with very uniform

compositions, presenting a second advantage over silica. The fabrication of soft glass was
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described, with particular emphasis placed on the relevant thermal properties that should be
optimised, namely the transition temperature, the crystallisation temperature and the coefficient of
thermal expansion. Three glass sources are identified, with each one being drawn into appropriate
dimensions for TGFR experiments. In this stage it was apparent that glass homogeneity and

compatibility between the various glasses may present serious limitations.

In Chapter 5 the three TGFR devices are characterised in terms of power scaling potential. Initially,
a tunable fiber laser is introduced, which acted as a seed source for gain and loss experiments, and
also as a probe beam to investigate the thermally-induced guiding concept in Chapter 6. Overall,
the devices performed poorly. The Source I device, which consisted of an amplifier constructed
from in-house fabricated Nd:phosphate displayed considerably high propagation losses of 11dB/m.
This high propagation loss is believed to be due to contaminants in the glass. Furthermore, the
dimensions of the drawn glass were not optimised for performance, and thus small-signal gain
measurements resulted in a small-signal gain of -0.14dB (i.e. a loss) for 31.5W of launched pump
power. The gain model predicted a gain of 11.9dB would be possible in this device for the same
heat loading per unit length and propagation losses, if the dimensions were to be reduced from a
700um square cross-section to a 200um diameter core, 400um diameter cladding structure. The
Source II device consisted of Nd:silicate core and an undoped silicate cladding. These glasses were
not well-matched in terms of fabrication properties, and consequently crystallisation and damage
occurred at the core/cladding and the cladding/water interface. A Findlay-Clay analysis revealed
that propagation losses were extremely high at 13dB/m, leading to very poor laser performance
with a maximum slope efficiencies just 3.9%. The Source III device was a Nd:phosphate provided
by the Politecnico di Torino, and displayed the lowest losses of the three source, with the Findlay-
Clay analysis revealing a 5.7dB/m loss. However, this glass displayed very poor homogeneity, and
it was not possible to pass a beam through a 20mm long section of device with serious degradation.
Operating as a laser, this device achieved a maximum power of 2.5W, with a corresponding slope
efficiency of 28.5%. It was predicted that if the losses were reduced to 1dB/m the efficiency of the
device would almost double. Due to the high losses and poor homogeneity of these devices, the

thermal-guiding concept was not explored.

In order to fully test the TGFR concept, an extra-large mode area Yb:silica fiber was procured, as
introduced in Chapter 6. A description of an end-capping set-up is presented, essential to reducing
Fresnel losses from the end faces of the TGFR. Whilst investigating the thermal-guiding concept it
became apparent that the refractive index profile across the core was slightly parabolic, leading to
in-built guiding within the device. The thermally-induced guiding concept was then investigated,
and good agreement was observed between the predicted and measured data. As an amplifier the
device also displayed encouraging performance, agreeing well with predict gain values producing a
small-signal gain of 4.1dB at 976nm and 5.0dB at 1030nm for a launched maximum pump power

of approximately S0W. The guiding and gain data suggested these devices would perform well in a
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laser configuration. Simple laser devices were constructed with 13.1W achieved at 1032.5nm with
a slope efficiency with respect to launched power of 44%, and 1W at 978.5nm with a slope
efficiency with respect to launched power of 8%. The threshold powers of these lasers agreed well
with those predicted from the gain modelling. Excellent beam quality, M* < 1.1, was achieved at
maximum power for both laser devices. The low slope efficiency of the 978.5nm device can at least

partially be explained by the very close proximity to threshold.

Finally, Chapter 7 explores another power scaling concept. Here, we are concerned with generating
high power CV beams which have promising applications in materials processing. Traditionally,
CV beams have been amplified in devices with cylindrical symmetry in order to preserve the
polarisation. However we propose amplification of these beams in an Yb:YAG thin-slab
architecture, with the intention of utilising the slab geometry to obtain high output powers. A seed
source was developed, which utilised thermally-induced bi-focusing to emit a radially polarised
beam with a maximum power of 6.9W and a conversion efficiency of 41% with respect to absorbed
pump power. This beam displayed a beam propagation factor of M” = 2.3 which is close to the
theoretical value of 2, and displayed excellent radial polarisation purity with RPER > 15dB. The
seed beam amplified in the thin-slab maintained beam quality and polarisation purity, thus
demonstrating the validity of this concept. Astigmatic focusing of the seed beam resulted in a loss
of polarisation owing to the Gouy phase shift, which was compensated for by the inclusion of a
half-waveplate. A gain of 7.5dB was achieved for a 25mW seed input power, and 4.4dB for a
1.45W seed input power, resulting in a maximum output power of 4W. The beam propagation
factor at the maximum gain level was maintained at the lowest seed input power at M* = 2.3, and
was only slightly degraded to M* = 2.4 at the highest seed input powers. Crucially, the RPER was
maintained at >15dB for both cases. The non-ideal overlap between the seed beam and pumped

region was a limiting factor for power extraction.

8.2 Future Work

The work presented in this thesis opens the door to many exciting future prospects. The concept of
the TGFR performed well with the extra-large mode area silica fiber. To realise this concept in soft
glass, a source of high quality glass should be identified which is appropriate for the intended
fabrication. Ideally, this glass would be manufactured in-house, thus allowing an entirely holistic
process whereby the glass is manufactured, devices are developed and laser experiments are
conducted. This would provide strong control over the desired performance, and potential problems
downstream could be traced to their source. Unfortunately there was only time to conduct very
simple laser experiments with the silica based TGFR. However, future experiments could involve

Q-switched operation, to capitalise on the large pulse energy potential of this device. Additionally,
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amplification of radially polarised beams within the device could offer a promising route to high

power operation.

The amplification of radially polarised beams in the slab amplifier was limited in terms of
performance due to a non-ideal overlap. This could be improved through the use of pump-shaping
techniques to reduce the power in the intensity null of the seed beam. Additionally, higher pump
power would improve extraction. We anticipate that birefringence will eventually become an issue,
and therefore suggest a birefringence compensation technique based on exchanging the polarisation

state of the constituent HG,,;, modes between the first and second pass through the slab.
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Appendix 3.1

Assuming that the coolant is water, which is housed in a concentric flowtube and creates a

turbulent flow over the TGFR, then /7 can be approximated by [1]:

D 0.53
(DLLS) 05 (A.1)

hr =10.47 x 1073 F,
’ (Dus — DL)(Dys + D)8 %

where A7 is given in W/cm.K, Dyg is the inner diameter of the flowtube in cm, D; is the diameter of
the TGFR in cm, and Fy is the flowrate in cm’/s. For the example given in figure 3.3, Dys = 4cm,

D;=0.048cm, Fr= 1Ocm3/s, resulting in 27 = 0.057W/cm.K or 570W/m.K.

Appendix 3.2

Oscillation Period

The oscillation period, d,, can be found simply by considering equation 3.7 and the relevant ABCD
matrix. By considering only the sinusoidal components of the ABCD factors, it is apparent that
factors A and D are out of phase with B and C by #/2. If we consider the beam at position 1, with
complex g-parameter, ¢;, and the beam at position 2 after exactly one oscillation, with complex g-
parameter, ¢,. The beam is identical after one oscillation therefore, ¢; = ¢,. To balance equation 3.7,
wecanset A=1,B=0,C=0andD=1,orA=-1,B=0,C=0and D =-1. Since A and D repeat

this cycle every m radians, it is clear that one oscillation is separated by:

n
d,=m f—m (3A.2)
Ntn

and since ny, is proportional to Py, we conclude that d,, is proportional to 1/,/Py.

Beam Waist Product

Consider the minimum beam waist, wy,,, at position d; = 0, and the maximum beam size, Wy, half

an oscillation further on at d, = d,/2. From equation 3.7 it follows that:

1

\/n:nth (3A.3)

thus it follows that Wyin. Wiax 1S proportional to 1/,/Py.

WiminWmax =

A~

Perfect Guidance

If we specify that the input and output beams are equal waists, w,, we can use equation 3.7 to write:
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_Aq+BD-C(Cq
" Cg+DD-Cq

q (3A.4)

Considering that ¢ = inw,/A, and that AD — BC = 1, we can equate imaginary parts of 3A.4 to

obtain equation 3.11.

Appendix 3.3

Differentiating equation 3.12 for with respect to z, and evaluating in the limit of z = 0, we obtain

the rate of change of pump power per unit distance, dPp/dz, given by:

P,
E == —nlo-pappo (3A5)

Dividing equation 3A.5 by the area of the pump beam, we obtain the pump power absorbed per

unit volume:

dPp

= —M1Gpalp (3A.5)

Since power is equal to the energy per unit time, per unit area, we can thus deduce that the pump

rate density can be written as equation 3.18.

Appendix 3.4

Intensity is equal to energy per unit time per unit area. The total energy of the laser radiation, Er, is

given by:
Er = ®hv (3A.6)

Thus dividing equation 3A.6 by area, 4, and time, ¢ = z/c, and using the fact that volume V' = 4z, we

obtain the intensity given in equation 3.19.

Appendix 5.1

Fig. 5A.1 shows the laser cavity formed from an active fiber and two mirrors with reflectivity R,
and R,, with a power P; emitted from the mirror with R; and P, emitted from the mirror with R,.
We can simply follow the power evolution through the fiber, starting from R; and travelling to the
right. At R, the power in the fiber has grown by an amount G accounting for the gain. A fraction (1

— R») is then coupled out at R, allowing equation 5A.1 to be written. The remaining power travels
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left, again increasing in power by G when it reaches R, where a fraction (1 — R;) is coupled out,

allowing equation 5A.2 to be written.

P, P,
<€ R, R, >
PiR PR, G P.
11 ghge 2 (5A.1)
(1—Ry) (I-Ry) (=R
P P,R R,G? P,R{R,G
T F1fRg (5A.2) 10103
(I1-Ry) (1-Ry) (1-Ry)
Figure 5A.1: Power evolution in fiber laser configuration.
From Equation 5A.2 we can conclude:

which allows us to rewrite equation 5A.1 to give the desired relation:

B_1- R R (5A.4)
P, 1— R, |R, ’

Appendix 6.1

Since the beam is at a waist ¢ is purely imaginary. In order to write equation 6.1 in terms of real

and imaginary parts, one can multiply the numerator and denominator by D — Cg, to obtain:

q(AD — BC)
= DZ——qZCZ (6A.1)
Since the determinant is equal to unity, therefore equation 6A.1 can be rewritten as:
D? -1 mlwy
2 _ _ M1
=—F= 5 (6A.2)

which can be rearranged in terms of wy,; as presented in equation 6.2.
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