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UNIVERSITY OF SOUTHAMPTON

ABSTRACT
FACULTY OF PHYSICAL AND APPLIED SCIENCES
OPTOELECTRONICS RESEARCH CENTRE

Doctor of Philosophy
POWER SCALING OF NOVEL FIBRE SOURCES
By Rafal Cieslak

This thesis explores novel fibre-based cohereniitligource architectures and
strategies for scaling output power. The reseaochides on fibre-based amplified
spontaneous emission (ASE) sources with broadbatglibin the ~1 um spectral
region and on internally-frequency-doubled fibresels emitting in the visible
(green) wavelength range. PPart |: Spectrum-controllable fibre-based amplified
spontaneous emission sources modelling, development and characterisation of a
versatile ASE source based on Yb-doped fibre gtages, using power-efficient
means for spectrum control is presented. Experisneate culminated in a versatile
seed source with polarized output and a reasorgeee of spectral control. In its
final configuration, the ASE source was capable pobducing either a broad
spectrum in the 1-1.@im band with a full-width at half-maximum of 15-4énrand
output power > 1 W. Alternatively, single/multipharrow lines with a full-width at
half-maximum ranging from several nanometres t0.850m and output power
spectral densities of up to 100 mW/nm could be gded. The output power was
temporally stable with fluctuations at the leved.8-0.8% of the total output power.
Very high spectral stability was obtained, which swhmited mostly by the
mechanical stability of the external cavity. Thaput beam was nearly diffraction
limited with M? = 1.1. Part II: Efficient intracavity frequency doubling schemes for
continuous-wave fibre lasers introduces a novel concept for resonant enhanceafent
the intracavity power in high power continuous-wétee lasers that is suitable for a
wide range of applications. Using this conceptjcefht frequency doubling in
continuous-wave Yb-doped fibre lasers has been dstraied and techniques for
using it in devices based on both robustly singtetenand multi-mode fibres have
been developed. Finally, this thesis presents veagth tuning of continuous-wave
Yb-doped fibre lasers over ~19 nm in the green tsplecegion and scaling the
generated second harmonic power up to ~19 W wittertian 21% pump to second

harmonic conversion efficiency.
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Chapter 1

Introduction

1.1. Motivation

Lasers have contributed to humanity as powerfuérgdic tools for expanding
human knowledge and in many real-life applicatioh@day, coherent light sources
are used in a broad and still increasing rangaadycts. Common application areas
include high capacity telecommunication, medicinggnufacturing, construction,
surveying, consumer electronics, scientific redeamnd defence. Visionary
applications for laser sources and developmentiserapplication areas where lasers
have been already adopted constantly ask for higherer and higher brightness.
Aside from power and brightness requirements, §ipeagpplications place additional
demands on the laser sources in terms of mode efatpn, polarisation, beam
pointing and power stability, beam quality, linethidand operating wavelength.
Some of these applications require both high oppcaver and well-defined laser
output parameters (e.g. specific shape of optipgctsum with high temporal
stability), which can be difficult to obtain. In@ situations, amplified spontaneous
emission (ASE) sources, rather than conventiorsdrl@scillators, can be a better
solution. Some applications require high power rlasgiation at wavelengths not
directly accessible by natural emission from lageaterials. In this case, the
wavelength of the laser radiation may be changadhwenlinear frequency conversion
in an optically nonlinear medium positioned insateoutside of the laser resonator.
Rare-earth (RE)-doped solid state lasers, partigulafibore geometry, are very well
suited for applications where high power, high btigess coherent radiation is
required. However, it is often challenging to obtdiigh power laser output in
spectral regions outside the natural emission bah&E-doped fibres. Tailoring the
shape of a broad spectrum emitted from a fibreASE source to suit the needs of
various applications can also be quite challengiigs body of work presents novel

concepts for power scaling of frequency convertbreflasers, as well as the design



and power scaling strategy for spectrum-controdidiiire-based ASE sources. This
thesis will only consider sources operating in garmdus-wave (CW) mode of
operation and nonlinear frequency conversion sckenigle the analysis will focus

on second harmonic generation (SHG).

1.2. Research area

The theoretical foundations for lasers and masem)ceptually based upon
probability coefficients for the absorption, spargaus emission, and stimulated
emission of electromagnetic radiation, were essabli by A. Einstein in 1917 [1.1],
and detailed calculations on an “optical maser”envpublished in 1958 by A. L.
Schawlow and C. H. Townes [1.2]. The first workilager source, a pulsed solid-
state (ruby) laser, was demonstrated by T. H. Maimal960 [1.3], while the first
gas (Helium-Neon) laser [1.4], first laser diode5]1las well as the first fibre laser
[1.6] were demonstrated within the next two ye&rsliode-pumped solid-state laser
was demonstrated in 1964 [1.7], but it was notludB0’s when the laser diodes
reached lifetimes and output powers allowing themeplace flash lamps commonly
used as pumping sources for early solid-state dagdre first fibre-based coherent
light sources and amplifiers were based on sinigd-tbres where pump and signal
propagate in a doped core. However, the output pfnem single-mode diode laser
pump sources restricted the fibre laser’s outpwrgrao a fraction of a watt. The
introduction of the double-clad fibre architectyfe8] allowed pump light to be
coupled into a much larger inner-cladding thusxielg the requirement on the pump
source beam quality. Further development of lamebte-clad fibres, combined with
the rapid improvements in diode laser technologgulted in dramatic progress in
scaling output power from RE-doped fibre lasers angblifiers by a factor of four
orders-of -magnitude over the last twenty yeaxs (fil). Fibre lasers emitting in the
~1 um wavelength regime were originally based on neadym(Nd)-doped fibres
and reached several tens-of-watts single-mode bptaer in the late 1990’s [1.12].
They were later replaced with ytterbium (Yb)-dodéute lasers that proved to be
more suitable for power scaling for a number oboee (i.e. smaller quantum defect,

wider emission bandwidth, longer upper-state lifetj as well as a simple energy
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level structure free from detrimental quenchingcesses). Indeed, it was possible to
scale the output power from Yb-doped fibre lasesmr dwo orders-of-magnitude in
the last decade and currently these devices cdah yiere than 10 kW in a nearly
diffraction-limited beam [1.21].
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Figure 1.1: Evolution of the output power reachgdilbre lasers [1.9-1.29] and fibre-based
ASE sources [1.45-1.47] with nearly diffraction lied beam quality emitting in different
spectral regions

Fibre lasers with output in the ~1n wavelength region were based on erbium
(Er)-doped and later on Er/Yb-co-doped fibres weneployed offering improved
pump absorption characteristics. The output powemfsingle-mode fibre lasers
emitting in this spectral range increased from satel in early 1990’s [1.22] to
more than a hundred watts of single-mode [1.23}]1aRd several hundred watts of
multimode output [1.33]. However, when compared Ytb-doped fibre lasers
emitting at ~1um, power scaling of the Er/Yb systems emitting ~1n® is more
challenging for a number of reasons, including darguantum defect, imperfect
energy transfer from Yb to Er ions and spuriousevtission at ~um in the Er/Yb-

doped fibre core.



Fibre lasers emitting in the ~42m spectral region, based on thulium (Tm)-doped
fibres typically yield output power of an orderdmlagnitude lower than current Yb-
doped fibre devices. Nevertheless, Tm-doped fiasens have been developed as
rapidly increasing in terms of output power fromrez@l milliwatts in the late 1980’s
[1.25] to kilowatt-class lasers with a nearly dafftion limited beam [1.29].
Development of silica fibres doped with Bismuth)(Bhabled access to 1.15-1um
band complementing the spectral range available fRE-doped fibers. Although
the output power from Bi-doped fibre lasers id séilatively low [1.36] the prospects
for scaling to higher power levels, using in-bandnping schemes with Yb-doped

fibre lasers, look very promising.

Power scaling work has been also done with fibsers at longer wavelengths
including the mid-infrared (mid-IR) spectral regiobhese devices, typically using
different laser transitions in holmium- (Ho-), dyspium- (Dy-), and Er-doped
fluoride glasses, can be tuned over relatively roenges to access wavelengths
required for specific applications. Although RE-ddgfibre lasers emitting in the in
the 3-4um delivered only several milliwatts [1.34, 1.35]pra recent experiments
using novel glass compositions with improved traissian characteristics
demonstrated watt-class Ho fibre lasers aroundim3[1.30], a ten-watt-class Er
fibre laser at 2.7m [1.31] and more than hundred watts from a Ho-dogiéca
fibre laser emitting at 2.18m [1.32]. Output at shorter wavelengths in theblesi
and ultraviolet (UV) spectral region has been alsmonstrated with fibre lasers.
Laser emission in the red, green and blue-greenonegwas observed in
praseodymium (Pr)-doped fibres. These devices eed/~250 mW in the red band
and several milliwatts in the blue-green regior87138]. Output power of ~30 mW
in the red spectral range was also obtained withasam (Sm)-doped fibre laser
[1.39]. Power scaling in these wavelength bangsrscularly challenging due to the
very limited power of available pump sources, sastsemiconductor and solid-state
lasers emitting in the UV and blue spectral regioaquired for efficient pumping of
Pr- and Sm-doped fibre lasers. One solution to fihidblem is to use pump sources
emitting at longer wavelengths, tailored for msliage pumping of RE-doped fibre
lasers. This approach allowed generating over & ewdput in the red band [1.40],
~150 mW in the blue-green [1.41] and ~100 mW indheen spectral range [1.42]

from Pr-doped fibre lasers. In the blue-green bemdssion was obtained in Ho-, Er-
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and Tm-doped fibres with a maximum output power®75 mW [1.44]. Emission in
the violet and UV spectral regions (with sub-mibity output power) was also
demonstrated using Nd-doped fibres [1.43]. Howetkese upconversion fibre
lasers are typically based on fluoride glass filsesh as the ZBLAN (ZrfBaF,-

LaFRs-AlF3-NaF) family and their output power is limited biyetmal and optical
damage effects occurring at relatively modest pawdhese fragile and low melting

temperature materials.

Overall fibre lasers have experienced stable expiadegrowth in output power over
the last three decades in +in [1.9-1.21] and ~2um [1.25-1.29] wavelength
regimes, where the output power has increased lig than 2dB per year (fig. 1.1).
Studies by various independent research groupsestifitat scaling the output power
from a single fibre cannot go on forever. At soneapthe maximum power that can
be extracted from fibre laser will be fundamentdilpited by optical damage,
thermal and nonlinear effects. Nevertheless, eyesay still brings new fibre designs
aiming to mitigate the nonlinear effects, and newatenals with lower losses and
higher damage thresholds are being developedntitislear when the upper limit on
the power extractable from a single aperture wallrbached, but we can certainly

expect continuous increase in brightness of thre fifssers over the years to come.

Although fibre-based lasers and amplifiers delimetput with impressive power and
brightness in the near-IR spectral band, increasavailable output power has not
been so dramatic in other wavelength regimes. Tipub power from fibre lasers
emitting in the visible spectral region is currgritmited to a fraction of a watt, and
further power scaling of these architectures loweksy challenging. On the other
hand, impressive power levels available in the hReawavelength regime offer the
prospect of much higher powers in visible bandnealinear frequency conversion.
Efficient frequency doubling by second harmonicegation (SHG) in “bulk” solid-
state lasers has its limitations and in fibre lageris not particularly easy. These
issues will be discussed in more detail in nexiptéig of this thesis. Nevertheless,
the highest power available from a laser sourcén wi¢cent beam quality was
obtained from a fibre laser using an external rasbenhancement cavity scheme for
efficient frequency doubling [1.51]. Although vergfficient and capable of

delivering multi-hundred watts visible output, tligproach involves complex cavity
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stabilisation systems and has certain limitationsfundamental power level. This
thesis will discuss the challenges of power scabihghe current technology and
propose an alternative scheme for efficient fregyestoubling of high power fibre
lasers. The proposed scheme will potentially aflevithe limitations of external
resonant SHG while maintaining its exceptionalogicy and offering the potential

of scaling to much higher power levels in the ssigpectral range.

ASE sources (sometimes called superluminescergrooneously, superfluorescent
sources) belong to another group of coherent lgghirces, similar to lasers, but
typically not utilising an optical resonator. In nyacases some form of a resonator
helps to build up the ASE signal and an ASE sogare become a laser when the
population inversion and thus round-trip gain aréigently large to reach the lasing
threshold. The first fibre-based ASE sources wemahstrated in late 1980’s and
like their laser counterparts were based on Nd-ddijpees. These sources delivered
only several milliwatts of optical output in theaarly days [1.45], but their output
power increased greatly over the years following tevelopment of high power
fibre laser technology. Advanced techniques forefilend termination aiming to
lower the feedback combined with multi-stage angaiion allowed scaling output
power from Yb-doped fibre-based ASE sources to dkier100 W level in 2007
[1.46]. More recent papers report development whwatt-class narrowband, fibre-
based ASE sources [1.47] emitting in the ~1 umtsale@nge. Development of ASE
sources emitting in the ~1.5 um has been mainlyedriby applications in the
relatively low-power optical communication markéterefore progress in power
scaling was somewhat slower. Nevertheless, sewaticlass ASE source in this
spectral region were demonstrated in 2008 [1.4&] etent work resulted in a
source generating ~16 W of broadband output at W&5[1.49]. In the ~2 um
spectral region, output powers as high as ~11 W lleeen demonstrated with Tm-
doped fibre-based ASE sources [1.50]. High powaefbased ASE sources remain
relatively underexplored when compared to high pofilere lasers. So far only
spectrally narrow ASE signals were successfully ldieg to very high power levels.
Little is known about properties of high power ldband sources with different
spectral characteristics. Part of this thesis wilcuss the design strategy and
development of a versatile, fibre-based ASE souita can be used either

independently or incorporated as a seed sourcéiighapower amplifier chain.
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1.3. Thesis structure

This PhD thesis entitled “Power Scaling of Novebréi Sources” concentrates on
two main themes and, as such, has been dividedwat@ectionsPart |: Spectrum-
controllable fibre-based ASE sources, discusses design and power-scaling strategies
for ASE sources based on diode-pumped fibre acthites and forms the second
and third chapter of this thesiBart 11: Efficient intracavity frequency doubling
schemes for CW fibre lasers, discusses a novel concept for efficient nonlinear
frequency doubling in high-power CW fibre lasersl darms the third, fourth, and
fifth chapter of this thesis.

Chapter 1 briefly introduces the motivation forsthwork and reviews the most
important results in the area of scaling the ougmwer from fibre-based lasers and
ASE sources. It describes the rapid technologieakbpments leading to dramatic
increase in maximum output power obtained fromefibased sources emitting in the
~1, ~1.5 and ~2 um spectral regions over the lasgears. We discuss progress in
power scaling of mid-IR fibre lasers presentingergaesults in the 2-4 um spectral
range. Conventional and upconversion fibre lasengtiag in the visible and UV

wavelength regions are reviewed. Finally, we predba progress in scaling the
output power from fibre-based ASE sources emitimghe ~1, ~1.5 and ~2 um

spectral regions. Finally we discuss the thesigsire.

In chapter 2 we introduce the background infornmaba fibre-based ASE sources. It
begins with an extended motivation for carryingeagsh in this area, reviews the
prior art not only in terms of scaling the outpuwer but also with respect to
specific applications and various approaches tarabthe spectral characteristics of
fibre-based ASE sources. This introduction is felkd by brief discussion on the
spectroscopic properties of Yb and fibre geometnsesd in the experiments. Finally,
this chapter introduces a semi-analytical theoaktimodel that is later applied to

various ASE source configurations presented ammudged in the next chapter.

All experimental work relating to spectrum-contadile ASE sources is presented in

chapter 3. Various types of ASE sources with ingirgacomplexity illustrating the
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development of the final, most versatile configumnatwere examined. The semi-
analytical model was extended to allow modelling gerformance of the laser in
terms of output power, polarisation extinction @atbr controllable signal-to-
background noise ratio. Experimental results aesqumted, discussed and used to

verify the applicability of the theoretical modekfall ASE source configurations.

Chapter 4 provides background information on thategy and challenges of power
scaling in solid-state lasers with particular engi@n the fibre laser geometry. The
second part of this chapter focuses on nonlinesquigncy doubling of solid-state
lasers. Chapter 4 begins with an introduction cfetaperformance metrics. The
following sections discuss the impact of pump bgasmameters, sources of heat
generation in the active medium and thermal effeaffecting the laser’s
performance. Most popular laser geometries ainongitigate thermal effects in the
laser medium are reviewed in the next section.filite laser geometry is studied in
more detail; firstly, core- and cladding-pumpindnemes are demonstrated. Physical
mechanisms ultimately limiting the output powerragtable from a fibre laser are
reviewed. The first part of chapter 4 is concluadéth a discussion on the general
power scaling strategy for future fibre laser systeThe second part of this chapter
begins with a general overview of nonlinear effeatsl basic theory on second
harmonic generation. Different phase matching teples for SHG are reviewed,
followed by a brief discussion on the effects ghtibeam focusing. The next section
presents the important parameters of nonlineartalsysand introduces the lithium
borate material used in the experiments describéallowing chapters of this thesis.
In the next section, chapter 4 discusses the mostilar approach to generating
visible laser radiation via intracavity SHG in sbétate lasers and fundamental
limitations of this technique. Finally, the mostnomon approaches to frequency
doubling of high power fibre lasers, including exi resonantly-enhanced SHG,

are presented and evaluated.

Chapter 5 introduces a novel concept for efficiemjuency doubling of high power
fibre lasers. A theoretical model of a resonatagicement cavity with two partially
transmitting mirrors is constructed. Following sewe$ discuss the impact of the
enhancement cavity design, mode-matching and leealptical feedback on the

output power and SHG conversion efficiency. Thet sextion presents experimental
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results on temporal characteristics on the fibsedavith the resonant enhancement
cavity integrated within the main resonator. Fipalhe concept of using modal
interference to aid efficient coupling of the outfmeam from a multimode fibre to
the fundamental mode of the free-space enhancemsenhator is proposed and

experimentally verified.

All experimental work related to the novel concepefficient SHG in a high power
fibre laser is presented in chapter 6 of this theAfter a short introduction design
considerations for two different phase matchingfigomations are discussed. The
next section presents preliminary results obtawéd a travelling-wave resonator,
followed by three sections focusing on three omedi standing-wave resonator
configurations. Alignment procedures and perforneanharacteristics of the three

laser configurations are discussed in detalil.

Finally, Chapter 7 concludes the thesis by sumnmayithe main achievements of the
work. It also offers suggestions for future reskatiirections and a few potential

solutions to the problems identified in the prewahapters of this thesis.
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Chapter 2

Fibre-based ASE sources

2.1. Introduction

This chapter introduces background information imefbased ASE sources with
particular emphasis on power scaling. Section 2@ais the motivation for this
research subject, and section 2.3 reviews the prtdn the topic area. Next sections
describe the gain medium used in the experimemsluding information on
ytterbium spectroscopy (section 2.4) and fibre iéectures used in the project
(section 2.5). A theoretical model, developed fdBEAsources is expounded in

section 2.6. The chapter ends with a conclusiocsose(2.7).

2.2. The motivation

Fibre based light sources have seen a dramaticutemol over recent years.
Improvements in high power and high brightness elipdmp sources, combined
with double-clad fibre architectures have resulteddramatic progress in scaling
output power from RE-doped fibre lasers and angulfi Ytterbium (Yb)-doped fibre
lasers currently yield more than 10 kW of outputvpoin 1um wavelength regime
[2.1], while erbium-ytterbium (Er-Yb) and thuliumrih)-doped fibre oscillators
deliver more than 100 W at ~L;n [2.2] and more than 1kW in ~20n regime
[2.3] respectively. Fibre sources are heavily resesd due to their many
advantages, such as superior output beam quaktyhemmal handling compared to
conventional crystal-based laser systems. Addilipnhigh gain values are easily
achievable in fibres, thanks to the high invergiensity obtainable in the doped core
and the flexibility of selecting relatively longrigths of the gain medium. Fibre
based ASE sources, in particular, deliver uniqugbpd temporal stability, and

smooth intensity profile compared to their lasemurdgerparts. They are also
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distinguished by their broadband spectrum, makibgefASE sources particularly
interesting for various applications. One appro&mh power scaling of an ASE
source is to use a low power seed source and a ohgower amplifiers, with the
seed ASE source employing sophisticated methodg&ttrum tailoring by the use
of Micro Electro-Mechanical Systems (MEMS) withiris iexternal feedback
arrangement. This architecture was chosen becawgsuld be easier to first tailor
spectral and temporal characteristics of a seettedben scale the output power to
higher levels [2.4, 2.5, 2.6]. Our initial step wasinvestigate various seed source
configurations to develop an understanding of #sdphysics behind ASE sources.
These experiments will be designed for Yb-doperefdystems operating in the ~1.0
um wavelength regime. However, it is hoped that éhashitectures will be easily
transferable to Er-Yb- and Tm-doped fibres to ascé®e ~1.5 and ~2.Gum
wavelength regions. The use of multiple amplificatistages can be later used to
scale output powers above the 100 W level, botleantinuous-wave (CW) and
pulsed modes of operation. ASE sources with sughtoress and versatility would
enable access to new, promising applications sagbrecision material processing,

metrology or gas sensing.

2.3. Background work

Historically, amplified spontaneous emission (AS#s considered an undesirable
process in high-gain laser systems. It was fourmyever, by harnessing ASE,
significant, stable output power in a broad wavegterspectrum could be extracted
from a gain medium without the need for a cavitgu3, ASE-based sources (known
in those early days as “superradiant lasers” onrorless lasers” [2.7, 2.8, 2.9])

became established as an attractive and viabledaglirce.

Fibre-based ASE sources, benefiting from high gaines easily achievable in rare-
earth doped cores, have found use in a wide rahg@mications such as medical
imaging [2.10], sensing [2.11], low coherence ifgemetry [2.12] and optical

communication [2.13]. However, power scaling ofsitaelevices remains a relatively

unexplored area. Erbium-doped fibre ASE sourcedd use telecommunication
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systems yield relatively low output power levels 6fl6 W [2.14]. Higher output
powers of ~30 W have been reported in a solid staglifier configuration based on
a Nd-doped laser crystal [2.15]. The highest ASEvegrolevels in single-ended
operation have been obtained with ytterbium-doplee$: 62 W of output power by
using a twisted end termination from a single stA§& source, 122 W of output
power from a two-stage (seed and amplifier) ASE@®(2.16] and ~1 kW from a
complex narrowband ASE source (complex seed samdemultiple amplification
stages [2.17]). In terms of spectrum shaping, stighited methods including Micro
Electro-Mechanical Systems (MEMS) have been ap@diemtessfully to modify the
output from ASE sources [2.18, 2.19]. The concdpimplementing a spectrum
shaping element in an external feedback arrangemeshtbeen presented for both
narrowband [2.20] and broadband feedback [2.21f],il$pite of its potential this

has seen little development.

2.4. Yb spectroscopy

Ytterbium is a rare earth element (lanthanide) witie electronic structure
(Xe)af*5sd’6<”. When introduced into a host material such asasijjlass, Yb atoms
(dopant delivered in the form of ¥®s;) become triply ionized (3+). The
performance of Y& in silica fibres was first investigated by H. Pask,al. [2.22)].
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Figure 2.1: The Y# energy level structure with indicated absorptind amission

transitions [2.22]
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The YB* energy level structure (fig. 2.1) is relativelyngile compared to other rare-
earth ions. Only two manifolds (separated by splital interactions) are relevant
for optical wavelengths: th&,ground state antFs), excited state. These manifolds
split into Stark sublevels (a-d) and (e-g) respetyi via crystal field (Stark)
interaction, but the transitions between subleaetsnot fully resolved for Yb-doped
silica fibres at room temperature, due to strongnbdgeneous and some
inhomogeneous broadening [2.22]. It has been f¢RraB, 2.24] that the bandwidth
and peak wavelengths of the absorption and emisgeatra vary with the host glass
composition. The fluorescence decay time also sanwéh the host material and
ranges between 0.8-1.5 ms [2.23]. Variations in lgtess composition are usually
the result of additional dopants used to increhséeYiyOs solubility in silica and the
refractive index of the core relative to the ine&dding. Typical cross-sections for
an Yb-doped germanosilicate glass [2.22] are ptedan fig. 2.2.
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Figure 2.2: Yb-doped fibre absorption (solid) antssion (dotted line) cross-sections [2.22]
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2.5. Fibre architectures

As the experiments are oriented towards the highep@peration regime, we chose
to cladding-pump our ASE seed source. This reldlxegequirements on the pump
beam quality and alignment, and allows the use bigh power, low-brightness
diode bar with maximum output power of 40 W at 9B as a pump source. A
typical design of a double-clad fibre for claddimgmping consists of a circular RE-
doped core, which is the primary waveguide fortligiitted by the active ions. This
region is surrounded by a pure silica inner clagdwvith a much larger area and
lower refractive index relative to the core, whiohms a multimode waveguide for a
high-power multimode pump beam. The inner claddéntypically surrounded by a
polymer outer cladding with a lower refractive iRdealue. A circular inner cladding
geometry is not optimal for efficient pump lightsaloption inside the doped region
of the core, due to possible helical ray trajee®tihat do not overlap with the core.
Various inner cladding shapes and core offsets iogprove pump absorption
significantly by breaking the cladding-core symmief2.26, 2.27]. Two inner
cladding geometries were used in this experimamtak: D-shaped and polarisation
maintaining (PM) “Panda” (both shown in fig. 2.3)Jhe inner cladding of the
“Panda” fibre incorporates two circular stress roghkich both induce stress
birefringence in the fibre and break the core-clagdsymmetry by virtue of their

lower refractive index than pure silica.

Outer cladding

- Inner cladding

P Core

Stress rods

Figure 2.3: D-shaped and PM “Panda” double-clakfidyoss-sections
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2.6. Theoretical model of ASE sources

N; and N (the population densities for the low#t,, and uppefFs, manifolds in
Yb system respectively) under steady-state comditiare determined by the
following rate equations [2.23]:

dN,
—Z2 = (Ryy + Wy,)N; — (Ryy + Wyy + Ay)N, =0
dt ( 12 12) 1 ( 21 21 21) 2 (21)
N, _ (Ryy + Wi)N; + (Ryy + Wyy + Ay )N, =0
dt - 12 12 1 21 21 21 2 — (22)

where the transition rates (i.e. pump absorptite Rg,, stimulated emission rate at
pump wavelengthR,,, signal reabsorption rat#/;,, stimulated emission rate at

signal wavelengthi/,,, and spontaneous emission rajg) are given by:

R — 14 — O-e(lp)lp W, = O-a(ls)ls — O'e(ls)ls A — i

12 = g v , g q hvp » Wiz hv, 21 —hvs » Azq 7
ng is the pumping quantum efficiency, = c/vs and 4, = ¢/v,, are signal and
pump wavelengths respectivelyi¢ velocity of light in vacuumy, andv,, are signal
and pump frequencies respectively),ando, are the absorption and emission cross-

sections for lower and upper level respectivalis the Planck constaandz; is the

upper level lifetime.
N = N; + N, is the total rare-earth ion concentration, theesfo

N(R12 + WlZ)

N, =
2 Riz+ Ry + Wip + Wyy + Ay,

(2.3)

The pump power, depletion and the signal powek( - co-propagating with the
pump, P, - counter-propagating with respect to the pumpwgn along a double-

clad fibre (inz direction) can be expressed as:
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dP A
L= 2o [Ue(’lp)NZ - Ua(lp)Nl]Pp
clad

dz A
dP;t
d; = [O—e(/ls)NZ - O-a(AS)Nl]PS-I-
dPs _
dz = [O_e(ls)NZ - O-a(/ls)Nl]Ps

whereA,,,. and4.,, are the core and inner-cladding areas respectively

(2.4)

(2.5)

(2.6)

In general, equations (2.4-2.6) have to be solwgdarically to calculate fibre gain

and signal output power. However, by making sinypl assumptions, the small

signal gain and pump power depletion rate can lairodxd [2.22]:

If we consider negligible ASE and no signal powben by substituting (2.3) into

(2.4):

db, _ Acorehvaz(Z)

dz NqTr

By extractingN, (z) from (2.7) and substituting into (2.4):

B,(z B,(z) — P, (0 A
1“[ @) BO=BO _ Aare, (3,
Pp (0) Ppsat Aclad
where
A 1 th
Ppsat: = 2

Nq%rl0a(2p) + 0o (2)]

is the pump saturation power.

2.7)

(2.8)

For low pumping powers, i.€5,(0) < Py (2.8) can be solved analytically to give:

P,(z) = B,(0) exp(—apz)

(2.9)
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where

_ Acore
p =
Aclad

a Oq (AP)N

is the pump absorption coefficient.

The single-pass gain for the fibre of length given by the following expression:

l

G = exp fg(z)dz —a,l (2.10)
0

where
g(Z) = O-e(/ls)NZ(Z) - O_a(/ls)Nl(Z)

anda; is the signal attenuation coefficient.

Extracting N,(z) from (2.7) and substituting into (2.10) producessimplified

expression for the small signal gain:

G = exp <anf [O-a(/ls) + O¢ (As)]Pabs

— 0,(A)Nl — a l> 2.11
A(;orehvp a S N ( )

whereP,,, . is the absorbed pump power.

The outlined treatment so far has neglected thelifieap spontaneous emission
process. Every excited ion can spontaneously rélax the upper state to the
ground state by emitting a photon, which is undateel to any other photon present
in the medium. This noise power can be amplifiedtdsavels along the fibre via
stimulated emission of more photons within the saieetromagnetic field mode.

This process can eventually result in significaBEpower at the fibre output.

To compute the output ASE power, the spontaneoussean power at a given point
in the fibre has to be calculated. The total npie@er in bandwidtiv is defined as

the noise power of one photon per mode of the releagnetic field multiplied by
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number of modes in bandwidttv (including both orthogonal polarizations) [2.28].
The noise power at a given point in a single trarsy mode fibre (in a given

direction) is therefore:

Pl = 2hvAv =~ 2hc3A0 /A% (2.12)

Expression (2.12) that will be used in our modeh de#e derived from simple

considerations on the noise power of a single phot@ given mode and the number
of modes present in the optical bandwidth in ormmaettision [2.28]. More accurate
expression for the equivalent noise power, howeseould take into account the
waveguiding effect and geometry of the fibre sd tha noise power is proportional
to the solid angle in which light can be capturedl ayuided by the fibre core

[2.29, 2.30].

The total ASE power at a certain pomin the fibre is given by the sum of the ASE
power in previous section and local noise poweewgilsy (2.12). The expression for
ASE power growth in a given direction is thus sanito the equation for signal
amplification (2.5-2.6), except for the addition ah extra factor describing the
stimulated emission of photons by the local nois&gr which is proportional to the
producta, (v)N,(z) [2.29]:

dpP;.

A;i(v) = [0,(V)N,(2) — 0,(V)N; (2)1Pfsg + Py (V). (VIN,(2) (2.13)
dP,.

A;E(V) = [0,(V)N,(2) — 0,(V)N;(2)|Pssg — P/?SE(V)O'e(V)Nz(Z) (2.14)

A simplified model for ASE growth along the fibreilling can be formulated either
by treating it as a signal with effective bandwidth,s; or by splitting the broad
spectrum intom strips and treating each as an independent sigithl narrow
bandwidth ofAv,s;/m. The population equation (2.3) also needs to bdified to

include depletion of the upper level by each okthsignals.
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In general, equations (2.13-2.14) have to be sohwederically for a wide range of
wavelengths to calculate total ASE output powerwklger, by making simplifying
assumptions, we can obtain expressions for ASEakigrowth and ASE output
power in the low-power regime. Following the reasgn(2.1-2.8), the population
density of the upper levél, can be considered as not being depleted by ASEtlro

as long as its power remains at low levels, i.e.

Acore hVASE
NqTrl0a(Aase) + 0o (Aase)]

Pyse K Pyspsar = (2.15)

where A4 = ¢/v4sp Can be treated as the mean wavelengi;(— the mean
frequency) of the broad ASE spectrum with total poW,s; or as the central
wavelength of each spectrum strip consisting oftfomal powerP,sz(4). In this

regime equation (2.19) can be used, assuming?fie) < Pgg;.

ExtractingN, (z) from (2.7) and using (2.9) produces:

N,(z) = N,(0) exp(—apz) (2.16)
where
a, B, (0)n,Tf
N,(0) =22~ 217 2.17
2 Acorehvp ( )

is the population of the upper levelzr 0 point in the fibre.

Solving equations (2.16) and (2.13-2.14) resultexpressions for ASE power at
given point in the fibre in both directions. Theviard ASE power can be expressed

by:

PXSE(Z) = [PXSE(O) + Pr-{oise(z)]G-l-(Z) (2-18)

whereP,;(0) is the ASE input power (at point 0),
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N,(0)

(04

Gt (z) = exp{ [0 (AasE) + Ue(/lASE)][l - EXP(_%Z)] - NUa(/lASE)Z} (2.19)

p

is the single-pass gain (after propagation distaheed

( [N,(2)a, (A
G (2P 100 (2) = GH(2)Posp (Apse) f [ Z(ZG)f(Z( )ASE) dz (2.20)
0

is the noise power accumulated after propagatistaxcez, with N,(z) given by

(2.16). Similar equations can be derived for theklaaard propagating ASE.

Solving equations (2.13-2.14) and (2.16) shows@i4t.) = ¢G~(0) = G, whereL is
the fibre length and is the small signal single-pass gain with the séote value

for ASE propagation in both directions.

2.7. Conclusions

This chapter explained the motivation for researctthe area of fibre-based ASE
sources and discussed some aspects relevant ta poalng of such sources. Yb-
doped fibre was presented as a gain medium bdstdor the experiments that will
be discussed in the next chapter of this thesisallyi this chapter introduced a
theoretical model for fibre-based ASE sourcess Ibased on rate equations in the
steady state condition for the two manifolds ofYdnsystem, and takes into account
pump absorption and re-emission, stimulated abisorpif the ASE signal and its
reabsorption, as well as spontaneous broadbandiemiglong the length of the Yb-
doped fibre. Simplifying assumptions valid in thewlpower regime were
introduced, and expressions for the generationpaneer build-up of ASE signal in
the core of the cladding-pumped RE-doped fibre vadenéved. This proposed semi-
analytical model can be used to predict output peved ASE sources and ASE
power distribution along the fibre, taking into aaat the reflectivities of the fibre
ends. Various ASE source configurations and thdicgiplity of the simplified

model in those cases will be discussed in the clexpter.
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Chapter 3

Spectrum-controllable fibre-based

ASE seed source

3.1. Introduction

This chapter describes the development of a filisetd ASE seed source with
spectrum shaping elements in an external feedba@ngement of the system.
Several architectures of the ASE source with irgirepdegree of complexity were
studied, and their performance was compared tdhberetical model described in
the previous chapter of the thesis. Section 31@ddloices a simple fibre-based ASE
source with double-ended output and explains hosvtheoretical model can be
applied to account for multiple reflections frometHibre facets. Section 3.3
demonstrates a single-ended ASE source and disctissgalidity of the model with
respect to the pump and ASE output power levelgpokarised ASE source and
theoretical expressions for polarisation extinctiatio are introduced in section 3.4.
Section 3.5 demonstrates a ‘narrow’ line ASE sowacd discusses the impact of
ASE light guided in the inner cladding on the oVgrarformance of the system. The
final configuration, which allows shaping of theesprum in the external feedback
arrangement, is described in section 3.6 and timorpgance of this system for
different lengths of the fibre and spectral bandigds presented. The advantages of
this approach over external spectrum-shaping aedrimimal spectral resolution
available for this system are also discussed. &ecB.7 introduces a way of
decreasing the minimum resolution limit using aalat in the external feedback

arrangement.
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3.2. ASE source with double-ended output

The initial experiment involved constructing an AS&urce with a double-ended
output, based oh = 8.4 m of ytterbium-doped double-clad fibridufern) with a
core and D-shaped inner cladding diameter ofu®8and 38Qum respectively. Both
ends of the fibre were polished at an angle of @pprately 12. Pump light was
provided by a diode bar at 975 nm (fig. 3.1). Instkection we compare the
measured output power of this configuration witk thodel constructed from the

theory outlined in chapter 2, and discuss the agbliity of the model.

Backward ASE Yb-doped fibre Residual pump

output @1-1.1 pm 28/380, L=8.4 m @975 nm
Diode Aggrwirdt
outpu
i @1-1.1 pm

f; =15 mm f,=8 mm
HR @1-1.1 um Fibre ends HR @975 nm
HT @975 nm polished @~12° HT @1-1.1 um

Figure 3.1: ASE source, double-ended operatiornperxental set-up

Internal reflectivity of the fibre facet can be ihefd as a fraction of power in the
fibre prior to exiting the fiber end that is lauechback to the fibre’s core via Fresnel
reflection from silica-air interface. If the pumpétre end (End A) has reflectivity
Ra and the opposite fibre end (End B) reflectivityRis ASE power building up in
the active medium can be enhanced via multipleecgtins between fibre facets.
According to (2.18) backward ASE power startingnfrmoise near the End B is
amplified to the value oP,,;,G after a single pass in the fibre. Part of this eow
oise GR4 1S reflected back and adds to the noise powerropgmating with the
pump. Forward ASE near the End B after a singles pasamplified to the

(P,iseGR4 + P :c.)G (see fig. 3.2).
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Figure 3.2: ASE signal power build-up via multipédlections between the fibre facets

ASE photons can experience multiple round-tripsdmsthe fibre, with overall
round-trip gain of:Rz;GR,G (assuming negligible core propagation loss). Tioeee
to include all possible multiple reflections, thé&SB power near End B has to be
multiplied by a factor},_,(G?R4R)™. This geometric series is convergent for
G’R,Rp < 1 and therefore the total forward ASE output powacl(ding output

coupler transmission) is given by expression:

(Pr;oiseGRA + Pr—{oise)G
1 —G2R,Rp

PXSE(I) = (1—Rp) (3.1)

A similar analysis can be done for backward ASEpoupower:

(PrjoiseGRB + Pr:oise)
1— G2R,Rp

Pysg(0) = ¢ (1—Ry) (3.2)

For G2R,Rp = 1 the roundtrip gain exceeds the round-trip loss lasihg threshold

is reached.
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Assuming that the polished fibre ends were of simiinish and quality (i.e.
R4 = Rp = Ry), the reflectivity of the fibre ends can be caitatl from the round-
trip gain at the lasing threshold conditicmz,R]? = 1. We know the dependence of
single pass gain on launched pump power from (2ahé)(2.17), and can therefore
estimate the reflectivities aBy = (1 £ 0.5) X 10~>. Here we have treated the ASE
as a single signal with effective bandwidth &t,s; = 30 nm according to the

+

measured output spectra (fig. 3.3b). According2ta9), (2.20) and (2.16%, P,,;se
and P,,;;, are in general functions of launched pump powegrefore the output

ASE power versus pump can be calculated (fig. 3.3a)

0.8 1 ]
a) i
0.7 A !
A forward ASE o
]
0.6 - ¢ backward ASE 1 =
! 3
g & backward ASE (model) - 'l I’T:‘
g — — forward ASE (model) 1 T )
w
S 04 ! w
*g‘_ =
= 3 =,
E 0.3 g
w 3
< 0.2 =

o
i

o

1020 1040 1060 1080 1100 1120 1140

Launched pump power [W] Wavelength [nm]

Figure 3.3: a) Output power from both ends of ttf®&EAsource b) Forward ASE spectra for

different launched pump powers

The discrepancies between model predictions anérgmpntal results are mainly
due to limitations in the model. Theoretical anaysreaks down for high ASE
powers (2.15), i.e(Pisg + Pisg) = Pasesar ® 1 W, where upper level population
depletion can be no longer neglected, and at highpging powers, > P,g, =7 W.

Besides the theoretical limitations of the modegny other factors could greatly
affect the source performance. The fibre core istndy single mode which may
give higher spontaneous noise power than expentadmodel derived for a single-

transverse-mode fibre. A fraction of the measuretput power was coming from
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noise spontaneously emitted at angles guided imtrer cladding rather than a fibre
core (this issue will be discussed in more detaiséction 3.5). Moreover, bend
losses for pump and ASE power have not been indludéhe theoretical model. In
spite of the simplified analytical treatment, the@gnsed model proved helpful in
estimating the amount of pump power required fgniicant (i.e. with >1% pump to
ASE signal conversion) ASE power build-up. It aldlistrates the difference
between forward and backward ASE output powersngrisom re-absorption loss in
the fibre.

3.3. ASE source with single-ended output

The next stage in experiments involved charactegithe ASE source with a single-
ended output. A HR mirror was used to provide fee#fbinto the active fibre. Due to
the much higher reflectivity at one end of the fesmek arrangement the source
became vulnerable to reflections from the diagoostquipment that caused
unwanted parasitic lasing which, in turn triggesetf-pulsing, eventually destroying
the fibre facets. In order to suppress feedbaclaraday isolator (consisting of a
Faraday rotator between polarisers crossed by ¢feds) had to be employed at the

output (fig. 3.4).

ASE output @1-1.1 um

Yb-doped fibre Residual pump
28/380, L=8.4 m @975 nm

(g i) HR
il @1-1.1

Faraday Isolator

Diode
bar _
m
f, =15 n‘h /f'z =8 mm
HR @1-1.1 um Fibre ends HR @975 nm
HT @975 nm polished @~12° HT @1-1.1 um

Figure 3.4: ASE source configuration for single-eth@peration
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The same analytical treatment as in section 3.2apatied to single end operation.
Equations (3.1) and (3.2) were used with= 1 (fig. 3.5a). Due to the much higher
measured output powers, the model’s predictionsate¥rom the experiment above
Pisg = Puspsar = 1 W (where the ASE power significantly depleteperplevel
population and saturates the gain) and for sahgaump power$, = Ppsqr = 7 W
(where the pump power significantly depletes th@ugd level population).
Nevertheless, the expected trends of a lower pusgpimed for significant ASE
build-up and higher slope efficiency for single eygkration were observed. We also
observed slight changes in the output spectrumm evdow pumping powers (fig.
3.5b). This is because using a HR mirror at onéheffeedback arrangement ends
forces double-pass amplification of the ASE sigma@sulting in a higher re-
absorption loss, which is more significant for saporwavelengths. Moreover, re-
absorbed ASE at shorter wavelengths act as a pem@ASE emitted at longer
wavelengths. As a result of this processes, soraetidn of the ASE power
(originating from noise co-propagating with the gupower) creates a second peak
in the spectrum with a local maximum around 1075 Bmam quality factors for

both double- and single-end output ASE sources wezasured to baf; ~ Mj =

2+0.5.
24 4 '
2.2 A 2) . H
2 - ® single end ASE |
output
1.8 1 L g .
- — - single end ASE =
E 16 1 output (model) E
g 14 A I e %
(o] ’ )
o 1.2 1 : )
=" ASE saturation power ,' 2
2 1 » -
3 : 3
i 0.8 1 Simplified model valid J{ 5
< 06 - in this region only . c
0.4 - m.’ Pump
02 4 / saturation
' & w“ power
0 sororo Pt 0 @ "o —
o 1 2 3 4 5 6 7 8 9 10 1020 1040 1060 1080 1100 1120 1140
Launched pump power [W] Wavelength [nm]

Figure 3.5: a) Output power from single-ended ASHree b) Output spectra for

different launched pump powers
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3.4. Polarised operation with broadband

feedback

In order to efficiently produce polarised output, ASE source was constructed with
an ytterbium-doped double-clad polarisation mamtay (PM) panda fibre. The fibre
was 14.1 m in length, with a core and cladding @ien of 30um and 400um
respectively. The fibre ends were polished at ayleaof approximately 15 degrees.
A half-wave plate and a polariser (prism polarisiigam splitter) were placed inside
an external feedback arrangement terminated wiHR anirror. The polarised output
was optimized by rotating the half-wave plate ar@hitoring the output polarisation
extinction ratio (PER). When the polarisation placenstrained by the external
feedback arrangement matched one of the birefrcegyexes of the PM fibre, the
output polarisation extinction ratio (PER), measuvgth a rotating analyser (fig.

3.6), reached a maximum value.

Polarization HR @1-1.1 pm
beam splitter
Half Yb-doped PM fibre Residual pump
a 30/400, 1=14.1 m @975 nm
waveplate ASE output
@1-1.1 pm
Diode ,
bar ‘ '
f; =15 mm f, =8 mm PBS (analyzer)
HR @1-1.1 um Fibre ends HR @975 nm
HT @975 nm polished @~15° HT @1-1.1 um

Figure 3.6: ASE source with polarised, broadbaedlf@ck - experimental set-up

Again, the model presented in section 3.2 can leel i3 analyse each polarisation

state independently. Both polarisation componenigimate from half of the total

noise powerPnJ;/i;e/Z. The ASE power polarised along the axis constchimg the
polarising element builds up in a feedback arrareggmvith effective reflectivities
R, =1, andRg =~ Ry = 1075, while the ASE power polarised orthogonally builds

up in a feedback arrangement with effective refieats R, ~ Rg = Rr. Assuming

that P} ;s = Pryise it CAN be shown with appropriate equations infdren of (3.1)
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that the expected feedback to background poweo ratihere feedback power

Preeavack builds in external feedback arrangement and backgt power
Phackgrouna DUIlds in internal feedback arrangement betwelere fends) is given by

the equation:

Pfeedback _ 1,0 — (1 - GZRARB)(1 + G)
Pbackground (1 - GZRB)(]- + GRA)

(3.3)

while the theoretical limit for maximum PER (assomithat the background is

unpolarised) can be given by:

P, +P 2
PERmax — feedback background/

=2y +1 3.4
Pbackground/z l/) ( )

The M? parameter for the ASE output from Panda fibre Wds~ M2 = 1.6 £ 0.4.
The output power efficiency was similar to the mead values in section 3.3. The
temporal power stability (defined as power flucioias to total output power ratio)
was measured to be in the range®8% < AP/P < 0.8% (over time ~1 minute)
depending on the pumping power. Values of outpuR P&t an ASE source with
broadband, polarised feedback were measured taubh tower than expected (PER

< 3), and the reasons for this will be discussetthénnext section.

3.5. Polarised operation with narrowband

feedback

In the next phase of the experiments, we introdwcaghing element in the external
feedback arrangement by replacing the HR mirrohaidiffraction grating (grating
constantA, = 1.67 um or 600 lines per mm) in Littrow configueat (fig. 3.7). An
isolator in conjunction with a half-wave plate weraployed at the output in order to

suppress back-reflections from the diagnostic egeit leading to unwanted lasing.
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Diffraction grating 600 lines/mm (Littrow configuration)

2 Yb-doped PM fibre Residual pump

30/400, L=14.1 m 4 @975 nm
Faraday
( g } ) / M2 isolator
Al

perture ASE output
HR @1-1.1 pm Fibre ends HR @975 nm @1-1.1 ym
HT @975 nm polished @~15° HT @1-1.1 um

Diode
bar

f

Figure 3.7: ASE source with polarised, narrowbaetiback - experimental set-up

Strong modulation of the output spectrum was olexerwhich we attributed to
modal interference from the higher order modesatpey in the fibre. This issue was
resolved by introducing bend loss to suppress tinégieer order modes. Optimal
performance was achieved by coiling 6 m of theefito a bend radius of 50 mm.
Effective higher order mode suppression was comditroy the reduction of thigl?
parameter to nearly diffraction-limited beam quali’; ~ Mj = 1.1 + 0.2. Due to
the tuneable feedback into the fibre, the outp@icBpm consisted of a very low,
broad, ASE background and a narrowline peak ofceffe bandwidthAAzy yy =

1.4 + 0.1 nm. The bandwidth value was measured by fittifgaaissian function to
the spectrum after higher order mode suppressign3B).

----Uncoiled fibre

)

3 / “\ 4 .‘\ I /Y

= Coiled fibre [ / wwey \

0 — v ' \

£ 3 e Gaussian fit / v/ \ )

o [} (S

iy (W) '

£ \

b "

e HIVAR Y

E \ i" I‘ [}

£ — DA ¥ i —
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Figure 3.8: ASE source with narrowband feedbaclctspen before and after multimode
interference suppression (central wavelength cléaffer grating rotation)
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Placing a variable diameter aperture in the ougatm just after the dichroic mirror
proved helpful in explaining the unexpectedly loRP values obtained in the
previous section. Changing the diameter of the taperresulted in significant

variations in both the output power and PER valu#isen we set the diameter of the
aperture to be roughly similar in size to the besiting the fibre core, the PER was
maximized at a value of #2, compared to the low value of Z6.5 measured with

a fully opened aperture. The output power changedespondingly, increasing to

roughly twice its initial value when the aperturasropened.

More detailed investigations were made by rotatiregdiffraction grating to tune the
central wavelength of the feedback signal. Thentymurves differ significantly for a
fully opened and “closed” (diameter of ~1 mm) apext(fig. 3.9a). The tuning curve
for an open aperture showed a constant backgroowernof approximately 13 mW,
independent of the grating angle. For a closed tagerthis background power
dropped to approximately 1 mW. This indicated digant amounts of unpolarised
broadband background ASE power propagating inrthericladding rather than in
the fibre core. Spectral measurements of the ahgddight confirmed this
hypothesis; the spectrum showed an emission peade cto 1030 nm, which
corresponds to the Yb:glass emission spectrum witkiee re-absorption loss (fig.
3.9b). These observations can be accounted fdrairidllowing manner; due to the
long length of fibre used, significant reabsorptadrthe ASE signal would occur at
the non-inverted sections of the fibre. The ionthese sections (now excited) would
then undergo spontaneous emission, adding todghe dpontaneously emitted along
the fibre in random directions. A small fraction this power is emitted at angles
larger than the NA of the core and thus is not gdithy the core but propagates
within the undoped cladding. In addition, lightleeted from the angled facets can
be coupled into the inner cladding of the fibre.eS& mecahnisms result in a
measurable amount of light at the output. When aperture is open, therefore,
spectral and power measurements would be affegtedi® cladding light. This can
be resolved by closing the aperture such thatiftsch significant portion of the

cladding light while transmitting light from the o(fig. 3.9).
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Figure 3.9: a) ASE source with narrowband feedhaoing curve b) Cladding-guided light

spectrum

Our theoretical model predicts that light propaggtin the core has a feedback to

background spectral power density ratio describyed b

Precaback(d) b0 = [1— G2(DR4R5][1 + G(M)S(A)]
Bl ~[1=G2)SRE]IL + G(DR,]

3.5
Pbackground (/1) ( )

whereS(A) is the function describing spectral reflectivitfy the external feedback
arrangement. Measured valuesygfdefined as (3.3) range from 6 to 10, depending
on the fed back central wavelength. The measurdtlWa&s roughly twice this value,
which corresponds to the simplified analysis (3#pm these results we concluded
that, the fibre length needed to be reduced (tong)5for future experiments to
prevent high re-absorption losses in the non-imeesection of the active medium. A
shorter length is also expected to yield a higkedback to background power ratio
Y and a reduction of power guided in the cladding tb higher single pass gain
values G(1) of a shorter fibre. These expectations have beeh im the next

experiment described in the following section.
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3.6. Wavelength selection in external feedback

arrangement

The set-up thus far with a diffraction grating fmaievided tuneable feedback with a
constant linewidth and shape. In order to achiewvesrflexibility in spectrum control
further modifications to the experimental set-uprevenecessary. Firstly, we
magnified the output beam (after the half-wave eplahd the polariser) with a
telescopefg = 4.5 mm and,; = 160 mm) to create a beam waistwgf~ 10 mm upon
the grating surface. A large spot size on the mggativould yield high spectral
resolution of the tuning element in the externadf@gack arrangement. Next, light
from the first diffraction order reflected from tlyeating was focused onto a retro-
reflecting HR mirror with a lens of focal lengiih= 300 mm. The lens and the mirror
separation was designed to be the same as thgiatmsg distancefs. This grating-
lens arrangement transforms the beam consistirgglwbad spectrum into a single
horizontal line on the mirror surface. Wavelengétestion in this configuration is
then done by placing a narrow vertical slit onans$lation stage directly in front of
the HR mirror. The slit selects a range of spect@hponents to be fed back.
Adjusting the slit width changes the effective bartih, while translating the slit
selects the feedback central wavelength (fig. 3.M¥)nochromatic light reflected
from the diffraction grating surface as a beam gt sizewg graing iS focused on a

HR mirror plane to the spot size of [3.1]:

M2Af,
Wopg & ———— (3.6)

TWograting

From differentiating the grating equation in normiakidence approximation:
A = A4 sin @, (incidence angl®; ~ 0, beam is reflected at anghe = 26 to grating
normal,§ - groove angle) and geometry of the systg@n= Ax/f ), two spectral

components differing b4, are spatially separated on the HR mirror plane by:

fs

Ax ~ ———
x Ag4 cos O,

AA (3.7)
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fs =300 mm

Diffraction grating
600 lines/mm

Yb-doped PM fibre __ Residual pump
30/400, L=6.5 m : @975 nm

4 ‘ Faraday
M2 isolator
Diode , e - -
bar
f; =15 mm f, =8 mm A

HR @1-1.1 pm Fibre ends HR @975 nm
HT @975 nm polished @~15° HT @1-1.1 um

perture ASE output
@1-1.1 um

Figure 3.10: ASE source with wavelength selectiothe external feedback arrangement

If we consider two adjacent, not overlapping lighbts on the HR mirror separated
by Ax = 2wyyg, comparing (3.6) and (3.7) leads to the minimumecsal resolution

for this wavelength selection system:

2M? A4 cos 6,
AL, ~ (3.8)
7TWOgrating

A, = 0.1-0.3 nm, depending on the incident angle.

This expression describes an ideal situation wtrexeslit positioned very close to the
HR mirror, whereas in the set-up it was placed svamm away from the mirror,
which reduced the resolution slightly. In this dgafation, we managed to obtained
narrow lines in the output spectrum with effectivandwidth down to 0.5 nm.
Further reduction of the bandwidth was not feas@slet would cause corresponding
losses in the feedback spectral power density.
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The tuning curves for narrowband feedback depegtilyion the ASE spectrum
shape entering the external feedback arrangememygdr fibres provide broader
spectra but lower power densities, giving a braadng range but low feedback to
background power ratios. Shorter fibres provide mhigher values ofy >200 due

to higher values of single-pass gain (and weakeabs®rption loss) but give a

narrower tuning range (fig. 3.11).

85 70 1 ¢ 14.1m uncoiled fibre,
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Figure 3.11: a) ASE spectra for different fibre ddrs b) ASE source with narrowband

feedback tuning curves at different pump powersfidond lengths

To highlight the advantages of this approach fovelength selection, we compared
it to an alternative method of obtaining a narrombASE spectrum, namely the use
of a narrowband filter at the output of a convemiiobASE source. We developed a
simple model, involving integrating power in theoddband feedback ASE source
output spectrum over the narrow section of wavdle)gand compared the
calculated power levels available from the use af @utput filter with the

experimental output powers obtained with our curigsproach. Our computations
showed that wavelength selection in an externatiidfaek arrangement provides
much higher output power in narrow linewidths thilhe output filter. Experimental

to modeled power ratio increased with narrower lbeet bandwidth up to the value
of 7 at the resolution limit of ~0.5 nm. For broadeedback bandwidths the
performance of the external feedback arrangemedrgnse was comparable to the

levels expected from the output filter (fig. 3.12#) should be noted that output
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spectral power densities depend on the overlapnefféedback spectrum with the
gain spectrum and the feedback bandwidth. For leroéekdback, the larger total
power inside the fibre depletes the upper levelpsttppn causing gain saturation and
reducing output spectral power density. These nmeshes are illustrated in the
figure showing the evolution of the output spedsathe slit inside the external
feedback arrangement is being opened (fig. 3.1 a very narrow slit, the source
IS operating in the regime below minimum spectedotution (3.8), the power is
clamped due to losses in the external feedbackgerment, and 0.5 nm narrowline
with low spectral density is observed. Maximum powensity is observed for
bandwidth 0.5-0.8 nm with round trip gain reachiaging threshold. Widening the
slit further feeds more power into the fibre sigrahtly depopulating upper level,
saturating gain and returning the system belowngasihreshold. For increasing slit
widths the total output power is rising, but theecpal power densities drop along

with the saturated gain value.
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Figure 3.12: a) Comparison between measured optpuér values (wavelength selected in
external feedback arrangement) and theoretical pualees expected with an ideal filter at
the source output b) ASE spectra for different tsdof the slit in the external feedback

arrangement
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To investigate an additional method of spectrumtrabnby applying uniform
attenuation for all spectral components, a newutsalsity filter was placed in the
external feedback arrangement between the lenthantdR mirror (in the setup from
fig. 3.10). Increased feedback arrangement lossesed the lasing threshold,
enabling more pumping power being launched intoatttese fibre before the onset
of lasing. There is a significant difference betwebe broad spectrum without
additional losses (fig. 3.13a) and with neutral siignfilter inside the external
feedback arrangement (fig.3.13b). In the first cgsén peak around 1070 nm
consisting of ASE power after double pass insidefthre (shifted towards longer
wavelengths due to re-absorption) dominates oweethission peak around 1050 nm
(mostly single-pass ASE power). In the second basle peaks are comparable and
the spectrum is effectively broadened.

Intensity (log scale) [a.u.]
Intensity {log scale) [ a.u.]

-35 = T T T T T T T = 2l
1000 1020 1040 1060 1080 1100 1120 1140 1000 1020 1040 1060 1080 1100 1120 1140
Wavelength [nm] Wavelength [nm]

Figure 3.13: a) ASE source with external feedbatkrgement for wavelength selection
spectra (slit fully open) at different pump powejsSpectra produced with the same set-up
with additional attenuation (uniform over all spattcomponents) in the external feedback

arrangement

In this section we have described how the use glit anside the external feedback
arrangement enabled narrowband output with a miminaghievable bandwidth of
0.5 nm. The next section of this chapter describbether modifications to the

experimental setup, which enabled us to achieve beé#er resolution (3.8).
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3.7. Narrow linewidth operation using an etalon

Certain applications (e.g. optical sensing of gaseselength division multiplexing

in optical communication) require temporally an@dpally stable narrow linewidth
output with a single line, or multiple lines everdpaced in a spectral domain.
Spectral resolution of the ASE source describethe previous section was only
~0.5 nm and thus the obtainable linewidth was natraw enough for such
applications. However, a simple modification of #dernal feedback arrangement
facilitated truly narrowline operation of the ASBusce. Two parallel mirrors with
identical reflectivity Re = 0.95 creating a Fabry-Pérot cavity were placed in the
external feedback arrangement between the telesangethe diffraction grating
(fig. 3.14).

fs =300 mm

HR Diffraction grating
@1-1.1 600 lines/mm
um

Etalon R=0.95
@1-1.1 pm

Yb-doped PM fibre __ Residual pump
30/400, L=6.5 m : @975 nm

\ ‘ Faraday
( g E) / M2 isolator
Al

Diode
bar
m f, =8 mm perture ASE output
HR @1-1.1 pm Fibre ends HR @975 nm @1-1.1um
HT @975 nm polished @~15° HT @1-1.1 um

Figure 3.14: ASE source with narrow linewidth outpsing an etalon positioned in the

external feedback arrangement
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The etalon's mirrors were aligned by monitoring #pectrum transmitted by the
mirrors and optimizing for narrow peaks and a loackground. The peak width
(FWHM) is theoretically limited by (see Appendix:A)

A > }‘(2) (1 _Re)

~ 2nd, \/R_e

(3.9)

where 4, is the peak central wavelength, addis the mirrors separation. It is
certainly possible to reach spectral resolution garable to the (3.9) limit with
confocal Fabry-Perot interferometers. However filesse of a plane-plane etalon is
typically limited by the surface flatness to ~4@daso the minimum peak widéh
would be ~1/40 of the spacing between the narrawsliin the output spectrum
(FSR), i.e 81 = 23/(80d,).

This shows that multiple, very narrow spectral sinean be fed back from the
external feedback arrangement to the active fibifee linewidth can easily be
changed and significantly narrowed by adjusting rthigror separation of the etalon
de. Any number of lines (in special cases a singie)lcan be chosen by changing the
width of the slit near the HR mirror. Lines to edfback can be also selected by
translating the slit along the mirror surface. le vealculate the feedback to
background spectral density ratio from the simgtifmodel (3.5), the ratio of power
in the narrow line component of the spectrum, sgbwer in the broad background

can be estimated with:

Pnarrowline — - 1,[)(/10)5/1

~ 3.10
Pbackground : AAASE - 61 ( )

where Ald,sg is the effective bandwidth of broad ASE backgroward 4, is the

central wavelength of the narrow line spectral congnt.
ASE operation below lasing threshold was achiepeoducing a single narrow line

with FWHM of 64 < 0.05 nm (limit of the optical spectrum analysesolution),
Pysp(A9) = 65 mW / nm andp(4,) > 60 (fig. 3.15b). The latter value could be most
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probably improved by further optimization of thelen mirrors. For multiple line

operation, higher power spectral densities weremiesl compared to the broadband

feedback regime, due to much weaker gain satur@igr3.15a).
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Figure 3.15: a) ASE spectra with and without etafothe external feedback arrangement b)

ASE spectrum with etalon and slit in the extereaidback arrangement

3.8. Conclusions

Thus far we have studied several different configans of a fibre-based ASE seed

source. Experimental set-ups of increasing compjexiave been built and

characterised to explore the capabilities and #tiahs of these devices. To gain an

understanding of the basic physical mechanismsptaes ASE sources a simplified

theoretical model has been constructed which hagegruseful in predicting system

performance in the low power (unsaturated gain)nmeg We also looked into the

influence of various parameters (pump power, fiarehitecture, length, doping

levels, external feedback arrangement loss, speetitactivity, fibre facet quality,

etc.) on the system performance. Novel conceptswavelength selection and

narrowing the linewidth in the external feedbadkaagement have been applied, and

the advantages of these approaches over the camnantmethod of wavelength

selection after the source output have been dieduskhis series of experiments
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have culminated in a versatile seed source witlarpad output and a reasonable
degree of spectral control. In its current confajion, the source is capable of
producing either a broad spectrum in the 1iinlspectral region with a FWHM of
15-40 nm and output power > 1W, or single/multiprow lines with a FWHM
ranging from several nanometres to < 0.05 nm ampubpower spectral densities of
up to 100 mW / nm. The output power is temporatgbke with fluctuations at the
level < 0.3-0.8% of the total output power. Vergnispectral stability (including
line width fluctuations and central peak positiomys obtained, which is limited
mostly by the mechanical stability of the exterfemdback arrangement. The output
beam is nearly diffraction limited with = 1.1. These performance parameters
make the final device a very reliable light soutisat can outperform various laser
sources at many potential applications. However ntlain drawback, observed when
it is operating in narrowband regime, is the lowdat (spectral) background (see fig.
3.14a) which can account for a significant portainthe total output power. This
would become an issue when launched into an amplihain because the
background light will be amplified along with thegsal, ultimately reducing

effective output power in the narrow line.
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Chapter 4

Power scaling of solid-state lasers

and nonlinear frequency conversion

4.1. Introduction

Scaling the output power from laser sources has baeactivity preoccupying many
in the scientific community ever since the inventiof the laser. This process is
constantly driven by a huge range of applicatioms the prospect of many more for
high-power laser sources in various areas, suchkcastific research, medicine,
materials processing, defence, remote detectiagg-dpace communication and
others. Most applications place additional demand¢he laser source (e.g. in terms
of beam quality, linewidth, mode of operation, digh etc.) that can be difficult to
achieve under high power operation. Some applicaticequire operating
wavelengths that are not directly accessible bystexj high-power laser
architectures and require efficient nonlinear fegry conversion schemes. For a
long time the high-power laser area has been ddedndy gas lasers and
conventional ‘bulk’ solid-state lasers. Fibre lasare a relatively new and rapidly

developing technology in this area.

This chapter discusses scaling the output powesatid-state lasers and their
nonlinear frequency conversion. Section 4.2 revidveschallenges of power scaling
of solid-state lasers in general, discusses thecesuand consequences of heat
deposition in the laser medium. It concludes witlexdew of the most popular laser
geometries aiming for very high output power lev@swer scaling of the fibre laser
architecture is discussed in detail in section &&ction 4.4 covers the background
on nonlinear frequency doubling of lasers and disea most popular frequency

doubling schemes for ‘bulk’ solid-state lasers & as for fibre laser architecture.
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4.2. Power scaling of solid-state lasers

4.2.1. Performance of solid-state lasers

Raw output power alone should not be used as arcatod of the laser’s

performance. For most applications it is desirdblenaximise the efficiency of the
laser (i.e. the output power to pump power ratid)ile maintaining other laser beam
characteristics such as beam propagation factapubypower and beam pointing

stability, laser linewidth and central wavelengihthe desired level.

The output power from a solid-state laser can bpraimated with a simple
expression [4.1]:

Pout ~ ns(Pabs - Pth) (4-1)

wheren, is the slope efficiency of the laser with resptrtthe absorbed pump
power, P, is the pump power absorbed in the laser mediurh Pgnis the amount

of absorbed pump power required to reach the tbtdsbr lasing.

Following the simplified rate equation approachradticed for ASE sources in
section 2.6 we can derive general expression Bndathreshold. This condition is
met when amount of pump power absorbed is enougiet@rate round-trip gain
(including resonator losses) reaching unity. Fetaamding-wave laser resonator with
an active medium of single-pass gdin output coupler of transmissidf,., and

round-trip loss of other optical elements in theityay, the condition for threshold to
be reached can be expressedGt{1 — T,-)(1 — y) = 1. Assuming rapid decay of
energy from the pump excitation level into the uplaser level so that pump level
population is negligible, we can follow equatio@sl¢2.11) to obtain the amount of

absorbed pump power required to reach threshold:

b = Ahvy,
2t 0a(hs) + 0, (As)]

[—In(1 — Toc) —In(1 —y) + 20,(A)NL + 2a4l] (4.2)
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A is the area of the region where pump light is disa: for a top-hat pump intensity
profile A = mw; (A = nrg,. for fibres of core radius,,.e), and for pump beam
with Gaussian intensity distributiaf = (w2 + w?)/2, wherew, is the pumping
beam radius and; is the laser mode radius (assuming negligible bdaergence

across the active medium length). The other symb@se been defined in

section 2.6.

When operating the laser many times above thresheldwhen signal intensity is
large compared to laser signal saturation intensjty= hvs/t¢[0,(As) + 0.(1,)]
and when the background losses (due to reabsorptidnsignal attenuation) are
significantly lower thanT,. andy, the slope efficiency can be calculated using

Rigrod analysis [4.2] and approximated with [4.3]:

_ Pout . TOC\/ 1-y (E) Toc (Vs

S_PabSNTOC\/l—]/‘}‘]/\/l—TOC Vp 77quoc+y E)nq (4.3)
where the last approximation is valid for low vaue useful and non-useful losses,
l.e. Toc,y K 1. It is clear from (4.3) that the output power idireear function of
absorbed pump power with the slope directly propodl to the ratio of its laser
signal to pump frequency. This explains the adwgetaf in-band pumping, where
the pump photon energy bridges the manifolds use¢hla laser transition, leading to
small quantum defect. On the other hand, if the pdiraquency is too close to the
laser signal frequency, significant reabsorptiamirthe lower laser level can limit
the extractable output power, because it actssasusable loss leading to increase of
the lasing threshold. Also, the achievable laser gan be limited by stimulated
emission caused by the pump light. Unlike the Igsihreshold (4.2), the slope
generally depends only on spectral properties ®@fdker transition and cavity losses.
However, for larger areas of the pumped reglohigher level of background losses,
as well as for shorter upper laser level lifetimeghe lasing threshold has a higher
value leaving less output power for a given amafrdvailable pump power, even
for lasers with high slope efficiency. For thesas@ns a good balance of all

mentioned parameters is required to maximise e’ output power.
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Most popular ways to quantify laser beam qualitglude so-called beam parameter
product (BPP) and beam propagation factor (oftéleddM squared factor”, “beam
guality factor” or "beam propagation ratio" as pkee ISO 11146 standard [4.4])
denotedM?. The BPP of alaser beamis defined as the prodfibeam radius
w, (measured at the beam waist) and the beam divezdwaif-angled (measured in
the far field) - the higher the BPP, the lower ltieam quality. The BPP can also be
defined for non-Gaussian beams. In that case, decmmments should be used for
the definitions of beam radius and divergence. Jinallest possible BPP afm is
achieved with a diffraction-limited Gaussian beavhereA is the mean wavelength
of the laser beam. The beam propagation fadd3) can be defined as the ratio of
the BPP of an actual beam to that of an ideal Gaudeam at the same wavelength,
le.

M? = Brtw, /A (4.4)

Beam quality defines a minimum waist radius (andceemaximum intensity) that
can be obtained at a given distance from a focukng. It also determines the
Rayleigh rangezp defined as the distance along the propagationctibre of

a beam from the waist to the place where the afethebeam’s cross-section is
doubled (i.e. for circular beams where radius iases by a factor 6f2) and for a
Gaussian beam it is given lay = mwZ/M?1. Laser beams of high quality enable
strong focusing at long working distance betweeous$ing optics and the laser
target. Long Rayleigh range implies large deptlfiootis (i.e. tolerance of placement
of the image plane, e.g. laser beam target) argk ldepth of field (the range of
distances in object space for which object points @naged with acceptable
sharpness with a fixed position of the image plaal&wing more flexibility and
tolerances on mechanical stability in an opticatem. For these reasons laser beams
with M? factor close to 1 are preferred in many applicetjcand maintaining good
laser beam quality at high output power is onehaf main challenges in power

scaling of modern laser sources.
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4.2.2. Pump sources

Raw high output power of the pump source is notughadfor efficient pumping of
solid-state laser sources. According to (4.2) avaue of lasing threshold can only
be obtained if the pump beam can be focused onwmall region with low
divergence to maintain reasonably good overlap with laser mode in the active
laser medium. In case of diode-pumped fibre laskes pump beam has to be
delivered with the divergence within the acceptasogle and the waist size matched
(or smaller) to the size of the inner cladding. Bmse reasons both high power and
high beam quality of the pumping beam are requioestcale the output power from
solid-state lasers. Radiance (sometimes also chiigtitness) of a laser source is a
quantity combining the output power and beam qualitd can be defined as a ratio
of emitted powelP to the product of the emitting arda and solid angle divergence
of the beant),, i.e.

B = F__r __°7 4.5
A0, nmwinfz  MZEMZA? (4.5)

whereM? andM§ are beam propagation factorsxiandy directions respectively.

Although the first diode-pumped solid-state laseaswdemonstrated in 1964 by
Keyes [4.5], solid-state lasers were mainly pumyeét flash-lamps until the 1980s
due to limited lifetime and low output power frorode laser sources. Since then,
development of fabrication techniques has allowealirsg the output power from
laser diode systems to the multi-kilowatt regimeés[4While it is possible to scale
the output power of a diode source by construdtmear and two-dimensional arrays
of emitters to form bars and stacks, the maximuighibmess of diode laser system
cannot be greater than that of a single emittemi@ercially available diode laser
systems are currently capable of delivering ~2kWpouwith beam propagation
factor in the order ofM2 ~ 150 and radiance ofB ~ 50 MW/cm’sr [4.6].
Nevertheless, the brightness of the state-of-theliade laser systems still remains
more than two orders-of-magnitude lower than thighe modern fibre lasers [4.7].

Despite their poor beam quality high power diodengs are excellent sources for
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pumping solid-state lasers. Compared to flash-lardgle sources have relatively
narrow bandwidth so nearly all the pump light cam toncentrated into the
absorption band of a solid-state laser materials Tésults in an improved optical
efficiency of the solid-state laser and reduced @mhof unwanted heat generated in
the active laser medium. Compared to laser diosidg]-state laser materials have
relatively high damage thresholds, so diffractionited beams with high efficiency
can be produced by pumping the solid-state lastdr ame or multiple diode laser
sources emitting output with poor beam quality. Bas reason solid-state lasers
(and fibre lasers in particular) are often calledghtness converters” as they deliver
high brightness laser output while the pump enasgdelivered with poor beam

guality laser diode sources.

4.2.3. Heat deposition in the laser medium

Even when using high quality crystals with low bgidund loss and state-of-the-art
pump sources, the efficiency of solid-state lagegenerally limited by the quantum
defect of the laser transition resulting from timergy difference between the pump
and laser signal photons. This portion of pump gyes converted to heat in the
active laser medium. Other sources of heat incflubeescence quenching processes
such as excited-state absorption (ESA) at pump sagdal wavelengths, energy
transfer up-conversion (ETU), energy transfer tpunties and defects, as well as
absorption of the fluorescence and stray pump lighthe mount (and polymer

coating in case of fibre lasers).
a) Quantum defect

For most laser transitions, relaxation from the puavel to the upper laser level as
well as from the lower laser level to the groundeleis thermal in nature and
involves phonon emission. A fraction of pump photarergy that is converted to
heat during conversion to a laser signal photocalked the quantum defect of the
laser transition. It can be defined as the fraeticenergy difference between the

pump photon and the laser signal photon, i.e.:
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Qq = =1-7 (4.6)

whereE,, andE; are the energies for the pump and laser signabpbaespectively,
while 4, and A; are the pump and laser signal wavelengths respécti
The quantum defect places an upper limit on therlafficiency and lower limit on
the fraction of pump power that is inevitably corted to heat degrading the beam
guality and limiting the maximum output power frdhre laser. For these reasons a
pump wavelength close to the laser signal wavelengtpreferred. Lasers with

quantum defect less than one percent have beerted[}4.8].
b) Fluorescence quenching

The behaviour of solid-state lasers at populatioreiision densities typical for low
pump powers can be understood by simple rate enguatialysis (2.1-2.11). As the
population inversion density becomes large withraasing pump power, several
different processes collectively known as lifetimaenching processes become
significant resulting in degradation of the solidte laser performance. Lifetime
guenching processes decrease the number of exaitedn the upper laser level for
a given pump power and hence reduce the effedfetenie and overall fluorescence
intensity from the quenched electronic states. Timisurn reduces the gain in the
laser medium thus raising the threshold for lasifige net result is degradation in
laser efficiency (especially in a pulsed mode) a#l s additional heat loading in the
active laser material via non-radiative decay (smis of phonons in the host
material). Lifetime quenching can have differenigms. Energy transfer processes
between laser-active ions can be significant inemat with high active ion
concentrations (particularly when ion clusteringcurs), for this reason they are
often called concentration quenching processes. &wamples of concentration
guenching process that can lead to significantedess in efficiency and extra heat
loading in the gain medium are energy-transfer aiprersion (often called Auger
up-conversion or cooperative up-conversion) andssrelaxation of ions,
schematically presented in Fig. 4.1a and 4.1b ctisedy.
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a) b) c)

- Es=LL

Figure 4.1: Schematic representation of lifetimergghing processes; a) energy transfer up-
conversion, b) cross-relaxation of ions c) excgtde absorption at pump and signal

wavelengths

ETU occurs when two neighbouring ions (in this clasth in the upper laser energy
level) exchange energy. The donor ends up in theerceenergy level, while the
acceptor is transferred to a higher energy levblere the energies depend on the
allowed transitions in the laser material. The atwmeeventually decays back to the
upper laser level and the donor decays to the grstate, while these transitions can
be radiative, non-radiative or a combination ofrbdEssentially, the ETU process
converts two ions in the upper laser level into @rein the upper level and one in
the ground state plus the difference in energyrdmrting to thermal loading of the
active medium and/or fluorescence at other wavéhenddepopulation of the upper
level due to ETU process increases for higher dpmioncentrations and higher

population densities of the upper laser level [4.9]

Energy transfer can also lead to cross relaxatioans (fig. 4.1b). The donor in the
upper laser level state transfers its energy t@teeptor in the ground state and both
ions end up in some intermediate energy level fronere they both decay to the
ground state via multi-phonon emission or in sorases via a radiative process.
Essentially, cross relaxation process convertsi@mén the excited state and one ion
in the ground state to two ions in the ground staiéh the remaining energy

contributing to thermal loading and/or fluoresceatdifferent wavelengths.
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Another mechanism that can quench the effectiwidife of the upper laser level,
called excited-state absorption is schematicadllgtitated in fig. 4.1c. The ion in the
excited state can be transferred to a higher ensegg via absorption of a photon at
pump or laser signal wavelength, before eventuddigaying back to the upper laser
level via non-radiative processes contributinghe thermal load. While ESA is a
common problem in broadband gain media such asiti@mmetal-doped crystals

with complicated energy levels structure, it is poésent in laser materials with a
simple electronic structure, such as Yb-doped alysOther mechanisms leading to
lifetime quenching and heat generation in the activedium include direct multi-

phonon emissions from the upper laser level toldner electronic states, energy
transfer to ions of different type (e.g. impurities the laser material) or colour

centres (i.e. defects in the crystal structure).

4.2.4. Thermal effects in the laser medium

All of the mechanisms reviewed above can depogitifitant amount heat in the
active laser material under strong optical pumpingpich leads to increase in
temperature in the laser medium. Without meansefficient heat removal this
thermal load can lead to change in spectroscopgngsh in thermo-optical and
thermo-mechanical properties of the active lasediome, and ultimately to physical
damage of the material via burning or melting. ®etcooling is thus essential in
most high power laser systems to remove the unwahe&at. All heat removal
methods, however, induce a temperature gradienteleet the centre of the pumped
region and the heat sink. For example, this tentpexagradient leads to aberrated
thermal lensing in case of a “bulk” end-pumped, eedgoled solid-state laser or
thermal guiding/anti-guiding in case of a fibredageading to laser mode distortion
or loss. It also leads to thermally-induced sttbss can result in added birefringence
and lensing effects as well as physical damage ragture. Thermal effects
originating from both high temperature and strozmmperatue gradient become more
pronounced at high pump powers leading to redudiecdemcy of the laser, beam
quality degradation and ultimately to material dgma
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a) Thermally induced stress

High pump power levels and the associated theroedihg in laser media cause
differential expansion and thus induce stress enattive laser material. In general
the refractive index value in the region under coeapion is different from that in
the region under tension. In end-pump lasers cosspe occurs in radial, and
tension in the tangential direction. Resulting bingence causes retardation of
tangential component with respect to the radial mament of the electric field in the
beam and thus significant depolarisation of theragynal beam passing through the
laser material. Consequently, this effect can lealdigh loss in polarising elements
in the laser resonator. Thermally induced depadéion is particularly problematic in
gain media with low natural birefringence. Thermpatduced stress also sets the
ultimate limit of how much power can be absorbethmlaser material under intense
optical pumping. When the tension reaches the brgastress of the material, the
laser medium experiences a stress-induced fracire. fracture limit depends
mainly on heat deposition density per unit lengtiaterial properties and geometry
[4.10].

b) Aberrated thermal lens

Aside from induced birefringence, thermally inducsttess also affects the
distribution of refractive index in the laser maaerAs the refractive index value is
temperature dependent, the index of refractiomnthér affected by the temperature
gradient. These two effects contribute to the e¢fieown as thermal lensing - the
laser signal beam passing through a radially symenketser material under intense
pumping behaves as if it was transmitted throudigaly abberated spherical lens.
Another effect that degrades the beam quality duetner is related to thermal-
expansion-induced distortion of the end faces, kn@s end-face bulging. The
relative contribution of the thermally induced Hinegence, temperature gradient
and end-face bulging to the overall thermal lengedes on the thermo-optical and
thermo mechanical properties of the material. Fanyntypical “bulk” solid-state
laser materials the refractive index variation viegmperature dominates, (it accounts
for >80% of the thermal lens contribution in theeaf Nd:YAG [4.10]).
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4.2.5. Impact of laser medium geometry

Many laser architectures with different geometoéshe laser medium, aiming for
output power and brightness scaling have been desédl up to date. The most
popular approach to reduce thermal effects in #serl medium is to increase the
ratio of the cooled surface area to the pumpedmeluThis can be achieved in
various ways, and solid-state laser technology ldpweent took several courses,
concentrating around different types of the lasedioam geometry. Some of the
more popular architectures with their strengths &mdtations in the pursuit of

scaling the output to very high power levels asedssed as follows.

a) Side-pumped slab lasers

Heat flow /

Laser v £ 2 ‘

slab Pump

"<«— Laser mode

Total internal reflection

Figure 4.2: Side-pumped slab laser configuration

Diode pumped slab lasers benefit from side-pumpedmgtry schematically
illustrated in fig. 4.2. In this scheme, heat isragted through the two largest areas -
top and bottom faces of the active medium, whighaia in thermal contact with
water-cooled heat sinks. Pump light is generallfivdeed through one or two
remaining side surfaces, while the laser radiatsoarthogonal to the pump beams.

This configuration benefits from high aspect raifahe side surfaces which allows
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matching them to the high-aspect-ratio pump bearenaited directly from a laser
diode bar. This eliminates the need for sophisgtdieam shaping systems, places
low demand on the quality of the pumping beam asdilts in high pump coupling
efficiency. The limitation of the slab approachwawer, is a poor overlap between
the laser mode and the pumped volume which meansttied energy is difficult to
extract from the laser material. For media withhhadpsorption at pump wavelength,
the region of highest inversion density is locatéabe to the pumped face. For this
reason it is often beneficial to transmit the las®rde through the laser medium in
such a manner that it undergoes a total interrfdcteon from the pumped surface.
The overlap between the population-inverted voleme the laser mode is then
larger than in a single-pass scheme and the owfadiency of the laser increases.
Another attraction to this approach is that theedaseam is being horizontally
inverted upon reflection. Hence, the effects causgdhe horizontal gradients in
refractive index and gain acquired during the ghssugh the first half of the active
medium are compensated for during the pass throlglsecond half of the laser
material. This results in an improved beam quahith little degradation in the
horizontal direction. Multiple total internal refieons are often used in the so-called
“zig-zag” laser geometry. Another way to increake extraction efficiency is to
allow for multiple passes through the active medieach one directed for different
part of the pumped volume, by using external marotding the laser cavityrrom

a thermal perspective, slab lasers benefit frometotemperature difference and
higher fracture limit. However, due to lack of raldsymmetry, thermal lensing in
slab lasers can be slightly more problematic todledue to strong astigmatism of
the thermal lens (the temperature profile is reddyi flat in the two long dimensions,
but a strong gradient exists in the vertical dimgt Thermally-induced stress
associated which the temperature gradient is atpoifisant in slab lasers. It is
typically strongest at the sides and may causeuiraof the crystal at high powers.
For this reason the slab needs to be made as shpossible with the width and
length increased. Side-pumped slab lasers candledsto very high output power
levels, potentially hundreds of kilowatts [4.11]tkhey typically offer much worse

beam quality than thin-disk and fibre laser arattiiees.

64



b) End-pumped rod lasers

HR for laser Hegt-fow Output
AR for pump coulper
Laser rod N\
Pump ( * < ¢ Laser mode :>

Heat sink

Figure 4.3: Typical arrangement of an end-pumpedaser

In the end-pumped rod laser configuration (fig.)h&at is extracted through the side
surface of the rod, while the pump is deliveredotigh the circular face and is
collinear with the laser signal. Unlike side-pumpsathemes, this approach enables
good spatial overlap between the fundamental mddbeolaser resonator and the
pumped volume allowing for high extraction of theored pump energy. The
cylindrical symmetry of the end-pumped laser roglies that the thermal lensing
effects are radially symmetric and can be compendsé&ir with relatively simple
optical arrangements. On the other hand, thermnaing effect is particularly strong
in laser rods and leads to strong aberrationsanatimgs of the pumping beam. The
most popular way to deal with this effect is to lmeger rods and lower the active
ion concentration in the laser material so therntiarload is distributed over the
larger volume, temperature gradient is lower aral hieat can be extracted more
efficiently. This requires a pump source deliveriaghigh quality beam that can
maintain small size across the crystal of incredsegdth. Other techniques aiming to
mitigate thermal effects include using compositsefacrystals terminated with
undoped caps, or multi-segmented rods comprisicgjoss with different doping
levels for more uniform distribution of the thernt@ad. An extreme case of an end-
pumped laser rod is that of a “single-crystal fib&uch fibres can be pulled directly
from a melt, with no subsequent polishing excepttfe input and output faces.
They contain a waveguide structure for the pumptligvhich is reflected at the

crystal-air (or crystal-coating) interface, whileetlaser mode is propagated free-
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space in the volume of the crystal medium. Rodrtasempete with slab, fibre and
thin-disk laser architectures up to the range wésd hundred watts, possibly even a

few kilowatts [6], but scaling to higher power lé&veés rather challenging.

c) Face-pumped thin-disc lasers

Thin-disk of

gain medium Output

coupler

Heat sink

Figure 4.4: Typical thin-disk laser configuration

Fig. 4.4 illustrates a typical thin-disk laser dgafation. This architecture is based
on a thin-disk (typically few hundred microns inckness) of laser gain medium
with the back surface bonded to a water-cooled Bad#&. The back surface is
generally HR-coated and the front surface AR-codtdboth laser and pump
wavelengths. The pump beam is delivered at an aoglbe resonator mode. The
laser resonator can be formed between the backcddied surface of the gain
medium and an output coupler, but the thin-disk also act as a cavity folding
mirror so the round-trip gain in the resonator aildled and threshold for lasing
reduced. For this reason more complex designs usmigple reflections from the

thin-disk per round-trip are typically used. Doedw absorption resulting from the
limited thickness of the gain medium, the pump bearoften recycled after first

reflection and directed back onto the pumped regiona multi-pass pump

configuration. For a thin-disk scheme, the coolsugface to the pumped volume

ratio is large, and the feat flow is collinear withe laser beam axis, which
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dramatically reduces thermal effects. Furthermpmyer scaling can be aided by
simply increasing the pumping beam radius, thuseeing the cooling area as well
as the area of the pumped volume, and adjustingemnator design for increased
laser mode radius. In this way, peak intensity paedk temperature can remain
unchanged even for higher pump and output powesldexConsequently, the main
source of thermal lensing is from mechanical stnregke disk leading to bending of
the crystal due to the difference in expansiontfront and back surface, rather than
aberrations via thermal dependence of the refragtidex. Both effects, however,
can be reduced by keeping the disk thickness siabither limitation in thin-disk
laser architectures arises from the amplified spogwus emission (ASE) in the
transverse direction, which limits the gain for tlaser signal in the longitudinal
direction. This effect can be supressed by usingposite crystals with undoped
layer bonded over a thin active layer and absorboagings on the sides of the thin-
disk to prevent Fresnel reflection from the airstey boundaries. A 5 kilowatt single
disk laser based on Yb:YAG capable of fundamentadlenoperation up to 300 W
has been demonstrated [4.13]. Thin-disk laserscareently in fierce competition
with high-power fibre lasers. Within the next yedssth technologies are expected
to show significant further progress, and it is mattirely clear which one will

acquire the larger market share.

d) Cladding-pumped fibre lasers

Polymer
. Heat flow
coating

Silica inner \
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Figure 4.5: Cladding-pumped fibre end in a high-pofibre laser
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While the first fibre lasers delivered output powerthe order of few milliwatts,
modern high power lasers are capable of severalkits of output power from a
single fibre. This power scaling potential arisesf a very high surface-to-volume
ratio allowing for efficient removal of the thermddad and the waveguiding
geometry, which dominates over thermo-optical protd under conditions of
significant heating. High power fibre lasers aramealways based on double-cladd
fibores with a silica glass inner cladding and ae+aarth-doped core. These
architectures are cladding-pumped with high powedel lasers, typically fibre-
coupled diode bars. Light can be launched intarrther cladding through the glass-
air interface of the front face of the fibre (fig.5) using free-space optics or
alternatively, using an all-fibre pump delivery eate (see section 4.3.1). The laser
resonator can be formed with free space mirrorexternal cavities or internally
between fibre Bragg gratings (FBG) written into t@e. In many configurations
even the Fresnel reflections from cleaved faceghef fibre provide sufficient
feedback for lasing. If the core of the fibre sugpmnly the fundamental mode the
output from the fibre laser has a diffraction-liedt beam quality. For very high
output power levels, the core needs to be fairhgdato avoid too large optical
intensities, which also helps to improve the puntysoaption dependent on the
cladding to core area ratio. For such larger mogasa the beam quality can be
degraded due to the presence of higher order mdmgsgan be still fairly good

compared to other laser architectures operatisgratar power levels.

High-power fibre laser systems often use laser-di@mptombinations where a low
power master oscillator is followed by a chain dfré amplifiers, typically with
increasing mode areas. In this way it is easiezawtrol the properties of the seed
laser to obtain high power output with desired prtips at the end of an amplifier
chain. Heat management is typically easy in filasets when compared with other
laser architectures. Air cooling is sufficient inany cases. For more demanding
applications water cooling and increased lengththef fibre with lower doping
concentration can be applied. The output power ffibne lasers is limited by large
optical intensities in the core area and the ootelamage. High optical intensities
also lead to nonlinear effects in the fibre corgnificant even for continuous-wave
operation and potentially reducing the maximum atfgower that can be obtained

from the fibre laser. Despite these limitations,caiput power of 10 kilowatts has
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been recently demonstrated from a single-mode fibré] and further increase in
output power should be possible. The fibre lasehitecture is also well suited for
various beam combination techniques - once thé bifrthe power obtainable from a
single fibre has been reached, this approach wik option towards further power
scaling. It is expected that laser systems usiragnbeombination techniques will

reach output power levels in the range of hundddsilowatts in the near future.

Possible applications for such systems includectéceenergy weapons [4.14], long
distance optical communication [4.15] and matenmatscessing [4.16]. Novel fibre-

based laser systems aiming for power scaling afidiezft nonlinear frequency

conversion are the main subject of this thesis,chadhe limitations and general
power scaling strategy for fibre laser architectunell be discussed in more detail
later in section 4.3.

4.3. Power scaling of cladding-pumped fibre

lasers

4.3.1. Core- and cladding-pumping

Most common rare-earth elements used in high pitver lasers and amplifiers are:
Ytterbium (YB*™) emitting in the region of 1-1.1 pm, Erbium {Bremitting around
1.55 um, Thulium (Tr{) emitting at 1.8-2.0 pm and Holmium (Ep emitting
around 2.0-2.1 um. Other, lower power fibre araitees sometimes use different
wavelengths emitted by rare-earth elements sud?raseodymium (Bf) at 1.3 um

and Samarium (Sf) at 0.65 um as well as Bismuth {Biin the 1.3-1.5 pm region.
a) Core-pumping

Pump light can be launched into the fibre corento the inner cladding, depending
on the pump beam quality. In a core pumping arrarege the refractive index
profile across the fibre is generally chosen sud@t .,y < ncore < Nous, SO that

only the modes propagating in the doped core gopamted (where, 4, neore and
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nyye Stand for the index of refraction in the innerddang, RE-doped core and outer
cladding regions respectively). This scheme oftefgsgh absorption coefficient due
to the high overlap factor between the pump field the RE-doped region, which
allows for using shorter device lengths. On theeptind, core-pumping requires a
pump beam of high quality that can be coupled antelatively small core area. For a
core of the step-index fibre to be robustly singlede at wavelength its normalised

frequency, defined as:

_ 2TTeore

V= 1 NAcore (4.7)

(where 7,4, is the core radius an@WA.,re = /NZre — N4qq IS its numerical
aperture), must be in the range®& V < 2.405. By comparing definitions (4.4)

and (4.7) it is clear that beam propagation facfothe pump beam must satisfy at

leastM? < V /2 in order to be able to couple efficiently into fitere core.
b) Cladding-pumping

In order to scale the output from fibre lasers ¢oyvhigh power levels, high power
diode sources with poor beam quality must be uSede coupling is not possible in
such cases and the fibre design has to be changeédl®ows for propagation of the
pump light in the inner cladding, i.@.,re < Nga < Noue- The requirement for
pump beam quality in this cladding-pumping scheseelaxed due to the increased

spot size and acceptance angle of the inner clgdatithat? < m7.5gNAcaaVur/
A, wherer,,4 is the inner cladding radiudA.qq = /1,4 — N2, is its numerical
aperture (acceptance angle) and is a factor which takes into account the need to

underfill the inner-cladding and inner-cladding’& kb avoid pump-induced damage
to the outer-coating. The value fpy,, typically in the 0.7-1 range, depends on the

situation, and the pump power in particular.
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Pump light propagating in the inner cladding ondyrtially overlaps with the core
area with the result that much longer device lengtie required for efficient pump
absorption compared with core-pumped architectukesonventional inner-cladding
with radial symmetry allows for helical ray trajeges around the core region (fig.
4.6a), and as such is not preferred. Although palvgorption can be increased by
bending the fibre, this approach is not very effectfor larger fibres and higher
NA’s. Other structures, breaking the circular synmethus allowing for increased
absorption have been developed [4.17-4.19], witmese@xamples schematically
illustrated in fig. 4.6.

a) b)O C)O d)O
e) Of) g).

Figure 4.6: Typical inner-cladding structures ftardding-pumped fibre lasers:
a) conventional radially symmetric with indicateelibal ray trajectories b) with an offset

core c) octagonal d) D-shaped e) rectangular fhtlaag) “Bow-tie”

One method to increase pump light absorption ibreak the radial symmetry by
offsetting the fibre core (fig. 4.6b). Since a kargffset is required for significant
increase in absorption, fabrication and splicingsath a fibre is quite difficult.
Fabrication of the polygon-shaped inner-claddinggggonal cladding in fig. 4.6c¢)
can be somewhat challenging, but they offer vefgctive pump absorption and,
being axially symmetric, are relatively easy toisnl Fibres with D-shaped inner
cladding (fig. 4.6d) are relatively easy to fabte&cand offer very effective way to
increase the pump absorption. Hence, they are pomuith laser systems pumped
with a circular free-space beam where splicingas nequired. For lasers pumped
with asymmetric beams the rectangular cladding &i§e) can be more suitable. The
inner cladding design can be also altered to indumicng birefringence in the fibre
core. If polarised light is then launched into sucltore, its polarisation state is
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maintained over the entire length of the fibre. ISfibres are desired in both fibre
oscillators and amplifiers. The most common “Pan(ig’ 4.6f) and “Bow-tie” (fig.
4.6e) inner cladding geometries incorporate stmegls to induce strong stress
birefringence in the core and break the radial sgtnynby introducing a refractive
index change in two regions of the cladding’s cresgion, thus increasing the pump

absorption.

Another way to increase the pump absorption caefficis to increase the core size
to the inner-cladding area ratio. Apart from in@&e pump absorption, larger cores
offer lower optical intensity for a given level ofitput power, thus higher threshold
for nonlinear effects and optical damage. Accordm@4.7) for the larger fibre core

to remain robustly single-mode at given wavelengshnumerical aperture has to be
lower. Current fabrication techniques can achieuenerical apertures as low as
0.04-0.05 for step index fibres, which places apengimit for the size of a single-

mode core. For a fibre operating at 1 um, this raethe largest core radius that

supports only the fundamental mode.js. ~ 10 um.

c) Host material

Silica glass is generally the material of choice figh-power fibre lasers and
amplifiers for a number of reasons. Two of the magbortant factors are a high
melting temperature and mechanical strength ofssilallowing for relatively easy
power handling at high pump and laser output polseels. Another important
feature is its very low loss in the near-infrarquecral region which minimises
background losses and heat loading in fibre las@id amplifiers. Silica based
systems are also compatible with existing telecommonents, and relatively simple
and well-established telecom fibre fabrication teghes. Splicing and cleaving
silica glass is also relatively easy compared toeiothost materials. Finally RE
doping offers access to broad range of laser wagéis desired in high-power laser
applications. Other glasses (e.g. fluoride glas®) offer an extended range of
operating wavelengths in visible and mid-infraredimes, but these fibres have a
relatively poor power handling capability and ad nompatible with silica-based

components.
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d) Pump delivery schemes

In case of cladding-pumped fibre lasers the simpley is to launch the pump light
directly into the inner cladding at one or bothrditends of the active fibre. This
technique does not require special fibore compondrasever, high-power pump
radiation propagates through air, free-space opticsan air—glass interface, which
is very sensitive to dust and misalignment. A commapproach to make the pump
delivery more robust is the use of tapered fibradbe pump combiners [4.20] that
transfer the pump power from multiple fibre-coupleder diode sources into one
large-core multimode fibre that can be spliced aiyeto the inner cladding of the
RE-doped fibre. Several alternative pump injectechniques have been developed
as well. One of the most powerful single-mode filagers to date used a “tandem
pumping” scheme, where the main active fibre walsand pumped with other fibre
lasers [4.7]. Other kilowatt class fibre lasers tG&-wave fibre” technology where
the pump light is launched into two undoped fibresind around the active fibre so
that the light is gradually transferred into the-8&ped fibre [4.21]. One of the first
kilowatt class fibre laser systems used three moltie fibres tightly coiled in a form
of disks for easier thermal management, side-pundpedtly with diode bars [4.22].
Other simple side-pumping scheme uses v-groovessahstrates to deliver pump
light in multiple injection points [4.23].

In general, there are many types of diode pumpcesuand many different coupling
schemes for launching pump light into double-clddets. In all cases, however,
brightness of the single pump emitter is the ultamiamiting factor on how much
pump power can be launched into a given fibre. Betid-pumping and side-
pumping have their strengths and limitations. Endiping techniques offer
relatively higher brightness of the pump light labed into the fibre, shorter device
lengths and more flexibility in fibre design. Sidamping configurations, On the
other hand, allow for distributed pumping (and mlsited heat loading), offering
robust and alignment free architectures with eaess to the ends of the active
fibre. The final choice of pumping scheme is thuepehdent on the specific

application.
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4.3.2. Thermal effects in fibres

Fibre lasers benefit from a geometry with largefate to core volume ratio

facilitating efficient heat removal. Thermal loadinan be spread over a long length
of the active medium, and waveguide propertieshefdore usually dominate over
thermally-induced changes in the refractive ind&xhough thermal management in
fibres is much easier than in other laser architest fibre lasers are not completely
immune to the effects of heat generation. Varioagrees of heat discussed in
section 4.2.4 contribute to heat deposition infibwe core. Quantum defect heating,
excited state absorption, energy-transfer up-camerand transfer to non-radiative
sites in the core are the most common sourceseaintdd loading in high-power fibre

lasers. Yet another mechanism that can add upttongatal thermal effects arises
from the absorption of fluorescence and stray pligig in the outer cladding and

fibre-holding mounts.

a) Melting of the core and polymer coating damage

A fibre laser with its outer cladding heat sunk @snvection cooled can be
considered as a medium of cylindrical geometry wgériphery at a fixed
temperature. The heat deposition per unit lengtjuired to soften or melt the
material can be calculated from steady-state heatsfer equation [4.24]. For a
double-clad fibre, maximum heat deposition per lemgth before onset of softening

or melting can be expressed as:

1 2 Telad 2 Tout 2 -
p — 4n(T, —T) + ln( c ) n ln( ) + ] (4.8)
hmax m y Kclad Kclad Tcore Kout Tclad routHout

whereT,, = 2000 K is the softening temperature of the sitioee, T; is the ambient
temperature, K.uqg * 1 WmK™* and K,,, 0.1 Wm'K? are the thermal
conductivities of the silica inner cladding and ypoér outer cladding respectively,
Teorer Telaa @Ndr,,; are the radii of the fibre core, inner claddingd grolymer
coating respectively, whil#,,,; is the heat transfer coefficient for the outerypwér

coating. This suggests that in a typical fibre tas@nfiguration convection cooling
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(i.e. H,,; in the order of ~10 WifK™) is generally sufficient for keeping a fibre core
below its melting point. However, the threshold tbermal damage in the polymer
coating is generally reached first. For a typicalymer outer-coating the maximum
temperature that can be tolerated before the gpaidgins to degradg; ~ 150°C.

This leads to the following upper-limit on the hdaposition density:

P 47 (T, T)[ 2 (r"”t>+ 2 1" (4.9)
=41 —_ n .
fmax ¢ N Kout Telad routHout

which is roughly one order of magnitude lower tltla@ heat deposition required for
melting the fibre core. Therefore, the strategyunesgl for scaling to higher power
levels is to increase the inner cladding diametbiisivreducing the outer polymer
coating thickness and applying more aggressivermg@l.e. conduction cooling with
H,,: in the order of ~1000 WHK™). Low-index glass outer cladding is also an

alternative for kilowatt class fibre lasers.
b) Thermally-induced stress

Thermal stresses in a fibre can be calculated tr@emperature distribution [4.24].
Thermally-induced fracture in fibre occurs whenshcstresses exceed the tensile
strength of silica. The maximum allowed heat degpmsidensity before the onset of

fracture is given by:

p _ 4TTR,
fmax = 1 - (rCZOTe/zrczlad)

~ 4R, (4.10)

whereR; #4300 W/m is a thermal shock parameter for silical #ne approximation

is valid for small core to inner cladding radiusioaThis suggests that thermally-
induced fracture is not likely to be a problem ibré lasers with heat deposition
density < 50 kwW/m. This is beyond current capaoitpump sources and well above

the damage thresholds arising from other thernfatt.
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c) Thermal lens

Thermally-induced temperature gradients in theefibore can produce a modified
refractive index profile and hence thermal guidifthis thermal lens becomes
competitive with the index guiding from the fibrere when at the heat deposition

density approximately equal to [4.25]:

2 ~ anlad/l.%
hmax ~ g (4.11)
2 ﬁrczore

whereA; is the wavelength of the laser signal and dn/dithéstemperature gradient
of the refractive index. For silica glagsi/dT ~ 11.8x 16 K™ [4.26]. Thermal
guiding has significant effect on guiding propestend hence performance in large-
core fibres. For materials with positive dn/dT suhsilica glass thermal guiding
leads to tighter mode confinement in the fibre cdegradation in beam quality and
reduced efficiency of the laser. In materials witgative dn/dT such as phosphate
glasses, the same effect is responsible for magtertion and increased propagation
loss due to less confinement in the core which #&sals to reduced efficiency.
Thermal guiding is not a serious problem for coriveral fibres with relatively

small cores, but will impact on performance in &aopre devices.
d) Change in spectroscopy

According to (2.11) and (4.2), threshold and gaie functions of emission and
absorption cross sections which are in general ¢eatpre dependent. As population
of sub-levels is proportional to the Boltzmann dactin increase in temperature due
to heat generation in the fibre increases threshottireduces gain. This effect will
be most pronounced at shorter wavelengths for itrans with more three-level
character. As a result, efficient operation of tibee laser may be limited to longer

wavelengths.
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Assuming all pump power is absorbed in the fibreecthe maximum power that can
be extracted from a fibre laser can be expressedl fasction of fractional power

converted to heat, and written as:

Pmax ~ thaxL(1 - yh)/yha (4-12)

wherelL is the length of the fibre laser. If we considee tjuantum defect a main
source of generated heat, ikg.~ Q, a free-running Yb-doped fibre laser pumped at
maximum absorption wavelength will yiel8,,,, = 10P, 4L, Whereas Er-Yb-
codoped system, pumped at the same wavelengtty-Papl = 1.7PynqxL- 1N any
case, however, the maximum power that can be e&ttas directly proportional to
the maximum heat deposition density limited by @asi thermal effects. The lowest
value ofPy,,,, calculated from (4.8-4.11) will limit the maximuoutput power that

can be obtained from the fibre laser.

4.3.3. Nonlinear effects in fibres

The response of a dielectric medium to light beconmereasingly nonlinear with
growing laser signal intensity. This plays partaly important role in fibre laser
architectures where tight optical confinement ie tdore area is combined with low
material losses and long interaction lengths. Wéwrsidering continuous-wave high
power fibre lasers and amplifiers there is an ggein broad bandwidth sources as
well as in single-frequency lasers that operaté wdry narrow spectral lines. These
two types of systems have different, but functignaimilar limitations arising from
non-linear effects. In the broadband case, thevaekelimiting effect is stimulated
Raman scattering (SRS). In the narrowband casgubpbwer can be limited by
stimulated Brillouin scattering (SBS). For pulsgoemtion, other nonlinear effects
can limit the output power. These include self-&ng occurring at relatively high
peak powers (> 4 MW in silica optical fibres [4.27kelf- and cross-phase
modulation as well four-wave mixing in multi-modadabirefringent fibres. As this
thesis targets CW fibre lasers, only stimulatediaistec scattering processes that play

significant role in such systems will be discussed:
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a) Stimulated Raman scattering

In stimulated Raman scattering, a laser signal @heixcites vibration in the glass
lattice and scatters into a photon with a lowegfiency. The energy difference is
absorbed by the host material in form of an optabnon (heat), as the lattice
makes the transition between two vibrational sta®mtons resulting from Raman
scattering form a Stokes wave (at wavelen@gh,.s longer than the main laser
signal wavelengtii,,,.,) that can be guided in the fibre core in both dioes and

experience amplification by stimulated emissionhéd new wavelength if the latter
is within Stokes gain bandwidth. This Raman amgdifion process along

propagation directiomcan be described with a simple set of differerggations:

dlstokes

dz = IStokes(gRIlaser - aStokes)a
il 3 (4.13)
laser __ Stokes
dz _Ilaser(gRIStokes 1 + laser)a

where agores @Nd ajuq0 are absorption coefficients at Stokes and lasgnasi
wavelengths respectivelig; xes andl . are optical intensities at Stokes and laser
signal wavelengths respectively agg ~ 1 x 10" m/W is the Raman gain
coefficient of silica glass for polarised light ¢tlvalue is a factor-of-two lower for
unpolarised signal). The Raman gain spectrum icasdptical fibres spans from 0 to
~40 THz with the gain maximum corresponding to ¥+& frequency shift (~50 nm

shift towards longer wavelengths for a laser sigriallpm).

Although SRS has a number of important applicatiesash as Raman lasers [4.28]
and amplifiers [4.29], it mainly plays a detrimdmiae in high-power fibre lasers as
it acts as a loss mechanism. Assuming that Ramansgactrum has a Lorentzian
line shape and that polarisations of laser sigmal &tokes wave are maintained,
“threshold” for stimulated Raman scattering is givy [4.30]:

164
PSRS ~ <1 (4.14)
gRleff
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where A.¢ is the effective area of the laser signal modéddfiand l.qr =

[1- exp(—@iaserL) |/ tiaser is the effective Raman length at the end of theefiof
length L. Once the threshold for SRS is reached, the enkeogy the laser signal
power is transferred to the Stokes wave very eiffity. The latter can then act as the
pump for a second-order Stokes wave and so on. iSR8e of the main effects
limiting maximum power obtainable from cladding poed fibre lasers and
amplifiers. Possible solutions to mitigate the ef$eof SRS include increasing the
core size, shortening length of the fibre and hing distributed loss at Stokes

wavelength.
b) Stimulated Brillouin scattering

Stimulated Brillouin scattering is another inelassicattering process which also
involves scattering a laser signal photon to a lofsequency photon. The energy
difference is absorbed by the host material inranfof an acoustic phonon. High-
intensity laser signal in the fibre core can create electrostriction process, a
travelling acoustic wave propagating with a spefesbandv,. The laser signal wave
is scattered backwards via Bragg diffraction as thcoustic wave and undergoes
frequency shiftvg = vigeer — Vstokes = 2nVa/Aiaser Via Doppler effect. In silica
glassv, =6 km/s, so the frequency shify is 17.5 GHz (or ~0.06 nm wavelength
shift) at4;,..r = 1 um. Amplification of the Stokes Brillouin wavarcbe described

by the following equations:

dIStokes _

iz —Istokes(Ipliaser — @),
dl (4.15)
;azser = —lLiaser (Blstokes + @),

wherea is a common loss coefficient for Stokes and Iasgmal waves (due to the
very small frequency shift), andg is a Brillouin gain coefficient. If we assume
exponential temporal decay of the acoustic waveh vhonon lifetimetg, the
Brillouin gain spectrum gz(v) has a Lorentzian shape with FWHM
bandwidthAvy = 1/(mts) [4.31] according to:
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AVL%QB (vg)

= 4.16
95(v) 4(v —vp)? + Avi (4.16)
where
) 2mtn’p2,
9gp\Vp) =
pee ClllzaserpvaAvB

n is the refractive indexp,, is longitudinal elasto-optic coefficient ang, is
material density. In pure silicgz ~ 1 x 10'® m/W andAvz ~ 10MHz but in silica
fibres the Brillouin linewidth is generally broad€r50-100 MHz) [4.25] and
Brillouin gain is lower, due to the presence of &ipants and inhomogeneities. For
a laser linewidthAv,,,.,, comparable or broader than the Brillouin gain spec

bandwidthAvg, the maximum value of Brillouin gain decreasesating to:

B e (vs) (4.17)

IBmax =
Avp+Avigser

It is clear from (4.17) that SBS is mainly an issoievery narrow linewidth sources,

such as single-frequency lasers. The “thresholdSBS is given by [4.30]:

21A.¢f
gBleff

SBS

th (4.18)

In practice threshold can be still somewhat highan calculated from (4.18) due to
dopants and inhomogenities, but this rough guiddicates that SBS can be
particularly challenging to overcome when scalifge toutput power of single
frequency fibre lasers. SBS acts as a distributed limiting the maximum output
power that can be extracted from narrow line fibkasers. Possible solutions
mitigating the effects of SBS include increasing tore size, shortening length of
the fibre and introducing a temperature gradiert dlre length of the fibre [4.32].
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4.3.4. Optical damage in fibres

Optical damage in optical fibres caused by electamalanche driven by high
intensity laser beams has been studied extensi¥eB38-4.35], yet an accurate
optical damage threshold value for silica glass a@sbeen established. There are
optical damage mechanisms that are unique to tire farchitecture, such as the
“fibre fuse effect” [4.36], that should also be e¢akinto consideration. Fibre damage
is typically observed at the end facets, so end-@dlpwing the fibre mode to expand
in bulk silica prior to striking an air-glass inf@ce can increase the surface damage
limit. Without end-caps the surface damage limitiristhe order ofl;4mqge ~10
W/unt for silica glass [4.37]. For fibres with spliceddecaps the surface damage
threshold for bulk silica i$;4mqge ~20 W/pn3 [4.38]. Clearly, the maximum output

power, Pmax that can be extracted from the fibre is limitedtbgse optical damage

thresholds according to:

Bnax = IdamageAeff (4.19)

4.3.5. Power scaling strategy

J. W. Dawsonet al. [4.25] constructed a relatively simple theory camry all
effects limiting the output power obtainable frorsiagle fibre laser, as discussed in
sections 4.2.3-4.2.5. After adding one “soft” coaisit due to limited available
brightness of pump sources and possible dopingertdrations, they concluded that
a “hard” limit on the output power from a ‘broadlbaribre laser is around 36 kW
and from a narrowband fibre laser is around 2 kVdinvtesults of this analysis are

shown in fig. 4.7.
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Figure 4.7: Contour plot presenting the limit of ximum output power (in kilowatts)
extractable from a typical single fibre laser daoethermal, nonlinear and optical damage
effects as well as limited brightness of the pumyree as a function of fibre length and core
diameter. a) Broadband fibre laser case (SBS sfieeglected) b) Narrowband fibre laser
case (SRS effects ignored) [after 4.25]

Fig. 4.7a presents the maximum output power thatbeaextracted from a typical
Yb-doped silica fibre laser cladding pumped withdiade source of maximum
brightness B 10 MW/cnf'sr. Although the brightness of diode pump sources
increased since 2008, and the pump power limitgobnearea would be smaller for
modern laser systems, the output power is stilinaltely limited by SRS and thermal
lensing to the level of ~36.6 kW for a ~38 m lonlgré with 85um core. For shorter
fibres with the same core size the maximum outpwey is likely to be reduced by

thermal lensing effects, while for smaller coreesizhe output power will be limited
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by surface optical damage (or SRS in case of lofigers). Narrowband fibre lasers
suffer from the same limitations with an additior@nstraint of SBS strongly
limiting the output power even for relatively shavices (fig.4.7b — pump power
limited region calculated for diode lasers of maxm Dbrightness
B ~ 2 MW/cnt'sr.). The SBS threshold combined with thermal legsiltimately
limit the output power of these sources to ~1.8 KiWese numbers can be improved
by using special waveguide designs to supressnuamtial SRS and SBS effects
[4.39], applying more aggressive cooling techniqasswvell as modifying material
composition to obtain higher thermal and opticaindge thresholds. Nevertheless,
physical mechanisms described in sections 4.2.5-4@ most likely to remain the
main factors limiting power scaling of fibre lasarsd amplifiers.

It is clear from fig. 4.7 that within certain corants, scaling the core diameter and
the fibre length allows further power scaling. Véhil is generally straightforward to
increase the fibre length up to 40-50 metres withaffecting the laser’s
performance, scaling the core radius typically etml a number of problems. The
number of modes supported by the fibre core istgrefar larger core diameters.
This has a dramatic impact on the output beam tyuaé well as beam pointing
stability, and many applications require singletsppamode or very few modes
operation. Although the maximum core diameter sujpp only fundamental mode
is around 20 um, as explained in section 4.2.2atively good beam quality has been
demonstrated from few-mode double-clad fibre lasdth cores as big as 30 um
[4.40]. Fibres of larger diameter are generallprsgty multi-mode with the number
of guided modes-V?%/2. As a rough guide, in the worst case scenario,btam

quality (M?) is ~ V /2 when all modes are excited.

One way to obtain single-mode operation is to $elely excite one (fundamental or
higher order mode) in the fibre. This condition gaite difficult to obtain in a
conventional step-index fibre as large modes akeli to scatter into their
neighbouring mode due to perturbations of the waikgand finite manufacturing
tolerance [4.41]. Another approach for obtaininggg-mode operation in a multi-
mode fibre that was proven more successful relregntvoducing selective loss for

higher order modes (or selective gain for the fumelatal mode) in the fibre core.
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This can be done by bending the fibre, which indulsigiher loss for higher-order
modes relative to the fundamental mode [4.42] (oubing a core design with the
RE dopant confined to the central region, thus igiog more gain to the

fundamental mode). Tapered multimode fibres caalde used to locally reduce the
diameter of the fibre core so that only the fundatalemode propagates with low
loss [4.43].

Scaling mode area is also possible with speciattlgt single mode fibre designs.
One possibility is to use a fibre with complex,gdstructured refractive index profile
[4.44]. Such architectures benefit from expandend&mental mode area, but are
more challenging to fabricate. Another popular apph is to use a microstructured
(“holey”) fibre, sometimes called photonic crystddre (PCF), with a solid core
surrounded by the cladding with strategically posid air holes. Guiding properties
of such fibre are defined purely by its geometrige Telative size and positions of
the air holes can be designed in such a way tHgtfondamental mode is supported
in the solid core of the fibre. Yb-doped PCEF fibvigh intrinsically single-mode 40
pum core has been demonstrated [4.45]. Propertiggeohner-cladding in PCF fibres
can be also tailored in a similar way, in ordeoldain a high NA pump guide [4.46].
Other PCF designs allow for increased leakage flasfigher order modes of the
solid core [4.47] or supporting only one polarieatistate [4.46]. Microstructured
fibres show great potential in the area of powatisg and >1.5 kW output from Yb-
doped fibre with a nearly diffraction limited bedmas already been demonstrated
[4.48].

Scaling the core area further is challenging asldhg fibre required for very high
power operation must be bent to be packaged. lnlofied fibre lasers it is difficult
to maintain single-mode operation with effectivedaaliameter above 50 um even
for loosely coiled large core fibres (e.g. 100 pone¢c 0.5 m bending radius) [4.25].
This suggests that the power scaling limit due gtical damage is reached at ~10
kW for a single aperture coiled fibre laser. Furtpewer scaling can be performed in
long and straight waveguide structures with a lacgee, called rod-type fibres
[4.48], but the physical dimensions required fotaoiing very high power levels (>

40 m long devices) make them somewhat impractarainfost applications.
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4.4. Nonlinear frequency conversion

4.4.1. Overview

Many applications require high power laser beamspactral regions (e.g. UV,
visible, mid-IR) that are not directly accessiblghaconventional laser sources. The
most common approach to generate light at thes@&edesvavelengths is via
nonlinear frequency conversion processes. Variooslimear processes can be
employed for this purpose. Second harmonic gemerd®HG) and sum frequency
generation (SFG) can be used to convert light twrteh wavelengths in materials
with non-zero second order nonlinearity, while elifince-frequency generation
(DFG) optical parametric oscillation (OPO) and aifigation (OPA) can be used for
light conversion to longer wavelengths in similaaterials (OPA in media with third
order nonlinearity is also possible). Other techeg|for frequency conversion rely
on Raman conversion and amplification in a bulkemat or an optical fibre with
third order nonlinearity. Optical rectification &ften used for generating terahertz
radiation and high harmonic generation in gasesbeansed to convert laser light to
radiation at extremely short wavelengths. In supetiouum generation processes,
various nonlinearities contribute to the generatbhigh-brightness broadband light
in a highly nonlinear optical fibre. Nonlinear freggncy conversion often requires
single polarisation state light and fulfilling agd®e matching condition. In addition,
nonlinear processes can be efficient only at seffity high optical intensities. Such
peak intensities are relatively easy to obtainasets emitting short pulses, however
special techniques of intensity enhancement habe tapplied in case of CW lasers.
One way to facilitate high optical intensity is perform intracavity nonlinear
frequency conversion inside a high finesse lassonator. This approach with its
strengths and limitations will be discussed in dleta section 4.4.6. Another
technique, which can be applied to single-frequefasywell as mode-locked) laser
sources, is based on the use of a low-loss, agtstabilised resonant enhancement
cavity. Applicability of this approach as well asher methods for frequency
doubling the output of CW fibre lasers will be dissed in section 4.4.7. This

chapter will focus mainly on the process of sectramonic generation, with
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relevant theory and background information on SH@iewed in sections 4.4.2-
4.4.5. However, similar approaches can be appledther nonlinear processes
aiming for efficient nonlinear conversion of “bullehd fibre based CW laser sources
to access different wavelength regimes.

4.4.2. Second harmonic generation

When light of high intensity is incident on a digiéc medium, a separation of bound
charges is induced and results in a collectionipbld moments rapidly oscillating
with the incident electric field. The resulting hioear polarisatiorPy. induced by
the total electric fielde, defined as the net average dipole moment pervohiime,

can be expressed as [4.49]:

Py = goxWVE + eoxPEE + eox®EEE +

“
linear ondgrder 3rd grder higher order
responseé  NLresponse NLresponse NLresponse

(4.20)

whereeg, is the permittivity of free spacg,(V) is the linear component of electric
susceptibility, whiley®® andy® are second and third order nonlinear components
of electric susceptibility respectively.(?) disappears for materials with inversion
symmetry such as amorphous silica, but can be feignt in some families of

crystals, whiley® is non-zero for all materials.

If the total electric field is expanded in termsitsf Fourier components, then the
nonlinear polarisation will consist of several teroscillating at various combination
frequencies, resulting in generation of light atvneequencies, dependent on the
frequencies of incident fields. Second harmonicegation (SHG) is a second order
(x®) nonlinear process in which a single pump wavéuatiamental frequency

generates a wave at second harmonic frequecya® it propagates through a
nonlinear medium (in this case, a crystal). Thesees are coupled through the
nonlinear polarisation of the medium, and their hiuge changes along the
interaction length (z - propagation direction) das described with coupled-wave

equations, first solved by Armstrong et al. [4.50]:
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dE,, iw 5
= ] 4.21
iz " n desrEf exp(iAkz) ( )

dE, i2w )
—— = —dsrE;, Bz, exp(—ilkz) (4.22)
dz Ny

wherei =+/-1, E, andE,, are the amplitudes of the fundamental and second
harmonic waves respectively,, andn,, are the refractive index values of the
medium in the direction of respective wave polararss, d.fr is the effective
nonlinear coefficient of the medium, ané represents the phase velocity mismatch

between interacting waves:
Ak = 2k, — ky,) - 2 (4.23)

wherek, andk,, are the wavevectors of the fundamental and sebanehonic
waves respectively, and is the unit vector in the propagation directiorheT

intensity of the optical wave at the frequeneys given by:
I, = 2gon,C|E, |2 (4.24)

wherec is the velocity of light in vacuum. The total agati power within a Gaussian
beam of spot sizev, and central intensity, can be calculated by integrating the
intensity over the beam aréa
1
P= j [dA ==nwil, (4.25)

2
A

The frequency conversion efficiency (in the infiplane wave approximation,
including fundamental wave depletion along the rextdon length) is given by
[4.49]:

P
Nsue = % = tanh?(,/€P, )sinc2(AkL/2) (4.26)
w
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whereP,, is the optical power incident on the crystal ¢f tengthL, and

16md?, ;1>
P (4.27)

w2gyn2 n,,cA2,

wherew = L™ [ w(z)dz is the average spot size inside the nonlineartalrygsd

o Is the fundamental wavelength. Although this apploneglects the effects of
tight focusing and absorption in the crystal (a endetailed analysis was presented
by Boyd and Kleinman in [4.51]), it provides an qdate description for the
experimental configurations described in the néwpters of this thesis. Due to the
sinc?(AkL/2) factor, the conversion efficiency (4.26) is seliereduced even for
small values ofAk. If the fundamental wave power is not significgntlepleted
along the interaction length (i.e. we operate m $mall conversion regime) and the

phase matching conditiakk = 0 is met, equation (4.26) simplifies to:

Nsuc = €F, (4.28)

4.4.3. Phase matching techniques

There are various techniques for achieving the @mmaatching conditionAk = 0),
including angular phase matching kf, and k,,, vectors, temperature tuning of
refractive index values, quasi-phase matching mog& media, or obtaining phase

matching with an aid of wave-guiding effects.
a) Non-critical phase matching

The configuration where the fundamental and sedwawnonic waves propagate
along one of the crystal's principal axes withaefive indices satisfying the phase
matching condition at a certain phase matching &atpreT,,, is known as non-
critical phase matching (NCPM). Specifically, TypeNCPM phase matching in
SHG process refers to a configuration when the pwane is polarized along one of
the crystal's principal axes and the second hamnerave is polarized in the
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orthogonal directions, while Type Il refers to tpemp having two orthogonal
components along the crystal principal axes. Theege condition for collinear non-

critical phase matching (NCPM) can be expressed as:

1
Ny (Tym) = 3 [ (Tym) + 1 (Tym)] (4.29)
which for Type | SHG (ooe) simplifies to:

%o (Tym) = 1 (Tym) (4.30)

where the refractive index values at fundameneduencyn,,, n,, for orthogonal
pump polarization components are generally diffeeerd o,e refer to the refractive
index values along the ordinary and extraordinagsaespectively. If we expand the

refractive index into a Taylor series around roemperaturd’,:

k

on;
W (Tom) =nf (T) + = (Tym = To) (4.31)
T=To

the phase matching temperature can be obtained(#&0):

T = N3 (To) — 1 (To)
pm — 70 ong 0ng, (4.32)
aT oT

The temperature bandwidth can be determined bynekpa the phase velocity

mismatch in a Taylor series around the phase magdkimperature:

a(Ak
Ak(T) = 0(ak) AT = yrAT (4.33)

oT
T=Tpm

Thesinc?(AkL/2) factor in (4.26) drops to 0.5 when:
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AkL ~ 2.784 (4.34)
It follows that the temperature bandwidth is then:
ATgy = |2.784/(y+L)| (4.35)
where, for Type | SHG (ooe):

Am[on?, 0nS,

Yr=3 et ~ ot

L:Tpm
b) Critical phase matching

Another technique of obtaining phase matching doowli called critical phase

matching, refers to a configuration where the exd@ng beams are aligned to some
angle (or angles) to the principal axes of the imealr crystal. A major advantage of
critical phase matching is that the crystal tempgeacan often be close to room

temperature.

In uniaxial crystals, there is a single axis of ayetry, often designated the Z-axis,
coinciding with the principal optic axis. Hencegtprincipal refractive indices are
ny = ny = n° andn, = n®. For propagation at an andewith respect to the Z-axis,

the extraordinary wave has a refractive index givgn

1 cos?(8)  sin?(9)

@O [ T el (4.36)

This relation can be used to calculate the phagehimg angle for the SHG process.
In biaxial crystals there are two optic axes that ih in the XZ plane (it is

conventional to takea, > ny > ny). Those optic axes make an anglevith respect

to the Z-axis, which is given by:
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1/2
g (np-nd\Y
sin() = — > >

(4.37)
and are situated symmetrically about the Z-axigidneral the beam can propagate at
an anglefd with respect to the Z-axis, and at an angjlevith respect to the X-axis.
The refractive indices of the two allowed modespadpagation can be calculated

from the Fresnel equation [4.49]:

sin? 6 cos? ¢ N sin? 0 sin? ¢ N cos’0 0
(M72-(ng? M2-(y)? (W)72—(ny)? (4.38)

This relation can be used to calculate the phagehing angles for the SHG process.
For type | (ooe) SHG the phase matching directsogiven by angleg,,, andf,,,

in planes XY and XZ respectively:

1- (ng)/ng(u)z
(G /nf, ) — 1

tan? ¢y, = (4.39)

1- (nZ)/n%(w)z
(‘I’l};/‘l’lgw)z -1

tan® 6,,, = (4.40)

These attribute “critical” comes from the fact thlis phase matching technique is
much more sensitive to angular misalignment of ititeracting beams than non-
critical phase matching. The angular bandwidth floe SHG process can be
determined by expanding the phase velocity mismalieh to angular deviation

A8 = 6 — 0,,, from the phase matching directidf),{, angle) into a Taylor series:

d(Ak) PRLRCD

— (A6)?
2
0 lgop,, 2 09° loq (4.41

= yYepmAO + Yycpyu (80)?

Ak(6 — 6ym) =

where CPM and NCPM stand for critical phase matghand non-critical phase
matching respectively.

91



Sinceycpu (0pm = 90°) = 0, the second term of (4.41) is included for the NCP
process. For the CPM process only the first teroukhbe retained. Substituting
(4.41) to QkL =2.784) produces the following expressions faorgwar phase
matching bandwidths [4.49]; for Type | NCPM SHG €po

ABgy = |2-784/()/NCPML)|1/2 (4.42)
where

2w, [(n5,)? 41

Y =—n5y |75 — 1| ® — 5, — ng
NCPM /‘1(1) 2w l(ngw)z l /‘1(1)( 2w w)

and for Type | CPM SHG (ooe):

ABgy = 12.784/(Yncpm L) (4.43)
Where
2 (ng,)? — (ng,)? 4mr
— 0\3 w w : e o :
= — 20, ~— — 20
YCPM /100 (nw) l (n(z)w)z(ngw)z sin pm /1(0 (nZw n(u) sin pm

The small range of beam angles where critical pmaa&hing works also implies
that the beam divergence must be limited. This iespthat a larger beam must be
used hence limiting SHG efficiency compared todagse of NCPM.

c) Quasi-phase matching (QPM)

In the quasi-phase matched SHG process, a plane field of amplitudeF; at
frequencyw, and wavevectok, = n,w,/c, wheren, is the refractive index, passes
through a medium with quadratic nonlinear suscéjttibd, generating a nonlinear
polarization wave proportional WE? at frequencyw, = 2w, and wavevectoRk;.
The polarization wave radiates a free second hammwaave with wavevector
k, =n,w,/c. The forced and free waves accumulate a phasé ahif over a

distance known as the coherence length [4.52],
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I8 Ao

S =2k 3, — ) (4.44)

wherel,, is the wavelength of the fundamental wave in vatuu

The direction in which the power is flowing betweaba fundamental and harmonic
wave depends on their relative phases, and herarggeh its sign every coherence
length. By applying change in the sign of the nuoedir susceptibility every
coherence length, a phase shiftnofs induced for the polarization wave, which
effectively re-phases the interaction and leadsntmotonic power flow into the

harmonic wave, as illustrated in fig. 4.8 [4.52].

Second harmonic intensity

-
0 1. a1, 31, 41, 51, distance

Figure 4.8: Effect of phase-matching on the growthsecond harmonic intensity with
distance in a nonlinear crystal. A: perfect phasgetmng in a uniformly poled crystal; C:
non-phase-matched interaction; B: first-order QPMfllpping the sign of the spontaneous

polarization (R) every coherence length)(bf the interaction curve C

As QPM processes do not rely on birefringence, @wjce of polarizations can be
used. This means that all waves can be polarisgohiallel allowing the largest
nonlinear susceptibility tensor component to belatgr. It is possible to use QPM
in isotropic media (such as e.g. GaAs) where birgént phase matching is not
possible. For the same reason, it is always pasdibl use QPM with waves
propagating along a crystal axis, eliminating thebgem of Poynting-vector walk-

off. Nonlinear conversion processes using QPM canntade very efficient as
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periodic poling can be applied to crystals withtjgafarly high nonlinearity, thus
utilizing larger nonlinear coefficients than thosecessible with birefringent phase
matching. The QPM technique, however, has a nunobdmitations. Parasitic
higher-order nonlinear processes can generatedighiivelengths other than desired
output from the first-order process. The fabricatwf periodically poled crystals
with high quality is challenging, and is possibi@yowith certain crystal materials.
The success rates of the required procedures degiemly on material details,
including its type, density, stoichiometry, surfaoeatment and other properties. For
different nonlinear processes, many different gplperiods are required, and each
new value may require an expensive new lithograph@sk. Small aperture
periodically-poled crystal-based devices suffemfrthermally-induced de-phasing
significantly reducing conversion efficiency, andr fhigh intensities the output
power is limited by nonlinear absorption and ultieta by crystal damage [4.53].
Periodic poling can be applied only to crystalshwiirly limited thickness, which

excludes large aperture devices suitable for vigly power levels.
d) phase-matching in waveguide structures

One method to increase the efficiency of the nealinprocess is to increase the
interaction length by using a waveguide or optidade. While channel and planar
waveguides can be made of birefringent materiah siscLiNbQ, most fibres can be
used fory® processes only (one exception is electric fiellilngathat can be used to
break the inversion symmetry in the core area 4. Bthe fibre is sufficiently long
and light can be confined in a small effective maalea, efficient nonlinear

frequency conversion is possible even at low powers

Modal phase matching (MPM) is a simple solutiorine problem of phase velocity
synchronism for nonlinear frequency conversion aveguides, but is challenging to
achieve in practice due to poor spatial overlapybeh the interacting modes.
Waveguides generally support several modes, eath diiferent propagation

constants (i.e. effective refractive index)n For higher-order modes this value is

lower and therefore phase matching in the SHG js0¢g, = nﬁjé}) can occur if

the fundamental mode propagates in a lower ordetentikan the second harmonic.
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The expected normalized conversion in optimizedisenductor-based structures is
a factor of 20 lower than in birefringently phasetomed waveguides. However, the
structure can be combined with a laser diode angleschip to provide an integrated
semiconductor source of tuneable light based orimemr frequency conversion

[4.55].

Cerenkov phase matching is another type of phasehing technique that has also
been considered for efficient SHG in waveguidesthis process, the fundamental
wave is a waveguide mode, while the second harmenécradiation mode, i.e., it
propagates out into the cladding or substrate @fatveguide at a certain angle. This
angle is determined by the condition that the phadecity of the fundamental
guided mode is matched to the phase velocity ofsteond harmonic radiation
mode. The theory of Cerenkov phase matching has theeeloped for crystal-cored

fibres and channel waveguides [4.56] as well aplfanar waveguides [4.57].

Fresnel phase matching (FPM) is a technique thimwsal accessing efficient
nonlinear three-wave-mixing processes in isotropisemiconductor-based
waveguides. The three waves can be introduced fhanrside and trapped by total
internal reflection in the semiconductor wafer in“zg-zag” configuration. The

thickness of the wafer is chosen such that theawist travelled between two
reflections is close but not exactly equal to tlherence length for difference
frequency generation (DFG) process. Upon the iataltnal reflection at the wafer
surfaces, the three waves experience a Fresnek @iaf that can be tuned by
adjusting the angle, the polarization, and freqyerfcthe interacting waves. When
properly tuned, the DFG power constructively builgis at each total internal
reflection. Such a device is simple to construct mme in the mid-IR spectral region

that is not accessible by QPM in ferroelectric peically poled crystals [4.58].
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4.4.4. Focusing

Frequency conversion with strongly focused Gauskgams has been discussed in
detail in [4.51]. This section will only briefly sicuss how material parameters
influence the conversion efficiency in this regimide essential properties of the
Gaussian beam are its waist radiwg, and the distance over which its radius

remains essentially collimated (the confocal lepgtls 2mnw? /A.

Let us first consider the case of noncritical phasgching. For near-field focusing
(L < b), the conversion efficiency is the same as given(428). However, the
increase in the efficiency predicted for small spites breaks down fow,
sufficiently small that b < L. This is caused b tthortened interaction length as the
rapid diffraction becomes more significant than thereased peak intensity. In the

near field approximation, the conversion efficierioy confocal focusing (b = L) is

obtained by takingv, = \/LA/27n:
Ne = YneL Py (4.45)
wherey,, = 16m2dS;;/eocn?A3.

Numerical calculations show that the exact effickefor confocal focusing is 0.81
n. and that the actual optimum that can be reachéd=at/2.84, is 1.0'h. [4.59],
but this tighter focusing is rarely used in pragtiEor a typical nonlinear coefficient

of 5 pm/V, a wavelength of m, and a refractive index of 2,. = 0.4% Wcm™.

For critical phase-matching, the efficiency of tlanlinear interaction can be further

reduced by the Poynting vector walk off effect,ttbauses the SH beam to walk
away from the fundamental after a distafge= vrw,/p. The optimum focusing is

close to confocal in the presence of walk-off, that efficiency depends on the walk-
off parameteB, = p,/mnL/2A. The optimum efficiency foB, = 1 is approximately

0.58n, and, forB, > 1.5, can be well approximatqgl/\/in. In this latter limit the
efficiency is given by [4.59]:
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Ner = Vcr\/zpw (4.46)
wherey,, = 16m3/2d;;/€ocn®/?2%/p.

In this case the efficiency scales only wiflh and is inversely proportional to the
walk-off angle p. Consequently for a material with the same progeras the
example in the noncritical case, but having a wadfkanglep = 2°, the efficiency is
reduced tg/., = 0.04% Wem™.

4.4.5. Nonlinear crystals

The physics of the frequency conversion processepi@vere demands on potential
nonlinear crystals; therefore relatively very fewaterials find application in
nonlinear optics. Only a few percent of surveyggtalline phases offer a non-zero
nonlinear coefficient, sufficient birefringence foinase-matching and transparency at
relevant wavelengths. Additional demands for magpgliaations include mechanical
and chemical stability as well as the possibilior fproduction in the form of
adequately-sized and uniform single crystals. Aassalt, only a few tens of different
crystalline phases have ever been applied to pedcthonlinear frequency

conversion.
a) Optical transmission and loss

The material must possess reasonable transmissiaaeelengths involved in the
nonlinear interaction to vyield sufficient conversicefficiency. The nominal

transmission range is determined by the identityhef crystalline phase. The high-
frequency cut-off is caused by inter-band electrotmansitions and the low-
frequency cut-off occurs due to phonon absorptilgithin this nominal transmission
range, even relatively small amounts of opticalslasan be critical. This is

particularly true for nonlinear configurations iwing high average power, where
low absorption can lead to heat generation and mahttlamage, as well as in high

finesse resonators, where both absorption ancescajtadversely affect the device’s
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performance. Such small losses originating frormahal impurities, colour centres,

inclusions, and free carriers can be extremely ggecand wavelength dependent.
Scattering in nonlinear crystals can be caused éghamical strain, grain boundaries,
compositional inhomogeneity, or inclusions. Surfémsses often dominate volume
losses within the nominal transmission range, andeineral depend on the cutting,

polishing, and coating processes performed in phreg#he crystal surface.

b) Nonlinear susceptibility

The optical response of the nonlinear material &ewined by the atomic
arrangement. For nonlinear coefficients of the medito be non-zero, its point
group must lack a centre of inversion symmetrye- rislationship between chemical
bonding and nonlinear susceptibility has been dised in detail in [4.60]. The
nonlinear coefficients are elements of a third-réeksor, as they relate the optical

response to two optical fields. The effective noedir coefficientl,;, is obtained by
projecting the polarization of the input and outpelds onto thel tensor and can be
highly directionally-dependent. It can also vary amg different nonlinear
interactions requiring different phase-matchingediitons and polarizations - the
procedures for calculating specifit,;, values have been discussed in [4.61]. In
general, nonlinear coefficients within the nomitrahsmission range of the medium

do not depend strongly on wavelength or fabricapimotess.

c) Birefringence and phase-matching

Birefringent phase-matching in nonlinear optics afefs on a relatively small
difference in refractive index values for differgrdlarizations. For this reason small
variations of refractive index within a crystal caesult in large differences in
birefringence and hence phase-matching charaatsrisThese variations often
originate from variations in composition and int@rstrain within a crystal. Some
nonlinear processes place strong demands on prdepssdent material quality as
the required birefringence uniformity can be lesant +10°/cm. However, phase-
matching bandwidths are dependent on thermal ampilan derivatives of the

birefringence and as such can be relatively insgasio the fabrication process. On
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the other hand, these properties can be highlgtitnre dependent and thus may vary
between different nonlinear interactions. Anotheechranism affecting phase-

matching characteristics relates to thermally imdlucchange in birefringence

originating from absorption in high average powgplacations.

d) Laser damage resistance

Numerous undesirable effects can occur when ainiginsity laser beam is incident
on the nonlinear crystal. Catastrophic failure loé trystal can be initiated in its
volume or on the surfaces. Alternatively, the laseam can induce uncontrollable
change in the material's properties without destigpyhe crystal. Damage resistance
to laser radiation is difficult to quantify, as theocesses leading to damage tend to
be highly probabilistic and strongly depend on acef cleanliness, history of the
sample as well as laser beam parameters such aslewgth, mode structure, pulse
length and energy, waist size and location. In mapglications, catastrophic laser
damage is most likely to be initiated on a surfatghe nonlinear crystal. This
process involves complex physical mechanisms oegurin the presence of
imperfections on the crystal's surface, such aglues$ scratches, polishing-induced
inclusions and foreign particulates that can lgcaitensify the electric field. Surface
damage resistance is thus strongly dependent dacsuprocessing (i.e. cutting,
polishing, coating, and cleaning). The damage Hulelsin terms of laser fluence
(energy per unit area) for a given surface scaipscximately with the square root
of the pulse length and inversely with the squaat of the spot size. Intensity at the
exit surface is slightly higher due to internal $trel reflection, thus catastrophic
surface damage is typically observed to be inidiaia the exit face of the crystal.
Bulk damage in most cases is caused by a thernmallyced fracture mechanism.
Absorption and scattering effects increase thenmhberdoad in the crystal, while
mechanical strain lowers its resistance to fractBelk catastrophic damage
resistance thus strongly depends on the crystaictlon process. Incoming and
generated high intensity optical radiation can alsfuce changes in the refractive
indices (known as the photorefractive effect), be toptical absorption (the
photochromic effect). Although these optically-icdd changes are generally not
catastrophic, they can affect phase-matching gabil output beam quality and can

lead to other catastrophic phenomena. Opticalluded changes are typically more
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severe at high average powers, strongly dependamelength, crystal temperature
and composition. In most cases, photorefractive phdtochromic effects are

reversible upon removal of the incoming radiation.

e) Lithium triborate (LBO) crystal

In this thesis we will focus only on devices usorge material from the borate family
of the nonlinear crystas: Lithium triborate (l@s) or LBO. This biaxial material
chosen for the experimental work combines wide sjpanency window (0.16 - 2
um), high damage threshold (18.9 GWfcior a 1.3 ns laser pulse at 1053 nm), and
adequate birefringence for phase-matching a braawer of visible and UV
interactions with wide acceptance angle and smalkwff. LBO has a peritectic
melting point near 834°C, which precludes the pmksi of preparing crystals by
standard melt-growth techniques. Most of the LB@stals reported to date have
been grown by a top-seeded high-temperature sol(iid S) growth method [4.59].
Growth temperatures range between 750 and 830 f@wt runs of four to six
weeks yield lens-shaped or cylindrical boules, ddp®y on whether the seed is
slowly withdrawn during growth. Crystals as large3 mm in diameter by 20 mm
in length have been grown. A core of rather comsyamerical inclusions is typical at
the centre of a crystal running along its axis advgh. Oriented and fabricated
crystals are usually restricted to linear dimensil@ss than few centimetres. Thermal
expansion characteristics can somewhat complicaing processes. The properties

and applications LBO have been reviewed in [4.62].

LBO crystals have been demonstrated as an effici@miinear material suitable for a
broad range of applications. They can be used twrgée the second and third
harmonics of 1.0um radiation and can be temperature-tuned for nbcakriphase-
matching [4.63]. LBO has also been successfullyliepgo SHG of dye [4.64] and
Ti:sapphire lasers [4.65]. Wavelengths as shori& nm have been generated by
SFG in LBO crystals. OPOs pumped by the secondugfirdourth harmonics of
1.06. Excimer and Nd:YAG harmonic pumped OPOs iiOLBave been described in
[4.66].
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4.4.6. Intracavity SHG in conventional

‘bulk’ solid-state lasers

There is increasing demand for high power contisuweave laser sources emitting
in the visible spectral region, that is not dirgcticcessible for high power ‘bulk’
solid-state lasers and fibre lasers. High poweertaemitting in the visible are
required in a broad range of applications suchaaerl processing of materials,
projection displays, medicine, sensing and deferidee standard method of
accessing the visible wavelength region is via inealr frequency conversion of
near-infrared solid-state and fibre lasers. Fohipgak-power pulsed lasers sources,
simple single-pass nonlinear conversion schemesrgky suffice. However, in the
CW regime more sophisticated schemes are usuatiyankto obtain high intensities
required for efficient nonlinear frequency conversi Frequency doubling in high
power solid-state lasers must employ a nonlineatiumne that can handle very high
average powers. Materials with good thermo-optieald thermo-mechanical
properties that can be used in such applicatiomergdly have relatively modest
nonlinear coefficients. Such relatively weak noeéinity combined with an increased
mode size area typically allows for frequency caamm with efficiency in the order
of few percent per kilowatt per centimetre of noear medium. Clearly this is not

enough even for the state-of-the-art multi-kilowa#ss CW solid-state lasers.

The most popular method for generating high povigble output is via intracavity
second harmonic generation in a diode-pumped ‘batkid-state laser. Fig. 4.9
presents a typical high-finesse resonator configura suitable for efficient
intracavity frequency doubling. The laser cavitynmises a bulk active medium (in
this case a laser rod) in thermal contact with etively cooled heat sink, and a
nonlinear crystal typically housed in an oven foaimtaining the phase matching
temperature. Feedback for lasing is provided bywaple of high reflectors at the
laser wavelength - in this case one reflector ghlyi transmissive at the pump
wavelength and is also used for pump in-couplirfte Tesonator is designed so that
the laser mode size in the active medium is optahifor a good overlap with the

pump beam while the mode size in the nonlineartakys optimal for maximum
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conversion efficiency. This approach exploits tekatively low resonator losses to
achieve high intracavity power circulating in treseonator and hence high second

harmonic conversion efficiency.

oven
/]
SH output NL crystal
HR @laser HR @laser
AR @SH 4, HR @SH
0
%
Pump ( 4 <€
HR @laser I
AR @pump HR @Ilaser

AR @pump

Figure 4.9: Typical configuration for intracavitsefjuency-doubled ‘bulk’ solid-state laser

In the small conversion regime (4.28) the seconthbaic output powepP,,, as well
as the power lost in the resonat®y,, increases with an increasing circulating

fundamental powep,,:
Prw = NsucPo, Post = P, (4.47)

wherengy 1S the single-pass conversion efficiency giver{(428) andx; is the sum

of all other resonator losses.

Intracavity fundamental power is thus inverselygandional to resonator losses:

P Rgen

=g (4.48)
Y Neue +
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where Py, = Py, + Ps; is the total fundamental power generated in treerla

medium.

The total conversion efficiency of the intracavitgguency-doubled lasefsc, ..,

can be defined as a ratio of the output second dw@mpower to the total power

generated in the active medium, so that:

Prw  Nshe

NSHG total — =
ota Pgen NsHG + o

(4.49)

Consequently, if the single-pass second harmonicvarsion efficiency is a
dominating loss in the resonator, most of the nefilapower generated in the active
medium can be converted to the second harmoniaibatpd extracted through one

of the resonator mirrors.

Intracavity second harmonic generation has allomestly diffraction-limited visible
output with power in the order of ~60 W and >50% tofal SHG conversion
efficiency [4.67]. However, scaling to higher powds challenging due to heat
generation effects in the laser crystal, as digaiss sections 4.2.3-4.2.5. Thermal
effects in the laser medium lead to degradatiotheflaser mode quality and thus
cause increased resonator losses. This in turitgaaureduction of the intracavity
power (4.48) and the total SHG conversion efficie(49). Thermal effects in the
nonlinear crystal are usually less of a problenthay tend to be weaker than in the
laser medium. Another disturbing problem, typiaal ihtracavity-frequency-doubled
solid-state lasers, manifests itself in a veryrggrontensity noise (what is sometimes
called the “green problem”). This complex effeasas from nonlinear dynamics of
the resonator modes and can be affected by spal@lburning, oscillation of higher
order modes as well as nonlinear frequency cormernsself. These instabilities can
be alleviated by increasing the number of longitatlimodes or enforcing single-
frequency operation. However, it is often difficuth maintain control over all
thermal effects and instabilities in the intracgsfrequency-doubled ‘bulk’ solid-
state laser, and so most commercially available @8Mle lasers emitting a single

spatial mode output have been limited to outputgrsvef ~20 W.
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4.4.7. Nonlinear frequency doubling

schemes for CW fibre lasers

Another approach for generating high power visiaker radiation is via frequency
doubling of a high power fibre laser. As discussedection 4.3 of this chapter, the
fibre laser geometry is relatively immune to théeefs of heat generation and offers
a route to very high power levels in the near-irddawavelength regime via the use
of a cladding-pumped architecture. For these regdire laser architectures offer
the prospect of much higher power levels in thablasregime via nonlinear

frequency conversion than in the case of ‘bulk’idstate laser. Most common
approaches to frequency doubling of cladding-punfgeé lasers are schematically

presented in fig. 4.10.

Nonlinear
crystal

@ Nc)nlil’\ela'r @ Dichroic HR
crysta .
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stabilisation
poled NL crystal Photo-

detector
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Figure 4.10: Schematic arrangements for most comappnoaches to frequency doubling of
high power double-clad fibre lasers: a) single-gagsrnal SHG b) intracavity SHG c)
single-pass external SHG using periodically poledlinear crystal d) external resonantly-
enhanced SHG

Simple external frequency conversion scheme usibgedringently phase matched
nonlinear crystal (fig. 4.10a) can only be effidignthe fibre laser is producing high
peak power pulses. In a CW regime even multi-kikbweystems using external
conversion schemes do not achieve significant asiore efficiency and only a small

fraction of their output power can be convertedgoond harmonic wavelength.
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Unfortunately, the technique of intracavity secdramonic generation (fig. 4.10b),
commonly used with ‘bulk’ solid-state lasers is mall-suited to cladding-pumped

fibre lasers [4.68]. The main obstacle is theirhhrgsonator loss, both in terms of
core propagation loss and losses associated wighliog into the fibre’s core. These
losses are compensated for with very high gainiadide in fibres, which allows for

generating very high fundamental power in the rnieftared regime. High gain -

high loss resonators typically employ output cotgplevith high transmission to

maximise the output power and minimise the efféaavity loss. Consequently, the
intracavity power in most fibre lasers is not musgher, and often comparable to
the output power of the fibre laser. For this reagads not possible to benefit from

significant intensity enhancement, which is oftea most important factor in case of
intracavity-frequency-doubled ‘bulk’ solid-stateséas.

Single-pass frequency doubling of the laser outputa quasi-phase-matched
periodically-poled nonlinear crystal is an alteivatroute for efficient frequency

doubling (4.10c). Relatively high conversion effiscy can be achieved using this
approach but the output power is limited by therefédcts in the periodically poled

crystal — even small absorption leads to thermphdsing and ultimately to crystal

damage [4.69].

Another solution to the problem of efficient frequeg conversion is to employ a
technique of external resonant cavity second haiengeneration (4.10d) in
conjunction with a high-damage-threshold nonlineasstal (e.g. lithium triborate).
This approach has been successfully applied to (®w sources, delivering nearly
diffraction limited second harmonic output with irepsive output power of ~170 W
[4.70] which is currently not achievable in any ethlaser configuration. The
operation principle of externally-frequency-doubldéitbre laser system can be
explained with an aid of fig. 4.11.
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Figure 4.11: Typical arrangement of an externaigfiency-doubled laser system.

Fig. 4.11 schematically illustrates a typical cgnofiation for a fibre laser system
employing external resonant enhancement cavityeficient nonlinear frequency
conversion. Such arrangement comprises a low-paiuggle frequency master
oscillator, a fibre amplifier chain, shaping optieéd an external resonant
enhancement cavity for frequency doubling. The erasscillator can be fibre-based,
‘bulk’ solid-state laser or any other type of lagemgeneral. A fibore amplifier chain
consists of one or more stages based on rare-@aptd fibre with Faraday isolators
in between, typically with increasing fibre coreesifrom one amplifying stage to
another. External resonant enhancement cavity freeaspace ring resonator with
one partially transmitting mirror (an input coupland a nonlinear crystal configured

for efficient nonlinear frequency conversion praes

Output from the fibore MOPA can be efficiently coe@linto external enhancement
cavity when certain conditions are met: The MOPApau is spatially-matched to
the TEMyo mode of the external resonator, the frequench®MOPA is matched to
a resonant frequency of the external resonator, thadtransmission of the input
couplerT is approximately equal to round-trip los¢excludingT) of the cavity. For
an ideal low-loss resonator, single-pass seconudac conversiomgy,; dominates
other losses so thatT = y = nsys. Such a system is capable of very efficient
conversion and can deliver very high second harmoniput power, but suffers
from a number of limitations. One drawback is adexticomplexity of the system
since a fibre based single-frequency fibre masseator power-amplifier is
required. As explained in sections 4.3.3 and 4%er scaling of single-frequency
sources is challenging and their output power tsnaltely limited by stimulated
Brillouin scattering. Another disadvantage of emtdrresonant frequency doubling

comes from the fact that the master-oscillator eggbnant cavity lengths must be
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actively stabilized to ensure that the resonanc®lition is maintained at all times.
This is normally done with a power detector andiairs in a feedback loop, which

adds cost and complexity to the laser system.

This thesis introduces and discusses a novel scf@medficient nonlinear frequency

conversion of high power fibre lasers, alternativeexternal frequency doubling.

This new approach benefits from all the strengfith® external resonator approach,
but at the same time is free from the limitatiogh® external doubling discussed
above. The principle of operation and design caasitibn for a ring enhancement
cavity integratedvithin the fibre laser resonator will be discussed iraidiét the next

chapter of this thesis.

4.5. Conclusions

This chapter reviewed the principles and challerafgsower scaling in solid-state
laser sources. The most important metrics of lgmxformance such as lasing
threshold, slope efficiency or beam quality factoave been introduced and
discussed. Various mechanisms leading to heatsttepoin the laser medium (e.g.
guantum defect, fluorescence quenching procesass)ell as detrimental thermal
effects (thermal lensing, thermally-induced stremgjinating from heat generation
and thermal gradients have been examined. Diffesgmroaches to mitigating
thermal effects with the emphasis on certain lasedium geometries (end-pumped

rods, side-pumped slabs, thin-disk and fibre |gdeage been presented.

The next section of this chapter examined the aegddumped fibre laser
architecture with its strengths and limitations.eTkffects of heat generation,
nonlinearities and optical damage in fibore geombttye been studied in more detail.
The fundamental limit on the maximum power in afrddtion-limited beam
extractable from a single aperture fibre laserliegen examined and estimated to lie
in the range of ~30-40 kW. The current power sgabtrategy towards this limit

(mainly focusing on scaling the effective mode atess been discussed.
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The final section of this chapter reviewed relevaatkground theory on second
harmonic generation, introducing expressions fegudiency conversion efficiency,
phase matching temperature, phase matching aragidshandwidths for two phase
matching techniques used in experiments discusstittinext chapters of this thesis.
The most important properties of nonlinear crystedse been examined, with an
emphasis on the lithium triborate that was useolinexperiments. Finally, the most
popular approaches for generating high power \asiatliation have been discussed.
These included intracavity frequency doubling inlk) solid-state lasers as well as
various methods used for efficient frequency cosieerin fibre lasers. Although this
chapter only reviewed the methods and challengesffafient second harmonic
generation in solid-state laser sources, the ceimng that have been drawn from
this discussion can be typically extrapolated teeotnonlinear processes used for

frequency conversion to other useful wavelengths.
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Chapter 5

Intracavity power enhancement via

use of an internal resonator

5.1. Introduction

The previous chapter discussed the challengesatihgahe output power of solid-
state lasers with particular emphasis on claddingyged fibre lasers and efficient
nonlinear frequency conversion of these devices.edplained how existing
techniques are either limited in second harmonitputupower and conversion
efficiency or require complex opto-mechanical comgrts and electronics for active
cavity length stabilisation. This chapter introdsi@e novel approach for intracavity
power enhancement in continuous-wave fibre lasersnable efficient nonlinear
frequency conversion that is free from the mainitlons of the conventional
technologies. This concept is based on the use lofvaoundtrip-loss free-space
internal enhancement cavity integrated within amfdire laser cavity, which does
not require any active length stabilisation. A deth concept overview and
discussion on the laser behaviour in the spectnalain are presented in section 5.2.
The principles of power build-up and fundamentahtfiees of the resonant
enhancement cavity with two partially transmittimgrrors are discussed in section
5.3, while section 5.4 describes the main cavitsigle criteria. Section 5.5 focuses
on spatial mode-matching between the fundamentahresement resonator mode
and the laser mode in the external fibre lasertgaairangement and presents
experimental results on spatial mode-matching ofriry “bow-tie” cavity’'s
fundamental mode to the spatial mode of a fibrerléimsed on a single-mode fibre.
Feedback of the external cavity arrangement andmfsact on the fibre laser’'s
performance is discussed in section 5.6 of thigpt&ra Experiments characterising

temporal performance of the fibre laser with areinal enhancement resonator are
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described in section 5.7. Section 5.8 introducenacaal interference approach to
allow efficient coupling between a fundamental modfl¢he enhancement resonator

and the output from a multi-mode fibre.

5.2. Concept overview

The internal resonant enhancement cavity, contgithe nonlinear crystal is used to
avoid the problems associated with the high filesonator loss and enables efficient
second harmonic generation. The underlying priecipl operation of this novel

intracavity power enhancement scheme can be explanith reference to fig. 5.1,

which is a conceptual diagram of the internallygtrency-doubled cladding-pumped
fibre laser, with the main laser cavity in a ringnéiguration. This concept is based
on three main elements of the fibre oscillatoriald-pumped fibre-based gain stage,

a resonant enhancement cavity, and a spectrunwiag@lement.

Laser can operate on the longitudinal
modes of the ring oscillator

(R

Fiber-based Resonant
gain stage enhancement SH output

cavity

Pumping

J

|‘| |‘| |‘| Spectrum

narrowing I‘I I‘I I I‘I I‘I I‘I I‘I

Only resonant modes within element Modes not resonant with
the narrow bandwidth are the enhancement cavity
fed back to the gain stage experience high loss

Figure 5.1: Internally-frequency-doubled fibre laseoncept (ring configuration)
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The fibre laser can oscillate on the longitudinades of its main ring cavity, with
the mode frequencies (wavelengths) defined by ffextere round-trip path length

of the main resonatdue:

L c
A== or v, =m- (5.1)
eff
evenly spaced by:
A2 c
AN, =" or Ay, = 5.2
L= L=, (5.2)
Fig. 5.2 illustrates this principle in the specttamain:
I /"' Jin: il 1] ™ v
\ —""’ \ h~\“‘~ \ /
LT TN
f”” ~~\‘\
oy
L NN
P P \~~\
L (l ™ NN
e ’ il
. . . wavelength (frequency)
== Transmission of the enhancement resonator =S pectrum narrowing element bandwidth
==Reflection from the input coupler of the enhancement resonator =~ ——Longitudinal modes of the main fibre laser cavity

Figure 5.2: Intracavity enhancement resonator €gpioverview in the spectral domain

Only those axial modes, represented by the greglin fig. 5.2, that are resonant in
the enhancement cavity can be transmitted throlghidsonant enhancement cavity
without significant loss. All other modes experiertggh loss via reflection from the
input coupler of the enhancement resonator. Thetspa narrowing feedback
element (e.g. diffraction grating) is used to setbe lasing wavelength and to reduce
the emission bandwidth so that it is smaller tHan ghase-matching bandwidth for
second harmonic generation in the nonlinear cry3taé laser can then oscillate on
the axial modes that lie both within the transnoisgpeaks of the enhancement cavity
and within the spectrum-narrowing element bandwidtthe blue line in fig. 5.2.
This leads to high intracavity power in the enhaneet cavity at the fundamental
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wavelength and, hence, high second harmonic coioveesficiency. The intracavity

powers attainable via this approach can be muchehighan for a conventional
intracavity-frequency-doubled fibre laser with g@me pump power if the round-trip
loss of the enhancement cavity is small compardtidaound-trip loss for the fibre
laser. This condition is usually quite straightfard to achieve. A major attraction of
this approach compared to external cavity resosaobnd harmonic generation is

that the fibre laser does not have to lase on@esizxial mode.

The laser can be designed to operate on a largderuof axial modes that are
simultaneously resonant in the enhancement calitis. is generally easy to achieve
in a fibre laser because of the long round-trigngangth and hence small axial mode
separation. In practical configurations there igagls a large number (typically%0

10% of transmission peaks within the spectrum-narrowing element bandwidih

N ~ dAA/A? (5.3)

(whered is the round-trip path length of the enhancemesbmator), and multiple

longitudinal modes within each transmission pealt. ehsure stable operation on
multiple axial modes of the fibre laser, the lengfttthe fibre and the enhancement
cavity design should be carefully chosen so theratileast one axial mode within
each transmission peak of the enhancement cawiig. condition is achieved when
axial mode separation (5.2) is smaller than thelwad the transmission peak (5.9).

This relation leads to the minimal effective lenfghthe main laser cavity:

Lonin =~ dF (5.4)

This means that the main cavity round-trip lengtisstrbeF times longer than the
round-trip length of the enhancement cavity, whelie the enhancement resonator
finesse. In cases whekg,, is substantially longer than a typical active dilbength
needed for pump light absorption, a section of &ched passive fibre can be spliced
to the active RE-doped fibre to extend the totalitgdength. For the main cavity
round-trip lengths greater than (5.4) there areagbvmany axial modes that satisfy

the resonance condition and active stabilizationhef cavity length is not needed.
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Hence, this approach is immune to thermally-indusred mechanically-induced path
length variations. An important feature of the re® enhancement cavity is that it
transmits light in both directions. The transmiss@f the enhancement cavity for
resonant wavelengths depends on the transmissits ioput and output couplers as
well as its power-dependent round-trip loss. In timg fibre laser configuration,
oscillation in forward direction (indicated by aws in fig. 5.1) is not favoured. For
the same incident power levels, the round-trip lo§sthe enhancement cavity,
associated with the power-dependent second harnhmsscis greater in the forward
direction when compared to reverse direction. Hemceorder to yield efficient
second harmonic output, a non-reciprocal deviog. @ Faraday isolator) is needed
to enforce unidirectional oscillation in the forwadirection. The non-reciprocal
device should be positioned after the enhancenaaityc to minimise the loss in the

fundamental power entering the cavity.

An alternative arrangement to the ring configuratie presented in fig. 5.3. The
linear oscillator configuration is based on the saprinciple, but the resonant

enhancement cavity is now integrated within a stap@vave fibre laser’s cavity.

Pumping
Feedback
Spectrum Fiber-based Resonant
narrowing gain stage enhancement
element cawty
Feedback
SH output

Figure 5.3: Internally-frequency-doubled fibre laseoncept (linear configuration)

The main difference from the ring configurationthat the fundamental light needs
to pass the resonant enhancement cavity twiceop@drtrip (in opposite directions).
The standing-wave cavity configuration allows femoval of the non-reciprocal

device and its practical implementation is moraigtitforward than the ring cavity
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configuration. The disadvantage of using this applhas the fundamental power loss
in the feedback path. After first transmission tigb the enhancement resonator in
forward direction and reflection from the feedbat&ment laser signal experiences

high loss due to the impedance mismatch (see eekbsa 5.3).

5.3. Resonant enhancement cavity

As it has been explained in Chapter 4 the seconthdrdc generation efficiency is
proportional to the incident fundamental power (é@8). To obtain high second
harmonic power, the nonlinear crystal can be placside a low-roundtrip-loss free-
space resonator to benefit from the high intragapwer. An example of such

cavity configuration, a ring resonator in a “bow*tscheme, is illustrated in fig. 5.4.

LBO axes
orientation

thermocouple

Figure 5.4: Enhancement cavity in a “bow-tie” cgnfiation with a Brewster-cut LBO

The ring resonator comprises two plane-plane ngrran input coupler Mand an
output coupler M with reflectivities Ri=r;> and R, =r,°> at the fundamental
wavelength respectively, two concave mirrorg &hd M, (radius of curvaturdR;)

with high reflectivity R = Ry = rqg> at the fundamental wavelength and high
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transmission at the second harmonic wavelengthadBieewster-angled LBO crystal
of lengthL. housed in an oven and cut for type | non-critml@se-matching (i.e. the
beam is incident on the crystal surface at Brewstgle3g). r1 r, andryr are the
electric field reflection coefficients at fundamaintvavelengths for mirror M1, M2
and M3 respectively. The oven is driven by a termpge controller connected to a
thermocouple in thermal contact with the surfacehef crystal. To minimize losses
the incident beam has to be polarized in the XA@lavhich means the generated
second harmonic will be polarized along the Y gXisxis corresponds to an optical
axis of the crystal with the highest refractive emdvalue at the fundamental

wavelengthn?).

If the incident electrical field amplitude i, the amplitude transmitted by the cavity
E:, will be:

(5.5)

[oe]
. n Eitltz
E=ZE-tt tt,t.ed) =———-*%
t 112(120 ) 1—r1r2tce“3
n=0

where 6=27"d is the round-trip phase shiftd (- round-trip path length),

tp ={1-172), t, =41 -1 are the amplitude transmittances of the mirrors
My and M, respectively, and the round-trip transmission fiamc (excluding input

and output coupler losseg)s given by:

te = rI-%R\/(l —a)(1 — nspe) (5.6)

wherea is the sum of all losses excluding conversionetmad harmonic output and
mirrors’ transmissions (i.e. residual reflectiomsl ascattering from crystal surfaces,
scattering from mirror surfaces, scattering andogdi®on in the crystal, aperture
transmission losses) angdy. is the single round-trip second harmonic conversio
efficiency, defined as the ratio of second harmamitput power to fundamental

circulating power incident on the crystal.

The power transmission function, defined as thie @t power transmitte®; by the

mirror M, to the powepP; incident on the mirror V) is given by:
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EE; (t1t)?

T(S) = =
) E:E; (1 —mrnrt)? + 4nryt.sin?(6/2)

(5.7)

This function is plotted in fig. 5.5. We can seattit is similar to the transmission
function of an etalon (appendix A), and only resdunaavelengths (frequencies)

close to the resonance condition si@?(5/2) = 0 are transmitted.

. 26 L7t
sin * — = ( 177,
2 4ryyt,

B

Transmission function
—
E
=

Wavelength

Figure 5.5: Power transmission function of the “bmat resonant enhancement cavity

The transmission functidh(d) reaches its maximum valde= T,,,, when the

phase-shif6 = 2mm (i.e.A = d/m), wherem = 1,2,3 ...

2

it )
T s 58
max (1 7”17”2 tc ( )

and half of that value T =T,./2 for §&§=2mm+3dz, where

83 = F2sin? <—1_r1r2tc>.

2,/Triatc

Hence, the width of the enhancement cavity resomale is:

5/1 /12 (5 5 ) 2/12 ] (1 - rlrztc> 5 9
= —0_) =—=sin"' | —— .
2nd * d 2 i1t ( )

or §v = ¢61A/2? in the frequency domain.

124



Meanwhile, the free spectral range (FSR), i.e. ghectral distance between the

transmission peaks of the enhancement cavityyvengby:

2 AZ

=5 [2m(m+1) - 2mm] = — (5.10)

A
d

or Av = cAA/2? = c¢/d in the frequency domain.

The finesse of the cavity is defined as a ratithef FSR and the cavity mode width

and can be expressed as:

B
S Zsin‘l(l/ﬂ)

(5.11)

where the finesse coefficient:

b= 4rryt,
(1 —ryryt)?

A set of expressions as a function of poweincident on the input mirror of the
enhancement cavity (M can be written; including expressions for the pow
transmitted by the ring resonat®¥ that is extracted through the output coupler
mirror (M), the intracavity power circulating inside the aeatorP. before hitting
the output coupler M the power lost in the cavity (excluding secondni@mic
output and input/output coupler transmissioRspnd the power rejected from the

cavity via reflection from the input coupler;MurfaceP; (equations 5.12-5.15):

P;(t,t;)?
(1 =yt )? + 4ryryt, sin?(6/2)

P.=PT = (5.12)

Pit?

P.=P,T/t? =
« = hT/t (1 — ry1yt.)? + 4ryryt,. sin?2(6/2)

(5.13)
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Pitirs(1—tZ)

5.14
(1 —ryryt.)? + 4ryryt, sin?(6/2) ( )

P =Pri(1—-t2) =

(ry — rpt)? + 4ryryt, sin?(6/2)
(1 —rryto)? + 4ryryt,. sin?(6/2)

P.=P—P,—P =P, (5.15)

Factors containingin?( §/2) term in equations (5.12-5.15) disappear for resbna

wavelengths (frequencies) satisfying the condition:
da
Ae=— OF v = mg (5.16)

Optimum performance of the resonant enhancemeitiyaan be achieved when the
input coupler transmission is equal to the sumlladtaer losses in the resonator, that

is, when the cavity meets the impedance matchinditon:
T'1 = rztc (517)

Assuming a small conversion regime (4.28), witltwdating power given by (5.13)
and using (5.6), impedance matching condition (bckn be rewritten as a function
of powerP; incident on the input coupler Mand proportionality constamst defined
by (4.27).

6Pi722r5R> (5.18)

r2 =rirpr(1—a) <1 =2
1

Solving (5.18) forr; leads to an expression for the optimal (impedanaghed)

input coupler transmission:

. a a'? 1-a
Tll'm' =1- le = ? + \/T + EPL' 1—a (519)

where a’ = 1 —rfrjz + a is a total round-trip loss (excluding the inputupter

transmission), accounting for losses in the crystaind leakage losses through the
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output coupler Mand concave mirrors and M, Equation (5.19) can be found in a
simplified form ¢, =gz =1 i.e. ' = a) in many papers regarding SHG in

external resonant cavities [5.1].

If we consider only resonant wavelengths (5.16power is reflected from the input
coupler of the impedance-matched reson&o 0, according to (5.15), and thus

the resonated power (5.13) reaches its maximunevalu

pim = L (5.20)
¢ T1-R,

The transmission function (5.8) of the impedanceiched resonator no longer

depends on the lossand is then equal to:

(5.21)

If we compare the SHG process in the small conerregime using an impedance-
matched resonator and the SHG using the laser leeutly incident on the
nonlinear crystal (i.e. single-pass configurationg can see that the fundamental

power enhancement fact@y, in the resonant cavity can be expressed as:

_ Poriviip _ RyR3
w Pi - 1— R:llm

(5.22)

This number also describes the SHG efficiency ecéiaent factor (defined as a
ratio of the resonantly-enhanced SHG conversioigieffcy ng;;; to the single pass

SHG conversion efficiencyg-.:

r.e. 2..2
0 = Nstg _ €Rc15Tar ~ RaR3

w — _sp. T ] - im.
Nsue €P; 1—R;

Second harmonic output enhancement fa@tgy will be then given by:
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€(Pc7”227'1-21R)2 R3R3
0y, = — 7 =02 = m (5.23)

l
If we make the M and My mirrors transmission losses small, the enhancement

factors will be approximately:

im im.\2 (5'24)

2, ~(1/T¥™) and 0,, ~ (1/Ti™
(/rim) 20 = (1/Ti™) (5.25)
where the transmission of the impedance-matchedt iogupler should be chosen to

be approximately equal to the sum of round-trigéssin the enhancement cavity:
Ti™ ~ gy + o (5.26)

In the scheme illustrated in the fig. 5.4, the fameéntal beam is incident on the LBO
crystal’'s surface at an angle (to the surface’smabyin the plane of incidence) close
to 85 ~ tan~1(nZ), thus minimising losses from the Fresnel reflackg from each

of the crystal surfaces for the fundamental wavgien

. tan?|6 — (”/2 —65)] _
@ tanZ[HB + (”/2 - GB)J

0 (5.27)

On the other hand second harmonic output experseioss by Fresnel reflectiar),

of:

N sin?|6p — (/5 — 65)|
7 sin?] 05 + (/5 — 65)] (5.28)

= cos?|2tan"1(n%)] = 19.4%

Hence, only 80.6% of the second harmonic power ige¢ee in the LBO crystal can

be extracted in the main output beam.
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5.4. Enhancement cavity design optimization

The simplified ray transfer (ABCD) matrix [5.2] fahe round-trip in the empty
“bow-tie” resonator (i.e. without the nonlinear stgl), with the starting point at the

waist between the concave mirrors, can be expresdbd form:

d 1 0 B 1 0 d
A B _ |1 m 2 1 d—dp 2 1 (5.29

2 —_— 1 —_—— 1 2 . 4
¢c DI [p 1 R, 0 1 R, 0 1

Whered,, is the distance the light travels between the cemaairrors’ surfaces.
Waist spot size (radius)o and its positiordz, (with respect to point at half-distance

between the plane mirrors) can be calculated o3[

2 ’4 — (A+D)?
wo= | (5.30)

A=D
629 = —— (5.31)

Likewise the waist in the upper arm of the resondi®. between M and M
mirrors) spot size and position shift can be catmd from (5.30) and (5.31)
respectively, with elements of the ray transferriratf a round-trip starting at the

upper arm waist position amended to:

ool .

It should be noted that (5.30) and (5.31) are apprate values of waist spot size

1 01 d—dp
2 [1 > ] (5.32
0

R, 1

d—d,
1
2
0o 1

1 0
.
R,

and position which are slightly different in a gieal configuration with a nonlinear
crystal for the Y and Z crystal axis directionsed astigmatism caused by non-
normal incidence on the concave mirrors and crystafaces. For the Brewster-

angled crystal configuration it is possible to camgate the astigmatism arising from
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refraction at Brewster-angled surfaces by settingedain incidence angle on the
concave mirrors. Such angle of incidence shouldlrés a difference between focal
lengths of the concave mirrors in the XZ plane dnel XY plane respectively.

Geometrical analysis [5.4] deliver stable mode saations at incident angles close

to O, satisfying:
R.tan(8,) sin(6,) = L.[(nd)? — 1]/(n?)® (5.33

Wave analysis [5.5], however, shows that the beaistvinside the crystal remains
non-circular in the centre of the stability ranger a critically-phase matched crystal
with perpendicular surfaces, astigmatism cannotfllyy compensated, so the
incidence angle on the concave mirrors must be kemll (e.g.0r < 5°, where

astigmatic effects are negligible).

5.5. Mode matching

In addition to the impedance matching conditiod8y.and optimal waist spot size in
the nonlinear crystal for efficient nonlinear fremgey conversion, another important
design aspect is a good geometrical overlap betwserfundamental mode of the
enhancement resonator and the beam (essentiatlyaatpatial mode of the main
laser cavity) incident on its input coupler. Mattaimally, the quality of mode

matching can be quantified with an overlap integral

_ |[ E{E,dA|
VIIE1 |2 dA [|E,|2 dA

Mo (5.34,

whereE; andE; are the complex electric fields in a plane, refgrito the field of the
spatial mode of the main laser mode and the fiéldhe enhancement resonator
mode, and the integration spans the whole beans-sexion. If we consider only
fundamental resonator modes overlapping, the moatelimg will depend on the
relative waist positions, spots sizes, and the lamgelationship between propagation

directions.
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In practice the overlap integral depends on mantofa including the quality of the
beam exiting the core of the fibre laser. For thesson mode matching was

examined experimentally in an oscillator configioat- a fibre laser with an empty

(i.e. without a nonlinear crystal) “bow-tie” enh@meent resonator, as shown in fig.
5.6.

i O

Figure 5.6: Fibre laser with an internal enhancdmesonator — experimental set-up

The experimental set-up was based on a sectione{Besin length) of a relatively
standard ytterbium-doped fibre (YDF) with a singiede core, 0.075 in NA, 9.6 um
in diameter, and pure silica D-shaped inner-clagidin4 in NA, 150 um in diameter.
Feedback for lasing from one end of the fibre wamsvided by an external cavity
terminated with a simple broadband reflectay, Mith high reflection Ry > 99.9%)
at the central wavelength of the emission bandwidt©80 nm. From the other side
of the fibre, the feedback was provided by anothéernal cavity containing a ring
enhancement cavity and terminated with anotherdiraad reflector M with high
reflection Rs > 99.9%). Pump light from a fibre-coupled (220 pmezd¥A of 0.22)
laser diode-bar module (LDM) at 975 nm was laundhéal the fibre end adjacent to
the reflector M with the aid of a dichroic mirror Mand two lensesLand L, (with
focal lengths off; = 15 mm andf,=8mm respectively) in a telescopic
configuration. The enhancement resonator with av:bie” geometry consisted of a
plane input (M) and output coupler (B partially transmitting To = 6.0% and
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T, = 1.2% respectively), a concave mirrorz Mith high reflectivity R; > 99.5%)
and a concave output coupler mirrog With transmission simulating the single-pass
SHG conversion efficiencyl = 5.5%) at central laser wavelength. Transmissidns o
the four mirrors forming the resonant enhancemauitg where chosen to be close
to the impedance matching condition (5.17). Despisenall deviation from the ideal
impedance matching, it should be possible to laur@9P% of the light incident on
the input coupler according to (5.15) for a perfgzatial overlapr, = 1) with this
set of mirrors. The concave mirrors were choseh aifrvature radiuR. = 200 mm,
and distances between the mirrors were respectiiihyM,| = 252 mm, |[M,M;| =
257 mm,|M,M,| = 254 mm, andM;M,| = 252 mm. The incidence angle was made
as small as the geometry of the cavity allowedgj,e~ 4.8 in order to minimise the
astigmatism effects. Such a cavity supported adomehtal mode with a waist spot
size of ~77um between the concave mirrors and another waisB8b0pum between
the planar mirrors. The beam leaking through thengl output coupler (M was
being re-collimated with a lens; l(of focal lengthf, = 250 mm) to form a waist on
the surface of the broadband reflectos. Mh this way, beam incident on the output
coupler (M) after reflection from M could be mode-matched (not impedance-
matched, though) to the enhancement resonator én rédverse direction of
propagation. Fine tuning of the resonator mode cimad be performed by changing
the resonant enhancement cavity length (e.g. chgntiie distance between the
concave mirrors). In order to yield good spatiatrap between the enhancement
resonator mode and the spatial mode of the fibserlaxternal cavity, the beam
exiting the fibre core was tailored to match theisivapot size (~31@m) and
position (half-distance between the planar mirravish the waist in the upper arm of
the enhancement resonator. Fine tuning of the wspst size and position was
performed by varying the distanee between the waist and the focusing lens L
(with focal length off; = 8 mm) and later fine adjustment of the positionhef fibre
end with respect to the lens.[Figure 5.7 shows the far-field images of theewfd
beam taken with a CCD camera, after sufficientnaition, during the alignment

procedure (i.e. fine tuning of the waist spot sind position).
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Cavity aligned, incorrect Incident beam and
resonator mode spotsize resonator mode matched

Cavity not aligned

Figure 5.7: Beam profiles of the beam rejected ftbenenhancement resonator

(CCD camera images after sufficient attenuatiothefboeam)

Best coupling was obtained for the distarce 326 mm. For the arbitrarily chosen
incident power of 2.24 W (where the incidence powas monitored with an aid of a
reflection from a small angle wedge) ofly= 100 mW was reflected from the input
coupler, corresponding to ~96% of incident powdedaively launched into the
fundamental mode of the enhancement resonatgr~(96%). Power extracted
through the concave output couplerMvasP; = 1.65 W which corresponds to
~76% of the total incident power. The remaining powas distributed as follows:
~2.2% was fed back to the fibre, ~12% was lost naflection from the non-
impedance-matched coupling into the enhancemenvnaésr in the reverse
propagation direction and ~6% was lost vig &hd M, mirror leakage losses. The
intracavity power was 30 W which corresponds to ¢éimdancement facta®,, =
14.5. This experiment confirmed that it is possitbeintegrate the enhancement
cavity within the main cavity of the fibre laserthout suffering significant loss on
coupling between the main cavity mode and the erdraent resonator mode. It also
proved that the circulating power in the enhancdmesonator can be more than
order of magnitude higher than the intracavity powethe main fibre laser cavity,
and that most of the power launched into enhancenesonator can be efficiently
extracted with an output coupling mechanism (e.garially transmitting mirror or
SHG process in a nonlinear crystal) with only fevergent single pass

efficiency/transmission.
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5.6. Optical feedback

The feedback for lasing in the external cavity egrnitg the enhancement resonator
was provided by the broadband reflectos. Mlhe enhancement cavity was designed
in such a way so that only ~16% of the total poimerdent on the input coupler M
was leaking through the output coupler & be used in a feedback path. If we
consider the transmission through the enhancenwntycin the reverse direction
(i.,e. in the feedback path) the beam incident oa ithput coupler M suffers
significant loss due to impedance mismatch. The gootkansmitted through the
cavity in the reverse direction was measured (witlkd aid of a reflection from a
small-angle wedge) to be 49 mW out of 360 mW (~1486)dent on the output
coupler mirror M in the feedback path. The biggest loss in thelfaekl path was the
reflection due to impedance mismatch (~70%), tls¢ weas lost via leakage of the
Msand M, mirrors (2% and 14% respectively). Total feedbefficiency (i.e. power
returning to the fibre after double transmissiomtigh the enhancement cavity) was
thus < 2.2%, which was more than sufficient forag#ht locking of the longitudinal
modes of the fibre laser to the resonant modekethhancement cavity. The fibre
laser in the described configuration can operdteienftly with very small amount of
feedback (sub-percent reflection into the fibregenerally sufficient to lock the
longitudinal modes of the main cavity). For somefgurations it is possible to
observe efficient locking of the laser modes to @mhancement cavity resonant
frequencies even without the mirrors Mhat usually provides the feedback for lasing.
Researchers using enhancement cavities for redpmanitanced nonlinear frequency
conversion observed this kind of optical lockingsofid state lasers [5.6] and diode
lasers [5.7, 5.8, 5.9] and attributed it to thettecang from the imperfections in the
nonlinear crystal surfaces. In the laser configaratiescribed in the previous section
there is no nonlinear crystal in the enhancemenitycdfig. 5.6), thus optical
feedback must have a different origin. The optiealdback locking effect can occur,
when the beam incident on the surface of the mata given incidence angli is
refracted in the direction close to the normal te back (planar) surface of the
mirror (fig. 5.8). The refracted ray can then reflérom the back surface of the

mirror (via Fresnel reflection mechanism, as thike f the mirror is not typically
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coated for efficient reflection at fundamental wawgth) and launch power

efficiently into the counter-propagating resonatade of the enhancement cavity.

Figure 5.8: Geometry with the feedback for lasirigiag from the Fresnel reflection from

the back surface of the concave mirror (radiusuo¥ature and incidence angle not to scale)

The ray refracts at an angle

Or = sin~1(sin 8, /ny) (5.35

wheren,, is the refractive index of the glass substrates Hifect is the strongest
when the beam is incident not at the centre ofniiieor but off-set by a certain
distance (in the plane of incidence) from the aentr

x = R;sin(0,)/ny (5.36

and the mirror is rotated b§ (in the plane of incidence) to compensate for the
translation of the mirror (i.e. the beam reflecterin the tilted mirror with an off-set
incidence point has the same direction as the besftacted from a centrally
positioned mirror). This hypothesis was confirmedlocking the feedback path
(i.e. removing the mirror Mfrom the system), placing the highly reflectivermoi on

the 2D-translation stage and monitoring the oufpawer for different positions of

the incident beam on the mirror surface. Efficiexdking was observed only when
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the beam was incident on the mirror close to atpaoifiset from the centre of the
mirror by ~1cm (in the plane of incidence), whidhays in perfect agreement with
(5.36). The power returning to the fibre was meagup carry ~0.55% of the total
power incident on the enhancement cavity and thelow efficiency dropped to
56% after removing the broadband reflectog from 96% with the N mirror
providing ~2.2% feedback).

It should be noted that for both scenarios, i.ehwand without the broadband
reflector Ms, overall feedback efficiency was significantly lewthan the Fresnel
reflection of the perpendicularly cleaved fibre €rd.0%). This means that the fibre
laser in this configuration is operating on the cmon modes of the cavity formed by
the mirror My and the fibre end, and the cavity formed by miiviarand one of the
mirrors providing feedback from the external cayi®ys or M3). At the same time
those common modes have to be resonant in the esimamt cavity. This condition
can be difficult to achieve when the emission spmatis narrowed to be within the
phase matching bandwidth of the nonlinear prockssddition, mechanically and
thermally induced cavity length variations greatifluence the frequencies of the
common modes and their spectral position relativéhé transmission peaks of the
enhancement cavity, which in turn affects the latability. This constraint on the
operating frequencies can be alleviated by reduthirgeflection from the fibre end
so it is significantly lower than the overall feedhk efficiency from the external

cavity arrangement.

Splicing a coreless end-cap to the active fibra technique that is commonly used
for increasing the spot size at the silica-airriiatee in high-power fibre amplifiers to
reduce the intensity at the silica-air interfacel(§. This can also greatly suppress
unwanted feedback, especially when the surfackeasitica-air interface is cleaved
or polished at a small angle with respect to theefcross section plane. A section of
a solid silica glass fibre (the cladding is formi®dsurrounding air) without a doped

core is fusion-spliced to the output end of anvectibre (fig. 5.9).
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Section with polymer
coating removed Coreless fibre section

Core Inner cladding Splicing point

Figure 5.9: Fibre end termination scheme for feellsaippression (fibre sections lengths
not to scale)

The mode propagating in the fibre core expands aftéering the coreless end-cap
and cannot be efficiently launched into the coreraFresnel reflection from the
silica-air interface. A small fraction of this lighan be, however, launched into the
inner cladding of the fibre, thus it is important $upress the propagation of the
cladding modes. The latter can be done by remowimg or more sections of the
polymer coating forming an outer cladding and rejpl@ it with a medium of
refractive index matching the refractive index lod inner cladding. It should be also
noted that suppression of the cladding modes via tbchnique significantly
improves mode matching between the beam exitingfibiie and the fundamental
mode of the resonant enhancement cavity. The useomless end-caps in the
experiments on internally-frequency-doubled fibesdrs generally improved the
output power stability and enabled reaching highdgput powers. The downside of
using the end-caps is the lack of feedback thatidvibe desired in some situations. If
the external cavity becomes misaligned or blockieel,laser would generally switch
to lase on modes of the cavity formed by the Fresafkection at the output end of
the fibre. For the laser having the end-cap splmedhe end of the fibre, in case of
cavity misalignment (e.g. due to thermal expangimder high-power operation)
there is no alternative feedback for lasing andghi@ in the fibre builds to a level
where the laser can lase in a cavity formed by mtips in the core or stray
reflections from objects outside the fibre. Thisdamf operation is generally very

unstable, with self-pulsing behaviour leading glyidhk fibre facet damage.
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5.7. Temporal characteristics

Temporal characteristics such as axial mode forntimgscales and sensitivity to
vibrations of the fibre laser with an enhancemesonator integrated within the
main laser cavity were investigated with an aicaahechanical modulator (optical
chopper) and a mirror attached to a transducer robgiezoelectric ceramic material
(Lead Zirconate Titanate — PZT). The ring-shapeez@electric transducer was
attached to the planar output coupler of the endraeat cavity (M) in a way so that
it wasn’'t blocking the beam double-passing throtigh enhancement cavity (fig.
5.10). Its purpose was to scan the cavity length bystance corresponding to a few
(1-15) free spectral ranges with scanning frequeniti the range of 10 Hz - 2.4 kHz.
At the same time the output powé&:) and rejected poweP{) were monitored with
an aid of photo-detectors.

Mechanical modulator Ring-shaped ceramic
positions Ei (PZT) piezo transducer

Figure 5.10: The position of mechanical modulagtements in the enhancement cavity

He-Ne laser and a simple scanning Fabry-Perotf@mteneter, configured as in
figure 5.11 were used for the calibration of theTRZ&Ansducer and measurements of
the maximum mirror displacement and velocities mlatale with this device. The
beam from the laser was passing through the fisiosary mirror and second
scanning mirror attached to the ring-shaped pientet element, both partially
transmitting (T=2.2%) at He-Ne laser wavelengthd aventually incident on a
photodetector (PD) connected to the oscilloscop8Q Piezoelectric transducer

was connected to the triangle driving voltage with the frequency and peak-to-
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peak amplitudeAV. The mirror glued to the transducer was beingldcgd by a

distance proportional to the applied voltage.
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Figure 5.11: Experimental set-up for the piezoeleceramic (PZT) transducer calibration

Subsequent transmission peaks, separated in tim# bgrrespond to the mirror
traveling the half of the He-Ne laser wavelengtstahce Xyend2), during the

driving voltage change obV=p Apend2 (Wherep is the voltage-to-displacement
proportionality constant). During half of the scamncycle the mirror travels the

maximal displacement distandé proportional to the driving voltag&V:

}\HeNe \
= 5.37
§d = AV - (5.37]

with the velocity given by
vy = 2fdd (5.38

or

/1HeNe \
= 5.39
Ym = st (539,

Figure 5.12 shows the values of a) maximal miriespldcement calculated from the

direct readings of the voltage across the PZT thacer (5.37), and b) maximal
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mirror velocity; black circles are calculated frqfn37 and 5.38), red squares are
calculated from the readings of the temporal sejeraf transmission peaks from

the oscilloscope (5.39) plotted against scanniaguency.
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Figure 5.12: Piezoelectric ceramic (PZT) transdweadibration: a) maximal mirror

displacement b) maximal mirror velocity plotted sga scanning frequency

The piezoelectric transducer was then attachetiécotitput coupler Mof similar
weight and size to the mirror used in the calilo@at@xperiment and the mirror was
scanned over the full range of frequencies (0-2Zkivhile the output power of the
fibre laser P;) was monitored with an aid of a photo-detectore Thvity length was
being changed by the maximum distance 26% cos 8, =18.53 pm (1.83x10
relative change in cavity round-trip length) andhmmaximum rate of change in

cavity lengthv; = 4f6d cos 8, = 4.42 mm/s (for the scanning frequency ~120Hz).

This corresponds to ~0.02 nm (5.14 GHz) changénénspectral position resonant
frequency of the cavity per half of the scanningquewith the maximum frequency
sweeping speed of ~4.78 nm/s. The fibre laser ia tonfiguration completely

changes the set of oscillating longitudinal modegsomain fibre laser cavity, when
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the transmission peak moves by the spectral distdig given by (5.9). Using
(5.10) and (5.11) leads to:

81, = A2/(dF) (5.40.

Finesse (5.11) for this set of cavity mirrorsFiss 48, sod, ~ 2.4x10° nm. The
spectral position of the transmission peak is propoally dependent on the cavity
length, so the transmission peak travels the sgedistance (5.40) while the cavity
length changes byd, = A/F =225 nm. In other words, the laser completely
changes the set of oscillating longitudinal modesery 6t, = éd, /vy = 5.1 us,
~810 times during each half of the scanning cytle (20 Hz). Power stability
measurements showed no evidence of breaking tlb@aese condition throughout
the whole scanning frequency range and the outpwepremained stable with the
stability better than 1.3% (standard deviation tairmvalue ratio) for timescales
100ns-10ms, despite the constant change in théydawgth. The conclusion we can
draw from this experiment is that the longitudimabdes of the main fibre laser
cavity (with the round-trip time,; = 60 ns) form relatively quickly and it takes less
than N = 4t /t, = 80 round-trips to establish stable axial modes that be

efficiently launched to the enhancement resonator.

Another experiment investigating the temporal cbi@nastics of the fibre laser with
the enhancement resonator integrated in the maitlycased the optical chopper.
These experiments were carried out with the choppsitioned between the fibre
gain stage and the enhancement cavity as wellsadeirthe enhancement resonator
(fig. 5.10). Its purpose was to switch the lasaxeen the cavity formed by mirror
Mg and the fibre end adjacent to the lens dnd the main cavity of the fibre laser
formed by the mirror N and mirror M (including double pass through the
enhancement cavity). At the same time power inrdikected beamR;) and the
power in the output beanP{) where monitored (after sufficient attenuation}thwi
photo-detectors. The chopper had 20 evenly spdegi@éd of widthd; ~ 1.05 cm at
the beam position separated with open slits of dlme width. The blades were
flying through the beam of spot sisg ~ 310um with the modulation frequency in

the range of 0-1 kHz. Figure 5.13 shows an exemmaperimental result for the
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modulation speedl ~ 430 Hz taken with the set-up comprising the optaapper
modulating the beam inside the enhancement cavitiya waist position between the
planar mirrors; a) the oscilloscope trace with Wioltage proportional to the output
optical power P;) extracted through the concave output coupler &hd b) the
oscilloscope trace with the voltage proportionathie optical power reflected from
the input coupler of the enhancement cavity;(M For f. = 430 Hz chopping
frequency the time it takes the blade to fly thiotige beam (gradually unfolding the
beam) isAt = w,/(dgf.) = 70 us and leaves the cavity fully open for the next
~1025us, before the next blade start covering the beamtlfe next 7qus) leaving
the cavity fully blocked for the next ~1025.

Poeak™2.75 XPyy

At=50 us (FWHM),
70 s rise time

' \ T~2330 ps
i { PCW ‘

b)

Time [ps]
0 500 1000 1500 2000 2500 3000 3500

Figure 5.13: The fibre laser modulated with a clespmside the enhancement cavity:
a) output power extracted through the concave outpupler b) power of the beam reflected

from the input coupler (traces not to scale invleical axis with respect to each other)

When the blades are not blocking the beam insideetthancement resonator the
fibre laser oscillates inside its main cavity, theput extracted through the concave
output coupler remains at the constant IRl (fig. 5.13a, time 0-500 us) and a
small fraction of power, depending on the mode-tmatg factor, is rejected from the

cavity (fig. 5.13b, time 0-500 us). As one of th®pper blades starts to fly through
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the beam, the mode-matching factor (5.34) gradud#greases so the fraction
rejected from the cavity gradually increases to th&ie of input coupler mirror
reflectivity Ry, (fig. 5.13b, time 530-600 us). The rest is blocksdthe chopper
blade so the output power gradually decreases thanvaluePcy to O (fig. 5.13a,
time 530-600 us). While the blade is blocking tlearn there is no output from the
enhancement cavity (fig. 5.13a, time 600-1750 ) the fibre laser reaches the
steady state in the cavity of a lower Q-factor (dngher population inversion)
starting with relaxation oscillations (fig. 5.13time 580-610 ps) and eventually
stabilising at constant output power (fig. 5.13met 620-1750 ps)Ry of which is
reflected from the input coupleAs the chopper blade starts gradually unblocking
the fundamental mode of the enhancement resorthi@roverlap factor increases
again enabling gradually increasing fraction of gwaver to be launched into the
resonator. Once enough power is circulating in éméancement resonator, the
external cavity arrangement provide more feedbackilie modes resonant in the
main laser cavity which has now a higher Q-factampared to an “off” state, when
the beam is blocked with a chopper blade. The latodj modes extract the
inversion built-up during the “off” state and foran~50 ps (FWHM) long pulse (fig.
5.13a, time 1800-1900 us) with peak power ~2.7%®sirtihe power extracted in the
steady state, and the rejected power graduallynetio a lower level defined by the
mode matching factor in the “on” state (fig. 5.18ae 1800-1900 us). Although the
switching times measured between the “off” and $taite depend on the modulation
frequency, the pulse width remained constant fgivan feedback level and cavity
length across the tested frequency range. AfteexdHla inversion is extracted, the
laser returns to the steady state of the highead@pf cavity and the whole cycle
continues. Very similar results were obtained wiltle optical chopper positioned
between lens 4 and the enhancement cavity. The only difference the limited
access to the power not launched to the ring résgnas it was blocked by the
chopper blade in the “off” state (oscillations etlow Q-factor cavity). All other

features in the oscilloscope traces remained thnesa

This experiment confirmed that the longitudinal reedof the fibre laser with a
resonant enhancement resonator integrated withéen rtfain laser cavity form
relatively quickly - no delays or power rise timesger than the modulation speed

were observed. A simple example of a “Q-switchegération was demonstrated
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with a 0-1 kHz repetition rate, which leaves theodopen to using fibre laser

architectures with intracavity enhancement resasatopulsed regime of operation.

Overall it was demonstrated that it was not possibl break the optical frequency
lock between the resonant enhancement cavity amantin fibre laser cavity with
sub-kHz modulation of the cavity Q-factor or cavitjprations up to 18.5 pum in
amplitude and 4.4 mm/s in cavity length rate ofrgein a similar frequency range.
We conclude that the laser’s longitudinal modesnfoelatively quickly within a
small number of roundtrips (most probably well bel@0 which is the upper limit -

higher numbers were ruled out by the describedraxpat).

5.8. Modal interference

All experiments described previously were basedfibre with a robustly single-
mode core. As it has been explained in chapter thisfthesis, the ability of the
design to accommodate the use of a gain medium aviirger core area than the
limit for robustly single-mode behaviour is an inn@amt advantage. Using a larger
core increases the catastrophic facet damage thidesind the threshold for
unwanted nonlinear loss processes and thus faedifarther power scaling. In this
section we describe an approach that allows effi@eupling of multiple transverse
modes in the fibre core to the fundamental spat@de of the enhancement
resonator. The fibre laser can oscillate on mudtiphnsverse modes inside the fibre’s
core which, on exiting the fibre end adjacent ®ititernal enhancement cavity, have
relative phases and powers such that they intetéergeld a combined (resultant)
beam that can be substantially spatially-matchedht fundamental transverse
(TEMoo) mode of the internal enhancement cavity by usamg appropriate

arrangement of lenses.

The underlying physical principle for this approa&n be explained as follows: In a
multi-mode fibre core, the number of allowed traarse modes depends on the
refractive index of the corengye), the refractive index of the surrounding cladding

material (gag) and the core diameter, whergye > nNgag fOr guidance. Each
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transverse mode is characterized by an effectiopggation constant and related
effective refractive indexnis), wherengyre > Nt > Ngag. The exact value farg for a
particular mode depends on the details of the fdesign and the mode, but as a
rough guide low order modes have a smaller modetean higher order modes and
hence have a higher value fiag. Each allowed transverse mode of the fibre has a
range of allowed frequencies (5.Which define the axial modes associated with a
particular transverse mode. The effective lendtthe fibre laser resonator depends,
amongst other things, on the length of the optikak and the effective refractive
index, ng of a particular transverse mode. Since the valoesg; are, in general,
different for different transverse modes, the asded axial mode frequencies are
also different. However, at certain frequencies #xial modes of two or more
transverse modes share the same frequency and ihaewell-defined phase
relationship between these modes. The internalrex@maent cavity acts as a spatial
filter and a frequency filter, since only the traesse modes of the fibre core which
interfere to yield a combined beam that is sub&tiytspatially-matched to the
fundamental mode of the enhancement cavity and axthl mode frequencies that
are resonant in the internal enhancement cavityeak®ack to the fibre gain element
and hence can lase. Other transverse modes witratif axial mode frequencies
experience a high reflection loss at the input ¢au the enhancement cavity and
hence are suppressed. Preferential lasing on tigafoental (TEMp) mode of the
enhancement cavity may be aided by the use of enmare apertures in the

enhancement cavity to help suppress higher ordesterse modes.

This effect of modal interference was investigaitedan experimental set-up very
similar to the one from figure 5.5, but with thagie-mode fibre replaced by an Yb-
doped fibre Nufern PLMA-YDF-25/345) with a slightly multimode, 25 um diameter
core, NA= 0.055, and a pure silica inner-cladding, NA4, 345 um in diameter.
The normalised frequency parameter for operatingeleamgthA = 1080 nm was
V = 4.0. The modal structure for this fibre (where th&active index profile was
approximated with a parabolic function) was foundhwan aid of commercially
available software@ptiwave, Optifiber software package). Figure 5.13 shows the
calculated values of effective refractive indextf@dd against the diameter of the fibre

core.
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Figure 5.14: Simulation of the effective refractineex values for different spatial modes

propagating in the fibre as a function of the fiboge diameter

Certain modes form groups of modes with similaeei¥e refractive index values.
Although the modes within a group propagate with same velocity in the fibre
core, they can have substantially different spatédctric filed distributions

(profiles). Mode profiles grouped in the first figets of modes with similar effective

refractive indices (as calculated wilptifiber) are shown in figure 5.14:
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Figure 5.14: Simulation of the mode profiles foe tive groups of spatial modes with the
highest values of the effective refractive indegpagating in the fibre (spatial modes with a

similar effective refractive index value are grodpegether)

According to the simulation results the Yb-dopdadiwith a 25 um core, which was
used in the experiment, supported only 5 modes franfirst three groups shown in
fig. 5.14. These modes can add up constructivefprim a spatial distribution close
to the fundamental mode profile, only for a fixedape relationship occurring at
certain frequencies (wavelengths). The mode fi¢ltha facet of the fibre is then
close to Gaussian beam profile. Figure 5.15a shbesimulated total output power
after double-pass propagation through a 5 m sectibra fibre used in the
experiment, as a function of wavelength, assuminrag &ll three groups of modes
were launched into the fibre with equal amplitudEse beating pattern corresponds
to the separation between the wavelengths, forlwthie groups of modes interfere
constructively. The smaller spacing of ~0.2 nm egponds to beating between the
individual modes, and the wider spacing of ~1.0 eorresponds to the separation
between the wavelengths for which all three groofpsiodes add-up in phase. For
different ratios of power in the individual moddeetrelative height of the peaks
would be different but the spectral separation waeimain the same as it depends
only on the effective refractive index values ané ¢ffective length of the fibre laser
resonator. Figure 5.15 b) is a part of the measlaser output’s spectrum. Well
defined peaks can be observed, with a spectratagpaof ~1 nm. We can conclude
that the peaks correspond to the wavelengths, Fachwall three groups of modes

interfere constructively and form a superpositibnmmdes with a transverse profile
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having a high mode-matching factor with the fundatak mode of the resonant
enhancement cavity. The spectrum of the fibre laseaffected by many factors
including spatial hole burning and the spectral riaye between the resonant
frequencies of the enhancement resonator and #uridncies of the constructive
super-positions of the supported mode groups (¥emfifect), but the characteristic
feature arising from the mode super-positions egitihe fibre all in-phase every
~1nm is clearly visible. The best mode-matchingtdacin this fibre laser

configuration was measured to be ~81%.

a) ~1 nm
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Figure 5.15: a) Simulation of the beating patteetwleen three groups of modes after a
double pass through the multimode fibre sectioTtg output spectrum of the fibre laser
using modal interference to couple light into theeinal enhancement cavity’s fundamental

mode

5.9. Conclusions

This chapter introduced the concept of the powlaproement via use of an internal
free-space enhancement resonator integrated wathimain fibre laser cavity. The
theory and design criteria for the enhancementtgavith two partially transmitting
mirrors have been presented. The importance ofadpabde-matching between the
fundamental mode of the enhancement resonatorhentibre laser’'s mode as well
as the optical feedback from the external cavitgragement has been discussed.

These were illustrated with the experiments, whéhe empty “bow-tie”
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enhancement cavity was integrated within the mawitg of a fibre laser based on
an Yb-doped fibre with a single-mode core. The Bpatial mode-matching between
the fibre laser's mode and the fundamental modé®fenhancement resonator was
measured to be ~96% and the feedback level suffidier efficient frequency
locking was very low (typically <3%). The opticaldking was proven to be very
tolerant to vibrations, as the output power lasamained stable (< 1.3%) under
resonant enhancement cavity vibrations greater fl&mum in amplitude and 4.4
mm/s in cavity length’s rate of change. The axialdes needed for maintaining the
frequency lock formed quickly in < 5 ps (< 80 routrgps) timescale. Simple
mechanical modulation of the external cavity areangnt’s Q factor induced optical
pulse formation rather before breaking the resomaondition and proved a route to
a pulsed regime of operation using this kind oforedor architectures feasible.
Modal interference approach for efficient couplrgfween the fundamental mode of
the resonant enhancement resonator and the mattabsmpode content of the
external cavity arrangement was introduced and raxpatally confirmed with a
fibre laser set-up based on an Yb-doped fibre witmulti-mode core. The best
mode-matching factor between an empty “bow-tie”itgaand a multi-spatial-mode

fibre laser's mode was measured to be ~81%.
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Chapter 6

Internal resonantly enhanced
frequency doubling in CW fibre

lasers

6.1. Introduction

This chapter describes the development and povadingcof a frequency-doubled
continuous-wave Yb-doped fibre laser employing rernal resonant enhancement
cavity, which has been introduced in the previduepter. Design considerations for
the enhancement cavity and nonlinear crystal atemis corresponding to two
different phase-matching conditions are discussedection 6.2. The following
section 6.3 presents the experimental results waraleconfigurations investigated
during the development of the high-power continuaase green fibre laser. It starts
with preliminary set-up in a ring resonator geomégection 6.3.1), followed by a
linear configuration based on a robustly single-e¥t-doped fibre and a Brewster-
angled LBO crystal oriented for non-critical phasatching. Performance of the
latter, including wavelength tuning flexibility, sdeenthoroughly investigated and
discussed in section 6.3.2. The next section (b.8t8sents a procedure using a
‘bulk’ solid-state laser to aid the alignment oé timternally-frequency-doubled fibre
laser, which was used to optimise the design ofaskrs with a linear resonator
configuration described in this chapter. Sectio®i4a describes the experiment on
power scaling of an internally-frequency-doubledelabased on a slightly multi-
mode Yb-doped fibre. Coupling light into the enhement resonator, aided by
modal interference is also demonstrated. Anoth@eemental set-up based on a
different LBO crystal orientation (critical phasetohing in room temperature) with

a narrow linewidth and improved beam quality hasnbe@iscussed in section 6.3.4b.
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6.2. Design considerations

Two different LBO crystals, both configured for iefént SHG to ~540 nm but
designed for different phase matching techniquee wsed in the experiments on
internal frequency doubling in high-power CW fibesers. Careful design of the
enhancement cavity was necessary prior to alignroénbhe experimental set-up.

This section briefly reviews the most importantigesonsiderations.

a) Brewster-angled 15mm long LBO crystal cut and dadnfor type | (ooe)

non-critical phase matching (as illustrated in @dl):

Figure 6.1: Principal crystal axes orientationyipe | non-critically phase matched Brewster-

cut LBO. (XYZ — principal crystal axes, x'y'z’ —tmratory coordinate system)

Fig. 6.1 illustrates the crystal's geometry andh@pal axes orientation with respect
to the laboratory coordinate system. The principgstal axes coordinate system
XYZ is rotated around y’ axis b§ = 90" with respect to the laboratory coordinate
system (z’ — propagation direction). The front aad of the crystal (i.e. the surface
the fundamental light is incident on) is tilted @ anglef = tan"1(n) = 6
(Brewster angle at the fundamental wavelength). Tigbt at the fundamental
wavelength (in red) is polarised along the Z awikile the second harmonic output
(in green) has the orthogonal polarisation (alongaXs). The phase matching
temperature (4.32) for generating second harmonidpud at 540 nm is
Tpym = 394.8 K (121.6C). Refractive indices at fundamental wavelength tfos
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temperature calculated from Sellmeier’s relatiom ~ 1.5893 anch = n}, ~
1.6048 in Y and Z directions respectively. The nwoedr coefficient in this
configuration isd.ss = 0.847 pm/V. The phase matching temperature bantyidt
FWHM, (4.35) isAT,,, ~ 3.4 K. The angular acceptance bandwidth, FWHM2}.

is AB,,,, = 21.6 mrad (~1.2. The wavelength acceptance bandwidth, FWHM, is
AMy, = 0.9 nm. The walk-off angle for the second harmanitput isp ~ 1.8 mrad
(~0.7)

b) AR-coated 10 mm long LBO crystal cut for type | édaritical phase

matching (as illustrated in fig. 6.2):

Z A <

Figure 6.2: Principal crystal axes orientationyipe | critically phase matched AR-coated

LBO. (XYZ - principal crystal axes, x'y'z’ — labat@ry coordinate system)

Fig. 6.2 illustrates the geometry and principal sapeentation of the LBO crystal
critically phase-matched slightly above room terapsme (303.15 K = 30C). The
coordinate system based on principal crystal axestated by = 90" (around y’
axis) and byp = 10.2 (around x’) with respect to the laboratory cooadsystem
(z’ — direction of propagation). The front surfagethe crystal is close to being
orthogonal to the propagation direction. The lighthe fundamental wavelength (in
red) is polarised along the Z axis, while the secbarmonic output (in green) has
orthogonal polarisation (along Y axis). Refractindices at fundamental wavelength

in the phase-matching temperature calculated froellm®@ier's relation are

n¥ ~ 1.5892 andnZ =nY, ~ 1.6050 in Y and Z directions respectively. The
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nonlinear coefficient in this configuration id.rr ~ 0.834 pm/V. The phase
matching temperature bandwidth, FWHM,AIR,,,, ~ 6.2 K. The angular acceptance
bandwidth, FWHM, (4.43) i46,,, ~ 10.9 mrad (~0.9. The wavelength acceptance
bandwidth, FWHM isAA,,,, = 1.4 nm. The walk-off angle for the second harmonic

output isp ~ 6.2 mrad (~0.39. Both crystals in configurations above were uised

the experiments described in the next sectionkisfchapter.

Two different enhancement cavities for the two LBfstals have been designed
and optimised for optimal conditions to yield eiiict second harmonic generation.
For the Brewster-cut crystal the enhancement cavig configured as in fig. 5.4.
The empty ring resonator geometry was designed &ntain a fundamental
resonator mode with a spot sizg = 45 um between the concave mirrors and a spot
sizew; = 200 pmin the upper arm (between the plane mirrors). &b émd, concave
mirrors were chosen with curvature radles= 75 mm, and distances between the
mirrors were respectivelyM; M,| = 102 mm, |M,M;| = 101 mm,|M,M,| = 116
mm, and|M;M,| = 87 mm (taking into account the optical path téntprough the
LBO crystal). The light was incident on the concawm&rors at angled, ~ 15.4
optimal for astigmatism compensation (5.33). Moegtaded numerical analysis
taking into account the presence of the LBO crystadl the astigmatism effects
caused by off-axis incidence on concave mirrors @afchction on LBO crystal’s

surfaces indicated elliptical beam inside the alysf spot sizew,, ~ 52 um and

Wy, = 75 um, which was close to optimum value ~60 ure ¢gsetion 4.4.4).

For the AR-coated LBO crystal the enhancement gavits configured as in fig. 6.3.
The empty ring resonator geometry was designed #&ntain a fundamental
resonator mode with a larger spot sizevgf~ 76 um (so that divergence would not
exceed the angular phase-matching bandwidth) betwes concave mirrors and a
spot sizew; = 300 umin the upper arm (between the plane mirrors). Tad #nd,
concave mirrors were chosen with curvature radtas 200 mm, and distances
between the mirrors were respectively; M,| = 270 mm, |M,Mz| = 260 mm,
IM,M;| = 260 mm, andM;M,| =246 mm (taking into account the optical path
length through the LBO crystal). The incidence anglas made as small as the

geometry of the cavity allowed, (i.8, ~ 4.8") in order to minimise the astigmatism
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effects. More detailed numerical analysis takintp inccount the presence of the

LBO crystal indicated a circular beam inside thestal of spot sizev, = 93 um.

O,
’ M, o0 M,
LBO axes oven
orientation M, M,
z X

Figure 6.3: Enhancement cavity in “bow-tie” configtion with an AR-coated LBO crystal

Once the cavity is aligned, fine tuning of the waigot size (both inside the LBO
crystal, and the upper arm of the ring resonatan) lee performed by changing the
distance between the concave mirrors. Figure @4vshihe dependence of the waist
spot size between the concave mirnegs(green line) and the spot size in the upper
arm of the resonataw; (red line) on the separation between the concavenmsdn,

in a) empty resonator designed for non-criticallyape matched Brewster-angled
LBO and b) empty resonator designed for criticalyase matched AR-coated LBO.
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Figure 6.4: Spot size values in empty resonatoith@ut LBO crystals) as a function of

concave mirror separation distance a) non-critfgatiase matched Brewster-cut LBO

configuration b) critically phase-matched AR-coat®D configuration
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Resonant enhancement cavity supported a stablarmgtal mode for the concave
mirrors separation range of 75-99 mm for the Brewstit LBO configuration and
200-273 mm for the AR-coated LBO configuration. Tiack vertical lines mark the
optimal mirror separation distances, close to #@re of the stability zone, that were

used in the final experimental configurations.

6.3. Experimental results

6.3.1. Initial experiment with a ring cavity

The initial experiment aiming to demonstrate théernal resonantly-enhanced
frequency doubling concept described in section Was based on ring fibre laser

resonator architecture, shown in fig. 6.5.

pC () IS0 @) Lo
Z M7 I “ — = \
Y . G
YDF
LBO axes W ‘ | ' YDF O
orientation L2
Lo \Angle~p0|ished end v
l Y
i Ms \ L M, M, SO0 Mg Ls
PC (¥
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M, (2)
\ v
I LBO u Green output

Figure 6.5: Internally-resonantly-enhanced freqyesmubled fibre laser:

initial experimental set-up in a ring cavity configtion

A double-clad Yb-doped fibre (YDE) — 7 m long section with a single-mode core,
9.6 um in diameter, and pure silica D-shaped imtedding, 150 um in diameter,

angle-polished at un-pumped end) acted as the gJament of the laser and was
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diode-pumped at 975 nm by a laser diode stack reotDM ®). The counter-
propagating (relative to the pump direction) outpetam ath, ~ 1042 nm was
extracted with a dichroic mirror Mand directed onto an input coupler, Mdf the
internal resonant enhancement cavity. Prior todiexece on the Mmirror surface,
the output beam passes through a polarisationalstage PCY, consisting of two
half-wave-plates on either side of a polariser, anglescope designed to provide
good spatial overlap between the incident beam #ued fundamental TEM
resonator mode. The internal enhancement resona@®mot fully optimised in the
initial experiment and comprised two plane-planerons M; and M of reflectivities

Ri = 94% andR, = 92% at the fundamental wavelength respectivigyp, concave
mirrors (125 mm radius of curvature) with high eefivity (Rs= Ry = Ryr > 99.8%)

at the fundamental wavelength and high transmissibrthe second harmonic
wavelength, and a Brewster-angled LBO crystal ¢uméd for type | non-critical
phase-matching. The beam transmitted by the enh@deresonator was passing
through a Faraday isolator 1S®before being coupled to a second 20 m section of a
double-clad Yb-doped fibre YDE. This fibre was identical to YD, angle-
polished at both ends and pumped at 915 nm byre-éibupled laser diode module
LDM @. Output from the YDF? was propagated through another Faraday isolator
1ISO @ and a second polarisation control stagd?®&mprising a thin-film polariser,
half-wave-plate, and a quarter-wave-plate. It waantdirected onto a diffraction
grating DG. Light reflected from the grating at twgpropriate angle (tuned for the
operating wavelength,) was coupled back to the YD through the angle-
polished end. It should be noted that second daigesformed by YDF? was not
mandatory for the ring oscillator to operate; itswiatroduced only for ease of

alignment and amplification.

This described set-up delivered maximum second twicypower ofP,, = 215 mW
in the output beam for fundamental power incidemnttee resonator P~ 8W (~50%
coupled into the internal cavity). This value cspends to 3.3% conversion
efficiency (6.6% with respect to the power coupledthe resonator). Although
inefficient and un-optimized for impedance matchimgpot size inside LBO crystal,
this ring configuration provided a sufficient preaffprinciple, laying down the

foundation for further experiments. Due to thisesole's high complexity and time-
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consuming alignment requirements, a simpler configion based on the same
principle was proposed, built and developed. Timesdr oscillator configuration will

be discussed in the following section.

6.3.2. Wavelength tuning in a linear cavity

configuration

Implementation of the concept of internal resonaatihanced frequency doubling in
the linear cavity configuration is more straightfard than the ring configuration
allowing the removal of the (now redundant) secondi@re gain stage and isolators
(fig. 6.6).
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LBO axes
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Figure 6.6: Internally-resonantly-enhanced freqyesmubled fibre laser:

experimental set-up in a linear cavity configuratio
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The linear configuration set-up was based on a 26ng single-mode, double-clad
Yb-doped fibre YDF (polarization-maintaining, 7/1@%), pumped at 975 nm via a
fibre-coupled (200 um core with NA = 0.22) laseodk module LDM Jenoptik,
JOLD-30-FC-12) with an aid of a dichroic mirror M(HT@975 nm, HR @1-1.1
pum). Feedback for lasing was provided by an exterasity containing a simple
diffraction grating DG (600 lines/mm, blazed atG@ um) at one end of the fibre
and, at the opposite end, by another external Bsdharrangement containing the
resonant enhancement cavity. The grating was wstdeé the fibre laser's operating
wavelength close to the gain spectrum maximig=(1093 nm), and to reduce the
emission bandwidth to be less than the phase-nmgtdbandwidth for the nonlinear
crystal. The reflectivity of the mirrors and geonyetf the enhancement cavity was
optimised as described in section 6.2. Lens placed a focal length distance
(f = 250 mm) from the resonator mode's waist betwwtkermirrors M and M, and
the same distance from feedback mirroy, Mlas used to ensure good spatial mode-
matching to the resonator mode in the reverse tthreci.e. after beam reflection
from the feedback mirror surface terminating théemal cavity. Unlike in the ring
oscillator configuration, second harmonic outputbidirectional, with > 95% of
second harmonic power emitted in forward directidncube polariser positioned
between the feedback mirrorsNMnd the lens Jwas used to enhance the polarisation
selection in the cavity, so that the fundamentatgrancident on the input coupler of
the enhancement cavity was linearly-polarised ie KZ plane. The actual
arrangement of this experimental set-up is presemdigures 6.7-6.10. Figure 6.7
shows the fibre gain stage with the Yb-doped fibrels positioned in mounts
attached to XYZ positioners, where the mount adjate the pumping arrangement
was water cooled for management of heat generatéidelbppump power not coupled
into the fibre’s cladding. Output from the Yb-dopiare in the enhancement cavity
direction passes through a dichroic mirror desigiweckflect any unabsorbed pump
power. The geometry of the external cavity arrang@nadjacent to the pumped end
of the Yb-doped fibre is shown in the figure 6.8eTdiffraction grating is positioned
on a translation stage to enable fine tuning ofllser’s line width via change of the
waist spot size on the grating. The beam’s waistighbe always positioned at the
grating’s surface to maintain high efficiency ofupting the light back into the

fibre’'s core.
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Figure 6.8: Pump delivery and external cavity wviitl tuning element arrangement



Fine tuning of the laser line width can be perfadm®y changing the distance
between the lens,Land the active fibre’s end, and adjusting theadis¢ from the
lens to the grating so the waist position remaintha grating’s surface. Changing
the distance between the lens and the fibre ematafpump coupling efficiency, so
the pump beam divergence and waist position shbel@djusted by changing the
relative positions of the lens; land the end of pump delivery fibre during the tase
line width tuning. Figure 6.9 shows the optimalaagement of the resonant
enhancement cavity with a Brewster-angled LBO alysthe feedback path was
folded with a dichroic mirror with high reflectiyitat laser’s fundamental wavelength
and 45 incidence angle to enable pump beam deliveryHerNd:YVQ, alignment
laser using the mirrors of the resonant enhancemerty. This “bulk” solid state
laser and the final alignment procedure used fdinogation of the internally-
frequency-doubled fibre laser will be discussedrlain section 6.3.3. Finally, figure
6.10 shows the whole experimental set-up operatniglll pump power delivering

~2.3W of green output.

Power rejected due Resonant e To the feedback
to impedance and enhancement ) - mirror
mode mismatch cavity

Second
harmonic

[ "% output

|

Figure 6.9: Experimental set-up: resonant enhanceoaity
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Figure 6.10: Experimental set-up operating at marin$H output power of ~2.5 W

This experimental arrangement generated ~12.5 Wnafamental power at 1095 nm
for the maximum 22.8 W of pump power coupled irite active fibre (fig. 6.11). ~8
W of the total infrared power generated in thewacfibre was incident on the input
coupler of the enhancement resonator. The resteitlasr lost in the external cavity
arrangement with the diffraction grating or used fllagnostics purposes (small
angle wedge and a polariser were placed betweeffilttee and the enhancement
resonator to monitor the polarisation state andqvow the beam incident on the
input coupler M). ~6.6 W of the power incident on the resonatoss iaearly
polarised in the XZ plane, and ~5.8 W was effidienbupled into the enhancement
cavity, which corresponds to 72% coupling efficigmath respect to the total power
incident on the input coupler or 88% with respeat the linearly polarised

component.
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Figure 6.11: Fundamental power in the internalggtiency-doubled fibre laser

162



The fundamental power circulating in the resonanhamcement cavity was
measured by monitoring the power transmitted thinotige output coupler Mand
leaking through the feedback mirrors MFor the maximum fundamental power of ~8
W incident on (or ~5.8 W launched into) the resareathancement cavity the power
circulating in the resonator was measured to reath6 W (fig. 6.12a). The
enhancement factor, defined as the ratio of poweulating to the power launched
into the enhancement resonator, was measured teasecfrom a large number
(>50) at low power to ~22 at maximum green outpldng with increasing second

harmonic conversion efficiency (fig. 6.12b).
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Figure 6.12: a) fundamental power circulatinghia enhancement cavity; b) enhancement

factor; as functions of the fundamental power ieoidon the enhancement resonator

The output beam carried ~77% of the total poweregaed inside the LBO crystal
(suffering 19.4% and ~4% Fresnel reflections frdra trystal and concave mirror
surfaces respectively). Generated green power eplotagainst circulating
fundamental power (fig. 6.13a) fits a quadraticclion, and hence the conversion
efficiency is a linear function of circulating powg.13b), according to (4.28). The
parametere characteristic for nonlinear interaction (4.27)sha meaning of a
proportionality constant between the SHG conversdiiciency and circulating
fundamental power. It was calculated from theditlte experimental data (6.13a and
6.13b) to bes ~ 1.5 x 10° W (i.e. the conversion efficiency increases by 186

each 100W of circulating fundamental power), whgh a good agreement with the
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theoretical value ~ 1.6 x 10" W™ obtained from (4.27) for this resonator geometry.
The maximum generated green power of ~3.2 W (224 W in the output beam)
was obtained after removing the diagnostic compng@mall angle wedge and the
polariser) from the experimental set-up. This resadrresponds to a conversion
efficiency of ~2.2% for ~141 W of circulating fundantal power. The second

harmonic output power in this configuration wasyodlithited by the available pump

power.
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Figure 6.13: a) Green power generated in the LBGtal; b) single-pass SHG conversion
efficiency; as functions of the fundamental powiecudating in the resonant enhancement

cavity

The green output beam had a nearly Gaussian pr@iije 6.14b) and the beam
quality (M? parameter) was measured to M& ~ 1.25 and My =~ 1.26 in two
orthogonal planes respectively (fig. 6.14a). A drfratction of power incident on the
input coupler that was not perfectly spatially nnaiat to the fundamental mode of the
enhancement resonator can excite higher order nsaggmrted by the enhancement
cavity. Those higher order modes yield lower sedwemainonic conversion efficiency
hence the fraction of light circulating in the enbament cavity that is not in the
fundamental spatial mode of the resonator, canpstivide sufficient feedback to the
fibre (after a double-pass through the enhanceroavity). The second harmonic
output follows the intensity distribution of the a@ mode content of the
enhancement resonator which results in the outpanbthat is not truly diffraction-

limited.
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Figure 6.14: a) Measured spot size values of thergoutput with a Gaussian beam fit b)

CCD image of the output green beam after apprap&atéenuation

Wavelength tuning of the internally-frequency-dadlfibre laser was studied by
changing the diffraction grating orientation (iretating the grating in the XZ plane)
and adjusting the temperature of the oven. Thererpatal set-up was optimized to
yield maximum output power of ~2.3 W at 546 nm. Maxm second harmonic
efficiency was obtained when the oven temperatmeagured close to the surface of
the crystal with an aid of a thermocouple) was ~1I&. Then, the grating
orientation was changed and the oven temperatyustad to maintain the phase-
matching condition. The laser could be tuned ovesmselength range from 539 nm
to 558 nm with a >1W output power level. The terapare was changed from 135
°C to 95°C over the laser’s tuning range to maintain phaatehing (fig. 6.15).

The oven temperature corresponding to the phasghingtcondition was on average
~12 °C higher than the phase matching temperature eaémlifrom (4.32) and the
Sellmeier’s relation. This indicates the tempemturthe centre of the crystal being
lower than the oven surfaces, due to non-ideahthercontact between the crystal
and the oven as well as significant thermal gradaenoss the crystal’s cross section
that can induce non-uniform second harmonic comwergfficiency, and hence

affect output beam quality.
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Figure 6.15: Tuning curve of the laser and overpenaiture at phase matching condition

6.3.3. Alignment procedure

Efficient generation of the second harmonic outputhighly dependent on the
resonant enhancement cavity alignment with resfpethe main cavity of the fibre
laser. To achieve good performance of the inteyrfediquency-doubled laser two
parameters have to be carefully adjusted: optimaiktwspot size in the nonlinear
crystal, and spatial mode matching between the baaitent on the input coupler
and the fundamental resonator mode. It is clear ¢hanging the concave mirrors
separation is not sufficient, as it affects botke #pot size inside the crystal and
spatial mode matching for a fixed incident beany.(f6.4) rendering power
measurements (of either the SHG or rejected povierthe input coupler) an
unreliable diagnostic tool for optimization. Anothiactor to consider is that the
angular position of the concave mirrors has to $itegd to maintain fundamental
mode operation of the resonator. Hence, a moreisogdted alignment procedure
had to be developed to independently access botatparameters. We put forward
here a method that entails operating the interi#t Sesonator as the cavity of a
diode-pumped bulk-solid-state laser as illustranteiiy. 6.16.
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Figure 6.16: “bulk” solid-state laser configuratiosed for alignment of the

internally-frequency-doubled fibre laser

The alignment procedure is as follows: The fibreetacavity is constructed so that
feedback for lasing is provided by the externalityaterminated with a diffraction
grating at one (pumped) end of the fibre and, atdther side of the fibre, by the
Fresnel reflection from a perpendicularly-cleavéatef facet (as in fig. 6.6). The
output beam from this simple laser configuratioritera passing through the
collimating lens k can be used for preliminary alignment of the eiclkament cavity.
This can be done by placing the mirrorg, M, and M; and the LBO crystal in their
calculated positions and directing the beam albegcalculated path of the resonator
mode. The cavity is then formed with an input ceupblaced in its calculated
position and the resonator mode image can be ad$dyy monitoring the leakage
through the output coupler MThe angular position of the resonator mode with
respect to the incident beam can be changed bytagjuthe angular positions of
concave mirrors Mand M, until predominantly fundamental mode of the resona
is excited and circular second harmonic outputeisegated (providing that the oven
temperature is set to maintain phase matching tondli i.e. when the resonator
mode between the plane mirrors is collinear with iticident beam. A “bulk” solid-
state laser crystal (e.g. Nd:Y\{On a water-cooled mount is then positioned in the

beam between the plane mirrors of the enhancerasahator. The pump source for
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fibre laser can be turned off, and the laser chysia be pumped with an external
source. In our experiments pump light at 808 nm dels/ered by a fibre coupled
laser diode stack module (LDM) through a telescdercs configuration (L+ Ly)
and a dichroic mirror Ml as illustrated in fig. 6.16. Pump delivery arramgat
should be adjusted until lasing in the ring resonds achieved, and further
optimised for maximum output power from the ringdg corresponding to best
overlap between pumped section of the crystal hedd¢sonator mode. This “bulk”
solid state produces bidirectional output at fundatal wavelength leaking through
mirrors My and M, as well as bidirectional output at second harmavawelength
leaking through the concave mirrorssMnd M. In this configuration concave
mirrors separation can be changed until the optspat size in the nonlinear crystal,
corresponding to maximum second harmonic outputgppis achieved. It should be
noted that the telescopic lens configuration faogghe pump beam into the laser
crystal should be adjusted accordingly to maintgood overlap between the
resonator mode and the inverted section of thetalry®nce the optimal concave
mirrors separation is found, the feedback pathe@ldith a dichroic mirror Mand
terminated with a broadband reflectog Man be aligned, as illustrated in fig. 6.11. A
lens L, positioned a focal length distance from the whaettveen the plane mirrors of
the enhancement resonator enables good spatial matiding in reverse direction
between the beam and incident on the plane mirroamd the fundamental mode of
the resonator. The feedback path can be precidigiyed by maximising second
harmonic output in the reverse direction (througiran M3). The laser output (at
1064.2 nm) transmitted by the mirror;Man be efficiently coupled to the Yb-doped
fibore by changing the distance between the enhaasemesonator and the
collimating lens k and adjusting the position of the fibre end widlspect to &
while monitoring the transmitted power at the otkad of the fibre. Finally, the
source pumping the Yb-doped fibre can be turnedAsnthe distance between the
enhancement resonator and the lepslalready optimised, gentle adjustment of the
fibore end position and angular orientation of then@ave mirrors should yield
perfectly collinear propagation of the beam inciden the input coupler and the
resonator mode between the plane mirrors of thare@ment cavity. The laser can
be then tuned to the desired fundamental wavelebgtichanging the grating
orientation (rotation in XZ plane) and adjusting thven temperature accordingly to

yield efficient second harmonic generation.
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This alignment procedure was successfully appliednd the optimisation of all
fibre laser configurations described in this chapiteis helpful to use a laser crystal
naturally emitting at wavelength close to the dabifundamental wavelength of the
fibre laser. The optimal nonlinear crystal orieitlatand phase matching temperature
can be then found during the alignment proceduce.tRat reason in experiments
involving high-power fibre lasers operating at fantental wavelength of ~1080 nm
that are described in the following sections of thhapter, the Nd:YVQcrystal
naturally lasing ~1064.2 nm (fig. 6.17a) and pumpeth a laser diode stack
emitting ~808 nm was replaced with Nd:YAICasing at ~1079.4 nm (fig. 6.17b)
and pumped with a pigtailed diode stack emitting2-8m.

Intenisty [a.u.]

1030 1040 1050 1060 1070 1080 1090 1100 1110 1120 1130
Wavelength [nm]

Intenisty [a.u.]

1030 1040 1050 1060 1070 1080 1080 1100 1110 1120 1130
Wavelength [nm]

Figure 6.17: Fluorescence spectra of the lasetaisyased for alignment of the internally-
frequency-doubled fibre laser measured with ancapspectrum analyser: a) fluorescence
spectrum of the Nd:YV@Qcrystal b) fluorescence spectrum of the Nd:Y AtDystal
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6.3.4. Power scaling of internally-
resonantly-enhanced frequency doubled

CW fibre lasers

a) Non-critically phase matched, Brewster-angled LB@tal configuration

In the next step towards further power scalinghef proposed internally-frequency-
doubled fibre laser architecture, more powerfulddipump source emitting at ~976
nm (Lumics, LU0976C150-B) was employed and the 7/125 um single-mode fibre
was replaced by a 10 m, slightly multimode largedsrarea (LMA) Yb-doped fibre
section Nufern, PLMA-YDF-25/345). The rationale behind this step was to
investigate the mechanism of modal interferencecounpling the light into the
enhancement resonator, and enhance the power iitalay increasing the mode
field area (as discussed in section 4.3.5). The anaderference approach and
simulation of the modes supported by this fibreehbeen discussed in section 5.8.
The pump light delivery arrangement has been claatm@ccount for a bigger size
of the fibre’s inner cladding (collimating lens from figure 6.6 of focal length =

25 mm was replaced withfa= 8 mm lens), and the distance between the fibret fac
and the diffraction grating adjusted to accountdadifferent mode field diameter.
The actual pump delivery and external cavity witl tuning element arrangement is
presented in figure 6.18.

o ar 1 as 2 - - T -
. _&-aHR@1-1.1pm,
- HT @976 am ,

Figure 6.18: Experimental set-up: pump delivery axtdrnal cavity with tuning element

arrangement
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In the external cavity at the other end of thedjloollimating lens § from figure 6.6
was replaced by a telescopic lens configurationniid and 200 mm focal lengths,
the latter acting as a mode matching lens) andlidtance between the enhancement
cavity and the fibre facet was adjusted to modezm#te beam incident on the input
coupler M to the fundamental mode of the resonator, usingliggment procedure
described in section 6.3.3. Figure 6.19 preseiso& complete) actual arrangement
of the external cavity containing the enhancemenbmator. The last element — a
polarising beam splitter was later added in thellfeek path (between the feedback
mirror Ms and lens L). AR-coated wedges were used to attenuate botkebend
harmonic output beam transmitted through the comaairror M, and the rejected
beam, reflected off the input coupler;Nb aid diagnostics. A half-wave plate
positioned before the enhancement resonator wak tosetate the plane of linear

polarisation to match fast birefringence axis @& ¥b-doped fibre.
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Figure 6.19: Experimental set-up: external caviithwhe enhancement resonator

arrangement
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This experimental arrangement generated ~64 Wrafdmental power at ~1080 nm
for the ~91.0 W of pump power absorbed in the acfibre (fig. 6.20). ~32 W was
efficiently coupled into the enhancement cavity, ichh corresponds to ~50%

coupling efficiency with respect to the total povszident on the input coupler.
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Figure 6.20: Generated second harmonic output pegrsus absorbed 975 nm pump power

The fundamental power circulating in the resonanhamcement cavity was
measured to reach ~440 W for the maximum powedenti on the input coupler.
The enhancement factor was measured to decreaseaflarge number (>50) in a
low power regime to ~14 at maximum green outpuinglwith increasing second
harmonic conversion efficiency. The output beamiedr~15.1 W (~77% of the total
second harmonic power generated due to Fresnelctieths from the crystal and
concave mirror surfaces). Generated green poweraviagar function of the power
circulating in the enhancement resonator with th@pertionality constant
e ~ 1.0 x 10" W™. This is less than the theoretical vatue 1.6 x 10* W obtained
from (4.27) for this resonator geometry. Secondriwenic generation efficiency can
be reduced due to non-uniform temperature disiobun the LBO crystal at higher
laser power levels leading to imperfect phase-niagciMaximum second harmonic
efficiency was obtained when the oven temperatumeaéured close to the surface of
the crystal with an aid of a thermocouple) was ~128. This is ~7°C higher than

the theoretical phase matching temperature, indgahat the centre of the LBO
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crystal was ~7°C cooler than the surrounding oven (non-uniform gerature
distribution). At the same time, the centre of tRO crystal at the maximum
circulating power was ~&C hotter than for lower circulating power levelsgicating
that fraction of the optical power was being abedrby the LBO housing. Figure
6.21 shows two typical output spectra measured antloptical spectrum analyser: a
spectrum spanning a wavelength range of ~2.4 nairadat for a certain spot size on
the diffraction grating (fig. 6.21a) and anotheesjpum spanning a wavelength range
of ~0.6 nm obtained for a bigger spot size on tifgadtion grating (6.21b) after
moving the grating closer to the fibre end and siilpg the arrangement of lenses.
These emission spectra consist of a number of etessdmes some of them with
widths < 0.05nm (limited by the resolution of thgestrum analyser). Each of these
lines will consist of groups of one or more axiabdes separated by a frequency
interval corresponding to at least one free specirsge of the enhancement cavity
(i.e., ~ 750 MHz) (see fig.5.2). The spacing ~0.5 nm betweelividual lines is
defined by spacing between wavelengths for whithgups of modes add up in
phase, and fits well to the theory described intise®.8. Individual lines lying
between the main peaks separated by ~0.5 nm conmésp wavelengths where two

individual groups of modes add up in phase.
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Figure 6.21: Fundamental power spectrum measurea) f&maller spot size; b) bigger spot

size on the diffraction grating.
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The axial mode content of the emission spectrurlge influenced by many other
factors, including spatial hole burning and cavgggth, and hence will be sensitive
to small changes in cavity length that result fronechanical vibrations and
temperature fluctuations. However, regardless e$étperturbations to cavity length,
there are always a large number of axial modesateasimultaneously resonant in
the enhancement cavity, and this guarantees vabjesgreen out-put. The power
stability over the time scale range from 10ns t06 4@vas measured to be < 0.7% rms
(see fig. 6.22). This is much better than we typycabtain for a free-running Yb
fibre laser and is attributed to the large numbkdasing modes and temporal

filtering action provided by the enhancement cavity
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Figure 6.22: Second harmonic output power stability

The output power was mainly limited by the amouhfemdback returning to the
fibre. In this experiment the amount of light retung to the fibre after double-pass
through the enhancement resonator was estimateel very small - decreasing from
~8% of the total fundamental power incident onittpt coupler at low power levels
(with negligible SHG conversion efficiency) to ~286the maximum output power
(corresponding to ~4.5% SHG efficiency). Launchimgre pump power into the
active fibre resulted in further decrease of fee#tbefficiency and triggered parasitic
lasing between the diffraction grating and othegeots (e.g. LBO crystal) providing
small amounts of feedback arising from scatteridg. there was no longer
polarisation selection in the cavity formed by thmschanism, the intracavity power
was randomly polarised and a significant fractidnlight was reflected from the
surfaces of the LBO crystal and absorbed by thealhmeten causing it to overheat

and drift away from phase-matching condition.
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b) Critically-phase-matched, AR-coated LBO crystalfaguration

The next step in development of the internally-frecy-doubled fibre laser aimed
for improvement of its overall performance incluglithe beam quality, laser line
width, and changing the range of operating tempegat to make the design more
suitable for a commercial product. The new set-mpleyed a new design of the
resonant enhancement cavity with a 10 mm long, A&exd LBO crystal oriented

for type | critical phase matching slightly abovam temperature (as described in

section 6.2). Actual arrangement of the enhancewsanty is presented in fig. 6.23.

Aperture
position

an oven

Figure 6.23: Experimental set-up: resonant enhaanenavity

An aperture, 800 um in diameter, was placed atwdhist position between plane
mirrors of the resonant enhancement cavity to thtoe loss for higher order
resonator modes and hence enforce single-spatidénoperation. A “bulk” solid
state laser crystal (Nd:YVQ later replaced with Nd:YAIg) could be positioned
near the output coupler (fig. 6.16) to perform glignment procedure described in
section 6.3.3. This procedure was used to findpimal distance (550 mm) between
the waist in the resonant enhancement cavity aadetfs l; (focal lengthf; = 18.4
mm), collimating the output from the Yb-doped fil{game fibre as in the previous
experimental set-up). A thin film polariser, oriedtat Brewster angle with respect to
the incident beam, was positioned between the tegdimirror and the enhancement
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cavity for linear polarisation selection. The atta@angement of the external cavity

with the enhancement resonator is presented imefi§L24.
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Figure 6.24: Experimental set-up: external caviihwhe enhancement resonator

This experimental arrangement generated ~14.6 $éadnd harmonic power at 540
nm for the maximum ~104 W of pump power coupled itite active fibre (fig.
6.25a). For the maximum ~62 W of the total infrapedver generated in the active
fibre was incident on the input coupler of the emdement resonator and ~34 W was
efficiently coupled into the enhancement cavityjelhcorresponds to 55% coupling
efficiency. The fundamental power circulating ire tresonant enhancement cavity
was measured to be ~410 W for the maximum fundaah@uaiwer incident on the
resonant enhancement cavity (fig. 6.25b) The erdgraeat factor was measured to
decrease from a large number (>50) in a low poeginte to ~12 at maximum green
output, along with increasing second harmonic cosiga efficiency. The
proportionality constant between the SHG conversfiiciency and circulating
fundamental powek was found the fit to the experimental data (6.2&a)be

e~ 7.2x 10 W™ (i.e. the conversion efficiency increases by 0{7& each 100W
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of circulating fundamental power), which stays ingaod agreement with the

theoretical value ~ 7 x 10° W™ obtained from (4.27) for this resonator geometry.
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Figure 6.25: a) Generated second harmonic outpwepeersus absorbed 975 nm pump

power; b) Circulating resonantly-enhanced fundamdgmtwer versus absorbed pump power
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Figure 6.26: SHG conversion efficiency versus itaraty infrared power circulating in the

internal ring enhancement cavity; a) single-paswersion defined as a ratio of green power

generated to the circulating infrared power b)ltotaversion efficiency

The second harmonic output beam quality? (Marameter) was measured to be

My =~ 1.03 and Mj = 1.04 in two orthogonal planes respectively (fig. 6.27E)e

green output beam had a Gaussian profile in twbhogdnal planes, but the beam

remained slightly non-circular due to residual gstatism effects arising from non-

normal incidence on the concave mirrors of the aobaent resonator (fig. 6.28).
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Figure 6.27: Beam size measurements compared &ussian beam fit in x and y planes

Figure 6.28: Beam profiles at ~10W output powerC8HD image of the output beam
attenuated by multiple reflections b) CCD image tbé output beam after multiple

reflections and passing through several neutrasitiefilters.

The spot size on the diffraction grating was a&jddb narrow the laser’'s emission
bandwidth to ~0.4 nm. The optical spectra of bb#hdecond harmonic output beam,
and the beam incident on the input coupler of thBaacement resonator were
measured using two different optical spectrum awaly (with resolutions 0.05 nm
and 0.01 nm respectively). It was found that theetope of the second harmonic
spectrum follows the shape of the fundamental llser(fig. 6.29). Both spectra will

consist of groups of one or more axial modes séparhy a frequency interval
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corresponding to at least one free spectral rarigiheo enhancement cavity (i.e.,
~280 MHz for the fundamental spectrum and ~140 Mébizthe second harmonic

output) according to (5.10).

~==. Fundamental power spectrum (A/2)
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Figure 6.29: Optical spectrum of the green secamthbnic output compared to the
spectrum of the fundamental intracavity power effibre laser (plotted vs. half

wavelength); intensities not to scale

The second harmonic output power was again maintjtdd by the amount of
feedback returning to the fibre, as only ~4% of thaximum total fundamental
power incident on the input coupler;Mas leaking through the output coupler in the
forward direction to reflect from the feedback raitrOver 60% of this feedback
signal incident on the output coupler, Mias later lost via reflection off the M
surface due to impedance mismatch. Performancheofaser strongly depends on
the round-trip loss of the enhancement resonateqgrding to (5.8) and (5.13). Due
to high intensity circulating in the resonant ente&nent cavity, even small loss
introduces significant leakage of fundamental povitem the system, hence
reducing the amount of power that can be converdeskecond harmonic output or
fed back to the fibre (the latter is particulariypportant to maintain lasing on
resonant frequencies of the enhancement reson&tagll losses in the enhancement
resonator can also significantly reduce the sedw@rchonic efficiency. The fraction
of fundamental power returning to the fibre afterdauble pass through the
enhancement resonator was comparable to the poweding through a single

concave mirror of the resonant enhancement resonatlitional losses resulted
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from the reflections off the AR-coatings on the LB@nd absorption inside the
crystal. The transmission loss during a single gassugh the LBO crystal was
measured using the Findlay—Clay method [6.1]. Llagsihreshold of a “bulk”

Nd:YAIO3solid state laser with a short plano-concave limaaity was measured for
measured for several output couplers of a differefiéctivity, with and without the

LBO crystal in the laser cavity. Single-pass traission loss calculated from these
measurements was ~0.2%, which is in good agreemtht reflection losses of

~0.1% per AR-coating, measured with a calibratedtglletector. The residual
round-trip loss (arising from the scattering on thérors surfaces, loss on the
transmission through the aperture, and astigmati$acts) that could not be directly

measured was estimated to fall within 1.0-2.5% eang

In order to facilitate further power scaling in ghiibre laser configuration it is
particularly important to minimise the round-tripsk as this will enhance both the
resonant enhancement factor (hence increasing ddwmonic efficiency) and the
transmission through the cavity in both directi@msnce providing more feedback to
the laser, which in turn allows use of more pumwegrobefore reaching the parasitic
lasing regime). The performance of the laser cammpeoved by using HR coatings
of better quality on the concave mirrors, AR cogdgirof better quality on the LBO
crystal of higher purity (and hence smaller absom)t There is certainly a trade-off
between the enhancement factor and the feedbathetdibre in this laser cavity
configuration. Using an output coupler fMwith a higher reflectivity enables
reaching higher conversion efficiency for a givanmp power level but decreases
amount of light that is fed back to the fibre; @sanlower output coupler reflectivity
enables more pump power to be employed (beforehieggarasitic lasing) at the
expense of the second harmonic efficiency. Theeetbe actual reflectivity of the
output coupler should be carefully chosen for tieem level of pump power
available.

Another approach can be based on modified lasenaggr architectures with higher
feedback efficiency in the external cavity with tiesonant enhancement cavity. The
main loss in the feedback path was arising from ithpedance mismatch on
launching the fundamental power to the enhancemeswnator in the reverse

direction. Using fibre laser resonator architeciundnere the feedback path does not
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involve a second pass through the enhancementycewitld vastly improve the
feedback efficiency and enable the use of more ppower before reaching parasitic
lasing. One example of such a laser architectuezcowing the feedback efficiency
limitation could be based on a true ring resonasrdescribed in the beginning of
section 5.3. The signal leaking through the outpotipler of the enhancement
resonator, pumped by a beam exiting one end ofilthe should be reflected from
(or transmitted by) a spectrum-selective elemerq. (a diffraction grating) and
launched into the opposite end of the fibre. Altdpounitial alignment of the ring
resonator can be challenging, it should allow tawedst round-trip loss of the main
fibre laser resonator, and hence superior perfocmanf all described resonator

arrangements.

Although the amount of signal power leaking frore #tnhancement resonator is an
important parameter that should be carefully ogédi it is not the ultimate factor
limiting power scaling of the second harmonic otitdine output coupler reflectivity
can be chosen arbitrarily high to provide enougddack (signal power) to lock the
laser on the resonant frequencies of the enhandewerity, while enabling
sufficient intracavity power enhancement and effitifrequency doubling for the
maximum pump power available. Hence, other eff@atsbe limiting the second
harmonic output power when more pump power is alsddl Those include thermal
damage to the LBO crystal, nonlinear effects anchatge to the coatings of the
mirrors forming the enhancement resonator and neati effects in the fibre’s core
such as stimulated Brillouin scattering or stimethtRaman scattering, but they
should not be affecting the laser’'s performance ftoxdamental power level of
several hundreds of watts generated in the fibrenaltiple kilowatts circulating in
the enhancement cavity. In the experiments on paseating described in this
chapter the output coupler reflectivity was choserbe close to optimum for the
maximum power of the pump source. When more punwepds available, and the
feedback path arrangement design is optimisedatildhbe possible to scale the
output second harmonic power much further, possibtp multi-hundred watt

regime and beyond.
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6.4. Conclusions

This chapter described the development and powalingc of the internally-
frequency-doubled continuous-wave Yb-doped fibreseta Three main laser
configurations have been constructed and thoroughlestigated. The most

important parameters of those systems are compatatle 6.1.

Experiment, Laser #1 Laser #2 | Laser #3
NCPM NCPM CPM
Parameter (SM fibre) (MM (MM
fibre) fibre)
Max. pump power at 975 nm absorbed ~23 W ~91W 104W
Max. IR power generated in the active fibre ~12W ~64W ~62W
Max. IR coupled into the enhancement ~7W ~32W ~34W
cavity
Max. IR circulating in the cavity ~141'W ~440W 410W
Max. green power generated inside LBO ~32W ~19W ~15W
Max. green output ~25W| ~15W ~13 W
Phase matching temperature 90-135°C | ~129°C | 20-30°C
Output wavelength 539-558 | ~540 nm| ~540 nm
nm
Output spectrum line width ~1.3 nm ~1.3nm-0.15 nm
€ = dnsyc/dP, (proportionality constant) | 15% kW™ | 10%kW™ | 7% kw?
Beam quality (M parameter) ~1.25 ~1.25| <1.05
Max. SHG efficiency (circulating IR to ~22% ~4.3% ~35%
green)
Max. SHG efficiency (launched IR to green) ~ 45 % ~59 % ~43 %
Max. SHG efficiency (pump to green) ~14% ~21% ~14 %
Enhancement factor at max. output powey ~ 22 ~14 2 ~1
Average mode-matching quality ~ 86 % ~55% ~50 %

Table 6.1: Comparison of the most important paramseh three investigated laser

configurations
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‘Laser #1' configuration, pumped with a ~30 W pusgurce at 975 nm was based
on a robustly single-mode Yb-doped fibre and Brewangled LBO crystal oriented
for type | non-critical phase matching. Relativelpad wavelength tuning flexibility
of ~20 nm in the green spectral region was dematestrwith this experimental set-
up. Highest mode-matching quality (~86% of inciddight coupled into the
enhancement resonator) and SHG efficiency incrememet € =15% kW) were

also obtained in this laser geometry.

‘Laser #2’ configuration, pumped with a ~150 W pusgurce at 975 nm was based
on a slightly multimode Yb-doped fibre and a Bresrstut LBO crystal oriented for
type | non-critical phase matching. This was thesmpowerful of all three
geometries investigated (~19 W of green power gaadr/ ~15 W in the output
beam) with the best SHG conversion efficiency hwaspect to fundamental power
circulating in the enhancement resonator, launchedthe enhancement resonator,

and absorbed pump power at 975 nm (~4.3 %, ~59€@l;-ah% respectively).

‘Laser #3’ configuration, pumped with a ~150 W pusgurce at 975 nm was based
on a slightly multimode Yb-doped fibre and an ARxaml LBO crystal oriented for
type | critical phase matching. This refined desigas more suitable for industrial
applications thanks to phase matching conditionaiobble room temperature
(20-30°C) on the expense of slightly reduced maximum dutpawer and
conversion efficiency. It also yielded the narrotMeser line width (~0.15 nm) and

the best beam quality (Mparameter of <1.05).

The power scaling limitations have been identifeesd arising from low feedback
efficiency from the external cavity arrangement. \@ncluded that it is always
possible to increase the feedback efficiency on dkpense of SHG conversion
efficiency by increasing the transmission of théhatement resonator’s output
coupler. Overall, no other limitations have beesesbed in the investigated power
regime (up to ~100 W pump power absorbed), henceonelude that further power
scaling of this novel laser architecture using mpogverful pump sources should

yield green output in power regimes not accessbbxisting visible laser sources.
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Chapter 7

Conclusions and future prospects

7.1 Summary of thesis

The work presented in thesis has explored a rahgewel fibre-based coherent light
source architectures and strategies for power rggdlnese sources. IRart I:

Soectrum-controllable fibre based ASE sources, modelling, development and
characterisation of a versatile ASE source usingoaver-efficient means for
spectrum control was descibeBart I1: Efficient intracavity frequency doubling

scheme for continuous-wave fibre lasers introduced a novel concept for efficient
frequency doubling in high power continuous-wauerdi lasers. It also described
ways to implement this concept in devices basethaih robustly single-mode and
multi-mode fibres. Finally, experimental results amavelength tuning of a
continuous-wave Yb-doped fibre laser over ~19 nrthengreen spectral region and

scaling the generated second harmonic power upQdM have been presented.

7.1.1. Spectrally-controllable fibre-based

ASE sources

In the first part of this thesis we have studiedesal different configurations of a
fibre-based ASE seed source. Experimental set-@ipsceeasing complexity have
been constructed and characterized to exploreapabdities and limitations of these
devices. To gain an understanding of the basiciphlymechanisms present in ASE
sources a simplified theoretical model was developdich has proved useful in
predicting system performance in the low power @&nsited gain) regime. We also
looked into the influence of various parametersr{pyower, fibre architecture, fibre

length, doping levels, external cavity loss, spcteflectivity, fibre facet quality,
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etc.) on the system performance. Novel conceptswavelength selection and
narrowing the linewidth in the external cavity haxeen applied, and the advantages
of these approaches over the conventional methbdselength selection applied
to the source output have been discussed.

This series of experiments have culminated in aatée seed source with polarized
output and a reasonable degree of spectral corltralts final configuration, the
source was capable of producing either a broadtgpecfrom 1-1.1pum with a
FWHM of 15-40 nm and output power > 1W, or singleltiple narrow lines with a
FWHM ranging from several nanometres to < 0.05 md autput power spectral
densities of up to 100 mW/nm. The output power wamporally stable with
fluctuations at the level < 0.3-0.8% of the totaitput power (depending on the
spectral content). Very high spectral stabilityc{uding linewidth fluctuations and
central peak position) was obtained, which wastéohimostly by the mechanical
stability of the external cavity. The output bearaswnearly diffraction limited with
M? ~ 1.1. These performance parameters make the faate a very reliable light
source that can outperform various laser sourcesing up the prospect of many
applications. However, the main drawback, obserwdwn it was operating in
narrowband regime, was the low broad (spectralkdpracind which can account for
a significant portion of the total output power.i§hvould become an issue when
launched into an amplifier chain because the backgt light will be amplified

along with the signal, ultimately reducing effeetisutput power in the narrow line.

7.1.2. Efficient intracavity frequency
doubling schemes for continuous-

wave fibre lasers

In the second part of this thesis we proposed ascuslsed a strategy for power
scaling of laser sources emitting in the visiblectpal region. After reviewing the
principles and challenges of scaling output powerbulk solid-state lasers we
concluded that fibre laser architecture is the rposiising route for generating high
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power visible output via nonlinear frequency coswan. Unfortunately conventional
approaches for frequency doubling in fibre lasems either inefficient or very

complicated. Although the highest output power frai@W visible fibre laser source
with a good beam quality was obtained using tealmniqf external resonantly-
enhanced second harmonic generation, this apptwsckhe drawback of being very
complicated. Moreover, nonlinear loss due to SBtken scaling single-frequency
power at the fundamental wavelength very challejgim this thesis we introduced
a novel approach for efficient nonlinear frequedowbling in CW fibre lasers based
on the internal enhancement resonator incorporatéde main cavity of the fibre

laser. This concept can be used in both travelilage (ring) and standing-wave
(linear) laser resonator architectures. It overcortiee limitations of the external
resonantly-enhanced SHG exploiting the raw powalisg potential of a cladding-

pumped fibre lasers with a large number of lasorgitudinal modes.

To gain a better understanding of the basic phiysmechanisms and dynamics of
this novel laser architecture a laser resonatasrpurating a single-mode Yb-doped
fibre and an intracavity free-space ring enhanceémesonator with three partially
transmitting mirrors, one of them acting as an outwupler, was constructed. We
discussed the fundamental considerations for therement cavity design, the
impact of mode-matching between the output from fthee and the fundamental
mode of the enhancement resonator, as well asrthact of optical feedback level
on the overall laser’s performance. Experimentsiliits led to the conclusion that the
output power is strongly dependent on the mode{mragc factor, but efficient
operation can be obtained even with very low feekdb@om the external cavity
arrangement (<0.5%). The best mode matching olutaieéveen the output from a
single-mode fibre and the fundamental mode of thkaecement resonator was
measured to be ~96%. We also studied temporal desistics of the novel
resonator architecture and demonstrated the palefoti using it in long-pulsed
mode of operation. The optical self-locking wasyéslerant to vibrations. The
output power stability under cavity length changesater than 18 pum in amplitude
and 4.4 mm/s in rate of change was measured to h8%, while the longitudinal
modes required to maintain the optical lock formesty quickly (i.e. < 5 ps).
Another fibre laser configuration incorporating althmode Yb-doped fibre and an

intracavity enhancement resonator with three girtismnsmitting mirrors was used
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to investigate the use of modal interference tovakfficient coupling of the output
from the multi-mode fibre core to the fundamentabd®m of the enhancement
resonator. This experiment confirmed that laseillaion was locked to frequencies
at which the spatial modes in the fibre core addedo form a diffraction-limited

beam relatively well mode-matched to the fundaniem@ade of the enhancement

resonator. The mode matching factor was measured +81%.

Finally, we applied the novel resonator designrégdiency doubling of a CW fibre
laser. The initial experiment involved a travelliwgve (ring) laser resonator based
on two sections of a single-mode Yb-doped fibre ariicee space resonator with two
partially transmitting mirrors and an LBO crystaiemted for type | (ooe) NCPM
SHG. This fibre laser delivered 215 mW of CW greerput at 521 nm for ~8 W
incident on (and ~4 W coupled into) the enhancemesunator. Although inefficient
and not optimized for impedance matching, thisugelaid down the foundations for
further experiments and proved the concept to lableiin a ring resonator

configuration.

In the next steps three different laser configorai employing a linear resonator
were built and characterised. The first laser sgubased on single-mode Yb-doped
fibre aimed for maximising the conversion efficigrat moderate power levels. The
highest mode-matching efficiency with ~86% of iresid power launched into the
enhancement resonator and highest SHG efficieneyi6% kW' were obtained for
this geometry. We also performed tuning of thistagver relatively broad range
between 539 and 558 nm above 1 W output power.level

The second laser source, based on a multi-modeopbet fibre was targeted at
maximising the output power and the total (pumpséocond harmonic) conversion
efficiency, as well as demonstrating efficient cligp to the enhancement resonator
aided by modal interference. Using this laser ~1®f\§econd harmonic power was
generated in the LBO crystal, which corresponded~21% pump to second

harmonic conversion ratio. Efficient coupling beemethe multimode fibre output

and fundamental mode of the resonator was sucdtigssémonstrated.
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The third laser configuration aimed for improvedaive parameters (including a
narrower linewidth spectrum and better beam quadis/well as room temperature
operation. Changing the LBO crystal and its origatafor type | (ooe) CPM SHG

allowed efficient generation of green output in #e30°C temperature range, while
optimisation of the beam size on the diffractiomtong allowed for reducing the
emission bandwidth from 1.3 nm to 0.15 nm. Positignan aperture inside the
enhancement resonator allowed for selecting ordyfiindamental mode of the ring
enhancement cavity and improved the beam qualityMfo< 1.05 from ~1.25

obtained with a resonator without an aperture.

Power scaling limitations have been attributed iyaim the low feedback efficiency
from the external cavity arrangement. The levefesdback decreased for higher
output powers due to increasing second harmonicversion efficiency. We
concluded that it is always possible to re-desigm $et-up, so that the feedback
efficiency is optimised for a given level of avéila pump power. As no other
limitations have been observed over the power rangestigated, we predict that
with further power scaling of this laser architeetut should be possible to reach
power levels not currently accessible via otheridssiate and fibre laser

technologies.

7.2 Future prospects

Power scaling strategies for spectrally-controtalibre based ASE sources and
internally-frequency-doubled CW fibre lasers haeet proposed and discussed in
this thesis. Although several experimental confgjons have been demonstrated,
these sources merely scratched the surface ofpgbe&ential for scaling to very high
power levels. In this section we propose futureaesh directions for further power
scaling of the spectrally-controllable fibre-basA@&E sources in a multi-stage
amplifier configuration, further development of theeen fibre laser, and extension
of the internal resonant enhancement techniquér monlinear processes and laser

pumping configurations.
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7.2.1 Multi-stage high power ASE

amplifier

Our experiments on spectrum-controllable fibre-da&8E sources concluded with a
versatile source, using a simple arrangement fectspl shaping in the external
cavity. We propose further development of the ssedrce as well as its power
scaling to very high power levels using a multigetachain of power amplifiers. In
our opinion further development of the seed ASErs®should take at least two
directions: broadening the emission bandwidth axtdneling the spectrum control
flexibility. An all-fibre configuration would be aatural step in the development of
the high power ASE source architecture. Fig. 7dwshone possible configuration

for a broadband ASE source emitting in the ~1 petspl region.

SR \ PMP SM LDs . SEEDSOURCE
lens @975nm Residual
~ pump
V. N
Z |-7< k’\ N
/ \ A \& S A
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Fig. 7.1: Example of a high-power spectrum-conatdk ASE source in a multi-stage
amplifier configuration (possible research direg}io
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The emission bandwidth can be effectively broaddmnedsing a number of parallel
Yb-doped fibre sections of different length, shgrime same external cavity with
means of spectrum control and combined to a comouput. Shorter fibres would
exhibit the highest gain at shorter wavelengthsjemfe gain maximum in longer
fibres would be shifted towards longer wavelengtluge to stronger reabsorption
effect at shorter wavelengths. These active filoas be core-pumped, allowing for
effective output with a very broad spectrum froomamber of gain stages with
relatively short device lengths. The common oufpare can be spliced to the pre-
amplifier input, while the other common end willcorporate a polarizer and be
terminated with an external cavity for spectrum psh@ purposes. The external
feedback arrangement will be similar in principbetihe one described in section 3.6,
but with the spherical lens - HR mirror arrangentepiaced with a cylindrical lens -
Digital Micromirror Device (DMD) configuration. Shc commercially available
DMD array (e.g. containing 1024 x 768 independewtintrolled micro-mirrors of
size 10 x 1um each) can be used for two-dimensional spectigbialy of the seed
ASE source; by switching vertical columns of miga@hosen spectral components
can be blocked or selected for feedback, whilechinty some number of the mirrors
in a single column allows to determine the amounpawver from single spectral
component to be fed back into the fibre. This stioptovide a great degree of
flexibility in spectrum tailoring within the ASE assion spectrum. The seed source
with multiple active fibres of different lengths canndependent pumping diodes
provide a route to access a broader ASE spectrutim mbdre tuning flexibility
provided by variable pump power ratios betweenwviiddial parallel gain stages. The
output from the ASE seed source, after passingigiran isolator and a tap, can be
launched to the core-pumped pre-amplifier. The ganglifier ASE output can be
then amplified by the following cladding-pumped matages, each terminated with
high-power Faraday isolators. The best approachidvbe to use amplifiers using
parallel gain fibres of different length, to extethé spectrum of the amplified signal.
Single stage amplifiers as illustrated in fig. €din be only used to yield relatively
narrowband output. Active stabilization of the dpsccharacteristics of the source
may be implemented by monitoring the output spectwith a digital spectrometer
in a feedback loop. High power broadband ASE sauustng such architecture can
be used for a wide range of applications includmaterial processing and low-

coherence interferometry.
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7.2.2 Internal resonant power
enhancement in continuous-wave

fibre lasers

Further development of the internally-frequencydaled laser architectures
described in chapter 6 should facilitate powerisgalo much higher power levels.
Initial steps towards higher output power wouldalwe minimising round-trip loss

of the enhancement resonator, and further optiroisatf the level of feedback from

the external cavity arrangement. Another approagiotver scaling of this fibre laser
system would be to employ a travelling-wave (rirggonator configuration, wherein
the leakage through the output coupler of the ecdraent resonator is coupled into
the end of the fibre gain stage, opposite to the emitting the high power beam
incident on the input coupler of the enhancememityaAlthough initial alignment

of the travelling-wave resonator can be challengibhghould provide the lowest
round-trip loss and hence superior performance gmalh studied resonator
geometries. We are convinced that careful optinusatf this architecture should
allow power scaling of the visible output into thaulti-hundred-watts level and

beyond.

The concept of intracavity power enhancement veaafsan internal resonator is by
no means restricted to second harmonic generatidncan be also extended to a
wide range of applications. Two examples are swegtfency generation (SFG) and
difference-frequency generation (DFG) using twodilbasers operating at different
fundamental wavelengths and sharing a common etteravity arrangement

comprising a feedback path and enhancement regonétfo a nonlinear crystal

oriented for phase matching of a desired nonlipeacess. Efficient sum-frequency
generation with continuous wave fibre lasers igipalarly important as it offers a

potential route to high power output across thélgsand near-IR spectral regions.
If we consider tuning ranges of Nd-, Yb-, Er-, Bind Tm-doped fibre lasers, we can
conclude that high power output at virtually anywelangth from 440 nm - 1200 nm
range can be achieved by SHG and SFG with fibrerdassing any two of above

dopants. Similarly, cascaded (two-stage) SHG an@ piocesses offer route to any
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wavelength in the 220 nm — 600 nm spectral regitve same reasoning applies to
the DFG process. High power output at any wavelerdghger than 1500 nm

(provided this wavelength lies within transmissrange of the optical materials used
in the laser) can be realised by frequency mixiatyieen fibre lasers with different

active ion dopants.

A fibre-based optical parametric oscillator can &lso based on the resonant
enhancement cavity incorporated in a main resonaftdhe fibre laser. Such an
architecture using a periodically-poled nonlineaystal in the enhancement
resonator can provide a relatively simple routdiggh power output in the mid-IR

spectral region.

Other interesting applications for this conceptoire novel hybrid fibre-bulk laser
sources, optical pumping, optical cooling and mamyre. Unfortunately, due to
limited time of the PhD project, the proposed applo to intracavity power
enhancement in continuous-wave fibre lasers mesetgtched the surface of its
potential. We believe that this technique can beramplatform technology for
extending the range of operating wavelengths oh hpgwer laser sources to the
visible and mid-IR spectral regions. In our opiniorany more applications will
emerge after these novel laser architectures, gengrhigh power output at various

wavelengths not accessible to conventional lasarces, are demonstrated.
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Appendix A

Etalon theory

The transmission function of a well-adjusted etatogiven by [A.1]:

1

T = 1+ ¢sin?2(6/2)

(A1)

where§ = (27") 2n.d, cos 6, is a phase difference between reflectiaks; mirrors

spacingne - refractive index between mirrom, - incident angle, ang is a finesse

4R,

coefficient with a maximum value @f,,,,, = R
—Re

for ideal plane-plane mirrors of

reflectivity Re. (A.1) consists of narrow peaks of FWHSA and reaching unity,
separated by the free spectral range (FSR):
A

= A.2
FSR 2n.d, cos 0, + 1, (A-2)

where 1, is the central wavelength of the nearest peak. péak widthsa is

connected with the FSR by the cavity finesse:

FSR T T

F T 2sin"1(1/\/) zE\/E (A-3)

where the last approximation is valid fBs > 0.5. Using (A.1), (A.2), (A.3) and
puttingn, ~ 1 (air), 6, ~ 0, and assumingd » 4,, the expression for minimal peak

width becomes:

A > )‘(2) (1 _Re)

~ 2nd, \/R_e

(A.4)
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