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Abstract

The work presented in this thesis concerns the dstration and characterisation of the
first double cladding highly polarised, through rfobirefringence alone, Yb doped

Photonic Crystal Fibre (PCF) laser. A numericaldeiadeveloped as part of this work
investigates the power characteristics of PCF $ases well as their polarisation
properties. Numerical mode modelling is carried fou the novel PCF laser structure

and optimum geometry is proposed.

The polarisation maintaining PCF laser had fibteratation of 0.48dBfh operating
wavelength between 1020nm and 1080nm dependingbom léength, internal quantum
efficiency of 77%, polarisation ratio of 200:1 aadtore to cladding loss of 0.05Wmn
which was confirmed by numerical modelling develbas part of this work. 2.9W of
highly polarised single mode output was carriedh®y core and a difference in output
power from both ends of the laser was again sh@aretin agreement with numerical
modelling results. The laser had an ellipticaldamental mode profile with ¥eadii
3um by Gum with M? values 1.72 and 2.8. Numerical mode modelling easied out
to determine the optimum PCF structure that wouikimise the loss of light from the
core to the cladding. The theoretical modellingtried out as part of this research,
predicts that the highly polarised PCF laser cdagdoptimised by increasing the small
air hole radii to 2.pm, reducing the larger air hole diameters tqu1Gnd by reducing
the pitch of the air holes to less tham¥.

Based on the same PCF structure as the highlyipetePCF laser, a 75% Bragg grating
was incorporated into the PCF laser which allowkd first demonstration and
characterisation of a double cladding highly pasledi Y6+ doped PCF laser with a 75%
incorporated Bragg grating. The self pulsing rataf this laser is discussed and a

double pumping scheme, using a 980nm and a 940wate daser, is employed to



successfully suppress these pulsations. The maxioutput laser power was 6.5W at
1061.6nm.

Both of these highly polarised PCF lasers are usedemonstrate second harmonic
generation, in a lithium triborate crystal. Andger number of passes, n, through the
crystal are shown to increase the intensity ofséond harmonic light by a factor df n
Second harmonic generation using a periodicallygadithium niobate crystal and the
highly polarised PCF laser with the incorporateddgy grating is also demonstrated.

Fibre end facet angle polishing methods are exglared the successful suppression of
stimulated emission from the PCF laser is achideading to the first demonstration of

Q-switched operation of the novel highly polaris¥dF laser.
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Chapter 1 - Introduction

Chapter 1

Introduction

This introductory chapter provides the backgroumd @ahe motivation for the
research presented in this thesis. A historicarnaew of optical fibre lasers and
their constant development are detailed. A syrsopfseach chapter and the principal

results are also included.

1.1 Technological Background

Since the first laser demonstration of the rubydas 1960 by Maiman [1,2] the
development of the first optical fibre laser wasrsdo follow and was achieved in
1961 by Snitzer [3]. It consisted of a glass fitai¢gh a 30um core diameter doped
with neodymium (Nd) and side pumped by a pulsedhfiamp. Despite this
pumping scheme being inefficient at absorbing tinep power the early fibre lasers
demonstrated the ability to provide very high gamplification. Further work was
continued in the 1960’s by Koestetral [4] and Holstet al [5] leading to a Nd doped
fibre laser with a gain of 47dB. The low thresholthracteristic of fibre lasers was
not exploited until 1973 by the development of déilend pumping schemes [6, 7]. A
significant advance in the fibre laser technologyne in 1985 by Poolet al [8],
who demonstrated lasing and amplification in mormdesilica fibres pumped with
low power semiconductor lasers. Coming soon d&ftaole’s development, the first
Continuous Wave (CW) single-mode Nd doped fibredas/stem was constructed
by Mearset al [9] which led to their demonstration of the fiestbium (Er) doped
CW and Q-switched fibre laser in 1986 [10]. Thiscdvery proved invaluable for
the telecommunications industry as the emissionelesngth of 1.5pm, from Er,
falls within the low loss third telecommunicatiomsndow. Therefore, extensive
research has been carried out over the years olofad fibre lasers and amplifiers

[11]. Aside from applications in telecommunicasoriibre lasers are suitable for
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applications in sensing, medical devices, dataag®rhigh resolution spectroscopy
and material processing due to the extensive rahgperating wavelengths from the
ultraviolet to the mid-infrared accessible througirious rare-earth dopants. Such
dopants include Nd, Er, ytterbium (Yb), thulium (Fmholmium (Hm) and
praseodymium (Pr). The first Yb doped silica fikaser was reported by Hanegal

in 1988 [12] which produced 4mW of output powerdhle over the range 1.015 —
1.14um when pumped by 40mW of 840nm light. Since theteresive research has
been carried out using Yb as a dopant in fibrertafE3-18]. Tm [19-23] and Hm
[24-26] doped fibre lasers are of particular ins¢reecause they can oscillate at the
eye safe wavelength of 2u0n making them suitable for applications in atmosjghe
pollution monitoring and coherent radar applicasiorPr is another rare earth which
has been explored as a dopant in fibre lasersalite diverse lasing wavelength [27-
29].

The most recent addition to the fibre laser fanmlythe introduction of photonic
crystal and photonic bandgap fibre lasers. Back987 Sejeev John from the
University of Toronto and Eli Yablonovitch from Be&Communications Research
predicted the guidance of light by means of thet@hic bandgap effect [30,31].
This is analogous to the theory of band structuresemiconductors, with forbidden
bands, resulting from interactions between elestrand the periodic variations in
potential created by the crystal lattice. It waspmsed that photonic crystals, with
optical bandgaps, could be created by replacing@@ainger’'s equation with the
classical wave equation for magnetic field intaactas well as replacing periodic
variations in electric potential with periodic vations in refractive index. This
would create a photonic structure which would iithithe propagation of
wavelengths corresponding to the photonic bandgapsat the same time would
allow the transmission of all other wavelengthdthdugh the principle of operation
of these photonic structures was simple it was famufacturing of them which
proved to be difficult. In fact the first photortb@andgap material was not created by
Yablonovitch until 1991 [32]. At the time this eggch was a hot topic of interest
within the optics community. The basic concept vedsinterest to a group of

researchers at the University of Southampton wHaeve they could apply the
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photonic bandgap concept to optical fibres. Carsibn of the fibre structure

proved difficult as they initially tried to drillieholes into a block of silica glass then
draw the fibre down to the desired diameter. Thweye able to drill the central

hollow core but were unable to drill the surrourtgdeir hole structure. Therefore
they changed their fabrication approach and optedstack an arrangement of
capillary tubes and solid glass rods in the desstedcture to create their preform
before drawing it down to the desired fibre diametd8y 1995 Russell and his
research team had successfully created the firstoRit Crystal Fibre (PCF) [33].

The fibre they created had a solid glass core rdkfam the hollow core that they had
initially intended. The cladding consisted of @rigular arrangement of micro
structured air holes running the full length of fiwe. The guiding mechanism was
by means of modified Total Internal Reflection (JIRather than by photonic
bandgap guiding. They did not achieve photonicdigap guiding because the air
holes within the fibre were too small to achievau#ficiently large air-filling fraction

required for the photonic bandgap effect. Thistfolemonstration of a new fibre
technology set the foundations of an extensiverapally developing research field

of optics.

In 1996, Russell moved his research group to thevddsity of Bath where they
continued to improve their fabrication methods. 1899 they created the first true
photonic bandgap guiding optical fibre [34]. Sirtken, world-wide research groups
have carried out work exploring the characteristicthe PCF and photonic bandgap
fibore. As the manufacturers are free to contr@ tlesign of the complex micro
structures they have great freedom and control mrportant fibre parameters such
as their dispersion [35], non-linearity [36,37],nmerical aperture, birefringence [38-
41] and single or multi mode transmission charasties [42]. The first photonic
crystal fibre laser was demonstrated in 2000 by SMadthet al [43] and was doped
with Yb**. Since then many photonic crystal fibre lasenseHaeen reported scaling
to high powers [44,45] of up to 1.36kW [46] usidgdding pumped techniques. To
date the main leaders in exploring the fabricatind application technology of these
PCF and photonic bandgap fibres has been Russellhencolleagues from the

University of Bath along with Richardson and hileagues from the University of
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Southampton. The main leader in high power PCéréaand amplifiers to date has
been carried out by Tunnermann and his colleaguethe Friedrich Schiller
University in Jena, Germany. A spin-off companyaZzg Photonics, from the
University of Bath was the first manufacturer offP&d photonic bandgap fibre and
they held all of the original patents for producthgse structures. However, in 2000
a Danish company called Crystal Fibre A/S [47] vessablished as a spin out
company from the Technical University of Denmarkl am 2004 they acquired the
assets of Blaze Photonics. Crystal Fibre is nosvlg@ading commercial company
supplying a wide variety of PCF and photonic bampdfijare world-wide. In fact the
PCF lasers characterised in this research were factored and supplied by Crystal
Fibre A/S. To date extensive research has bearedasut exploring the endless
technological possibilities of this relatively netechnology and it continues to
expand as the boundaries and limitations of thahrtelogy are continuously being

stretched.

1.2 Solid State Lasers

Fibre lasers, the subject of this thesis, form alkgroup of the laser family of solid
state lasers. These are lasers based on sokdgstiat media such as glass or crystals
and are doped with rare earth or transition metas.i Examples of solid state lasers
include bulk lasers, fibre lasers or other typesvat’eguide lasers such as thin disc
lasers. The long upper state lifetimes makes sihtk lasers very suitable for Q-
switching and mode locking applications. Many édiate lasers have traditionally
been optically pumped by flash lamps which aretiradly inexpensive and can
provide high power. However, this type of pumpiegds to moderate lifetime,
fairly low power efficiency and unwanted thermahdeng effects in the gain
medium. Diode lasers provide modern alternativeypsources, to the flash lamp
pumps, for solid state lasers due to their lorggiie, compactness and higher beam

quality.

A bulk laser is a solid state laser which has & Ipigce of doped crystal or glass as
the gain medium. There is no waveguide structueecfore the beam propagates in

free space between optical components and the badims is determined by the
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design of the laser resonator rather than the gaidium. Bulk lasers are preferable
for devices operating with high peak power, whereas threshold and high gain
operation is more easily achieved with waveguideds. A Nd":YAG (ytterbium
aluminium garnet) laser is an example of a poplidk solid state laser which most
commonly emits at 1064nm. In terms of their pasribr wavelength tuning, most
rare earth doped laser crystal such a3"N&G, have a small gain bandwidth of the
order of 10nm or less such that tuning is possblg in a limited range.

A thin disk laser is another type of diode pumpetidsstate laser which was

introduced in the 1990s. The geometry of the ga&dium, the laser crystal, is a thin
disk where the thickness is considerably smallentithe laser beam diameter.
Typical disk thickness is 100-206 for a Yb:YAG thin disk laser. The heat which
is generated is extracted longitudinally rathenttransversely which results in weak
thermal lensing. Thus, operation with very higlaftnequality and high output power
up to 1kW can be achieved in comparison to onlhew fvatts of output power

produced by bulk solid state lasers.

Optical fibre lasers are lightweight, compact aasiehhigh potential for high average
output power, high beam quality, high power efimg and broad wavelength
tunability. Due to the high gain efficiency fibl@sers have the potential to operate
with very low pump powers. The fibre geometry a#oheat distribution over a long
length and good thermal management negates the foeezktra heat dissipation
units. Fibre gain media have a large gain bandwddee to strongly broadened laser
transitions in glasses which permit wide wavelergtiing ranges. Fibre lasers also
have broad spectral regions with good pump absorpthich makes the exact pump
wavelength non-critical. Therefore, temperatuabization of the pump diode is
usually not necessary. Diffraction limited beamalgy is easily obtained when
using single mode fibres. Double cladding fibomistiures, which consist of a single
mode core with refractive index;,nsurrounded by an inner-cladding region of
refractive index p < np which in turn is surrounded by an outer-claddingioa of
refractive index n< . allows high pump conversion efficiency. The incidding

region forms a second waveguide which can suppattipte modes. Thus, single
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mode output can be achieved when pumping with ieesye multimode diode
lasers. Polarisation maintaining lasers are uswdsénsing, laser cutting and
nonlinear applications such as second harmonicrggoe. PCF lasers push the

boundaries of existing fibre lasers, generatingent@sirable laser sources.

1.3 ThesisOutline

In Chapter 2, the basic theory of laser action will be givehhree and four level
laser systems will be discussed and the spectrisgmpperties of YB" will be
detailed.

Chapter 3 will give an overview of wave propagation in frepace, step-index

optical fibore and PCF. An overview of silica optidibres and their geometry is
given highlighting the differences between singlede and multimode fibres. A
discussion of various fibre structures is preseeteghasising double-cladding fibres
as well as an introduction to different types off?Cv/arious modelling techniques,
which are employed to analyse properties of PGkl be discussed. A description
of Gaussian beam properties will be given and thethodology utilised in this

research to analyse the quality of real laser bemithbe presented.

Chapter 4 will present a numerical model, developed as phthis research, which

analyses the power characteristics of PCF lasdree model gives an accurate
representation of a real PCF laser as it includss bf power from the core to the
cladding as well as polarisation properties. Theptetical results obtained will be

compared to the experimental results obtained dpthis research.

Chapter 5 begins with a discussion on fibre birefringencd #re characterisation of
test geometry PCF lasers leading to the presentafithe first highly polarised YBH

doped PCF laser through form birefringence aloBeperimental details and results
for characterising this novel PCF laser in termpaiver, fibre length dependence,
beam quality and polarisation analysis are giidnmerical modelling carried out as
part of this research leading to the predictiorafoptimised highly polarised PCF

laser structure is presented.
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Chapter 6 reviews nonlinear optics and the basic theorynopartant nonlinear
effects. A brief discussion of nonlinear materiaitgl their properties will be given.
For second harmonic generation a polarised lightcsis required, therefore second
harmonic generation using the novel highly polatis®®* doped PCF laser will be
demonstrated for the first time. An integer numbkpasses, n, through the crystal

are shown to increase the intensity of the secamchbnic light by a factor of’n

A review of the theory of Q-switched lasers and thethods employed to create
such lasers will be given i@hapter 7. Fibre end facet angle polishing methods
carried will be explored and the successful sugmoesof stimulated emission from
the PCF laser is achieved leading to the first destration of Q-switched operation

of the novel highly polarised PCF laser.

The focus ofChapter 8 will be the characterisation of a highly polarisgof* doped
PCF laser which has a 75% fibre Bragg grating amiinto the novel fibre structure.
The self pulsing nature of this laser will be dis®ed along with pulse suppression

techniques that were carried out as part of tiesaech.

Chapter 9 presents the principal results, overall conclusiofthe work presented in

this thesis and possible future work. The worksprged in this thesis was published
in Optics Express [48], reviewed by Hecht [49],téead in Photonics Spectra [50],

formed the basis of an oral presentation at the QEQrophoton Conference [51],

featured as a poster presentation at th® International Laser Spectroscopy
Conference [52] and won a poster prize at the NKihmer academy conference
[53].
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Chapter 2 — Theory of Laser Action

Chapter 2

Theory of Laser Action

This chapter describes basic laser theory includimg concepts of population
inversion, gain, gain saturation and thresholdhre® and four level laser systems

will be discussed and the spectroscopic propeofigéh** will be detailed.

2.1 Energy Level Interactions

In general a laser cavity contains an active maltenade up of atoms or ions which
contain several electronic energy levels. Whenekattron in the atom or ion
undergoes a transition between two energy levedgher emits or absorbs a photon

of frequencyy, wherev = AE/h, AE being the energy difference between the two

levels concerned and h being Planck’s constanthdrcase of a fibre laser the active
material contains rare earth ions whose energyldeae split into several Stark
levels [1]. These Stark levels are sufficientlpsd to each other to be strongly
thermally coupled and are therefore in thermal lduum with each other. Thus,
the population distribution of these Stark levedfiofivs a Boltzmann distribution
which allows the energy level to be treated asnglsientity with the population
determined by the laser rate equations. This res€facuses on Y doped fibre
lasers, thus the electronic structure of this iah e described in sectio.3 but

first, the mechanisms required for laser actioadeur will be described.

2.1.1 Absorption

Consider the electron transitions which may ocaiwien the two energy levels of

the hypothetical atomic system showrkFigure 2.1
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Figure 2.1: Energy level diagram showing stimulated absomptio

Let N; and N represent the number of electrons per unit volimievels 1 and 2
respectively. An electron in the lower level,iBay be excited to the upper leve}, E
by absorbing a photon of energy,(EE;) = hv. This process is termed stimulated
absorption. Assuming a monochromatic beam of sitenl, and frequencyv
propagating through the medium the number of pl®otwassing a unit area per unit

time is [2]

=Y 2.1
7= @)

The rate of change ofi;Nlue to (stimulated) absorption is

dN, I
—| =-0,(0)——N 2.2
[dt lbs a( )hU ) (2.2)
where g, (v )is the absorption cross section. The rate of gisoris dependent on

the amount of pumping or the density of radiatibtha particular energy separating
the two levels involved. Once an electron in tighér lying energy level transfers

back to the lower lying energy level it emits a fam
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2.1.2 Spontaneous Emission

The emission process can occur in two distinct wegysntaneous or stimulated. The
former of these is depicted Figure 2.2 whereby the electron drops to the lower

level in an entirely random way, emitting a phoiomhe process.

Population, N
2 . Energy, b
Energ &J'
1 v Population, N
Energy, &

Figure 2.2: Energy level diagram showing spontaneous emission

The spontaneous rate of decdgN,/dt)., from level 2 to 1 of the electrons is

proportional to the number of electrons, Nccupying level 2, thus [2]

dN, N
=-A,N,=-—2 2.3
) =N e

where A; is the Einstein A coefficient which represents sipentaneous transition
rate associated with a transition from level 2 toliis related to the spontaneous

emission lifetimer,, =1/A,, , ie. time for electron to transfer from level 210 As

the spontaneous radiation from any atom or ionmgted at random the radiation
emitted by a large number of ions will clearly becaoherent. Note that a
nonradiative transition can also take place whettblyenergy emitted is not in the
form of an electromagnetic wave but instead therggnés given to surrounding

electrons in the form of translational, vibratigraitational or electronic energy.
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2.1.3 Stimulated Emission

Stimulated emission is the process whereby anrelecs triggered to undergo the
transition from the upper level to the lower lewsi the presence of a photon of
energy (k- E;). SeeFigure 2.3

Population, M
2 . Energy, &
1 v Population, N
Energy, &

Figure 2.3: Energy level diagram showing stimulated emission.

In contrast to spontaneous emission the stimulgextess results in coherent
radiation since the waves associated with the $atimg and stimulated photons
have identical frequencies, are in phase, haves#imee state of polarisation and
propagate in the same direction. Note that thizgss is the inverse of stimulated
absorption. In the presence of a population ingard\, > N;, the amplitude of an

incident wave can grow as it passes through thesys

The rate at which transitions occur from level 2 ltoas a result of stimulated

emission is [2]

aN,) o,
[ dt jst - ae(U) hu N2 (24)

where o,(v )s the emission cross section. The population rgiga condition

required for laser action is a non-equilibrium dgition of atoms or ions whereby
N> > Nj, as stated previously. This relies on a finitgarmlevel lifetime and an
excitation process, ie. pumping. ¥thas a relatively long upper level lifetime of 1-
2ms, which is ideal for laser action and applicgaiguch as Q-switching which will

be demonstrated i@hapter 7. Once an electron undergoes a spontaneous toansit
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and emits a photon it starts the stimulated emisprocess. However with the two
level system, as the transition probability for @ipsion is equal to that of emission,
once electrons are excited into the upper leveptiobabilities of further stimulated
absorption or emission are equal so that even weiti intense pumping the best that
can be achieved is equality of the populationsheftvo levels. Therefore, we must
consider laser materials with either three of femergy levels. The Y PCF lasers,

within this thesis, can be described using theseesys.

2.2 Three-level and Four-level Laser Systems

Figure 2.4depicts the energy level diagram for a three-léagdr system.

N\

Figure 2.4: Energy level diagram for a three-level laser gyst (Red solid lines indicate absorption

and stimulated emission and red dashed lines indiczlaxation processgs

For any laser system gain is achieved when thelptpu in the upper laser level is
greater than that of the lower laser level. Ihrae level system the lower laser level
is the ground state and the gain condition is eaidily achievable as there will
always be population in the ground state. Thisnaethat to achieve population
inversion in a three-level system more than halth& population initially in the

ground state must be pumped to the upper pumpwgl, l&evel 3, where it non-

radiatively decays to level 2, before any inversainall is obtained on the lasing
transition. A common problem which affects a thieesl system is ground state
reabsorption whereby a significant fraction of thigacavity intensity is reabsorbed.
This reabsorption raises the threshold for achgyopulation inversion. Therefore,

for a three-level fibre laser there is an optimulomef length; if the fibre is too short
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there is insufficient pump absorption but if ita® long the intracavity laser power is
reabsorbed. This reabsorption process will batilated in the numerical modelling
featured in the forthcominGhapter 4.

Figure 2.5depicts an energy level diagram for a four-leaskr system.

4TA
\\\ 3 (Fast
“A
7 3
/ |
/
7 I
! e |
T3;|7/ T32 !
/ (Slow),
/
/ — 2
4 -
// /’/
{ 2’ T21 (Fast)
P A )

Figure 2.5: Energy level diagram for a four-level laser syste (Red solid lines indicate absorption

and stimulated emission and red dashed lines indiczlaxation processgs

In a four-level laser system the terminating leielell separated in energy space
from the ground state. The lifetime of level 4sf®rt in comparison to the lifetime
of level 3. Therefore, the population in level Bl e much greater than that in level
4. Similarly, the lifetime of level 2 is short tomparison to level 3 such that the
population in level 3 is much greater than in le2eland level 2 is quickly
depopulated non-radiatively ensuring no reabsampfjorovided that there is no
absorption on other transitions). Thus, thereoisabsorption of the gain medium in
the unpumped state and the gain usually rises rlinedth the absorbed pump
power. These lifetime parameters ensure that ailpbpn inversion is readily
achieved for the level 3 to 2 laser transition. ithAa four-level fibre laser the

threshold power decreases inversely with fibre tleng

A quasi-three-level system falls mid-way betweemhgee and a four-level laser

system and is depicted ngure 2.6
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Figure 2.6: Energy level diagram for a quasi-three-level lasgstem. (Red solid lines indicate

absorption and stimulated emission and red dashmes indicate relaxation processes

In the quasi-three-level system example illustrateffigure 2.6levels 1 and 2 are

broadened to form manifolds and transitions to frath any of these levels within

the manifolds are permitted. This structure redema four level system in that the
population inversion requirements are decreasdutk Idwer laser level is so close to
the ground state that an appreciable populatiothat level can occur at some
thermal equilibrium with the ground state, at thgemating temperature. As a
consequence of this the unpumped gain medium casm®ee loss at the laser
wavelength due to reabsorption and transparenagashed only for some finite

pump intensity. For higher pump intensities thisrgain which is required for laser
operation. An important fact is that the specstape of the optical gain in a quasi-
three level system depends on this excitationwdiieh affects the balance between
emission and reabsorption. Therefore, the laseelgagth obtained may depend on
the resonator losses, i.e. high resonator losspsrechigh gain and thus a higher

excitation rate which leads to shorter wavelengtmaximum gain.

2.3 Ytterbium as a Dopant

The rare earths are divided into two groups; tighianides and the actinides. The
lanthanides are characterised by the filling of 4fieshell whereas the actinides are
characterised by the filling of the 5f shell. Onhe lanthanides will be considered
here as the rare earth ion %¥leonsidered in this research falls under the laritiean

category. When Yb is doped into a glass host itriy ionised with only one
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electron short of a full 4f shell. Hence there andy two electronic energy levels;
the ground state’F;,, and the excited statéFs, separated by approximately
11,000cnT, which are Stark split as shown Figure 2.7 The 4f electrons are
shielded from the effects of the environment. Tthes consequences for the static
interactions are energy levels that are relativedgnsitive to host, have small host
induced splittings and are only weakly mixed withersgy states. The dynamic
consequences are little or no vibronic structure weak nonradiative relaxation of
excited states which occurs through phonon emissidhe net results are optical
transitions between 4f states that manifest tharaseds narrow, weak bands or
sharp lines and emission that can be highly efiicieThese properties are different
from the transition metals that have much stromgiraction with the host and are
characterised by broad, strong emission and absorgiands that are due to

vibronically assisted transitions [1].

= ™ __ 11630
Q) T 11000
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Energy level Energy/crit
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Figure 2.7: Energy level diagram for Yh

A Yb* doped fibre laser is typically pumped in order gopulate the higher
sublevels of théFs;, manifold. It is well known to behave as a trueethievel
system but in some circumstances its operatioretteibdescribed by a quasi-three
level system e.g. at emission wavelengths belown®0@ can be described using a
true three-level system, whereas at longer wavéhenig behaves as a quasi-three

level system.
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Looking at the absorption and emission spectratifiied inFigure 2.8we can see
that it has a broad absorption band that stretéteea below 850nm to above
1070nm which allows inexpensive and readily avédatiode lasers to be used as
pump sources. It also has a broad emission baettising from 970nm to 1200nm
which is broader than that of its counterpart neoidyn (Nd). Thus YB' offers an

attractive wide tuning wavelength range.

emission

Cross sections (pmtz)

F50 400 9E0 440 JE0 90 Lide LoEg 104 Logd  1ode  1lod  1lio 1140
wavelength [(nm)

Figure 2.8: Ground state absorption and emission spectrunYlst in silica [3] (Labels A-E are

explained in the following text).

Labels (A) to (E) have been placed on the mostalssifeatures of the absorption
and emission spectra. The narrow line at 975npresented by label (A), in both
the absorption and the emission spectra corresgortdsnsitions between the lowest
stark levels in each manifold. Laser action ors tirrow peak where emission is
into the lowest stark level is characterised asrue tthree-level system. The
absorption peak, labelled (B), at shorter wavelengbrresponds to transitions from
levels (1) to (6) and (1) to (7). The long wavedn absorption, labelled (C),

corresponds to transitions from level 2 to (6) &&dto (7). This weak shoulder is
due to reabsorption which has a significant effectthe threshold for lasing at
wavelengths within the dip in the emission spectrurihe second peak in the
emission spectrum, labelled (D), corresponds tositimns from level (5) to levels

(2), (3) and (4). Laser action on these transgtiah longer wavelengths is better

described using a quasi-three level system asrthesmn is into levels (3) and (4)
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which are essentially empty levels. Transitiomsrflevel (6), corresponding to label
(E), are also evident but the small thermal poputadf level (6) means that these

transitions are weak.

To illustrate the pump rate dependent gain desdribesection2.2, Figure 2.9
depicts this optical gain dependence on excitatite for a YB* doped fibre laser

pumped at 840nm.

25
20 [

15:-

Gain (dB)

1

1050

1100 1150 1200

PR R Y YR T T S

-10 N - | I -
900 850 1000

Wavelength (nm)

Figure 2.9: Gain spectrum for 1m length ¥bdoped fibre laser pumped at 840nm, fibre diameter
3.7%m, NA = 0.17, dopant concentration 550ppm, launcpedp power varied from 5mW to

200mW. (Curves are labelled with launched pumpguaemvmilil watts) [3].

There can actually be a smooth transition from éHesel to four-level gain
characteristics with increasing laser wavelengtiYb®" doped silica exhibits
pronounced three-level behaviour for wavelengthevb@pproximately 1040nm. At
longer wavelengths, there is hardly any reabsamptlnus a very low excitation

density will be sufficient to obtain the requiredig
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Pasket al [3] demonstrated that the lasing wavelength of"ttoped fibre lasers can

be changed by controlling the Q of the resonatobyrchanging the length of the

fibre. The lasing wavelength will correspond te thiavelength which has peak gain
at the threshold for laser oscillation. Changihg Q changes the gain required to
reach threshold and therefore changes the wavélaigbieak gain. Increasing the

length of the fibre shifts the gain maxima to longeavelengths as a result of

reabsorption. On comparingigure 2.9 with Figure 2.1Q this effect is clearly

illustrated.
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Figure 2.10: Gain spectrum for 20m length ¥bdoped fibre laser pumped at 840nm, fibre diameter
3.7%m, NA = 0.17, dopant concentration 550ppm, launcpedp power varied from 5mW to
100mW. (Curves are labelled with launched pumpguan milliwatts) [3].

Note that reabsorption does not constitute a pesa bf energy as the process excites
electrons into the upper level enabling stimuladetdssion to occur again at a later
time. Pronounced three-level behaviour is favodoedjain media with a very small
guantum defect as this enforces a small energyrgpaetween the lower laser level
and the ground state. Thus, the thermal populatbthe lower laser level is
significant.
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2.4 Laser Rate Equations

A three-level laser system can be analysed byngrithe rate equations for each
level, using the diagram shown fiigure 2.4 and then solving them for their steady
state solutions Assuming that there is a laser pumping proceas pihoduces a
stimulated transition probability YW= Ws; =W, , the rate equations for the upper
levels 3 and 2 respectively, are [4]

dN, N
=W (N, - N,)—— 2.5
" o (N; = N3) . (2.5)
and

dN, N; N,

= (2.6)

For steady state(zj(lj\lT2 =0 and ddth =0, thus equatiof2.6) becomes
N
_3 = & (2.7)
T32 TZl

The conservation equation;M N> + N3 = N is valid and on rearranging equation

(2.7)we obtain the relaxation time rati®,, corresponding to levels 2 and 3.

N
0=—"12 :@ (2.8)
N2 TZl

Another dimensionless parameter, the fluoresceahtyun efficiency parametey,
is normally defined as the number of fluoresceriatphs spontaneously emitted on
the laser transition divided by the number of pupmotons absorbed on the pump

transition when the laser material is below thréghdt can be expressed as follows

[4].
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SRELLE (2.9)
T3,T

rad

where 1., is the radiative decay rate on the laser tramsitigelf. Thus the steady

state population difference for the level 2 todnsition can be found to be [4]

N2 - Nl _ (1_O)I7Wprrad -1
N 0+20)W,7, +1

(2.10)

rad

Thus population inversion in the three-level systan only be obtained i® < 1

and if the pumping rate exceeds a threshold vakendy

Wr_, 2———— 2.11

p©rad /7(1—6) ( )
These conditions can only be met when the relaxdtan the upper pumping level
3 to the upper laser level 2 is very fast such at 0and when the relaxation from

the upper laser level 2 down to the ground stapriigly radiative such that -~ .1

Therefore the steady state population inversioraftiiree-level system is found to be

[4]

Ng - N1 :Wprrad -1
N Wr.  +1

p‘rad

if 7 ~1andO - 0 (2.12)

For the four-level laser system, showrFigure 2.5,again let us assume that there is
a laser pumping process that produces a stimutededition probability W, = W4

=W, , the rate equation for level 4 is [4]

dN, N
=W, (N, -N,) -—* 2.13
p o (Ny = N,) ., (2.13)
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where 7, is the total lifetime for decay to all other lowging levels. The steady

state population of level 4, wheilN, /dt = 0, is given by [4]

N, =W,7,N, if W,r,<<1 (2.14)

The normalised pumping ratéy,7,, does in fact have a value much less than unity

in many practical laser systems. The rate equationlevels 3 and 2, respectively,

are
N N
dN, N N, (2.15)
dadt 171, 1,
and
N
dN, :& _3_& (2.16)
dt T42 T32 T21
For the four-level laser system the param@&@ebecomes
O-= & = h (2.17)
NS T32

which is typically much less than unity. The flascent quantum efficiency, for

the four-level system is

I PLE

= (2.18)
Tl

rad

Again the conservation equation NN+ N3+ Ns= N is valid and we can solve for

the population inversion for the four-level systgt

N3 B Nz Wprrad

N  1+W.r

p‘rad

if 5.0  (2.19)
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Comparing equation§2.12) and (2.19) we see that population inversion is much
more easily obtained in a four-level system comgbdéoea three-level system. Thus,
a four-level laser system typically has a much lopanping threshold than a three-
level system. The population inversion for botlsteyns depends on the radiative
lifetime and the pumping rate. This dependencectigadly not linear which leads to

saturation of the population inversion for largenpurates.

2.5 Laser Oscillation

Let us consider the simple case of an optical r@®wrconsisting of a gain medium
of length, L, placed between two mirrors; Bhd M which have reflectivity Rand
R,, respectively. Assume that the gain medium fiile space between the two
mirrors. We have already described that a popmuiativersion must be established
to achieve gain and laser oscillation. A minimumali signal gain coefficient, k,
must be large enough to overcome the losses iatigy in order to sustain laser
oscillations. The total loss in the system canatisbuted to many sources. For
simplicity let us combine all of these losses, @tdbose due to transmission at the
mirrors, into a single loss coefficient, This loss coefficient will reduce the
effective small signal gain coefficient to {ik- As previously mentioned, in section
2.1.2 the initial stimulus in the cavity is provided layly spontaneous transitions
taking place between energy levels which leadptmt&neous emission whereby the
emitted photon propagates along the axis of theesys The signal is amplified as it
propagates through the medium and is retro-reflledtg the cavity mirrors.
Threshold is reached when the gain provided byntleelium is equal to the loss
incurred during one round trip of the cavity. Tteeshold small signal gain
coefficient, k,, can be determined by considering the changeradiance of the
beam of light as it undergoes one complete royndifithe cavity. On travelling
from the first mirror to the second mirror the bemradiance increases fromtb | in

accordance with

| = 1,68 (2.20)
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where k is the small signal gain coefficieptis cavity loss coefficient and L is the
cavity length. When the beam is reflected by theoad mirror the beam irradiance
will be equal to equatiof2.20) multiplied by R. After one complete round trip of

the cavity the final beam irradiance will be sulshttthe round trip gain, G, is [5]

G:+:&&éwm (2.21)

0

If the round trip gain is greater than unity théxe laser oscillations will grow.
However if the roundtrip gain is less than unitgrnhthe oscillations will die out.
Therefore a threshold condition exists such thataggn (2.21) must be equal to
unity and the small signal gain coefficient, k,eiquation(2.21) must be replaced by

the small signal gain coefficient at thresholg vihich is given by

1
Ky, = y+zln(

&%J (2.19)

This threshold small signal gain coefficient deteras the minimum population
inversion required. In continuous wave lasers thigshold gain is equal to the
steady state gain coefficientgsk The pump establishes a population inversionclwvhi
in the absence of any optical field has the vallla. The presence of an optical
field induces stimulated absorption and stimulateadission transitions, previously
described in sectiong.1.1 and 2.1.3, from levels 1 to 2 and 2 to 1, respectively.
Since, N> N; and the stimulated absorption and stimulated eomnssites are equal,
it follows that more electrons undergo transitifmoen level 2 to 1 than from level 1
to 2. Therefore, the new equilibrium populatiomarsion will be smaller thanN,.
This reduction in the population inversion and leerthe reduction in the gain

constant, due to the presence of the optical fisldalled gain saturation.
The saturation pump power,s,P which is the power required to decrease the

absorption coefficient to one half of its smallrgdvalue, is particularly important

for fibre lasers. This is because as a rule omthuthe length of fibre required to
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absorb a given input power is equal to the extimctength multiplied by the ratio of
the pump power to the saturation power, where ti@aion length is the length of
fibre that causes a small signal power decreasdadtor &. Itis given by [1]

_ hUpA(

= (G0 (2.21)

sat

where h is Planck’s constanhu is the energy of the photon,xAs the cross

sectional area of gain mediums the upper state lifetimeg, and o, is the

emission cross section and the absorption cradoseof the gain at the emission

wavelength.

The laser theory presented in this chapter wilinfidhe basis for a numerical model,
of PCF lasers, developed @hapter 4.
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Chapter 3 — Theory of Wave Propagation

Chapter 3
Theory of Wave Propagation

Laser beams, including those in higher order moplegpagate according to the laws
of Gaussian Optics. Starting from Maxwell’'s Eqaas, wave propagation in free
space will be discussed leading to a descriptionadfe propagation in standard step-
index optical fiore and PCF. Various numerical ®bdg techniques, which are
employed to analyse properties of PCF’s, are censtd Gaussian beam properties
will then be discussed leading to a descriptiorthef methodology utilised in this
research to analyse?\properties of real laser beams.

3.1 Wave Propagation
3.1.1 Wave Propagation in Free Space

In vacuum, electromagnetic fields propagate atvilecity of light, c,, where the

refractive index pc = 1 and there exists neither current nor chargeeréfbre,

Maxwell's equations can be simplified [1]

OE=0 (3.1)

= oH
OXE=—-y. — 3.2
h Ho (3.2)
OH=0 (3.3)

— QE
OxH=¢,— 3.4
05t (3.4)
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where E is the electric field vectorH is the magnetic field vectqy,is the

permeability of free space arng) = Is the permittivity of free space. Using

2
o Mo

the vector identity;] x (O x E) = O(0 LE) - O?E, the wave equation in free space is

Co

2o 1 0% e
[D ZatZJE(r,t) 0 (3.5)

In homogeneous material the phase velocity E, thus the wave equation becomes
n
2
n\" 0° |=
0% -|—| — |E(r,t)=0 3.6
[ (Cj atz} (r.t) (3.6)

The wave equation can be simplified if monochromatiaves with harmonic
development are permitted. The use of complex nusrddws many waveforms to
be clearly discussed. Only the real part of thmmex amplitude is considered as a

physically real quantity.

E(r,t) = OelE(r)e ™} (3.7)

2
where o’ =C—2k2 and r denotes the position of the field. Equaiidrr) can be
n

substituted into equatiqaf3.6)to yield the Helmholtz equation;

(02 +k?E(r) =0 (3.8)
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3.1.2 Wave Propagation in Step-Index Optical Fibre

A step-index optical fibre is characterised byr@Sactive index distribution

nr)y=n O<r<a core (3.9)

n(r)=n, r>a cladding (3.10)

In real fiboresn, =n, which allows the use of the scalar wave approxinaf2].

The modes are assumed to be nearly transverseaantiave an arbitrary state of
polarisation. Thus, the two independent sets oflesocan be assumed to be x-
polarised and y-polarised. These Linearly Poldridd®) modes both have the same

propagation constan8 =nw/c, and the transverse component of the electrid fiel

satisfies the previously stated wave equafi) [2].

. _(nY) 9% _
(D (Cj atz}a(r,t) 0 (3.11)

Wwith n? depending only on the transverse coordinates rgzaritle modes of the

system can be represented by

(g z,t) =yg(r,ge“™ (3.12)

Substituting equatio(8.12)into equatior(3.11)we obtain

0z°

(D2—6—2j¢+{%n2(r,¢)—ﬁ2}w20 (3.13)

For most practical fibres’depends only on the cylindrical coordinate r. Efere it
IS convenient to express equati@l3)using the cylindrical coordinates system [2]
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oy 10y, 1aw -
S +[k2n?(r)- g2y = 0 (3.14)

As an optical fibre has cylindrical symmetry we aive equatior3.14) by means

of separation of variables

@(r.g) = R(r)®(¢) (3.15)

Substituting equatio3.15) into equation(3.14)and division of equatioK3.14) by
W(r,@/r? we obtain

1d% _

To dg?

[d R 1dR (3.16)

n*(r)k® -
dr> rdr j [ Ok =4 ]
wherel is a constant. The dependence will be of the form cog Jlor sin (lg) and

for the function to be single valued we must hbawe0,1,2,3...,etc. The radial part of
equation(3.16)gives

, d’°R
dr?

{r2o)kz - g2z -13R=0 (3.17)
and the complete transverse field is given by

(3.18)

Ww(r,@ z,t) = R(r)e'“ {COS(@}

sin( @)

By substituting Ar) in equation(3.17) with the refractive index distributions given
by equations3.9)and(3.10)respectively, we obtain

2
Uzr—z—lsz:O; O<r<a  (3.19)
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whereU = a(k,’n,’ - 8?)"* and

2 2
r22|§+rz—R—[W2r—2+lsz=O; r>a (3.20)
r r a

whereW = a(8? - k?n,?)¥?. The normalised waveguide parameter V is

V = (U2 +W?)2 =ka(n? -n,?)" (3.21)

where, as usual, kK =72/ A, a is the core radius,;rand n are assumed to be
wavelength independent and are the refractive @sdin the core and cladding

respectively. Equation8(19)and(3.20)are of standard form of Bessel's equation.
The solutions of equatiof8.19)are Bessel functionsy(x) and Y{(x) where x = U?r .
The solution Y(x) is disregarded as it divergesxas . UThe solutions of equation
(3.20) are modified Bessel functions;(K) and |(x') where x':%. The solution

[i(X") is disregarded as it divergesxas « . Therefore, the transverse dependence of

the modal field is given by

A [gj[coslqo}_
Wr.g = Gy Lafsinle] r<a (3.22)

A K[MJCOSW'
K,w) '\ a )sinlg| r>a

Guided modes correspond mp’k? < B2 < n,’k?, thus for guided modes both U and
W are real. Forf? lying in the rangen,’k?® < 8% <n°k?, the fields R(r) are
oscillatory in the core and decay in the claddinghen g2 < k2n22 the fields are

oscillatory even in the cladding=igure 3.1compares the modal intensity pattern of
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a Bessel function with a Gaussian function. Raedély, the Bessel function mode

patterns observed in fibre lasers are approximaye@aussian beam modes.

1.2 4

===Bessel Function
===Gaussian Function

o
©

Intensity/Arbitrary
o
[}

0.4

0.2

0 0.5 1 15 2 25 3 35 4 4.5
r/micro metres
Figure 3.1: Modal intensity pattern for Bessel function (deghine) and Gaussian function (solid

line).

3.1.3 Wave Propagation in Photonic Crystal Fibre

The complex nature of micro-structured optical débrmeans that the standard
modelling methods from traditional fibre theory, agtlined above, do not lend
themselves for direct use with micro-structuredreflh For example, photonic
bandgap fibres require the full vectorial naturetted electromagnetic waves to be
taken into account [3]. Often they are modelledgiss method closely related to the
plane-wave method used for calculating electromicdgaps in semiconductors [4].
As the micro-structured fibres employed in this kvatere all index-guiding PCF the
wave propagation modelling descriptions given Wil restricted to these types of

fibre only.
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3.1.3.1 Effective Index Approach

A simple scalar model, developed by Birks al [5] and based on an effective
refractive index of the cladding can be applied establish qualitative mode
propagation properties for index guiding PCF. A tefractive index in the core is
greater than the average index of the cladding,R6& can guide by the same
mechanism as a standard step-index fibre; i.el ot@nal reflection. Thus, there
are propagation constanfs, available to the light in the core but not tohlig

propagating in the cladding. The Fundamental Sfilicey Mode (FSM) is the

fundamental mode of the infinite photonic crystédcding if the core is absent.

Therefore, 5, is the maximum propagation constant allowed inctedding and is

used to define the effective index of the claddisg

N, = ﬂF_;M (3.23)

where as usualk:%, is the free-space propagation constant of liglth w

wavelengthh. As the FSM is a fundamental mode with the saynensetries as the
photonic crystal itself, it is found by solving tkealar wave equation within a unit

cell centred on one of the holes of diameter, ghasvn inFigure 3.2.

Yo7 @

(b)

Figure 3.2: (a) Hexagonally shaped cladding cell (b) Circukgpproximation of cladding cell [5].

The diameter of these hexagonal cells is equahéopitch,A (the centre to centre

spacing between the air holes). Their hexagonapbeshs approximated by circular
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areas such that a general circular symmetric moligi@n is possible. By reflection
" d|(£ _ .
symmetry, the boundary condition at the cell edg ] =0, where s is the
<

coordinate normal to the cell edge. We can apprate this with a circular outer

dy

boundary at radius r = b, Wherg— =0. This is a reasonable approximation if the
r

air holes are not too large (hole diamet&um) because the field variation on a
circle intersecting the hexagonal boundary will mall. Equating the model’s
filling fraction to the actual value givds The field in both regions is expressed in

terms of Bessel functions of order 0, and the appbn of boundary conditions

yields S, -

An effective V parameter, such as that given byaéign (3.21) for the step-index
fibre, can be derived for the index guiding PCF akhitakes into account the
wavelength dependence of the refractive indiceseazhiby the air-glass matrix of the
PCF [3].

V = ka(n,,2 - n2)’? (3.24)

wheren,, is the core refractive index.

This effective-index method does provide some Hisigto PCF operation but it
cannot accurately predict the fibre modal propsrtguch as dispersion or
birefringence, both of which are dependent on tlae and positioning of the air
holes in the PCF. Thus, several numerical modal® lbeen developed to address
such problems, with each model encompassing its aadvantages and

disadvantages.
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3.2 Single Mode Optical Fibre

As already discussed in section 3.1.2, the numbenaxles allowed to propagate
within a fibre waveguide depends on the normalisedeguide parameter, V. This

V parameter can be related to the Numerical ApertNiA) of the fibre by
V =ka(NA) (3.25)

When 0 < V < 2.405 only one mode, namely the 1/®ode, will be guided [2].
Thus a single mode fibre is one which supportddivest order bound mode that can
propagate at the wavelength of interest. Typicallpgle mode fibres have small
core dimensions with core radius betwe@m&and §m and have a cladding radius
in the order of 120m. The NA of a single mode fibre is generally lre torder of
0.1. As the value of V becomes increasingly smdlte mode field intensity
distributions extend further into the cladding myof the fibre. This extension of

the field further into the cladding means the filrenore sensitive to bending losses.

The wavelength at which a mode is no longer guigednown as the cut-off

wavelengthc.

A, = 2me(NA (3.26)
2.40¢

If the wavelength of the light to be guided is geedahan the cut-off wavelength then
the fibre is no-longer single mode, instead it apes as a multi-mode fibre.

3.3 Multi-Mode Fibres

Multi-mode fibres are fibres which can support nplét transverse modes for a given
wavelength. Generally they are defined as haviNgparameter greater than 2.405.
When V >>1 then the total number of modes in thevegaide is approximately
equal to /2. Multi-mode fibres have larger core diametermpared to those of

single mode fibres, typically of the order of tesfsmicro metres which make them
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more suitable for carrying high power beams oftequired in laser cutting and
welding applications. This larger core diameterilfiates easier pump coupling
when compared to single-mode fibres but the outgansity pattern is dependent on

the pump launch conditions.

3.4 Double-Cladding Fibre

High quality, high power, diffraction-limited outpbbeams are often desirable from
optical fibre laser devices. However, to obtaiesth output beams from single-mode
fibre lasers, diffraction-limited pump sources whtigh beam quality are required but
these generally operate at low power levels. Ttaagchieve high beam quality, the
output power must generally be sacrificed. To owmre this problem, optical fibre
with a double-cladding structure was introduced1®B88 by Snitzer [6]. The
structure of a double-cladding fibre consists ddiregle mode core with refractive
index, n, which is surrounded by an inner-cladding regionraiffactive index, n<

n;. This inner-cladding is then surrounded by a seadadding, the outer-cladding
region, with refractive index,sx n,. Therefore, the inner-cladding region forms a
second waveguide with a high NA which can supparttiple modes. As the area of
the inner-cladding is typically 10-100 times largjean the core area and has a large
NA it is possible to efficiently pump the fibre &susing a large area laser diode
array which, unlike a single mode laser diode, eanit high output power in excess
of 100W. At some point, the light in the innergading will pass through the single
mode core and will contribute to lasing. Thus doeible-cladding structure allows
for efficient conversion of low-brightness, multiese pump light from a high power
laser diode to high-brightness, single-mode laadration. Coupling into the large
area inner-cladding increases alignment tolerarmrapared to coupling into the
small core area of a single-mode fibre. As thdaigpaverlap between the pump and
the doped core is reduced in a double-claddinge fiftructure, the pump power
absorbed per unit length is also reduced. Thezefty achieve the equivalent
absorption associated with core pumped fibre lasims length of the double-
cladding fibre lasers must be increased [7]. Tibig length increase depends on the
area ratio of the core and inner cladding; typarek ratios of the order 100-1000 are

common.
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If the core is centred in the circularly symmetinoer-cladding then many of the
modes guided in the inner-cladding region do ntdroept with the doped core due
to their helical ray motion. Therefore, to furthecrease the coupling efficiency of
the pump power, the core shape and positioninfies oefined. By setting the core
off-centre in the inner-cladding the number of n@dderacting with the doped core
Is greatly increased [8-11]. By replacing the wiac symmetric inner-cladding shape
with a D-shaped, rectangular or scalloped structbee symmetry in the fibre is

broken which allows more modes to interact withdbped core [2]. An example of

such fibre structures are showrFigure 3.3

Inner cladding Inner cladding
Doped core Doped core

Outer cladding Outer cladding
(@) (b)
Inner cladding Inner cladding
~ Doped core Doped core
Outer cladding Outer cladding
(©) (d)

Figure 3.3: Double cladding fibre with various structures:)(@ff-centre core, (b) rectangular

cladding, (c) D-shaped cladding, (d) scalloped dind).

Rectangular inner-cladding structures have a gagnweich matches the output
pattern from a multiple-stripe diode laser whichnimises the area of the inner-
cladding. This reduction in the inner-cladding ameereases the core/cladding area
ratio which in turn reduces the overall length loé fibre laser required for efficient

pump absorption. With a D-shaped inner-claddirggtelical rays are coupled to the
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meridional rays which allow all pump rays to intravith the doped core. These
modified cladding structures increase the pump r@bsm by more than one order of
magnitude in comparison to the circular symmetnicer-cladding structures with

centred cores.

The low refractive index polymer used to form theen cladding has drawbacks as it
restricts the inner cladding numerical aperture taedpolymer cladding itself can be
damaged through degradation or even burning dukigb optical pump power.
Using PCF technology, air-clad fibres can overcdinese problems by replacing the
polymer by an arrangement of air holes which pesrhigher output powers. Such
double cladding PCF structures will be describechare detail in sectiof.5.1.

3.5 Photonic Crystal Fibre

There are many different types of PCF dependinghendiameter, geometry and
placement of the air holes within the air silidaré waveguide. There are two main
classes of PCF: high-index guiding and low-indeiong. High-index guiding fibre
guides light in a solid core by means of modifiethk internal reflection which is a
result of the lower effective refractive index hretair hole micro-structured cladding.
Low-index guiding fibre guides light in a low-indeore, which can be hollow, by
the photonic bandgap effect, whereby the opticatlenis confined to the core by
periodic variations of the refractive index withire cladding. The cladding acts like
a mirror, with reflections at the multiple air astlica interfaces which add together
to produce strong reflection overall, thus confghpropagation of light to the core.

All of the PCF’s considered in this research weightindex guiding fibres that

guide light by the modified total internal refleati mechanism. The manufacturer’s
freedom of design over the geometry, size and taiem of the micro-structured air
holes gives them control over a wide range of g such as dispersion,
birefringence, non-linearity, numerical aperturel &ingle or multi-mode guidance.
The research in this theis characterises the dpticgerties of a double-cladding
Yb** doped PCF laser and presents the first demomstratid characterisation of a
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polarisation maintaining Y8 doped PCF fibre laser created by form birefringenc
alone [12-14].

3.5.1 Types of Microstructured Fibre

Large mode area PCF enable high power levels withonlinear effects or material
damage. Unlike standard large mode area fibresP@F type allow single mode
guidance at practically all wavelengths [15]. Sudires can be produced by
designing fibres with a large pitch, typically anaulQ., and with air hole sizes, A/
around 0.45 or smaller [3] where d is the diametehe air hole and\ is the pitch.

A typical example of large mode area PCF’s is showfigure 3.4

o

Figure 3.4: Images of large mode area PCF [16].

Like the standard double-cladding fibre structudescussed previously, in section
3.4, double-cladding PCF’s have an inner and outetdifey region but the polymer
outer cladding in the standard fibre is replacedbyarrangement of air holes which
overcomes damage limitations permitting higher pyroyers to be facilitated. Also
the use of very thin silica bridges between thehaies allows a large air filling
factor to be achieved in the cladding which leaglsathigher NA value than is
possible in standard double-cladding fibres. Thw#h an increased NA the
coupling efficiency of the multimode pump sourcéithe PCF fibre is improved
and the fibre length can consequently be shortendd. example of a double-

cladding PCF structure is shownkigure 3.5
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Outer Inner pumg
cladding

Doped core

S e lezennie
aaisiana

= mle wliee e

Figure 3.5: Double-cladding PCF structure [17].

Another group of PCF’s, known as highly non-lin€s€F’s, have the potential to
exhibit anomalous dispersion below aboutpin3which is the lower limit for
standard optical fibres [18]. As they can havalimear coefficients three orders of
magnitude less than or several order of magnitudatgr than standard optical fibre
these non-linear PCF’'s make themselves attractivenfiny non-linear applications
such as supercontinuum generation [19], whicheasféinmation of broad continuous
spectra by propagation of high power pulses thronghlinear media. Typically
these non-linear PCF’s characteristically have bow@le sizes, diameters down to
lum, combined with a very large core/cladding indentrast up to 0.4 which
enables fibres with extremely small effective araad high nonlinear coefficients.
An example of a highly non-linear PCF structurehswn inFigure 3.6

@) (b) (©)
Figure 3.6: Scanning electron microscope image of highly mmar PCF with core diameter 1ufn

(a) Full scale, (b) close up of inner hole struepc) close up of core region [20].
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As previously mentioned, in secticéh5, PBG fibre can guide light even when the
refractive index of the core is lower than thatha# cladding e.g. when the core is an
air hole. PBG fibres are bend-insensitive as a tean 1cm diameter bend can be
imposed on the fibre without any change in opticahsmission. Their properties

make them suitable choices for sensing, high pguége transmission and gas laser

applications. Figure 3.7illustrates an example of a PBG fibre with a hallcore.

Figure 3.7: Hollow core PBG fibre [21].

As only a small variety of microstructured fibreave been discussed here, the
reader is directed to Bjarklest al [3] for a fuller description of the wide range of
microstructured fibre available. Polarisation ntaining PCF forms a major part of
this research and so a complete discussion ospgasific type of PCF will be given
later inChapter 5.

3.6 PCF Modelling Techniques

In order to improve the effective index model a ti@mof numerical techniques have
been introduced. The localised basis functionshotetdeveloped in 1998 by
Mogilevtsevet al[22] which is based on the direct solutions of MaXi8 equations

using a representation of the refractive index #radfield distributions as sums of
localised basis functions has been applied forutating the properties of many
different structures of index-guiding PCF’s. Howevthis method is inefficient at
analysing photonic bandgap fibres. The full-veeplane-wave expansion method
[23,24] is well-suited for analysing photonic baaggfibers but requires large

supercells to model complex structures.
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The biorthonormal-basis method first developed 988Lby Silvestreet al [25] and
further developed by Ferran@b al [26] takes into account the full vector character
of light propagation in PCF's. Unlike any of theepious models described, this
model allows accurate analysis and calculationghef dispersion properties of
PCF’s. A crucial drawback of the vectorial methdidged is that they use periodic
boundary conditions, therefore they cannot be usedalculate the confinement
losses of the PCF structures.

The multipole method developed by Whetieal [27,28] allows for these confinement
losses to be calculated. The method is basedeatirtg every hole as a scattering
element around which the surrounding electromagrfagid can be expressed. By
applying rules from Maxwell’'s equations to combirtbe individual field

distributions, a system of equations is formed Wwhigads to the overall solution
which is applicable for predicting leakage losse$?CF’'s. However, this method
cannot be applied to arbitrary cladding structaed is restricted to circular air holes

only.

Poladianet al [29] provide an alternative method, the fouriecataposition method,

to calculate the confinement losses in structureghvare not restricted to circular
air holes. This method is based on a function esioa technique which determines
the field outside the computational domain satigfythe outward radiating boundary

condition.

In 2001 Qiuet al [30] proposed the finite-difference time-domainthoel which was
a full-wave analysis of guided modes in PCF. 2hal[31] provided an alternative
finite-difference frequency domain method which edetined the solution of

Maxwell’s equations via a frequency approach.

The Beam Propagation Method (BPM) which is wellabbshed in the field of
electromagnetics, was applied to PCF’'s in 2001 dyylifet al[32]. The BPM can be
used to simulate the propagation of the initialdfialong a PCF, and more recently

the imaginary distance BPM [33] has been used toaetxa limited number of
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individual modes. This method is computationatiiensive as it needs to consider a

fully three-dimensional structure.

A more flexible and powerful method known as theité-element method was
applied to PCF’s in 2000 by Brechedtal [34]. In order to obtain a description of the
field distribution over a fibre cross section thiassical Maxwell differential
equations must be solved for a large set of prgpdibsen elementary subspaces
which results in a mesh of triangles. These fit@ngular elements can be different
shapes and sizes which allow any complex wavegtodee represented. The
flexibility of the finite-element method to repredea cross-section of a PCF with
arbitrary hole sizes, orientation and shape makisstiethod of numerical modelling
superior to simpler, semi-analytical methods presip described. Thus, the finite-
element method is the preferred modelling choiae aioalysing birefringence in

polarisation maintaining PCF’s [35,36].

Manufacturing costs of PCF’s are extremely highstiius advantages to carry out
numerical modelling to determine optimum geomefryhe air hole structures prior
to manufacturing. The PCF’s in this research @sund $200,000 per fibre to
produce. Therefore, i€hapter 5 numerical modelling of various PCF structures
will be carried out to determine the optimum fibgeometry for a polarisation
maintaining PCF laser. This modelling will be @adrout using Lumercials’ mode
solutions modelling software [37], which is a fullgctorial mode solver that
determines the modes of any waveguide structur@lmfrary geometry created by
the user. It hosts a frequency-domain solverdisatretizes the structure and a mesh
system is employed to aid in analysis. A simplaregle of the capabilities of the
software is shown below for a large mode area RK€ fwith fibre radius 150m,

air hole radius 58n and pitch 232m. The material properties, electric field
intensity, electric field components in the x anddyections for one of the
fundamental degenerate polarisation modes andebtie field intensity for higher

order modes for this fibre structure are illustdateFigure 3.8
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Figure 3.8: Large mode area PCF with fibre radius 146, air hole radius 5.6im and pitch 23.2
um; (@) material properties, (b) intensity of fumdantal mode, (c) electric field in x direction for
fundamental mode, (d) electric field in y directifom fundamental mode, (e) intensity féf Bigher

order mode, (f) intensity for"8higher order mode, (g) intensity fof"4 higher order mode, (h)

intensity for 8" higher order mode.

Note that the intensity of the PCF fundamental mskewn inFigure 3.8 (b)is
similar to the fundamental mode of a step indexcaptfibre. This similarity is
guantified by using the software to perform an tagranalysis between the PCF
fundamental mode and a Gaussian beam mode to detemode profile area and
power coupling capabilitiesFigure 3.9represents a Gaussian beam wijimbeam

radius that was used in an overlap analysis withftmelamental mode shown in

Figure 3.8 (b).
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Figure 3.9: Gaussian beam profile with 2h beam radius.

For this example the overlap and power couplingsibdgy between the Gaussian
beam profile and the fundamental mode profile ef RCF structure iRigure 3.8 (b)
was 92% and 89%, respectively. This method oflapeanalysis will be used later
in Chapter 5 to determine the optimum PCF structure in termscaofe light

confinement.

3.7 Gaussian Beam Properties

As previously discussed in sectiBri.2 wave propagation in an optical fibre can be
approximated by a Gaussian function. Thus, lehoaw consider Gaussian beam
properties. The fundamental, Gaussian, paraxifltiea to Maxwell’'s wave
equation is denoted as the ThMnode. This is the simplest mode in which a beam
can propagate and is referred to as a Gaussian. bEaengeometry and behaviour of
Gaussian beams are governed by a set of relatad pasameters which are the
beam radius w(z), radius of curvature R(z), Rale@mge g, confocal parameter b
and the beam divergen®e During paraxial propagation a Gaussian beamsstay

Gaussian, with only its parameters evolving.

The beam radius, w(zpf a Gaussian beam is the distance from the ceifittkeo
beam to the point where the electric field has geabto 1/e of its value at the beam
centre. Measurements concerning real laser besrtisaaed on their intensity rather

than their electric field values. Therefore, imie of a real Gaussian laser beam, the
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beam radius corresponds to the distance from thieecef the laser beam to the point
where the intensity has dropped to’ldéthe maximum value. The minimum beam
radius, known as the beam waist, wccurs at the origin of the z axis, z = 0, when
the phase front profile is flat. The beam diverffesn the beam waist position as

shown inFigure 3.10

]

Figure 3.10: Propagation of TEM, Gaussian beam mode parallel to the z axis.

The beam radius, w(z), varies along the propagaticection according to [38]

where w is again the minimum beam radius, z is the digggmmopagated from the
plane where the wave front is flat angliz the Rayleigh range. The Rayleigh range

Is equivalent to the distance from the beam waist position where the beam radius

has expanded by a factori .

(3.28)

where A is the wavelength of the light in the medium odgagation. The distance

between these two points is known as the confcaarpeter, b.
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2

b=22R=2nw0

: (3.29)

The radius of curvature of the beam wave frontg) R{s a function of position, z, is

R(2) = z[1+ [Z_sz J (3.30)

As illustrated inFigure 3.10Q the beam radius parameter, w(z), tends to agbtréine
at position z >3,. The angle between this straight line and theraeaxis of the

beam is equivalent to the divergence of the beam.

g=" (3.31)

The total angular spread of the beam, measured &qusition far from the beam

waist is

0=26 (3.32)

3.7.1 Root Mean Square Beam Radius and M Factor

The 1/é radius of the intensity distribution is only a fidequantity for the
fundamental Transverse Electric and Magnetic mdd@eVo). A more generalised
measurement for the beam radius is required fdmdnigrder modes. This is found
through the variance of the spatial intensity dsiiion. The second moment of the
transverse intensity distribution, I(x,y), at a pios of interest along the beam is
expressed as [39]
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o].(x— X,)21 (X, y)dxdy
og’== (3.33)

J1(x yydxdy

where % is the centre of gravity of the beam. There iguivalent expression for
the second moment in y. This second moment obeypiagratic free space
propagation rule of the form

0 (D=0,+0,"(z-2)° (3.34)

where g, is the variance at the beam waig, is the variance of the angular spread

of the beam departing from the beam waist apds the location of the beam waist

along thez axis. This quadratic propagation dependence lid @ any arbitrary
real laser beam, whether it be Gaussian or nonskauyssingle mode or multiple

transverse mode, fully coherent or partially inaeimé in character.

For a Gaussian beam profile of the folrfx) = exp[- 2X2/WX2] , the beam radius is

equal to twice the variance. The Root-Mean-Sq{BRMS) beam radius, W is
equal to the 1feintensity radius. The RMS radius can be calcul&edther higher
order modes and propagates along the z axis im@anaent manner to w(z) for the
TEMoo mode. For higher order Hermite-Gaussian (HG) radle RMS radius can
be different in each of the x and y symmetry die@. In general for a HG mode
the RMS radii are related to w(z) by [40]

W, = @n+Dw(z)* =M, *w(z)? (3.35)

W, * = @m+)w(2)* =M ‘w(2)? (3.36)

where the parameters,fand M have been introduced to describe the extra beam

size in both the x and y directions. The beam gvitpagate according to
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2 2
W,(2)? =W, * 1+MX4{W;‘; ZJ =WX02{1+(Zij } (3.37)
)(0 R

T, °
where z, ZM—ZXEI' Equation(3.37)is equivalent to that for a TEjMmode except

that the far-field beam radius has increased tactof of M and the Rayleigh range

has decreased by a factor ofM

3.7.2 Real Laser Beams and the M? Parameter

Real laser beams do not generally propagate asnplesiTEM,, mode. More
complex modes can be described as a combinatioranff TEMy, modes. The K
parameter is useful as an indication of beam qualfor example, a beam whose
transverse intensity profile at some value of 2zm@sles a Gaussian may propagate in
a very different manner to a TElymode. Performing an measurement reveals
the beam’s inherent quality. The closer thé pdrameter is to unity the nearer the

beam is to a TEN) mode.

3.7.3 Fitting to the M? Function

The second moment based beam widthgzysnd W(z), propagate with distance in
free space exactly like the Gaussian beam width) w{zan ideal Gaussian beam,
except for the insertion of an M,” factor in the far-field spreading of the beam.

Thus, the second moment beam width definitiongfor arbitrary beam are

2
A
W,*(2) =W, * + MX“[]WOX] (z—zox )2 (3.38)
/1 2
2 _ 2 4 2
W,"(2) =W, "+ M, [ﬂwoy] (z—zoy) (3.39)
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where W, and W, are the beam waists at positiogsand z, and M and M? are
the M’ parameters. Using these definitions the nead-fiat-field product of any

arbitrary beam can be written in the form

W, W, (2) = szﬁ asz - o  (3.40)
* T

W, W, (2) = Mf% asz » o (3.41)

Thus, the M parameters, M and M? give a measure of the quality of the beam.
The M values evidently give a measure of how many tidiéfsaction limited the

real beam is in each transverse direction.

Hajek [41] used geometrical arguments to fit acdedata points to equatio3.40)
His method was simple and reliable but was onlyliepple where M = 1. An
algorithm developed by Snadden [42] gives the beparameters without resorting
to an iterative fitting technique. This methodrfisrthe basis of the Manalysis that
will be carried out in this research. The methodolves finding an appropriately
weighted sum and then minimising it in a manned@yaus to that for linear, muti-
parameter least square fits. (@) is first expressed as a polynomial in z withthe

x and y subscripts as the same method must besdfpli both sets of points.

2 _ 2
W2(2) =W,’ +(i) M 4@ (3.42)
T 0

=az’+bz+c
= f(a,b,c)
JRARIVE
=(3)
) W,

where b=-2za

_ 2 2
c=W," +z,"a

To find the best fit the following sum is minimised
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syt

(3.43)

where theVViZfactor in the denominator gives the correct weigitio the terms, as

in a linear fit

=i oy

(3.44)

The derivatives of S with respect to a, b and cthea set to zero. In matrix form

this becomes

£
2.z

(3.45)

To obtain the fitting parameters the sums in eqgug{8.45) are calculated using the

experimental data and the equation is then solge@,fb and c using Gauss-Jordon

elimination [43] to obtain

)
°  2a
wW,* = b
° 4a
M2=" Jac-2-

(3.46)

(3.46)

(3.48)
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The W'’s are exponential values that can be obtainedceeils variances (equation

(3.33) from images of the beam or when the power valestoo high for this
method, as in the case in this research, they @mltained from knife edge

measurements fitted with an error function (seeaiqn(5.6), Chapter 5.)
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Chapter 4
PCF Laser Model

For a laser operating with the same mirror refléisti in both ends, under
equilibrium, one would expect equal output powesnfrboth ends. A striking
observation with the PCF lasers used in this woak @& significantly higher output
power from the opposite end from the pump. A tbhgoal model developed as part
of this work will consider the difference in thetput laser power from both ends of
a PCF laser. This difference in power will be expéd by modelling the leakage of
core light to the cladding and will be expressedadsinction of fibre length. A
numerical model depicting the polarisation lossaipolarisation maintaining PCF
laser will also be presented. Both theoretical ef®dvill be used to explain the

experimental observations @hapter 5 and8.

4.1 Laser Gain Mode

If the air hole structure in a PCF laser is notrofged, as was the case of the PCF
lasers in this research, then there can be a fdgghofrom the core to the cladding.
Experimentally this leakage of light can manifdseif in a difference in the output
power from both ends of the PCF laser as will bewshlater inChapter 5. The
difference in output power from the front end ahd back end of a double cladding
Yb** doped PCF laser can be explained using a numenicde! where five coupled
differential equations describe the relations betw@ump power, forward laser
power in the core and in the cladding (propagatiog the front pump end to the
back end of the fibre laser), the backward laserguan the core and in the cladding

(propagating from the back end to the front entheffibre laser).
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4.1.1 Pump and Signal Variation

First, in a preliminary model, let us assume thate¢ is no leakage of core light to
the cladding. Thus, only three coupled differdrgiguations will be involved in this

simplified model.

Assuming the doped core has an ion density:() Np to a radius b which in general
could differ from the core radius a, then the rhdistribution of N(r) is assumed to
be

R
IA
O

N(r) = No;
= O,

v
O

(4.1)

let Ny(r,z) and N(r,z) be the population density of ¥bion in the ground state,
E:(®*F72), and the lasing level, ;EFs,), respectively where r represents the
cylindrical radial coordinate and z is along thesaof the fibre. As this is a three
level laser model, like the system described irtice@.2, Chapter2, pumping at
980nm takes the Yb ions from the ground state; Bb the upper pump levelsE
whereby the ions rapidly relax to the lasing lelzgl As the relaxation rate of level
E; is very rapid we can assume that levglssunpopulated, thus [1]

N,(r,2)+ N, (r,2) = N,(r) 4.2)

Let Iy(r,z) and (r,z) represent the intensity distributions of {wemp and signal

(laser) beams, respectively. Left, represent the absorption cross section at pump,

o, represent the absorption cross section at thealsignd o, represent the

emission cross section at the signal. As alreastyudsed irfChapter 2, three energy
level transitions can occur — (stimulated) absomtistimulated emission and
spontaneous emission. Using the relevant equaft@3, (2.3), (2.4)for each of

these transitions the rate of change of populaifdhe ground level Eis [1]
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ol
le —__ba'p Nl _ Usals Nl + Jsels N2 +& (43)
dt hu hu hu t

p s s sp

where h is Planck’s constant, is the frequency of the pump, is the frequency of

the signal andsfis the spontaneous emission time. The first grofigeans in
Jpal p
hu

p

equation(4.3), N, , represents the number of absorptions per uné per unit

volume from level E to the upper pump levelzEdue to the pump av,, as

previously stated by equatio.p). The second group of termaﬁ#N , represents
U

S

the number of absorptions per unit time per unlure from level k& to the upper

amplifier level & due to the signal at,, as previously stated by equatich?).

, ol , .
The third group of termshse—S N,, represents the number of stimulated emissions
U

S

per unit time per unit volume from leveb Eo level BEdue to the signal av,, as

previously stated by equatio2.4). The final group of termsl\,ﬁ, as previously
sp

stated by equatior2(3), represents the number of spontaneous emissensirpt
time per unit volume from level ;B0 level E. The ratio of the emission cross

section at the signal and the absorption crosdoseett the signal is denoted as

g : i
n, = Jse . Therefore, equatiof#.3) can be re-written as

sa

an, == Tialy N, + Tl (7N, = N,) +&
ho, t

dt hUp A .

(4.4)

At steady state,dc% =0 therefore equatio(®.4) can be re-written as [8]
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I S
N,(r2) P ) “s)
N,(r2) g, s '
(L+n.) °

where;

g="2

sO

| = ho, B hu,
* Jsatsp (l+ ,75) (Jsa + Jse)tsp
— I .(r,2)

— b
1,(r,29) =

po

|- hup
gt

Using equatior{4.5) and sinceN, (r, z) + N, (r,z) = N,(r yve can obtain expressions

for N, and N as follows

+ S

p

N, (r,2) =— &+ (4.6)
141, +1,

and
s

N,(r2)=— &) @.7)

141, +1,

which represent the steady state populations of ehergy levels E and E,
respectively

The rate of change of pump intensity, as a functibulistance, z, propagated i.e.

fibre laser length, can be expressed as [1]
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=0 N2, (1,2 (4.8)

By substitution of equatioif4.7) into equation(4.8) and taking into account the

|CO ICO

forward and backwards propagating laser signahéndore,|.;, |;;, respectively,

wherel, =15 + 17, we obtain the first of our three model diffeiahequations;

AN R
dl @+n,) I
_p:—apaNt(r) — OCO 1,(r,2) (4.9)
dz R
Ipo |so

Similarly the rate of change of signal intensityamhpropagating forward (from the

front to back of the fibre laser) can be expressed

di s
dz

=0, N, =Nl (r,2) (4.10)

and by substitution of equatioii$.6) and (4.7) into equation(4.10) we obtain the

second of our three model differential equations;

dlco [Oslp_lJlg,of(r’Z)

—L =g _N,(r) PO 1 ,(r,2) (4.11)
dz 1+|p+|;°f+|;g

p0o IsO

Similarly after undergoing a 4% Fresnel reflectiiom the fibre laser end facet the
rate of change of signal intensity propagating bauokls (from the back end to the

front end of the fibre laser) is our final modédffeiiential equation
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I,
ns—=1|l5(r,2)
die, =-o_N,(r) Ipo | (r,2)  (4.12)
dz = I, 1S+l P '

s, f s,b

p0 | S0

The three differential equations can be rewritterterms of power if the following

relationship between intensity and power is assuaretl w is taken to be the 1/e
radius.

l,(r,2) = P,(2) (4.13)
1©(r2) =1 @lelpe g (4.14)
150,29 = @R (4.15)

ore

where Aoe= 1@ is the area of the core with radius a, angddA (\/§/2)(ddad2) is
the area of the hexagonal inner cladding whegg © the inner cladding pump
diameter. P, (2)is the power of the pumpP7(2) and Pj;(2)is the power of the

signal in the core in the forward and backwardedion respectively. Therefore,
the three model differential equations are as ¥adl§l];

dP >.dl
=2 |[—2 rdr
dz 5 dz

b2/ w(z)?
=g Ny, Do p () L)XW L 1 ) WHXETE L 16
Adjad W X +We /%@ X W+ X

dpe?
o= g NP Loind — 2 (4.17)
iz 1w ™M X s et
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dPy
=g NP il 2 W (4.18)
dz W | X +Web/w@?
where;
PCOI’e Z + PCOI’e Z
U — ,75 s, f ( ) s,b ( ) (419)
,75 +l PSO(Z)
P.(2)
V=n,—--1 (4.20)
pO(Z)
PCOI’e Z + PCOI’e Z
_R @)+ P72 4.21)
P (2)
P (z
X :1+£ (4.22)
PpO(Z)
PpO =1 pOA\:Iad (423)
sO - SOA\:ore (424)
The boundary conditions for the three differenéi@liations are
P,0) =T,P,n (4.25)
Pt (0) = RP (0) (4.26)
P (L) = RPT (L) (4.27)

where R and R is the reflectivity at both ends (in this casg=RR,= 0.04) and T, is

the percentage of the pump power coupled intoitire.f The differential equations
were solved using Mathematica [2] and to matchktbendary conditions in both
ends of the fibre a shooting to a fitting point haat was used [3]. The numerical

values used in the following simulations were:1Gm, B(z) = 4W, ;= 978nm s =
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1040nm, a = @M, thag = 14Qum, t,, = 0.95ms,o,, = 2.6x10°*m? o, = 0.07x10°*

m?, o, = 0.8x10°* n* [4].

The coupled pump power and the forward and backsviager power was modelled

in Figure 4.1for a 10m length PCF laser operating without asg!

4.5

— Propagating Pump Power
47 — Forward Laser Power
Backwards Laser Power

0 2 4 6 8 10 12
Fibre Length/m

Figure 4.1: Propagating pump power, forwards and backwardsetapower for 10m PCF laser
pumped by 4W 976nm. (At length 4m, from top tobp the plots follow the order of the series

labels).

This model was repeated for a longer fibre lengghto 25m as shown fRigure 4.2
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44 — Forward Laser Power
— Propagating Pump Power
35 Backwards Laser Power

Power/W

0 5 10 15 20 25 30
Fibre Length/m

Figure 4.2: Coupled pump power, forwards and backwards lasever for 25m PCF pumped by 4W
976nm. (At length 10m, from top to bottom, thesplollow the order of the series labels).

These results show that, as there is no loss ifP @k laser, the laser power output
from both ends of the fibre laser is the same,W.7%As a result of pump depletion,
both the forward and the backward mode in the ¢@ee the highest gain in the
front end of the fibre laser. On examining equati.16)the rate of change of the
pump power with respect to distance propagatedgatoa fibre axis will always be
negative but this is not the case for the ratehainge of the signal power which is
mostly positive. As the pump power is continuoustyng depleted by the absorbing
ions in the doped core of the fibre laser the aftehange of pump power must
always be negative. Thus, the population inversialh keep reducing with
increasing distance, z, along the fibre axis. Tigirn reduces the gain and at some
z value the pump power will drop below the critiealue at which point the fibre
will become attenuating rather than amplifyingdded, in this example the forward
laser power begins to drop after 15m ($&gure 4.2. Thus, the rate of change of
the signal power with respect to distance propapaleng the fibre axis can be
positive or negative depending on whether the fiaser is amplifying or attenuating
the signal. Beyond the z position correspondintihéocritical pump power value the
fibre will reabsorb the amplified signal which wi#duce the gain in the fibre laser.
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The forward laser power and the total laser povierwards + backwards laser

power) was plotted as a function of coupled pumperaas shown ifrigure 4.3

»
wn

—e— Forward Laser Power
—=— Total Laser Power

Output Power/W
[ N w
3] N 4 w )] IS

i
L

0.5

0 . 2 3 4 5 6
Coupled Pump Power/W

Figure 4.3: Forward and total laser power (forward + backwardaser power) for 10m PCF laser

pumped by 4W.

Since there is no loss in the PCF laser the fonaaidi backwards laser power is the
same thus the total output laser power, (4.5W)qisakto twice the forward laser
power. The forward propagating laser power wastgdioas a function of coupled
pump power for various fibre lengths. For eachfilength the efficiency and

threshold of the laser was recorded and plottddgares 4.4and4.5.
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Figure 4.4: Slope efficiency of PCF laser based on forwardpgagating laser power and coupled
pump power as a function of fibre length (Dashetk lrepresents theoretical maximum slope
efficiency).
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Figure 4.5: Threshold of PCF laser based on forward propagatlaser power and coupled pump
power as a function of fibre length.
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Figure 4.4shows that after 10m fibre length the efficientyh® PCF laser begins to
level off and no further increase in laser effiagns observed. This result is
expected as on examinifggure 4.2we see that there is no further increase in the
forward laser power after 15m, thus there can befurther increase in laser
efficiency. Figure 4.5shows that for short fibre length, less than 1me, threshold

of the PCF laser is high which is expected~ggire 4.1shows that there has only
been 25% pump absorption at 1m. Beyond 1m, treshiomid reduces rapidly as the
pump absorption increases. After 2.5m the pumpralien has almost doubled to
48% with a corresponding decrease in threshold18% th comparison to a 1m fibre
length. The minimum threshold of 0.15W correspotada PCF laser length of 6m

whereby 84% of the pump has been absorbed.

4.1.2 Coreto Cladding Loss

Now let us extend the model to include a loss séidight from the core to the inner
cladding as this situation was experimentally obserduring this research and is
detailed inChapter 5. The two model differential equatior{4.17) and (4.18)

previously presented, must be modified to includs keakage of light from the core

to the inner cladding such that

P

2z g NP | L X WL pee (4.28)
dZ sa S, W X +We_b /W(Z) S,
dpe

= g NP L)XW U peo (4.29)
dz UOEMW | X+ wet s

where a, represents the loss of laser power from the corthé inner cladding.

Hence, the differential equations that describeéite of change of laser power in the

cladding, propagating forwards and backwards, are
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cl
s, f

=a,P3(r,2) (4.30)
dz ‘
dPS
= aPL(r2) (4.31)
Z

with boundary conditions

P’ (0 =RP;, 0 (4.32)

P& (L) = RPS (L) (4.33)

Using equation$4.28-4.33) the following theoretical results were obtaindaew a
loss of 0.05rit was included in the model.

457 — Forward Laser Power in core

— Propagating Pump Power

41 Forward Laser Power in Cladding
— Backwards Laser Power in Cladding
3.5 | Backwards Laser Power in Core

Power/W

154

0.5 \
0 2 4 (; é l‘O 1‘2
Fibre Length/m

Figure 4.6: Power characteristics of 10m length PCF lasermmed by 4W, when 0.08ross of core

light to cladding is included. (At length 6m, fréop to bottom, the plots follow the order of tegias
labels).
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67— loss=0.05m-1

——Loss =0.1m-1
—Loss = 0.2m-1
Loss = 0.3m-1
Loss = 0.5m-1

=
i
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1.2

0.8 4
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Forward Laser Power in Core/W

N
IS

2 s 6 5 10 12
Fibre Length/m

Figure 4.7: Forward laser power in core as a function of #dength for PCF laser with 4W coupled

pump power (At length 6m, from top to bottom, tle¢sifollow the order of the series labels).

Figure 4.7shows that increasing the loss from the core ¢octhdding reduces the

output laser power in the core. Also, with incregsloss values we see that the
output laser power roll over point, whereby theetalsecomes attenuating instead of
amplifying, occurs at shorter fibre lengths. Thegentage of laser power in the core

was modelled for both ends of the PCF laser.
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Figure 4.8: Percentage of laser power in the core as a fuarciof core to cladding loss for a 20m
length fibre with 4W coupled pump power.
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Figure 4.9: Percentage of total laser power (forward propaggtpower in core and cladding plus
backwards propagating laser power in core and cladyimeasured at the front and back end of the

PCF laser as a function of core to cladding lossd®0m length fibre with 4W coupled pump power.
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3.5 4
— Laser Output at Back End

—— Laser Output at Front End
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Figure 4.10: Output laser power for 20m PCF laser with a cdeecladding loss of 0.05Mmas a

function of coupled pump power.

Figure 4.10is based on a 20m length fibre, core to claddoss lof 0.05A1 with
pump absorption 0.48dBf For this fibre length there is 11% of unabsorpathp
power therefore the output power values-igure 4.10have been corrected for this
unabsorbed pump power. The total output laser pahape efficiency is 77%
compared to the theoretical maximum, 91%, givenheyratio of the PCF laser and

pump photon energies.

These modelling results show that when a loss@8r@i* out of the core and into the
inner cladding is included in the laser model, ldmser power output coming out of
the back end is larger than the power output from ftont end of the PCF laser.
Figure 4.8shows that for a 20m PCF laser with a 0.05908s, 75% of the forward
propagating light is in the corekigure 4.9shows that for a 20m PCF laser with a
0.05mi* loss that 55% of the total laser power (forwardpamgating power in core
and cladding plus backwards propagating power e end cladding) is at the back
end of the PCF laser. This difference in outpuvgooccurs because the backward
propagating mode in the core experiences mostsofiain in the front end of the

fibre, only little of its power is lost out into ¢hinner cladding. On the other hand,
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the forward propagating mode in the core experignoc®st of its gain at the

beginning i.e. in the back end of the fibre laséhus, a much larger fraction of the
laser power can be coupled out of the core asdghepropagates along the length of
fibre. There is therefore a change in the ratithefoutput power in either end of the
fibre laser compared to when there is no loss ftbencore to the inner cladding.
Numerical mode modelling, developed as part of tegearch, will be presented at
the end ofChapter 5 which will theoretically optimise the experimenfaCF laser

structure so as to reduce this core to cladding los

4.1.3 Polarisation Maintaining PCF Laser

To describe the polarisation properties of the efittaser we have to introduce
equations like(4.28) and (4.29) for both horizontal and vertical polarisationsor F

each directions, they will in general have différgalues of lossy,, as well as a

coupling, B, between them. As the main focus of this rese@ch polarisation
maintaining PCF laser the polarisation ratio is piedl as a function of horizontal
loss for a variety of polarisation coupling valueghe differential equation@.28)
and (4.29) must be modified to include the polarisation coaglioss,;. Therefore,
the rate of change of laser power propagatingernfanward and backwards direction

must also be separated into horizontal and vertizaiponents such that

dPS(,:?,H — co \ X+W co co co
{ dz J = 0aNoPet 1 {Wln X +\Web e 0oy Poi = B(Rsw —Fty)

(4.34)

dPe,, \Y X +W
Y = g NP2, [ = In ~_L—a, PP, - B(PS, - P
( dZ J sa 0 S,f,V |:W x +We_b /W(Z) ov ,f,V ﬁ( ,f,V ,f,H)

(4.35)

(o] St \Y X +W
—20 | = =g NPy [ —In 1 |+ 0o Pooy — B(PSoy — PSS
{ dZ J sa' 0" sb,H |:W x +We_b /w(z) OH b, H :8( b, H ,b,V)

(4.36)
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dp*, v X +W
—22% = —g NP5y | =In +ao, Pioy — B(PS, — P
{ dZ J sa' "0' sbV |:W X +We_b2/w(z)z ov'sbV ﬁ( s,bvV s,b,H)

(4.37)

where the sub-scripts H and V represent horizoatad vertical components,
respectively. Both the horizontal and vertical pements of the polarisation leak
into the cladding which then becomes unpolarisBae rate of change of laser power

propagating in the forward and backwards direciotme cladding is

d cl

S (P Fan P ) (P2 - P )+ (B, ) (4.38)
d cl

= (g, P+ a0 P2y ) (P P2 )~ (P - P (4.39)

The polarisation ratio, which is equal to the vettimss divided by the horizontal
loss as a function of polarisation coupling lossswaodelled as shown iRigure
4.11
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Figure 4.11: Polarisation ratio as a function of horizontalds for various polarisation coupling

values, beta, when (a) vertical loss = 0.™1L(At horizontal loss 0.2h from top to bottom, the plots
follow the order of the series labels), (b) vertitass = 0. 03rit (At horizontal loss 0.05M from top

to bottom, the plots follow the order of the setasels).
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When the horizontal and the vertical losses aralegorresponding to a polarisation
ratio of 1, the guided laser light will be un-paté®d. The polarisation ratio is
dependent on the differential loss between thezbatal and vertical polarisation
states. Figure 4.11shows that for small values of coupling loss, petdy a small

difference in the horizontal and vertical loss comgnt is required to obtain a good

polarisation.

The output laser power characteristics for the 2@# Raser including a horizontal
loss 0.02rit and vertical loss = 0.01fis shown inFigure 4.12
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4.5+ —— Coupled Pump Power
4 Backwards Laser Power in Core (Vertical Component)

—— Forward Laser Power in Core (Vertical component)

3.54
Backwards Laser Power in Core (Horizontal Component
31 —— Forward Laser Power in Core ( Horizontal component)
E 254 Backwards Laser Power in Cladding
9]
% —— Forward Laser Power in Cladding
o

0 : : ; ! ; :
0 2 4 Fibre Length/m 8 10 2
(a)
0.3 —— Coupled Pump Power

Backwards Laser Power in Core (Vertical Component)

0.254 —— Forward Laser Power in Core (Vertical component)
Backwards Laser Power in Core (Horizontal Component
0.2 —— Forward Laser Power in Core ( Horizontal component)
s Backwards Laser Power in Cladding
=
% 0.154 —— Forward Laser Power in Cladding
o

0.14

0.054

Fibre Length/m 8 10 2
(b)

Figure 4.12: Output power characteristics for 10m length P@Bdr, pumped by 4W, when horizontal
loss = 0.02r1, vertical loss = 0.01/ and polarisation coupling = 0.00Ifn (a) Full scale, (b)

zoomed in scale. (At fibre length 2m, from top e&ttdm, the plots follow the order of the series
labels).
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4.1.4 75% Bragg Grating PCF Laser

To mimic the highly polarised PCF laser with incagied 75% Bragg grating
described in the forthcominGhapter 8 of this thesis, R= 0.04 in the previous
model was replaced by;R 0.75. Thus, the simulations carried out in thevipus
section, which include the loss from the core te ttadding and the polarisation
coupling loss will be repeated for this new lasarity.
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Figure 4.13:Polarisation ratio as a function of horizontal dor various polarisation coupling
values, beta, for 75% Bragg grating PCF laser wiah vertical loss = 0.1 (At horizontal loss
0.5m*, from top to bottom, the plots follow the ordertiné series labels), (b) vertical loss = 0. 03m

(At horizontal loss 0.05M from top to bottom, the plots follow the ordettué series labels).
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As expected, the polarisation ratio results shawRigure 4.13are unchanged form
those shown irFigure 4.11because changing the reflectivity of the cavityrors
only effects power, threshold and efficiency cheeastics not the polarisation
coupling strength. The following figures will illtrate how changing the mirror

reflectivity changes the power, threshold and &fficy characteristics.
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Figure 4.14: Output power characteristics for 10m length PCisdr with 75% Bragg grating,
pumped by 4W, when horizontal loss = 0.02wertical loss = 0.01/M and polarisation coupling =
0.001n (At length 4m, from top to bottom, the plotsdailthe order of the series labels).
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Figure 4.15: Threshold of PCF laser with 75% Bragg grating,wetength 1061nm, based on forward

propagating laser power and coupled pump power asation of fibre length.
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Figure 4.16: Slope efficiency of PCF laser with 75% Bragg grgt wavelength 1061nm, based on
forward propagating laser power and coupled pump@oas a function of fibre length (Dashed line

represents theoretical maximum slope efficiency)
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Figure 4.15shows that for the 75% Bragg grating PCF the mimmthreshold of
0.25W occurs for fibre length 2m. Beyond 2m threshold increases linearly.

The threshold and the slope efficiency was modede@ function of cavity mirror

reflectivity for a 15m length fibre as shownkigure 4.17
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Figure 4.17: Threshold and Slope efficiency of PCF laser wi6 Bragg grating, wavelength

1061nm, based on forward propagating laser powet emupled pump power as a function of mirror

reflectivity for a 15m length fibre.

Figure 4.17shows, as expected, that the threshold of the IR decreases and the

slope efficiency increases as the cavity mirrofexivity is increased because the

losses in the laser cavity have effectively beeluced.
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4.2 Conclusions

A numerical model has been developed to illustita¢epower characteristics of PCF
lasers. In order to give an accurate representaiforeal PCF lasers, the model
included a power loss from the core to the claddiige theoretical results will be
used to analyse the experimental results in théhdoming Chapter 5. The
polarisation coupling and power characteristicaipolarisation maintaining PCF
laser with and without a 75% Bragg grating were afodelled.
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Chapter 5
Polarisation Maintaining

PCF Laser

Polarisation maintaining step-index fibres werstfdemonstrated in the 1980’s [1-3]
and are used for sensing, laser cutting and narliapplications such as second
harmonic generation. With the development of P&hmology in the 1990’s the

first example of a polarisation maintaining PCF wiasnonstrated in 2000 [4]. As

already discussed @hapter 3 microstructured fibres have a number of free desig
parameters including structure morphology, striectdimensions and core profile
which makes them particularly well suited for taihg their polarisation properties.

This research will present the first double claddpolarisation maintaining Yb

doped PCF laser through form birefringence. .

5.1 Birefringence

Real fibres are generally drawn without perfect syetry which leads to an effective
birefringence with a beat length over which theapightion will evolve and return to
its initial state. The inherent birefringence aaushe fibre to have fast and slow
axes. Thus, at any given point inside the fibre tlght has some elliptical
polarisation state with varying ellipticity and entation. The polarisation of light
propagating in the fibre gradually changes in acoatrolled, wavelength-dependent,
way. It is important to note the distinction beemesingle polarisation fibre and
polarisation maintaining fibre. Single polarisatifibre can transmit light with a
certain linear polarisation direction, whereas tighth the orthogonal polarisation
direction experiences strong optical losses oringply not guided. Polarisation
maintaining fibre guides light with any polarisatistate but it can preserve a linear

polarisation state when the polarisation directignaligned with one of the
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birefringent axis of the fibreFigure 5.1lillustrates the evolution of the polarisation
state within a fibre when the propagating eledietd has a component along each

axis.

/2 3n/4 @ 3n/2 /4 2t

24@% N G0/

Beat length

Figure 5.1: Change in polarisation state of the light as ibpagates along birefringent fibre, with

fast and slow axes represented by x and y respbgtiv

As the two orthogonal modes propagate along thve fibeir phase relationship will
change due to the birefringence. The two modegeltravith slightly different
velocities, c/p and c/y, where p and iy are the effective refractive indexes for each
polarisation mode. Therefore after a distancehe,difference in the phase between

the propagating modes will be [5]
27
Ag =(n,—n,)== (5.1)

After a certain distance known as the beat lengththe phase difference reaches 2
and the original input polarisation state returnghis beat length is related to the
wavelength of the propagating light in vacuutmand the effective refractive index
difference. Typically this beat length is of theder of about one metre for

conventional step-index optical fibre.

L, :ﬁ (5.2)
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For polarisation maintaining fibres the modal biredence, B, is generally
guantified in terms of the normalised difference tbé orthogonal propagation

constantspy andpy, of the two modes.

8=2[8,-5,)] (5.3)

27T

and it is related to the polarisation beat lengg¥A/B. Typical modal birefringence

for a polarisation maintaining fibre is of the ord10* [6].

When orthogonal polarisation modes are propagatiity similar propagation
constants the fibre will experience mode couplifidhus, a power transfer between
the modes will take place resulting in an outputvevavith a random state of
polarisation. Therefore if the propagation conttanf the orthogonal modes are
sufficiently different no such energy transfer willke place and the fibre will
maintain the polarisation state. Thus the purpdsgeating highly birefringent fibre
is to reduce the coupling between the orthogoratkstof the fundamental mode.
This concept has already been shown Ghapter 4, Figure 4.12, whereby
introducing a small polarisation coupling log$s, resulted in a desired polarised
output. There are two commonly used ways to creapmlarisation maintaining
fibre; using stress induced birefringence or foinefingence as illustrated frigure
5.2.
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(a) Panda (b) Bow tie (c) Elliptical core

Figure 5.2: Various types of polarisation maintaining fibr@) and (b) have stress forming regions
within the cladding inducing stress birefringende) has an elliptical core which induces form

birefringence.

Stress induced birefringence involves includingesdr regions within the fibre

cladding in the form of doped silica that have é&atgermal expansion coefficients.
These regions introduce directional stress whenledoafter the fibre drawing

process which results in a tensile force in onesssectional direction and a
compressive force in the orthogonal direction whidduces a change in the
refractive indices by the photo-elastic effect.neke a strong birefringence is created
within the glass.

Form birefringence involves changing the geometfyttee circular symmetric
waveguide. An elliptical core can be employedalibsets up an asymmetry in the

fibre structure thus causing form birefringence.

5.1.1 PCF Birefringence

Polarisation maintaining PCF is based on the sanmeepts as the standard step
index polarisation maintaining counterpart. In tAEF type the stress induced
birefringence is established by introducing streksments into the fibre cladding
before the fibre drawing process. PCF form birgfeince is achieved by reducing
the axial symmetry of the fibre to two-fold symnyetr no axial symmetry. The
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nature of PCF technology gives the manufacturezdioen to control the air hole
dimensions near the core [7], the air hole shapkepétich [8] and the core shape [9]
in order to achieve the form birefringence. Suchmfabirefringent polarisation
maintaining PCF’s exhibit a modal birefringenceupf to one order of magnitude

larger than conventional step-index polarisatiomtagning fibre [9].

The first example of a polarisation maintainingglarmode area, single mode PCF
with stress applying parts was demonstrated in 280&olkenberget al[10]. This
was the first polarisation maintaining PCF to begle# mode at any wavelength as
well as maintaining a constant high birefringentel 8x10*. The cross-sectional
structure of this fibre is illustrated iRigure 5.3and consists of an undoped silica
core surrounded by a triangular lattice of air edt@ming the cladding. Two stress-
applying parts made from boron-doped silica havenb@aced opposite each other,

outside the cladding.

Air hole cladding

Boron-doped silic:
/] structure

stress areas

Figure 5.3: Microscope image of large mode area, single mB@& with stress applying parts [10].

A more economical alternative to the stress-appglyparts technique is form
birefringence. An example of a highly birefringéh€F based on form birefringence,
as demonstrated by Ortigosa-Blarmethal [4] is illustrated inFigure 5.4
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(a) (b)

¢ .P

®X7»S5S00 1¥m

Figure 5.4: (a) Microscope image of cross-section of polatiza maintaining PCF, (b) Idealised

structure [4].

The form birefringence is created by varying theesof the air holes. The larger
holes are diameter 1.1 and the smaller holes are diameteputh4 The pitch was

1.96um and the fibre diameter was|68. The manufacturer’'s freedom of design
over these microstructures enables the birefringagncPCF’s to be created in a
variety of structures based on the number of aled)chole size, hole shape, hole

position and pitch.

The highly birefringent polarisation maintaining PGstructure created in this
research combines a form birefringence design dsasea differential loss of the
two polarisation states but unlike any other pskton maintaining PCF
demonstrated to date, this design is double claddind the core is doped with ¥b

which allows efficient laser operation.

5.2 Experimental Details

A variety of polarisation maintaining PCF lasemustures were tested to determine
the optimal fibre geometry with the most promisitasing and polarisation

maintaining characteristics which would ultimatbky pursued for the duration of the
research. The most promising structure will bé/faharacterised in terms of power

analysis, spectral output, polarisation maintairagagabilities and beam quality.
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5.2.1 Initial Fibre Designs

The initial PCF structures were double claddinghwat rectangular shaped inner
cladding consisting of air holes surrounding aipgdal core which was doped with
Yb®*. All of the initial test fibre structures wereasvn from the same pre-form so

they all had the same air hole pattern as that showigure 5.5

Figure 5.5: Polarisation maintaining PCF test structure cosponding to Fibre 3 in Table 5.1.

Table 5.1represents the dimensions of each of the phostnictures tested.

Name Outer Inner cladding Core
dimension/um dimension/um dimension/um
Fibre 1 190 x 165 85 x 55 11x7
Fibre 2 215x 195 105 x 60 13x9
Fibre 3 235 x 195 105 x 60 11x7
Fibre 4 170 x 140 85 x 50 9x7
Fibre 5 140 x 125 70 x 45 8x5

Table 5.1; Table representing dimensions of various PCFiaseictures tested.

Each of the fibre lasers, up to 30m in length, wewenped by up to 10W from a
LIMO Laser Systems 980nm diode laser (8ppendix A) which was coupled into a
200um diameter fibre with NA=0.2 as illustratedfigure 5.6
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Figure 5.6: General experimental set-up for power analysi®GF laser.

The pump output was collimated using an 11mm feaadth lens and was coupled
into each test fibre laser using a 4.5mm focal lerdgns with NA=0.55. Assuming

this system does not introduce significant abenatithis would lead to a pump spot
diameter in the region of @. A dichroic beam splitter set at its maximum
transmission angle (¥ for the pump light was placed in the collimateshin section

between the two lenses. At this angle the dichibeiam splitter is highly reflective

for wavelengths in the range 1000-1100nm. The R&&r can operate from the 4%
Fresnel reflections from the fibre end facets withthe use of external feedback
components. However, for most measurements pexsentthis research the laser
output at the pump end is retro-reflected to prevad strong laser feedback. In
obtaining all of the results in this research itsvessential to rotate the input end of
the fibre such that the PCF laser polarisation @itkeer pure s or pure p-polarisation
relative to the tilted dichroic beam splitter a¢ foump end of the cavity. Otherwise,

a mixed state of polarisation on the dielectrictcmwawould lead to a rotation of the
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polarisation of the reflected feedback laser lighich would lead to a mixing of the

polarisation states of the fibre laser. When ping the coating from the PCF the
commonly used method of using nitro morse was easible as the air holes in the
fibre caused a capillary effect with the nitro nerghich led to the fibre end going
on fire when operated as a laser. Instead, tme &ibating was stripped using the tip
of a flame from a gas lighter and the fibre wasiedsl using a Photon Kinetics FK11
diamond fibre cleaver. The PCF'’s in this reseavehe all very fragile so care was
taken when handling them to avoid breakage. Botls @f the PCF laser were held
in brass fibre chucks and the fibre ends were avagaved after the fibre was held
in these chucks to avoid dirt or damage to theefibnds. The fibre chucks were
mounted in X, y, z translation stages which allovired control over pump coupling

into the PCF laser. An Ophir thermopile power metas positioned at the back end
of the PCF laser to detect the laser output whildwad the optimum alignment of

the PCF laser.

Before analysis of the PCF lasers could take pldee980nm pump diode laser was
first characterised by measuring the output powe function of the input current as

shown inFigure 5.7

25

201

Power/W
-
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Figure5.7: Pump power as a function of current. Efficienspi62W/A with a threshold of 5A.
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The efficiency of the pump was found to be 0.62W/Paroughout this research the
pump diode laser was limited to 10W output powee thu observed damage to the
PCF laser end facets after prolonged use of theppamhigher power levels. The

pump power as a function of temperature was ingattd as shown iRigure 5.8

6.9
6.8
6.7
6.6
6.5
6.4 -
6.3 -
6.2 -
6.1 -
6
5.9 ‘ ‘ ‘ ‘
0 5 10 15 20 25 30

Temperature/degrees centigrade

Power/W

Figure5.8: Pump power as a function of temperature with inpurent fixed at I=15A.

Changing the temperature of the diode laser dlter®perating wavelength which in
turn changes the output power from the diode lasgégure 5.8illustrates that the
maximum power output occurs when the temperatutbeotliode laser was between
10°C and 18C. Therefore, throughout this research the purogeliaser was set at
15°C which corresponded to a pump wavelength of 978nm.

The output from the PCF laser was then analysexdgusie spectrometer set-up
shown inFigure 5.9
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Figure5.9: Experimental set-up for analysing spectral outfsatm PCF laser.

Using a glass plate, 6% of the PCF laser light wefiected through a chopper to a
grating spectrometer, 1200 lines per mm and 0.5th pength, which allowed
spectral analysis of the PCF laser light to bequeréd. Figure 5.10shows that for a

13m piece of tedtibre 1the operating wavelength of the laser was 1040nm.
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Figure5.10: Spectrum for 13m test Fibre 1, pump power 10W.

The laser output was expected to be close to Ingatarised, thus it was analysed
using a half-wave plate followed by a polarisingumesplitting cube. The half-wave
plate was rotated and the corresponding laser ptnaasmitted through the cube
was measured. Power, spectral and polarisatiolysasiavere carried out on every
test PCF laser listed ifable 5.1 However, none of these PCF lasers showed any
signs of their laser output being polarised. Tfoeee to improve the polarisation
maintaining properties of the PCF laser, the micunsure of the fibre was changed.
A full description of the new successful polarieatimaintaining PCF laser design

will follow.

5.2.2 Successful Fibre Geometry

The first step in the development of our efficipotarisation maintaining PCF laser
was to fabricate a series of passive and active fil@es without the outer air-
cladding. These were made to determine the optinstractural parameters for the
final fibre laser. The air-cladding was eliminatecallow simpler characterisation of
the core properties (stripping of disturbing clamdiight is more troublesome in
double-clad fibres). All of the PCF employed imsthesearch was manufactured by
Crystal Fibre A/S [11]. An optical microscope ineagf the active new polarisation
maintaining PCF laser with the air cladding, pr@ddby the manufacturers, is
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illustrated inFigure 5.11along with the near field mode distribution reaxdat

wavelength 950nm for one of the non-air-clad pasgest fibres.

Figure 5.11: (a) Optical microscope image of polarisation ntaining PCF design, (b) Near-field

mode distribution recorded at wavelength 950nmifam-air-clad passive test fibre.

The new microstructure was still double-cladding the rectangular inner-cladding
was replaced with a hexagonal inner cladding streatomprising of two sizes of air
holes. Three active fibres with the same micrastme shown inFigure 5.11but
with varying hole dimensions were experimentallstéd to determine which
geometry possessed the most promising laser eféigiand polarisation maintaining
properties which resulted in the final PCF designsisting of small holes with pitch
7um and diameter 2uMm placed in layers around the core which provide th
microstructure defining the laser mode and proviglet confinement hereto. Two
larger air holes, diameter 8u2, were placed on either side of the core to intced
strong form birefringence. The larger air holefoere a substantially elliptical core
shape with approximate dimensions @b by 1lum. The inner cladding pump
guide was 140m in diameter with a typical loss level of lessrti20dB/km. The
NA of the fibre is around 0.67 at wavelength 950with a slightly higher value
expected at 980nm. The core of the active fibre daped with Yb, Germanium
(Ge), Aluminium (Al) and Fluorine (F). The dopeshion of the core has an extent
of approximately 8m by 7um. Ge co-doping was chosen to allow Bragg gratings
be written into the fibre at a later date. The @& and Al concentrations were kept
relatively low in order to allow F co-doping to ggrcompensate their increasing
effect on the core refractive index profile. Therec absorption of the fibre was
around 400dB/m at 975nm. The manufacturers faiedactive fibre showed a
birefringence of around 1.4xf0at 1100nm and a differential loss on the order of
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100dB/km for the two polarisation states which i@ to Aog = 0.023nT. The
numerical modelling results ifrigure 4.11 (b), Chapter 4 shows that for a
differential loss of the ordekag = 0.023n7 the corresponding polarisation coupling

value that will result in a good polarisation i9@3m".

5.2.3 Power Analysis

The coupling efficiency and the pump absorptiorihef PCF laser were determined
by measuring the PCF laser output power and unaédquump power transmitted
for a range of fibre lengths from 0.5 m to 30 mngsthe same experimental setup
previously described in secti@n2.1. These results are shownRigure 5.12

Power/W

0 5 10 15 20 25 30 35
Fibre length/m

Figure 5.12; Transmitted pump power (blue dots) and laser outpower (red diamonds) as a
function of fibre length when the laser is operatgth feedback from a high-reflecting mirror. The
smooth curve represents an exponential fit corradpw to a pump coupling efficiency of 55% and
fibre attenuation of 0.48 dB/m

The Beer-Lambert law [12] permits an exponentiaidibe fitted to the experimental
data points which yield a fibre attenuation of Od®'m and pump power coupling
efficiency of 55%. The absorption was found toibegood agreement with the
manufacturers’ data. The relatively low couplirffceency of 55% was observed
despite the fact that the pump spot on the fibceiEnNA were both calculated to be
lower than the respective values of the fibre diagld This result indicates a
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relatively low efficiency for pumping into a regiasf relatively large air holes. It
should be noted that any light impinging on anhate will refract into the inner
cladding and travel across it at a sufficientlyepteangle that it will refract out
through the air cladding. However, for this fitmed pump geometries the air holes
constitute less than 30% of the pump spot andawepump coupling efficiency may
therefore partly be attributed to non-optimum couploptics. The output laser
power from the PCF laser as a function of coupleshp power is shown ifigure
5.13for a 20m length of fibre.

# laser power at out-coupling end with feedback

w
wn

’| m laser power at in-coupling end without feedback

| A laser power at out-coupling end without feedback

w

» laser power total from in-coupling end plus out-couplind eithout fedback

N
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L L

Output Laser power/W

0 1 2 3 4 5
Coupled Pump Power/W

Figure5.13: Laser output power vs. coupled pump power fo®arRlength of fibre.

When describing the laser cavity, we will referthe PCF laser operating “without
feedback” when the PCF laser operates using omyFtesnel reflections from the
fibre end facets. When the PCF laser is descrdsedperating “with feedback” the
laser cavity has additional feedback from an exemgh-reflector.Figure 5.12

represents output power measurements recordeddacmend of the PCF fibre laser
when the laser was operated with or without exteieedback. The red data points
in Figure 5.12represent the sum of the two output powers fronm eac of the PCF

laser. The blue data points were measured atutmubend of the fibre when the
PCF laser was operating with feedback. In thisfigaration the observed slope

efficiency was 68%. However, it is important tatendhat for a 20 m length of this
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fibre, 11% of the coupled pump power is transmitt@@dugh the fibre as shown in
Figure 5.12 Therefore, taking this unabsorbed pump power aansideration the
internal quantum efficiency of the fibre laser i8% compared with the 91%
theoretical maximum given by the ratio of the P@ser and pump photon energies.
These power characteristics were previously preditty the numerical modelling
presented in Chapter 4 based on a PCF laser wrth toocladding coupling loss
0.05m'. The power output measured at each end of the fithen the laser was
operated without feedback was found to be differefihe laser power at the back
end of the PCF laser was found to be 55% of thed taser power from both ends of
the laser. The sum of the two outputs from eadah @nthe fibore when operating
without feedback, indicated by the red data, hastme slope efficiency but slightly
higher threshold than blue data recorded when tiveepwas measured at the back
end of the fibre when feedback was applied to #serd. On comparing these results
with the modelling results i€hapter 4, Figures 4.8-4.10we can conclude that this
experimental PCF laser had a core to claddingdgssl to 0.05i1

It is important to discuss the spatial mode of dgput from this particular PCF
laser. Due to a limited number of holes surrougdhe core, a fraction of the light
leaks out into the cladding throughout the fibrachhresults in a component of the
laser output in the cladding mode. Numerical maelelling will be carried out at
the end of this chapter to determine the optimuni BRucture that will minimise

this loss.

5.2.4 Polarisation Analysis

In examining the inherent polarising propertiesghsd polarisation maintaining PCF
laser it was essential to distinguish between d&lserl output in the single mode core
and the laser output that has leaked into the matlte cladding. The latter would be
expected to be un-polarised. In order to analydg the light from the core, the

laser output was imaged onto a CCD detector andsumeaents were made only
over the core region. Examples of the observed @@&yges of the laser output
when the PCF laser was operating below and ab®heglahreshold are shown in

Figure 5.14
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(b)

Figure5.14: (a) CCD image of laser ouput when fibre lasebé&ow lasing threshold, (b) CCD image

of laser output when fibre laser is above lasingshold.

The elliptical single mode laser output confinedhe core region can clearly be seen
in Figure 5.14when the fibre laser is operating above its lasimgshold. It is this
elliptical region which the polarisation analysi®asurements were carried out on.
When analysing the images, care was taken to inte@dgufficient attenuation of the
laser light to ensure that the CCD detector opdratéhin its region of linear
response to intensity. The experimental setupHermeasuring the CCD detector

response to intensity is illustratedkigure 5.15
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Figure 5.15: Experimental setup for measuring CCD detectopoese to intensity.

The half-wave plate was set to allow maximum ingnsansmission through the
polarising beam splitter. The single mode lasghtlivisible in the elliptical core
region was detected by the CCD array and displayethe computer screen. Using
the computer software the light intensity in thetaegular area selected, containing
the core light, was analysed in both dimensions akeng the x and y-axis

respectively.

Core light

Figure 5.16: Core light selected to measure intensity resparishe CCD detector.
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The light intensity was analysed for various ingutrents to the LIMO 980 nm

pump diode laser. The results of which can be geEigure 5.17
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Figure5.17: CCD intensity response measured over the eliptiore region of the fibre laser output

with varied input currents to the 980 nm pump didateer for (a) The x-dimension of the analysis

rectangle, (b) y-dimension of the analysis rectangl

The calibration curves for the intensity respont¢he CCD detector show that in
order to operate the camera within its linear raspdo intensity, the maximum light
amplitude detected must be maintained below 58ercamera’s amplitude scale. In
the polarisation analysis results to follow thisswachieved by the addition of a
variety of neutral density filters positioned aftee polarising beam splitting cube
and before the CCD array in the experimental sellugirated inFigure 5.15
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The peak intensity in the core transmitted throthgh polarising beam splitter cube

was then determined as a function of the rotatiggleaof the half-wave plate. Data
for a 20m fibre operating with total output powé&Bo7 W is shown irFigure 5.18
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Figure 5.18: Polarisation analysis of the laser light in thibre core. The relative transmission of
PCF laser light in the core through the polarizershown as a function of the rotation angle of the

half-wave plate. The solid curve represents thpeeted sinusoidal dependence.

The polarisation ratio, the ratio between the maximand minimum power
transmitted through the polarizer, was found tarbexcess of 200:1. No significant
variation of this polarisation ratio was observethew varying the fibre laser

operating power as shownHhigure 5.19
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Figure 5.19: Polarisation analysis of the laser light in thdfé core for a variety of pump powers.
The relative transmission of PCF laser light in ttwre through the polarizer is shown as a function
of the rotation angle of the half-wave plate. Twid curves represent the expected sinusoidal
dependence. (Dark blue diamonds represent expetahessults when pump power P=1.9W, red
squares represent experimental results when pumnep®=3.2W and light blue crosses represent

experimental results when pump power P=8.9W)

The fibre laser length was reduced and the correipg maximum and minimum
transmission values through the polarizer, on imabf the half-wave plate, were
noted to determine the dependence of the polasisatitio on fibre length. The
results of which are shown rable 5.2

Fibre length/m | Core polarisation ratio

20 200:1
8 50:1
2 3.4:1

Table 5.2: Core polarisation ratios as a function of fibrength.

A polarisation ratio of better then 50:1 was obedrfor fibre length of down to 8 m.
Figure 5.12shows that the output power from the fibre lasepd significantly for
fibre lengths shorter than 8 m. The polarisatiasurements show a corresponding

drop in core polarisation ratio to 3.4:1 for a &dength of 2 m.
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With the highly polarised core we can estimate fthetion of light that has leaked
into the cladding mode. Assuming this leaked lighthe cladding mode is un-
polarised, half of it will be transmitted througtpalarizer set to block the light from
the core. When the polarizer is set in the oppgsitsition we detect the other half of
the light in the cladding and all of the light inetcore. By simply using an Ophir
thermopile power meter to measure the power tratetnihrough the polarizer set in
these two different configurations, we typically asared a ratio of 9.5:1 for a 20 m
length of fibre. From the following calculation vean calculate the percentage of

light that was carried by the core.

1I

A lcl

2 =2 (5.4)
Ico+ IcI 95

where |, represents the power in the cladding anddpresents the power in the

core. Dividing the left hand side of equati{@¥) by % I, simplifies to

1
2||core +1 95

cl

and by rearrangement we have

%+1: 95

cl

'|°°'e = 4.25

cl

Thus

... =425 (5.5)

On substitution of equatigf®.5) into equation5.4) the percentage of light carried by
the core is calculated to be 81%. The polarisedrléight emitted in the cladding

indicates an up to 30% asymmetry in favour of thee@olarisation. This decreases
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the core fraction of the light to 79% corresponding2.9W of highly polarised
single-mode output. We have already shown thatettperimental power results
match the modelling results i@hapter 4 if a core to cladding loss of 0.05mis
included. Thus, if we compare the experimentalgasured value of 79% carried by
the core to the predicted 75% shownFigure 4.8 again corresponding to a loss
value of 0.05rt, we can see that the experiment value is closieaadtheoretical
value. The light propagating in the highly multede inner cladding was found to
have the memory of the core polarisation. This wgnof the polarised light is due
to the length of fibre not being long enough fdradl the light that leaks into the
cladding mode to become fully scrambled. In obtajnall of the results in this
research it was essential to rotate the input dritleofibre such that the PCF laser
polarisation was either pure s or pure p-polamasatielative to the tilted dichroic
beam splitter at the pump end of the cavity. Qtise, a mixed state of polarisation
on the dielectric coating would lead to a rotatajrthe polarisation of the reflected
feedback laser light which would lead to a mixirfgtlte polarisation states of the

fibre laser.

5.2.5 Polarisation Analysis Without External
Feedback

As previously stated, the PCF laser can also beatg without the use of the
external feedback mirror. Thus, the two 4% Fresa#éctions from the fibre end
facets provide the only feedback to the laser. fiaen difference in characteristics
between the two laser configurations is that th& RGSer tended to self-pulse when
operated without feedback and for fibre lengthgyerthan approximately 6m. This
self-pulsing feature will be discussed in more dl@aChapter 7. The tendency of
the PCF laser to self-pulse prevented the CCD tetéom being used to monitor
the core polarisation ratio. However, the more sbhdetection of the ratio of the
two polarisations of the total laser output, pregiguliscussed, yields the same ratio
of 9.5:1 from the back end of a 20m fibre. Thidioates that the polarisation in the
core has not deteriorated significantly despitedigaificant reduction in circulating

power. Assuming that the leakage from core todleding is unchanged in this
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configuration an easily detectable change in thie ta 8.5:1 would correspond to a
core polarisation ratio of approximately 50:With the feedback blocked we now
have access to the output from the front end ofG€ laser. As the laser gain is
higher in this end, coupling into the cladding matbn be expected to be less
significant. Indeed, the polarisation ratio foettotal output from this end was
measured resulting in a ratio increase from 9.m115:1. This higher ratio

corresponds to more than 86% of the light propagaitn the core in the laser end,
where the gain is highest. This asymmetry in peddion ratio between the fibre
ends is mirrored in the asymmetry in output poweasured from each end of the

PCF laser, as previously discussed.

5.26 Beam Properties

The numerical aperture of the PCF laser, the beaazattyg and the fundamental mode

profile will now be analysed.

5.2.6.1 Numerical Aperture

As already discussed @hapter 3, the NA of an optical fibre is a measure of its
light gathering capability. To measure the NAlw# PCF laser the experimental set-

up shown irFigure 5.20was implemented.
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Figure 5.20: Experimental set-up implemented to measure thefNRBe highly polarised PCF laser.

With no collimating lens in place at the back erfidhe PCF laser, the output from
the PCF laser was free to expand and propagateghra 1080nm band pass filter (T
=50%). This filter eliminated the unabsorbed 98Quump light from the PCF laser
output. A razor blade on a translation stage, tiprsid at the outer edge of the
expanded single mode core light, was scanned athestarger dimension of the

ellipse. A 100mm focal length lens was used tousothe light onto an Ophir

thermopile power meter to permit power measurementse recorded. The back
end of the PCF laser was then rotated through §€eds to allow the same analysis
to be carried out for the opposite dimension ofeligse. The results were graphed,
as shown inFigure 5.21 and the 1feradius of the PCF laser beam, in both
dimensions x and y, were determined based on & $egmres difference method
between the experimentally measured power, relativibe razor blade position in

the beam, and the theoretical power based on tegral of the intensity distribution
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of the beam. This intensity distribution is eqgt@ln error function (ERF) in excel
whereby

Xo Y
J.dX J'e—(x2+y2)/2w2dy :mv{1+ ERF(\/;MIH (5.6)

The results are shown kigure 5.21

Power/mw

0 - ‘ ‘ ‘
0 2 4 6
Distance/mm
(a)
0.4
0.35 -

Power/mW

0 1 2 3 4
Distance/mm
(b)
Figure5.21: Power measurements when scanning across elligdsar beam with a razor blade; (a)
smaller dimension of ellipse, (b) larger dimensidrellipse.
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For the smaller dimension of the elliptical beare thé radius, measured 85mm
from the fibre end, was found to be 4.45 mm. THeiblrelated to the divergence
half angle,, by NA = sing). By measuring the 1/ eadius at a particular distance
from the end of the fibre we can determine the jgrce half angle which in turn
can be used to calculate the resulting NA. Theegfihe results related to the small
dimension of the ellipse correspond to an NA valt®.05. The data recorded in
Figure 5.21 (b),associated with the larger dimension of the ellipgeld a 1/&
radius of 1.74mm measured 16mm from the fibre efsdain, using the relationship
of NA with the divergence half angle the correspngdNA value of 0.11 was
calculated. Using the small angle approximatiamp$ = tan) we can calculate the
1/ & radii waists of the elliptical mode in the fibretie approximately@n by Gum.

5.2.6.2 M?Measurement

As already discussed Dhapter 3, the laser beam parametef M a measure of the
beam quality of the laser output. Thé Malues associated with each dimension of
the elliptical beam from the PCF laser were deteettiusing a similar experimental
method to that previously described for the NA measents. In this case a
6.24mm focal length lens was used to converge titpud from the PCF laser to a
focus point. The razor blade method was employwdebch dimension of the
elliptical beam to determine the iBameter of the beam at a particular position. To
allow the focal profile of the PCF laser beam tontegpped the blade was translated
in 2 mm increments either side of the focus andctireesponding 1fediameter at
each position was recorded. Far field measurenvearts carried out at distances of
50 mm, 100 mm and 150 mm.
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Figure5.22: 1/¢” diameter as a function of distance away from foaisfull scale,(b) zoomed in

scale.

Figure 5.22illustrates the expected Gaussian beam propagsicah profile shape,
according to equatiof8.37)andFigure 3.10in Chapter 3. Rotation of the fibre end
by 90 degrees allowed the same measurements tarbedcout for the opposite

dimension of the ellipse as shownFigure 5.23
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Figure 5.23: 1/&* diameter as a function of distance away from fo¢a} full scale, (b) zoomed in

scale.

Using the numerical fitting model in sectiBtv.3,in Chapter 3, the data obtained in
Figures 3.22and3.23vyield M? values of 2.8 and 1.72 corresponding to the larger

and smaller dimension of the ellipse, respectively.
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The beam profile of the PCF laser output was aedlyssing the set-up shown in

Figure 5.24. The 1064nm anti-reflective

coated prism was necgdsareduce the

intensity of the laser beam to below the Cohereani profiler's damage threshold.
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"

200pm NAG.22 Lens 1 Dichroic Lens 2
11mm  Filter 4.5mm
HT @ 980nm
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PC Control and Manitor

Figure 5.24: Experimental set-up to record beam profile of Pi@ger.

The beam profile observed for 20m of the PCF Iasshown inFigure 5.25.
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(b)
Figure 5.25: Beam profile image from output of 20 m of PCRela@) 1-D image, (b) 3-D image.

Beam profile images were recorded for various lesgif fibre from 2m up to 20m,

over which no significant change in profile was etved. Siegman [13] has shown
that even if an accurate Gaussian beam profildosemwed, such as that shown in
Figure 5.25 then the beam could appear as a non-JEB&ussian beam which is
synthesized from an incoherent superposition ohdrigorder Laguerre-Gaussian
modes. This type of beam will propagate almosteotly Gaussian but since it has

an M value much greater than 1, the beam will diverdeties as rapidly with
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distance as a true TEjylbeam. Thus, based on the observed beam profiléV&n
measurements it is thought that the output fromRI#- laser in this research is
synthesised from an incoherent superposition ohdrigorder Hermite-Gaussian

modes.

5.2.7 Optical Spectrum Analysis

The operating wavelength range of the PCF laserimaestigated using the set-up
shown inFigure 5.9for a range of fibre lengths between 1m and 2@ngure 5.26

depicts the optical spectra obtained for a 1m ap@ma length of fibre.
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Figure 5.26: Optical spectral output from PCF laser, red lirepresents data from 1m fibre; blue line

represents data from 20m fibre.

As shown above, the PCF laser operates at a waythlef 1021nm for short fibre
length (1m) and the operating wavelength increastsincreasing fibre length up to
1082nm for a 20m length of fibre. These resulésiarkeeping with the energy level
theory described ifChapter 2 whereby the lasing wavelength corresponds to the
wavelength which has peak gain at the thresholda&er oscillation. Switching the

Q of the cavity from low to high and vice versa mfes the gain required to reach
threshold and therefore changes the wavelengtleak pain. Increasing the length

of the fibre shifts the gain maxima to longer wavejths as a result of reabsorption.

125



Chapter 5 — Polarisation Maintaining PCF Laser

Thus, for short fibre lengths the PCF laser behéikesa 3 level laser whereas, for

longer fibre lengths, the PCF laser tends to 4l laser behaviour.

To determine a more accurate measurement of théwhdit of the PCF laser, the
1200 lines per mm, 0.5m path length grating spewter was replaced by an
Agilent Technologies HP86140A optical spectrum gs@il. Figure 5.27represents

the optical spectra recorded when 26m length PE&r Japerating with and without

the external mirror feedback, was pumped by 9.7\@8&nhm pump light.
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Figure 5.27: Optical spectra recorded for 26m PCF laser pumpgsd9.7W 980nm. Blue data

recorded without external feedback mirror, red degaorded with external feedback mirror.

When the PCF laser was operated with feedback thenexternal mirror the output
lasing wavelength was stable at 1085.5nm, with FWBIFhm. Whereas, when the
PCF laser was operated without feedback the owtpuelength varies over a 10nm
range. This instability in wavelength coincideghaihe instability observed in CW
output as the PCF laser tends to self-pulse wheexternal feedback is applied.
When including a butt coupled HR mirror at the baeid of the fibre, the cavity
losses are decreased such that a CW output witthesteavelength was observed

from the front end of the fibre. Decreasing theityalosses by increasing the
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reflectivity increased the PCF laser wavelengthgaif, these results coincide with
the theory presented @hapter 2 whereby switching the Q of the cavity from low to
high and vice versa, changes the gain requirededehr threshold and therefore

changes the wavelength of peak gain.

5.3 Numerical Mode Modelling

As already discussed in sectibr2.3and modelled ilChapter 4 the highly polarised
PCF lasers in this research experienced a losgtdaffrom the core to the cladding.
Since manufacturing costs are extremely high (XD per fibre) optimised hole
geometry is desirable prior to manufacturing. Ef@e in order to determine the
optimum hole structure, for this highly polarise@Rlaser, that would allow full
mode confinement and thus greater laser power wabéed by the core, numerical
mode modelling was carried out as part of this wading Lumercials’ mode
solutions modelling software [14]. This softwaseaifully-vectorial mode solver that
determines the electromagnetic fields of any waidegustructure of arbitrary
geometry created by the user. It hosts a frequdoayain solver that discretizes the
structure and a mesh system is employed to aichatysis. Throughout all of the
simulations carried out in this research the bawmlgd index of the simulation area
was set at 1.5 and the air holes were set to ledxective index of 1. Only the inner
cladding and core regions of the PCF structureg werdelled for simplicity and the
structures were assumed to be passive where thelemath of interest was selected
to be 1080nm, which matched the experimental waggtefor a 20m fibre length, to
represent the guided PCF laser output.

5.3.1 Rectangular Hole Structure

The first structure to be considered was the inteat, rectangular inner cladding,
hole structure previously discussed in seciidhl The air hole radius wasuh and
pitch &im. The material properties, electric field intépsand the electric field in
the x and y direction for one of the degeneratanmation modes is shown kgure
5.30
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Figure 5.30: Rectangular test PCF structure; (a) material pesties (b) energy intensity, (c) electric

field in x direction, (d) electric field in y diréon.

As the software generates two orthogonal degeneraties, the polarisation state is
found by taking the average electric field intepsitong the x-axis. In this example,
the average value was 50% which means that thevighk not polarised. This result

is in keeping with the experimental results as ehésst fibre structures were

experimentally found to be non-polarisation maimitag.
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5.3.2 Improved PCF Design

As already discussed in sectibrl.1a polarisation maintaining PCF can be created
through form birefringence by breaking the symmetiryhe PCF structure such that
one of the polarisation modes is leakier than ttnero The successful polarisation
maintaining PCF laser design in this work comprisédwo sizes of air holes with
two larger air holes placed on either side of thipteeal core to introduce strong
form birefringence. The numerical modelling toléa¢ will include the PCF
structure that was experimentally characterisedhis research and the effects of
varying the size and the pitch of the air holeshis structure will be modelled

leading to an optimum polarisation maintaining R&ser structure.

5.3.2.1 Experimental PCF structure

The final experimental highly polarised PCF laseugure with smaller air holes
with radii 1.3%um and pitch @m and two larger air holes with radii 4rh on either
side of the elliptical core region were modelle@the material properties, electric

field intensity and the electric field in the x apdlirection are shown iRigure 5.31
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Figure 5.31: Experimental highly polarised PCF structure; (a)aterial properties (b) energy

intensity, (c) electric field in x direction, (dleetric field in y direction.

The inclusion of the two larger air holes on eithiele of the core region enforces an

elliptical core shape and form birefringence. Tdrea of the PCF mode was

57.6um” Figure 5.31shows that the fundamental mode light is not cmfito the
core region as light is seen to leak out into tlaelding structure. The average TE

value was 100% which means that the light was g&dr The modelling software
capabilities were limited thus, we cannot conclwdeether the PCF structure is

polarisation preserving or polarisation maintaininglowever, in this example we
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can assume that the 100% TE value does mean teatP@F structure was

polarisation maintaining as this was experimentaligerved.

The theoretical fundamental mode associated with BCF structure is in good
agreement with the fundamental mode recorded duhisgresearch as illustrated in

Figure 5.32

y (microns)

-10 -5 0 ] 10
x {rnicrons)

(a) (b)

Figure 5.32; (a) Experimental mode recorded, (b) theoreticaldm predicted; for hexagonal PCF

structure with two large air holes on either sidecore.

5.3.2.2 Removal of Two Large Air Holes

To test if the two larger air holes, enforcing tbam birefringence, were required to
establish the polarisation maintaining propertytioé PCF laser, the hexagonal
structure modelled in the previous section was rhedegain without the larger air
holes. The material properties, electric fiellegity and the electric field in the x

and y direction for this new theoretical structare shown irFigure 5.33
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Figure 5.33: Experimental highly polarised PCF structure witlvo large air holes removed; (a)

material properties (b) energy intensity, (c) etacfield in x direction, (d) electric field in yigction.

Due to the removal of the two larger air holes @éhea of the PCF mode increased

from 57.6um? to 140.4m?. The average electric field along the x directivas 50%

which means that the light was not polarised. @fuee, the two larger holes on

either side of the core are essential to the maton maintaining characteristic of

the PCF laser.

5.3.2.3 Small Air Hole Radii

To determine the optimum hole size that would alfall mode confinement to the

core and hence no loss of power to the claddingatie of the smaller air holes were
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varied and the corresponding fundamental modelpsofvere modelled as shown in

Figure 5.34
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Figure 5.34: Fundamental mode for polarisation maintaining P@Ren radius of small air holes is
(@) 0.5m, (b) km, (c) 1.km, (d) 1.2m, (e) 1.3m, (f) 1.3am, (g) Zm, (h) 2.5m.

Figure 5.41illustrates that increasing the size of the sra@alholes decreases the loss
of light into the inner cladding of the PCF las&dnly when the air hole radius has
been increased up to A do we observe full confinement of the light te ttore
region. By using the fully confined mode, with @sponding air hole radii 24,

as a reference for 100% mode confinement, and byiog out a mode overlap

analysis the percentage of light confined to thee @s a function of small air hole

radii is graphically presented Figure 5.35
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Figure 5.35: Mode confinement to core as a function of smallehole radii.

Figure 5.35shows that if the smaller air hole radii are lgsm 1.um then none of
the light is confined to the core region. Forlate radii greater than lufn we see a
steep increase in the mode confinement. A smatkase 0.27um onto the 1.Am
radii increases the mode confinement by 50%. dfdhr hole radii are 1.3fn, as
they were in our experimental PCF lasers, the numfdinement is 78%. Beyond
1.4um the increase in percentage of light confinecheodore begins to level off and
reaches maximum confinement when the air hole @adi2.nm. Therefore, the
experimental PCF laser structures in this reseaalid have benefited in terms of

mode confinement if the radii of the smaller aitdsowere increased from 1,85 to

2.5um.

5.3.24 LargeAir Hole Radii

Similarly, the radii of the larger air holes weraried and the corresponding
fundamental mode profiles were modelled as shownguare 5.36
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Figure 5.36: Fundamental mode for polarisation maintaining P@Ren radius of large air holes is

(a) 3.6m, (b) 4m, (c) 4.1m, (d) 4.2m, (e) 4.am, (f) 5um.
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Figure 5.36illustrates that increasing the large air hole wadilecreases the core
light confinement factor. When the radius is geedhan 4.8m none of the light is
confined to the core. When the radius is reducetess than 3i6n the light is
confined to the core. By using the fully confinmdde, with corresponding air hole
radii 3.6um, as a reference for 100% mode confinement, anebyating the mode
overlap analysis the percentage of light confirethe core as a function of large air
hole radii is graphically presentedkigure 5.37
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Figure 5.37: Mode confinement to core as a function of largieole radii.

Figure 5.37shows that if the larger air hole radii are gregtan 4.2m then none of
the light is confined to the core region. Forlade radii less than 4uPn we see a
steep increase in the mode confinement. A smaltedse of 0.16m from the
4.2um radii increases the mode confinement by 50%hdfair hole radii are 4uin,
as they were in our experimental PCF lasers, thdenomnfinement is 76%. For
radii less than 38n the increase in percentage of light confinechéodore begins to
level off and reaches maximum confinement whenathdole radii are 3@m. In
comparison td-igure 5.35 we see that changing the larger air hole sizeahamwre
profound effect on mode confinement. In conclusidhe highly polarised

experimental PCF laser structures in this reseaalid have benefited in terms of
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mode confinement if the radii of the larger airdslvere decreased from g to

3.6um. It must be noted that reducing the size ofldinge air holes will reduce the
amount of form birefringence. Therefore, futurerkvausing more sophisticated
modelling software should be carried out to detasriow the optimisation of the

PCF geometry affects the polarisation maintainirapprties of the PCF laser.

5.3.2.5 Pitch

The effect of varying the pitch of the air holesaafunction of mode confinement
was considered. With the small air hole radiugdivat 1.3pm and the larger air
hole radius fixed at 4pdn, which were the radii of the holes in the expertal PCF

lasers the pitch of the air holes was modelledHls\vis.
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Figure 5.38: Fundamental mode for polarisation maintaining P@fh small air hole radius 1.38n,

larger air hole radius 4.2m and pitch is (a) gm, (b) &m, (c) &m, (d) 1Gm.

Figure 5.38shows that decreasing the pitch of the air haleseases the core light
confinement factor. By using the fully confined aeo with corresponding pitch
4um, as a reference for 100% mode confinement, anefating the mode overlap

analysis the percentage of light confined to theecas a function of pitch is

graphically presented iRigure 5.39
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Figure 5.39: Mode confinement to core as a function of airehpitch.

A small decrease in pitch fromu to 7.3um increases the mode confinement by
50%. The experimental PCF lasers, in this resehath a pitch of m which
corresponds to 81% mode confinement in the coteis;Tthe experimental PCF laser
structures in this research would have benefitegnms of mode confinement if the

pitch of the air holes was less tham¥.

5.4 Conclusions

An overview of birefringence and polarisation maining PCF’s has been given.
The first demonstration and characterisation ofoabtk-cladding highly polarised
Yb** doped PCF laser with form birefringence has beesamted. The polarisation
maintaining PCF laser had fibre attenuation of OBf&”, operating wavelength
between 1020nm and 1080nm depending on fibre lengdrnal quantum efficiency
of 77%, polarisation ratio of 200:1, a core to diag loss of 0.05Wm, in
accordance with the numerical modelling preseme@hapter 4, and 2.9W highly
polarised single mode output carried by the cakalifference in output power from
both ends of the laser, as a direct result of n@immm hole structure, has been
shown which is in agreement with numerical modglliesults fronChapter 4. The
laser had an elliptical fundamental mode profiléhwli/€ radii 3uim by Gum with M
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values 1.72 and 2.8. Numerical mode modelling wasied out to determine the
optimum PCF structure that would minimise the logdight from the core to the
cladding. The theoretical modelling predicts ttie experimental highly polarised
PCF laser could be optimised by increasing the Isaial hole radii to 2.pm,
reducing the larger air hole diameters touBn6and by reducing the pitch of the air
holes to less thanum.
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Chapter 6 — Nonlinear Optical Frequency Conversion

Chapter 6
Nonlinear Optical Frequency

Conversion

This chapter will review nonlinear optics and tteesile theory of important nonlinear
effects. A brief discussion of nonlinear materialsd their properties will be

provided. A polarised laser source is requiredsicond harmonic generation thus,
experimental results, obtained in this researclseacbnd harmonic generation using
a double cladding highly polarised ¥bdoped PCF laser for the first time will be
presented. The experiments in this chapter witiwshhat if you have an integer

number of passes, n, through the nonlinear crys&al the intensity of the second

harmonic light generated will increase by a facton®.

6.1 Introduction

The development of the Ruby laser in 1960 enaldsdarch into areas previously
inaccessible with incoherent light sources. Onehsarea was that of nonlinear
optics. In 1961 Frankeet al [1] demonstrated Second Harmonic Generation (SHG)
from a Ruby laser by passing the laser light thhoagjuartz crystal. Since then the
field of nonlinear optics has grown to be a majanch of modern research with
interesting effects such as Raman scattering {@lecontinuum generation [3], self-
phase modulation [4], two photon absorption [5] ammhlinear optical frequency
conversion all making their mark in science andhietogy. The latter of these has
been exploited to develop laser devices that operatliverse areas of the optical
spectrum ranging from ultra-violet [6] to far infea operating wavelengths [7].
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6.2 Fundamental Aspectsof Nonlinear Optics

In conventional linear optics the induced polar@atP(t), (dipole moment per unit
volume) of a material system depends linearly ugh@nelectric field strength, E(t),
of the applied optical field. For simplicity theolprisation and electric fields are

assumed to be scalar quantities. The polarisaaorbe expressed as [8]
P(t) = e, xVE(t) (6.1)

whereg, is the permittivity of free space ad is the linear optical susceptibility of

the medium. When a large electric field is appliedhe medium, the material no
longer responds linearly and the polarisation nimesexpressed in terms of a power
series which represents the nonlinear responsieeomedium. This power series is
expressed as

P(t) = &, YPE®) + Y PE(t)? + YPE(®)® +..] (6.2)

where x® and y® are the second and third order nonlinear susdkii¢ib of the

medium, respectively. It is assumed that the Ea#on at time, t, depends only on
the instantaneous value of the electric field gitlen The polarisation is important in

the description of nonlinear optics as the time/vay polarisation can act as a source
of new components of the electromagnetic field.

The linear termy® , describes such effects as the refractive indaefrimgence,

absorption and dispersion of the medium. The skooder termy® , accounts for

processes such as SHG, sum-frequency-mixing an®abkkels effect [9]. Second
order nonlinear optical interactions can only octunoncentrosymmetric crystals

which are crystals that do not display inversiomsyetry. As liquids, gasses and
amorphous solids do display inversion symmetg? vanishes identically, thus
such media cannot produce second order nonlindarabjinteractions. The third-

order termy® , is responsible for third harmonic generation giveés rise to effects
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such as the Kerr effect and self-phase modulatidiese third order nonlinear

optical interactions can occur in both centrosymimeand noncentrosymmetric
media. In this research we focus on the seconer dedm, y® , as we are interested

in the application of second harmonic generatiangia novel highly polarised PCF

laser as the fundamental beam.

6.2.1 Second Harmonic Generation

Consider a laser beam with frequeney, incident upon a crystal which is assumed

to be lossless both at the fundamental frequengy,and the second harmonic
frequency, m, = 201 so that the y® nonlinear susceptibility conforms to the

condition of full permutation symmetry. Followirgoyds [8] description of the

process of SHG the total electric field within th@nlinear medium is
E(zt) = E,(zt) + E,(z1) (6.3)

where each component is expressed in terms of gleanmamplitude Kz) and
slowly varying amplitude Az) according to

E,(zt)=E;(2e™ +cc (6.4)
where c.c represents the complex conjugate and
_ ik;z
E,(2=A(2e (6.5)

wherek; =n;w, /c is the wave number antl = /gy, is the refractive index where

¢ is the relative permittivity angy; is the relative permeability of the material.
Assuming that each frequency component of the redefatld obeys the driven wave
equation
0°E, W, 0°E, 4 9?
022 ¢ a2 c?ot? !

(6.6)
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then the nonlinear polarisation is
P (zt) =P (zt) + P,(z1) (6.7)
with
P.(zt) =P (2)e"“ +cc (6.8)
where j=1,2. The expressions fakB andP,(z) are

P.(2) = 4dE,E,” = 4dA A €'k T)* (6.9)

P,(2) = 2dE.” = 2dA’e?? (6.10)

where the nonlinear coefficient = %)((2) . By substitution of equatior(§.4), (6.5),

(6.9) and 6.10) into the wave equation, two coupled amplitude &qoa for each
frequency component are found to be [8]

dA  8riw’d e
d—pzi= k“;lz A, A et (6.11)
1
and
d Ariw,’d 5 p
dAzZ: AT (6.12)
2

whereAk = 2k — ky is known as the wave vector mismatch. Generdlig, pair of

coupled amplitude equations must be solved simedtasly. For convenience it is

preferred to work with the moduIL\lAj‘, and the phasg,,of each of the field

amplitudes rather than with the complex quantitiesnselves as well as expressing
the amplitudes in dimensionless form. Thus equati@ll) and 6.12) can be
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solved simultaneously such that the complex, slowlyying field amplitudes can be

expressed as

2 .
A :(i_’i] e (6.13)
1
and
1
2 .
A = (%j u,e'” (6.14)
2

n.c
where | :?‘Aj‘z is the total intensity of the two waves ancaod y are the new
T

field amplitudes.

In general the fundamental and second harmoniasfiehterchange energy

periodically.

6.2.2 SHG With Focussed Gaussian Beams

The previous section assumed that the interactingesvavere all infinite plane
waves. In reality, the incident fundamental radmtis usually focussed into the
nonlinear optical medium in order to increase htghntensity and the efficiency of
the nonlinear optical process. Indeed it was finisissed beam method which was
experimentally carried out in this research. THeWang theory assumes a T
mode however the lasers in this research h&dvaues greater than 1. The
amplitude and the frequency component of the sedwrthonic must obey the

paraxial wave equation [9].

X(Z) AZeiAkZ (6.15)

_0A, ) A,
2ik, —=+A =
2 az T AZ Cz
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where ATZ Is the transverse Laplacian operator, the phasenatichAk = 2k — k

and the complex amplitude of the nonlionear poiian is equal top, = Y@ A®.
The complex amplitude of the fundamental wave @represented by
Al

A2 =117 e 610 (6.16)

where ¢ is the normalised distance parameter. Under tbestant pump

approximation the paraxial wave equati@15) can be solved by using the trial

solution [8]

_A(2 —2r2fw,” (1+i¢)
A(r,2) “1ric e (6.17)

where A,(z)is a function of z. This form of the trial solutiavas chosen as it has
the same radial dependence as the source terne jpatlaxial wave equation. Also,
ignoring the spatial variation &f,(z), the trial solution corresponds to a beam with

the same confocal parameter as the fundamental béach coincides with the fact
that the second harmonic wave generated is cohewveat a region whose
longitudinal extent is equal to that of the fundataé wave. The trial solution

satisfies the paraxial wave equation as longAg$z) obeys the ordinary differential

equation

dA, _i4mo ), 2 €%

6.18
dz  nc Y @+iQ) (6.18)
which can be integrated directly to obtain
A (2) =14 @ p 23 (AK, 2,,2) (6.19)
nc

where
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B z eiAkz'dZ-
J, (0K, z,,2) = Z{(lTiz'/b) (6.20)

where zrepresents the value of z at start position of t@inear medium, b = ky¢
is the confocal parameter. As the second harmamitation generated has a

confocal parameter equal to that of the fundamesgam, the beam waist radius of

the second harmonic radiation iéztimes smaller than that of the fundamental

beam. Similarly the far field diffraction angle tife second harmonic radiation will

also be\/E times smaller than the fundamental beam.

The integral in equatiof6.20)can be evaluated analytically for different limdi

cases. In the plane wave limit where kb, |4 the integral simplifies to

z iAkz _ AiDKZ,
J3,(0k, z,,2) = je'AkZdz:% (6.21)
Zy
thus
13, (8K, 2y, 2)| = Lzsincz(ATij (6.22)

where L = z-gis the length of the interaction region. This glavave assumption is
often made to determine the acceptance bandwidtihéocrystal temperature, pump
wavelength and the crystal angle.

6.2.2.1 Optimum Focussing Conditions

The conversion efficiency increases with the intgnsf the fundamental wave
therefore using a focussed beam is the obviouscehoiHowever, too strong
focussing leads to large divergence which decrei@igesfficiency. Thus, intuitively
optimum focussing is achieved if the Rayleigh l&ngbughly corresponds to the
crystal length. Boyd and Kleinman [10] considergte optimum focussing
conditions in more detail and found that the maxmefficiency was obtained when
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the fundamental beam was focussed such that th@ besst was located in the
centre of the nonlinear crystal, beam walk-off etffeare negligible, the wave vector
mismatchAk = 3.2/L where L is the length of the nonlinear crystal gm&loptimum

focussing parameter is set at
{=L/b=284 (6.23)
Thus, efficient conversion will occur when the cordl parameter is 2.84 times

shorter than the length of the crystal. For natiead phase matching the optimum

focussed spot size is [11]

W0=\/ A, =\/ A, (6.24)
{(2m,) 2.84(2m,)

The second harmonic power can be expressed as [10]
P, = LP,*h(Akz,,¢) (6.25)

where I = 2ad%; /min,cy€, characterises the type and properties of the dogibli
crystal. The factoh(Akz,,{ i only analytically solvable in special cases ifgla
waves and strong focussing). A numerical optinosabf h(Akz,,{ )yields a value

of h(Akz,,{)=1.068 with{ = L/b=2.84. The power generated, in cgs units, at the

second harmonic frequency is [8].

8 2,..342
P, = 1.06{124&} sz (6.26)
c'n,n,

6.2.3 SHG With Elliptical Gaussian Beams

Throughout this research the output from the PCErsasvere elliptical but the

experimental optimum focussing conditions were Hdasm spherical beams
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Steinbachet al [12] carried out work on SHG with elliptical bearms analogy to

Boyd and Kleinmans [10] work and showed that thergroof the second harmonic is

P, =YR’lk, (h(B,Ak,,,{,)

/( ( gltk(z-2) e—4Bz(z'—z)sz/Izdzct'

”\/(1+|K OJ@+iK))JA-K,),[t-«,)

(6.27)

where
Y = (1287°w’ /c*n’n,)d,,
=1/,
B= p\/E / 2
and

K, =2[Z;f‘) b =w, °k;

which is comparable to equati¢f.26) for the case of a spherical beam. | is the
length of the crystalp is the walk-off angle in radians; s the ordinary index of
refraction, n is the extraordinary refractive index at the dedbfrequencyAk =
(2ki-k») is the wave vector mismatch. The second harmamiger is proportional to

the function h(B,Ak,{,,{, ) The second harmonic power can be solved as a
function of ¢, with Zy fixed at the value that maximislaa(sB,Ak,Zx,Zy . )The

reader is referred to Steinbaehal [12] as a reference source for further detail.

6.3 Review of Phase Matching

Efficient SHG takes place when a phase relationbbigveen the interacting waves
is maintained along the propagation direction. Meuee this phase relationship is
maintained the physical process of phase matclsirmgiried out which reduces the
wave vector mismatch termk to zero. Often dispersion is present which cawse
non-zero phase mismatch value. In this situattbe, energy transferred to the
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second harmonic wave will reach a maximum valuer atdistance.,| known as the
coherence length. After this distance the directad energy transfer changes
periodically according to the change of the phadation between the interacting
waves. Therefore, the second harmonic wave willrbagtransfer energy back to
the fundamental wave thus depleting the intensitghe second harmonic wave.
During propagation, the period of the energy transietween the fundamental and
the second harmonic waves is a factor of two tithexoherence length which is

S (6.29)

The growth in the second harmonic power along tlugauyation direction of the
crystal for both instances where the phase mismiich is zero and non-zero is

illustrated inFigure 6.1

Ak=0

Increasing second harmonic inten:

Akz0
/\ >

Increasing position in crystal/mm

Figure 6.1: Growth of second harmonic power as a functioprafpagation distance through crystal.
The red line represents the zero phase mismatam@geawhere the second harmonic intensity grows
as the square of the propagation distance. The lihe represents the non-zero phase mismatch

example where the second harmonic power oscillaéseen zero and a small value.
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Phase matching tries to maximise the coherenceahdmng matching the refractive

indices for the fundamental and second harmonicleagths;n,,, =n,,.

6.3.1 Birefringent Phasematching

In this research we will only consider uniaxial stals which are crystals which only
have one axis of symmetry, about the optical aXiee plane containing the optical
axis and the wave vector of the fundamental wate tine crystal is known as the
principal plane. Light beams that are polarisadhjel to the optical axis experience
a different refractive index than beams that adansed perpendicular to the optical
axis. If the input beam is polarised parallel e principal plane then the wave is
described as being an extraordinary wave and litexperience a refractive index. n
Conversely if the input beam is polarised perpandicto the principal plane then
the wave is described as being an ordinary waveitandl experience a refractive
index n. The difference between these refractive indiceskn®wn as the
birefringence,An. The extraordinary refractive index is dependamtthe input
angle,0, according to [12]

1 c0326?+sin26?
ne(e) n 2 n 2

(o] e

(6.30)

For anisotropic crystals,& neand if the crystal is negative or positive thermmeor
No < Ne, respectively. There are two ways in which to aehiphase matching; angle

tuning or temperature tuning.

6.3.1.1 Angle Tuning

Phase matching can be achieved by rotating théatisisch that an appropriate angle
between the fundamental wave and the optical axselected which satisfies the
refractive index phase matching conditions. Fopél'y phase matching both waves

at have the same polarisation whereas the wave &a2 orthogonal polarisation.
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If the phase matching angle is not equal t©0r09¢ then the Poyting vectors of the
fundamental and the second harmonic waves, whithedéhe direction of energy
transport will not be aligned. Therefore, an arggénveen he two waves is created
resulting in a separation between the fundamemidlthe second harmonic waves.
This phenomenon is known as spatial walk-off addnits the effective interaction

length of the crystal.

6.3.1.2 Temperature Tuning

The birefringence of some crystals, particularlyhlutm Triborate (LBO) and
Lithium Niobate (LN) which were utilised in thissearch, are strongly temperature
dependent. Thus, by controlling the temperaturthefcrystal, one of the refractive
indices can be tuned over a large range. This teatyre tuning technique allows
the ordinary and extraordinary refraction coefintgeto be matched at the phase
matching angle conditio), = 9¢, such that the walk-off effect associated withlang
tuning is avoided. Eliminating the walk-off effdotreases the interaction length of
the fundamental and second harmonic waves whicheases the conversion
efficiency. Often, the crystal must be heatedaemperatures substantially greater
than room temperature in order to achieve phaselmmgt Due to the increased
conversion efficiency associated with temperatweing, this type of phase
matching was carried out in this research wherstahytemperatures in excess of

150°C were required.

6.3.2 Quasi-phase Matching

Quasi-phase Matching (QPM) is an alternative tefbimgent phase matching and it
permits phase matching in optical materials whichilat no birefringence at all. It
is achieved by atrtificially engineering the struetwf the nonlinear material rather
than exploiting its inherent birefringent propestieThis method was first suggested
in 1962 by Armstronget al [14], which was prior to that of birefringent pleas
matching methods already outlined above. Howe@@®PM was not utilised
experimentally until the 1980’s due to fabricatidifficulties. Unlike, birefringent

phase matching where the condititk = 0 is necessary there is no such constraint
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involved in QPM thusAk # 0 is permitted but after one coherence length theseh
mismatch is reset to zero. This is achieved bgnmsrng the sign of the nonlinear
coefficient. By doing so, an additional phase tsbffr is added to the interacting
waves which restores the constructive interfergmoeess; resulting in the growth of

the second harmonic field as illustratedrigure 6.2

Intensity of Second Harmonic

kL J

Number of Coherence Leng

Figure 6.2: Stepwise build up of second harmonic field du@®M: Yellow curve represents build up

with birefringence phase matchintk = 0, red curve represents build up whé&k # Owith QPM
when ar phase shift is applied every coherence lengthe lolurve represents periodic build up and

decrease of second harmonic field whige# 0 and no QPM is applied.

Engineering ther phase change every coherence length throughowtystal length

is a difficult and complex problem which is why lias taken thirty years to
practically perfect the modern technique known esaglically poling the nonlinear
material for QPM applications. This technique ined ferroelectric domain

engineering which generates a periodic reversathef domain orientation in a
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nonlinear crystal. Therefore the sign of the nuedir coefficient of the nonlinear
material periodically changes. This sign reveisalchieved by the application of a
strong electric field via patterned electrodes.e Period,\, of the electrode pattern
is twice the coherence length of the nonlinear melte In the QPM case the phase
mismatch termdk described for birefringent phase matching can dqgaced by
Akgpm = 4K — kg, whereky is the wave vector defined by the grating period &nd
given byky = 2z /A. Similar to the birefringent case, the quasi-gh@ssmatch term
depends on the temperature and positioning of tystai Again, crystal rotation is
not desirable due to the effects of spatial walk-thfus temperature tuning is often

favoured. For first order QPM the effective noetim coefficient isd, = (2/77)d, .

6.4 Frequency Doubling Highly Polarised PCF Laser

Using MathCAD the refractive indices, phase matghiemperature and optimum
beam size required for SHG using a 15mm length Ldg3tal were calculated as
shown inAppendix B. The laser output from 20m of the highly poladi$®CF laser,
which was characterised ®hapter 5, was frequency doubled using the non-critical
second harmonic phase matching technique previalesgribed. The experimental

setup is shown ifigure 6.3
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—

Step Index !
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200pm NAD.22
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Lens on x-Translation
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Controlled
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on x-y-0

Translation

Stage

Figure 6.3: Experimental setup for second harmonic generatioi5mm LBO crystal using 20m

highly polarised PCF laser.

A 15mm length, Lithium Triborate (LBO) nonlinearystal with 1064nm anti-

reflection coatings on each end facet was mourtea purpose built copper oven
that was temperature tuned using an electronic $§ddem control unit. The oven
was insulated with PTFE material and additional PTstrips were positioned in

direct contact with the crystal surfaces to avadhdge to the crystal due to thermal
induced expansion. The output from the PCF lases fwcussed into the centre of
the crystal using a 25mm focal length lens. A sh@velength bandpass filter (T =
50%) was positioned after the crystal to filter thedamental light from the second
harmonic light. An Ophir photodiode power meterswesed to record the power of

the second harmonic light.

Using equation(6.24) the optimum focussed spot diameter was calculadele

24um. The laser Kvalues were 1.72 and 2.8 and the dimensions oélifpical
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beam were 2mm and 6mm. According to Seigman H&kffective diameter odof

a focussed Gaussian beam is

d, =22 (6.30)

where f is the focal length of the lerisand D are the wavelength and diameter of
the incident beam respectively. This equation mesuwe are dealing with Gaussian
beams with M= 1. In this real case, where’M 1, a multiplying factor representing
the actual Mvalues of the laser was included in equaf®80)when calculating the
optimum lens choice. Therefore, based on a 25nval fiength lens, wavelength
1080nm, beam diameter 2mm with & &lue equal to 1.72 the expected focused
spot diameter is 46n. Using the same focal length lens the calcutatias repeated
for the opposite dimension of the laser beam, Wthvalue 2.8 and beam diameter
6mm which yields an expected focussed spot dianoét2Eum. This spot diameter

is close to the optimum spot diameter ofi@4which is required for efficient SHG.

The theoretical temperature of the crystal requiedefficient phase matching was
calculated to be 13Q as shown ippendix B. From equatior6.25)the expected
second harmonic power is 1.67mW. After heatingdihystal the second harmonic
power was recorded as illustratedrigure 6.4
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Figure 6.4: Optimum phase matching temperature for 15mm LB@inear crystal pumped by 2.8W,
1080nm pump from highly polarised PCF laser.

Figure 6.4 shows that maximum output second harmonic powe&mW®, was
generated when the oven temperature wasCQ40Nhen using a thermocouple to
measure the actual temperature within the oves@aeaancy of approximately 20
was observed in comparison to the stated temperaguthe control unit. Therefore
the 10C difference in the theoretical and experimentainopm phase matching
temperature is acceptable. The power output wéé d@Bthe expected power. This
low conversion efficiency is due to the higtf Malues of the fundamental laser and
the elliptical shape of its output beam which preseghe optimum spot size of 2

from being reached.

A PCF laser with 75% Bragg grating which will beachcterised irfChapter 8 was
also frequency doubled using the 15mm LBO crysEle to the self pulsing nature
of this laser, the PCF laser was double pumpedyuOnm and 980nm diode lasers
to suppress the pulsing. Due to the optimum aligmnof this double pumping
scheme the diameter of the laser beam doubledzé dBefore, frequency doubling
experiments were carried out, the diameter ofdlserlbeam was reduced back down
to 3mm by 6mm by using two lenses in sequence,na &wd a 2.5cm focal length

lens separated by a 7.5cm gap which gave a teledeop arrangement. The phase
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matching temperature was calculated to be’@5Rppendix C). Figure 6.5shows
the experimental second harmonic power obtainechwiexjuency doubling using,
6.5W from the 1061nm PCF laser with incorporate% Bragg grating.

1.2

14
0.8
0.6 -

0.4 1

Green light power /mW

0.2 ~

O | 000000000-000000-0-0-0 T T
140 145 150 155 160 165 170 175 180

Temperature/degrees centigrade

Figure 6.5: Optimum phase matching temperature for 15mm LBRimear crystal pumped by 6.2W,
1061nm pump from highly polarised PCF laser wittoirporated 75% Bragg grating.

Figure 6.5shows that the maximum output power of second harnlight was
generated when the oven temperature wasCL60Again, this difference in the
experimental phase matching temperature compardtetaalculated temperature
was due to a discrepancy in the actual oven teryperavhen measured using a
thermocouple. The maximum output second harmooneep produced when phase
matched at 16 was measured to be 1.07mW. This power is onBp 12 the
theoretical power value. The low power conversidragain due to the high M
values of the fundamental laser and the elliptglzpe of its output beam which
prevents the optimum spot size ofugd from being reached. Due to the self pulsing
nature of this PCF laser, reflections from the LB@stal proved detrimental to the
stability of the laser. These pulses caused iredpa damage to the LBO crystal and
the short wavelength bandpass filter which prewkritether optimisation of the
focussing optics to be carried ouEigure 6.6represents an example of the green

second harmonic light produced during this research
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Figure 6.6: Images of green, second harmonic light producethgia 15mm length LBO crystal

pumped by 1061.6nm highly polarised PCF laser.

6.4.1 Double-Pass SHG

In order to improve the efficiency of the SHG a diedpass of the fundamental

beam through the LBO crystal was carried out uiiegsetup shown iRigure 6.7
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Figure 6.7: Experimental setup for double pass second harmgeneration in 15mm LBO crystal

using 20m double pumped PCF laser with 75% Braggjitg.

An aluminium mirror on a translation stage wasudeld after the 25mm collimating
lens to retro-reflect the fundamental and seconunbaic wave back through an
other 15mm LBO crystal that did not have any aetiective coating. The mounting
of this mirror on a translation stage allowed thedative phase between the
fundamental and the second harmonic beam to bedvhyi adjusting the optical path
length of the beam. Thus, the phase shift cooactould allow the generated
second harmonic light to add constructively to secbharmonic light that will be
generated during the second pass of the crystalicliyoic beam splitter which was
highly reflective for the second harmonic when pth@at an angle of 4and highly
transparent at the fundamental wavelength wasiposd prior to the coupling lens
into the crystal. To allow the second harmonic eoto be measured by an Ophir

photodiode power meter.
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By assuming that there is constant intensity thhoug the crystal we can calculate
the expected increase in intensity of green liginggated by considering the electric
field during a single pass of the crystal.

|
EDC jidEfe‘AkZ (6.31)
0

therefore the intensity of the second harmonic is

| = 95 |2(Si”Ak'2] (6.32)

z Akl

The total electric field after passing through thgstal twice is
E = AE + AE = 2AE (6.33)

Allowing for 10% reflection losses during the firgass and 20% reflection loss

during the second pass we have
E = 09AE + 08AE = 1.7AE

As the intensity is proportional to the electrieli squared the total intensity of the

second harmonic after double passing through th@ tBstal will be
|, = (L7AE)* = 2.89I

The maximum green power measured from a double giaise LBO crystal was
3.2mW which is a factor of 3 increase in the pomeasured for a single pass of the
LBO crystal. This experimentally measured valuelsse to our predicted value.
Figure 6.8 shows the green power generated as a functiomrystat temperature
when double passing through the crystal.
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Figure 6.8: Optimum phase matching temperature for doublespEs15mm LBO nonlinear crystal

pumped by 6W, 1061.63nm pump from double pumpbthiglarised PCF laser.

The maximum green power was observed at an ovepei@ture of 157°C which

is less than the temperature observed during tigtespass of the crystal experiment.

This temperature discrepancy is due to the crgstdlheating during the second pass
of the light through the crystal. Again, reflectsoto the PCF laser caused the laser to
self pulse resulting in irrepairable damage toltB© crystal and the bandpass filter.

Therefore, no further optimisation of the double&HG could be carried out.

6.4.2 QPM SHGin PPLN

The bulk nonlinear crystal was then replaced byCemm length, periodically poled
lithium niobate crystal in a purpose built oven twitemperature controller, all
provided by Stratophase Ltd. The crystal end &wetre coated with a 1064nm anti-
reflective coating. When focussing the double pedh@0Om PCF laser pump light
into the centre of the crystal, with electrode @att period A=6 and crystal

temperature 212C, the second harmonic power generated was measorée

2.3mW. Reflected pump light from the facet endstlé crystal caused the
detrimental self-pulsing nature of the PCF laserchitseverely damaged the PPLN
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crystal. This irreparable damage occurred beforthér optimisation of the second

harmonic power was carried out.

6.5 Conclusions

In conclusion, second harmonic generation using-arigital, temperature tuned
phase matching of a 15mm bulk LBO crystal was destrated using a highly
polarised YB* doped PCF laser for the first time. The maximwenosd harmonic
light generated, from 2.8W 1080nm fundamental powaring a single pass of the
crystal was 0.8mW. Using 6.5W from a 1061nm hightjarised YB" doped PCF
laser with 75% incorporated Bragg grating 1.07mW580nm light was generated.
We have experimentally shown that if you have aegar number of passes, n,
through the nonlinear crystal then the intensity tbé second harmonic light
generated will increase by a factor df nQuasi-phase matching using a PPLN
crystal produced 2.3mW of second harmonic. Througlall of the frequency
doubling experiments the detrimental self-pulsiagune of the pump laser damaged

the crystals and filters implemented which sevelietjted power optimisation.
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Chapter 7
Q-Switched PCF Laser

Q-switching of a laser cavity is a method of pradgcshort and intense laser pulses
which can be used in many applications such ags lasing and drilling, range
finding and laser marking. In particular the apation of laser cutting requires a
polarised laser source. This chapter will reviée principles of Q-switched lasers
and the methods employed to create such laserswitQhing of a novel highly

polarised YB" doped PCF laser will be demonstrated for the finsé.

7.1 Overview of Q-Switching

High power pulses can be obtained by introducinggtor intensity dependent losses
into the laser cavity. If the losses in the cawtg initially set to a high value then
the gain due to the population inversion can reachigh value without laser
oscillation occurring. As the laser cannot reduleshold the gain and stored energy
in the laser medium are pumped to a value mucleddhgn that normally achievable
under normal operating conditions. If the losseghe cavity are then reduced,
increasing the Q of the cavity, the spontaneousson present in the cavity rapidly
begins to build up resulting in an intense burstaafiation. This burst of radiation
saturates the gain medium which in turn drivesgdie below the laser threshold and
prevents laser action. It is this rapid amplificatand saturation process which leads
to the formation of the optical pulse. As the aitpulse is shorter in duration than
the pumping interval, the pulse formed is extrenazlgrgetic [1]. Thus, Q-switching
dramatically increases the peak power obtainalole fiasers. Figure 7.1lillustrates

the formation of a Q-switched pulse during the Qt&nng process.

169



Chapter 7 — Q-Switched PCF Laser
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Figure 7.1: Formation of Q-switched laser pulse. In a remtér system the pumping interval will be

much longer than the output pulse interval.

There are different types of Q-switching methodasgive and active. In this
research active Q-switching was employed but fammeteness each type will

briefly be reviewed in the forthcoming sections.

7.1.1 Passive Q-Switching

Passive Q-switching is a simple concept involvingaturable absorber within the
laser cavity. Initially, the high loss introducbkyg the unsaturated absorber prevents
the laser from oscillating leading to the buildafpgain. When threshold is reached,
the laser field grows until it saturates the abeaorbrlherefore, the absorber becomes
partially transmitting which opens up the cavitioaling the rapid development of
an intense pulse [2]. Therefore, it is the laseldfitself which essentially switches
the cavity into its high Q-state which negates tieed for external circuitry.
However, a disadvantage of passive Q-switchinas the laser behaviour critically
depends on the saturation properties of the gamiumeand the saturable absorber,
both of which may vary or deteriorate over timeheTachievable repetition rate of

the Q-switch pulses depends on the recovery tintkeofain media and the absorber.
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7.1.2 Active Q-Switching

Mechanical Q-switching involves the modulation bé tround trip loss in the laser
cavity by means of a mechanical device. The madulacan be achieved by a
mechanical chopper inserted into the laser cawitlgyorotating or tilting one of the
cavity mirrors. Although this type of Q-switching simple and inexpensive, the
pulse quality is often poor, the switch time isatelely slow and often the pulses

suffer from pulse to pulse jitter.

A non-mechanical, active Q-switching techniqgue Hasa the Pockels effect is
known as electro-optic Q-switching [3]. When aaatiic field is applied across an
optical medium such that the distribution of elens within it are distorted so that
the polarizability and hence the refractive index the medium changes
anisotropically can be described as an elecro-agtect. Therefore controlling the
applied electric field in turn controls the statk pwmlarisation of the laser field.
Combining the electro-optic modulator with one asrenpolarising elements allows
this polarisation control to translate into a lossdulation. This type of Q-switching

method is fast, effective, reliable and repeatablat is expensive.

A third method of active Q-switching is known a®asto-optic Q-switching. This

again involves electrically controlling the losstire cavity. In this case an Acousto-
Optic Modulator (AOM) driven by a low voltage Radtoequency (RF) generator
will Bragg-diffract the optical laser beam out difetlaser cavity. The amount of
energy that is diffracted into the first order beandependent on the amount of
acoustical power present. Once the populationrgie within the cavity has built

up to the required value, the power to the RF gdoeris switched off and the Q-
switch action takes place resulting in the Q-swijiakse.

7.2 Polishing Methods

To allow additional Q-switching components to bepliemented within the
experimental PCF laser cavity, lasing from thedilbend facets must be suppressed.

Therefore, before any Q-switching experiments caake place it was necessary to

171



Chapter 7 — Q-Switched PCF Laser

polish the output end of the highly polarised®Ydoped PCF laser at an angle which
would prevent any reflections back into the fitasdr. Various methods of polishing
the fibre end were carried out until a successtthod was repeatedly implemented.

Due to the holey nature of the complex PCF laseiciire the fibre laser was very
fragile which led to difficulty during polishing éhfibre end. Initially angle cleaving
the fibre end was attempted using a Photon KindilK$2 [4] fibre angle cleaver
which was capable of producing angled ends up fo Afthough angled ends were
achieved, the quality and repeatability of theseawts were not sufficient to
suppress lasing from the fibre end. In an attetopireate a high quality angle cut
through the PCF, a diamond saw was used instedatieofibre cleaver. Various
methods using the diamond saw were tested inclugingng the speed of the saw
and removing the fibre before switching the sawtofprevent damage to the fibre
end due to saw fluctuations. Often the angledvelearoduced was of a high
standard but only occurred cleanly through % of fibee. Therefore, to prevent
damage occurring after the blade was % of the Wwapugh the fibre, the fibre itself
was continuously rotated against the rotating skasléo This technique produced a
continuous flat cut by peeling the outer layersthad fibre away until it was fully
cleaved. However, on careful examination of theefiend under a high resolution
microscope it was clear that although this meth@s wuccessful in achieving an

angled cleave, the quality of the fibre end fa@at bheen sacrificed.

Manual fibre polishing techniques were also caraatlusing Thorlabs polishing kits
[5] involving different grades of lapping film. kaever, this method resulted in
small pieces of the lapping film becoming blockadsome of the holes in the fibre.
Thus, to overcome this problem the holey structurethe fibre needed to be
collapsed completely at the fibre end before potgho prevent blockages in the air
holes. The collapse of the air holes was achiesgalg a splicing machine but this
splicing method appeared to weaken the glass uhe@aenoss the cross section of

the fibre which prevented the fibre surface frormgepolished flat.
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The successful polishing method employed during teisearch involved a time
consuming and complex process involving the colagpisthe fibre air holes using a
system originally developed for Laser Heated Padi€towth (LHPG). The LHPG
system implemented consisted of gold coated coppgcs and a Carbon Dioxide
(CO,) laser beam. A reflaxicon transformed the,@8er beam into an annular ring.
This annular ring was then reflected off a plaimrorionto a parabolic mirror which
focused the beam. The PCF was placed with itsfacet at the focal point of the
parabolic mirror by using alignment motors in theyxand z dimension. Next, the
CO;laser was set to low power and was gradually irsg@aintil the fibre end began
to glow. Careful control of the laser intensitysaaitical as too much power caused
the air holes in the fibre to form undesirable dabb The collapse of the air holes

was viewed through a telescope system within thBGHystem.

To obtain the most efficient fusing of the fibreslautter was used to pulse the £O
laser. This method ensured the fibre was fusedh witnimum distortion and
bubbling. During the pulsing of the laser the dibwas mechanically translated
axially though the laser beam which resulted in dbiapse of the air holes within
the fibre approximately 3mm from the fibre end taeghich would facilitate
polishing. The next stage in the polishing prepanainvolved a 6mm outer
diameter capillary tube with inner hole diameterOodmm being heated on a hot
plate set at AT. This allowed the capillary hole to be filledtwiLakeland type 30
molten wax. The fibre was then removed from thd?GHsystem and was inserted
into the capillary tube which was allowed to coolh to room temperature. The
wax solidified ensuring the fibre would be securélgld in place during the
forthcoming polishing process. The non facet ehthe fibre within the capillary
tube was reinforced using a spring as showRigure 7.2to prevent the fibre from

shapping.
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Figure 7.2: Fibre secured in capillary tube with added supparovided by spring.

The capillary tube containing the fibre was theoused vertically in a flat mount at
an & angle and its end was smoothed on a cast iroringpgate using 20m of
aluminium oxide powder in a water carrier. Thipdang process was carried out
until a smooth round surface was observed underrosgopic examination.
Washing the capillary end with distilled water rerad any remaining powder
particles. The capillary and fibre was then paishagain at an angle of, &ising a
Kemet polishing machine utilising a polyurethanatpland Syton HT50 polishing
medium diluted with water. The capillary withinettilat mount was set onto the
polishing plate and the plate was rotated at 20e3@lutions pre minute. During
rotation, the Syton was dripped onto the polishitate and the polishing method
was repeated as necessary until a smooth flat dregld was achieved, leaving
approximately 1.5mm depth of collapsed holes atfitvee end. The end of the
capillary tube was then carefully washed usingiltidt water to remove any Syton
residue and it was then dried and further cleasatunethanol and lens tissue. The
fibre remained in the capillary tube with sprin@faction throughout the proceeding

Q-switching experiments.

7.3 Q-Switching Experimental Details

Initially the following setup, shown ifrigure 7.3 was implemented to test if the
polished angled end of the PCF laser successfulbpressed the lasing from the
fibre end facets. Up to 2m of highly polarised*Ytoped PCF laser was pumped by
up to 10W from the 980nm diode laser. The outpuifthe angled end of the fibre
laser was collimated using a 4.5mm focal lengtts.led dichroic mirror, highly
reflective at 1060nm and highly transparent atghmp wavelength of 980nm, was

positioned at an angle of orresponding to maximum reflection at 1060nmbhie
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collimated laser output to separate the pump ligith the laser light. A glass plate
was used to reflect the output from the fibre labevugh a 100mm focal length lens
and onto a silicon BPX65 pin photodiode (#g@endix D) which was connected to
an oscilloscope. The oscilloscope was used fgnalent purposes to detect the
maximum signal on the BPX65 photodiode whereup@BRX65 photodiode was
disconnected from the oscilloscope and re-connetdedn Agilent Technologies
E4408B RF spectrum analyser. The RF spectrum seralyas used to detect the

beat frequency between the oscillating laser modes.
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Figure 7.3: Experimental setup to observe control of lasidgewusing angled end fibre laser.

The dichroic mirror used to separate the pump Iighn the output laser light was
then realigned to provide maximum feedback to theeflaser. The RF spectrum
analyser detection system was repositioned to tifteoutput from the fibre laser at
the input pump end. The spectra recorded by laitlps is shown ifigure 7.4.
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Figure 7.4: RF spectra recorded for 2m of PCF laser. Blueadatpresents cavity with mirror

feedback, red data represents cavity without mifeedback.

The red data shown fRigure 7.4 recorded when no feedback mirror completed the
cavity, shows that there was no beat frequencyctitdby the RF spectrum analyser.
When the feedback mirror was included in the cafrgpresented by the blue data) a
beat frequency of 45MHz was measured which corredpto the value predicted by

the mode spacing equatioAv =c¢/2nL, for a 2m length fibre with the feedback

mirror positioned 20cm away from the end of thedibThe optical spectra from the
PCF laser when operating without the feedback gamitror was analysed using the
experimental arrangement showrFigure7.5
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Figure 7.5: Experimental setup to record optical spectra fr&t@€F laser with angled end when

operating without feedback cavity mirror.

Again, the dichroic mirror used to separate the plight from the output laser light
was realigned to provide maximum feedback to theeflaser and the RF spectrum
analyser detection system was repositioned to tigtteoutput from the fibre laser at
the input pump end. The optical spectra obtairedguboth these setups (with and
without feedback) are shown kigures 7.6and7.7.
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Figure 7.6: Optical spectra obtained from 2m PCF laser opethwithout feedback cavity mirror.
Red data corresponds to 3.2W input pump power, didti@ corresponds to 9.8W input pump power.
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Figure 7.7: Optical spectrum obtained from 2m PCF laser whparated with feedback cavity mirror

positioned 20cm away from angled end of fibre laser

The spectra shown ifrigure 7.6 spans from 1020nm to 1045nm. Such wide
bandwidth is due to amplified spontaneous emissiainstimulated emission. The
narrow spectral profile shown irigure 7.7,0btained when including the feedback

cavity mirror, confirms that the PCF laser was mdldasing when the feedback
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mirror was implemented and it was not lasing whba feedback mirror was
blocked. Thus, the extensive angled end polismethod employed in this research
had proven to be a success which allowed Q-swigcaxkperiments to be carried out

for the first time using this novel highly polansBCF laser.

As previously described there are various differesatys in which to induce Q-

switching in a fibre laser. The more conventiowaly to Q-switch is by using an

AOM rather than a mechanical chopper as the chapeénod produces poor quality
pulses. However, for this application a very hidggimage threshold AOM was

required but unfortunately was not available foe us this research. Therefore, a
mechanical chopper placed close to the feedbadlomiras implemented as a first
stage in demonstrating that the PCF laser was tap#boperating as a highly

polarised Q-switched PCF laser. These resultstayen inFigure 7.8
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Figure 7.8: Q-switching results using mechanical chopper.

The full width half maximum value for the pulsessias with a peak to peak period
of 714us. The elliptical beam width wagu® by lum.
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Following on from this simple demonstration of QH&ling, a compact micro-

cavity consisting of two fused silica prisms, paiag Fresnel reflection feedback,
mounted on a piezoelectric controller was plannedraplace the mechanical
chopper. The purpose of the piezoelectric comrollould be to control the Q-

switch of the cavity by varying the spacing betwdke prisms, thus the Fresnel
reflection feedback would be modulated. Howevarrirdy the initial chopper

experiments, damage to the fibre end facets dweléoge circulating power within

the cavity prevented further work from being catraait. This damage could only be
repaired by re-cleaving the fibre end and carryogthe long process of collapsing
the air holes and re-polishing the fibre end atagle. Therefore, the micro-cavity
Q-switching experiment was not implemented dueh® recurring damage to the
fibre end facet. This damage is common among paker PCF lasers, amplifiers
and Q-switch lasers [6]. It can be avoided by tagethe fibre end and by collapsing
the air holes such that the beam expands by uméocoader of magnitude before it
reaches the end facet. Similarly, coreless end capde of silica glass can be
attached directly to the end of the fibre laseraiow beam expansion before it

encounters the end facet.

7.4 Conclusions

A brief overview of Q-switching has been given. eldomplex and lengthy polishing
methods employed during this research to suppasssg from the fibre end facet, to
allow Q-switching experiments to be carried ous haen explained. Mechanical Q-
switching of a novel highly polarised Ybdoped PCF laser has been demonstrated
for the first time. Damage to the fibre end faasta result of intense intracavity
power has been highlighted and methods to overceunoh damage have been

discussed.
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Chapter 8
Highly Polarised PCF Laser
With Bragg Grating

The focus of this chapter will be the characteiisabf a highly polarised Y8
doped PCF laser which has a fibre Bragg gratingtewiinto the novel fibre
structure. The self pulsing nature of this lasdl e discussed along with pulse
suppression techniques that were carried out aop#rs research.

8.1 FibreBragg Gratings

If a fibre is photosensitive then Bragg reflectaen be created within the core
structure by exposing the fibre to Ultra-Violet (WYight of wavelength between
240nm and 250nm [1]. This UV exposure results ipeamanent and periodic
change in the refractive index of the fibre corachltreates a phase grating that can
be used to provide reflection at the Bragg wavdleng

There are several techniques available for creapihgtosensitive fibre. These
include increasing the dopant concentration of geiom in the fibre core, or by co-
doping the core with boron. The change in theaative index of the fibre is
typically less than 16 but this can be increased by hydrogen loading [Zhe
process of hydrogen loading involves forcing molactiydrogen into the core of the
fibore by means of high pressure and low temperatiiffasions techniques. The
phase grating within the fibre core is formed lymiinating the fibre, side on, with a
UV laser source as shown Kigure 8.1 The coherent UV light source is passed
through a silicon phase mask which diffracts the liglit and sets up a standing
wave interference pattern resulting in a correspunderiodic change in the

refractive index of the fibre core.
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Figure 8.1: Technique used to write Bragg grating into a éitmore.

8.2 PCF Laser Characterisation

Up to 20m of a highly polarised PCF laser with &bo/%eflective Bragg grating
written into one end of the fibre core was pumpetha Bragg grating end by up to
10W from a LIMO Laser Systems 980nm diode lasee (®gpendix A). As the
dimensions of this PCF laser were the same as threseously stated for the PCF
laser characterised i€hapter 5, the same coupling optics were implemented.
Therefore, we can assume that the coupling effogiesf the pump light into this
fibre laser is the same value, 55%, as that alretatgd. The maximum output laser
power from the back end (opposite end from Braggfigyg) was measured to be
4.3W. As both ends of the cavity were operatinthwdlifferent output couplers, the
output laser power measured at the front end, i(thet pump end) where the 75%
reflecting Bragg grating was operating was meastwelde 200mW. Taking into
account that there was approximately 10% of unddesbpump power transmitted
through the PCF, the internal quantum efficiencyhié PCF laser was found to be
91% compared to the 92% theoretical maximum givwethb laser and pump photon

energies.

An Agilent Technologies HP86140A optical spectrunalgser was used to analyse

the output from the back end of the 20m PCF laser.
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Figure 8.2: Optical output spectrum from 20m of PCF laser pech at Bragg grating end by 9.8W

980nm input pump power.

Figure 8.2shows that the peak output laser wavelength oaui®©61.63nm. The
FWHM value for the spectra was measured to be @nlrsing the spectrum
analyser with resolution 0.07nm. This lasing wawneth value is expected due to the
operating Bragg wavelength of 1061.634nm as stayd€oheras [3], the fibre Bragg

manufacturers. The Bragg spectrum recorded by kshe shown ifrigure 8.3.
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Figure 8.3: Bragg grating spectrum recorded by Koheras [3].

The spectrum has been recorded for a 75% reflectwvid has a FWHM of 0.1nm.
The centre wavelength is 1061.634nm and it haslgimks -7.5dB at ©.1 5nm.

It was noted that the output from the PCF laser m@salways a continuous wave
output. Therefore, the collimated laser outputrfrthe back end of the laser was
monitored by viewing the stability of the opticaltput on a fast photodiode
connected to an oscilloscope. Before presentiegstif-pulsing results observed
during this research, an overview of self pulsint) be given.

8.2.1 Sef Pulsing

The terms spiking and Relaxation Oscillations (R@ often used to describe large
amplitude pulses that occur when a laser is ihtslitched on or when the laser is
suddenly perturbed by any kind of small fluctuasian gain, cavity loss or cavity
alignment [4]. After the initial switch on of tHaser it will exhibit a strong spiking
response which will quickly decay to a continuousser output by means of damped
quasi-sinusoidal RO. These RO will settle dowm t&table continuous wave output

if the laser is operated within a quiet and stasleironment combined with a stable
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power supply. However, if there is a sudden changthe pumping rate or the
cavity loss a transient RO will occur. Spiking aR@® are characteristic of most
solid-state lasers in which the recovery time @f éxcited state population inversion
is substantially longer than the laser cavity dettiane. Typical time scales for the

period of RO in a solid-state laser isu$Qq4].
To understand the evolution of a single laser spieemust consider the photon

number, n(t), in the oscillating laser mode andpbpulation inversion, N(t), during

each stage of the pulse formation. These arerdliesl inFigure 8.4

Nith

N(t)

Time

Figure 8.4: Laser pulse evolution.

Figure 8.4assumes that the pump has been switched on psfyiallowing for the
population inversion, N(t), to build up and reabk threshold value, N at time, 1.
At this stage, the photon number, n(t), within thser cavity is essentially zero.

When the population inversion exceeds the threspoiit the photon number begins
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to increase exponentially as the gain in the cavdyw exceeds the loss. When the
photon number reaches the steady state oscill&igai, ns the signal intensity in
the cavity begins depleting excited state atoma &ster rate than the pump can
supply them. At this point, the population inversiis unable to continue to grow
and is effectively decreased. As the populatiseiision at this point is still greater
than the threshold value, the photon number coesina grow. When the population
inversion sufficiently decreases to the threshatle then the gain in the cavity is
equal to the loss. It is at this poing) (that the photon number reaches its maximum
value. As there is still a large signal intenginculating within the laser cavity, the
population inversion continues to decrease bel@awvhieshold resulting in the laser
gain being less than the cavity losses. This rgaluen the gain in turn reduces the
photon number to a value below the steady stakes @ntire process is similar to the
theory of Q-switching which was described in thevwus Chapter 7. The
difference being that these RO are characterigttbelaser and are slower, usually
in the order ofus, compared to faster (ns) Q-switch pulses. UrQkswitch pulses
that can be controlled through passive or activameegRO are inherent to the laser

and can not be controlled by the same techniques.

In order to suppress such oscillations a loss mmeshm which increases with

increasing photon number can be included within daeity. The inclusion of an

external feedback loop which combines a photodata loss modulator within the
cavity will suppress the pulsing. However, thelppeon with this concept is the lack
of available fast acting optical limiters capabteperating at low threshold and high
power parameters. Thus, a simpler solution is tasdea mechanically stable laser
operating with a stabilizing power supply in an ieonment free from acoustic noise

and vibrations [4].

Sustained self pulsing is commonly found in threeel solid state lasers. Such
behaviour has frequently been observed in Er, Toh ¥l fibre lasers particularly
when the fibre is not of high quality [5-8]. Totdait is not yet agreed which
mechanism is dominant in sustained self pulsingflindoped fibre lasers [9,10].

Thus, an overview of these hypotheses will be ginehis thesis.
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In this research it was thought that reabsorpticih@ laser photons in the unpumped
part of the fibre laser was the predominant caus¢he sustained self-pulsing.
Experimental evidence observed in this researcuémtify this hypothesis was that
the PCF lasers did not pulse when the fibre lewgils reduced to around 6m.
Whereas longer fibre lengths, where there was weakping in the back end of the
laser, all experienced self pulsing. Thus, a degoimping scheme was employed to
negate the unpumped section at the back end dfighéy polarised YB" doped PCF
with incorporated Bragg grating. The following uds show that this pumping
scheme was successful in suppressing the selfngulsiSince this research was
carried out, Tsangt al [11] have also shown that similar self pulsing etie
observed in a standard ¥bdoped multimode double-clad fibre laser can be
overcome by supplying additional pumping powerhe back end of the fibre laser,
via a double end pumping scheme. As well as empjoyhe double pumping
scheme it was necessary to isolate the PCF lager Vibration and airflow. This
was achieved by blocking off the air conditioningnt in the lab and by completely
encasing the PCF laser. Operating the PCF lasd@glat when the air conditioning
unit was switched off and the building was freenfreibrational noise improved the

stability of the laser.

Reabsorption is not the only cause of self pulsieg has been shown for Er and Tm
doped fibre lasers that sustained self pulsing ecdue to clustering of the fibre
dopant or the formation of ion pairs [12-16], obser as hot spots in the fibre.
When the concentration of the dopant is increabeddistance between the ions
decreases resulting in the formation of ion pair8vhen optically pumped a
guenching effect occurs between the two neighbguons which results in one of
the ions being upconverted and the other transigpmo the ground state. The
upconverted ion rapidly decays to the lower lyimgrgy level. This process results
in the loss of one potential stimulated photon.réfare, the quenching effect acts as
a dynamic loss mechanism. To avoid the formationioof pairs a low dopant
concentration is advisable. Techniques to suppse#s pulsing involves either
resonant [6] or auxiliary [7] pumping. Resonaninming involves pumping the fibre

laser with a pump source wavelength close to thee flasing wavelength but this

188



Chapter 8 — Highly Polarised PCF Laser With Braggti®&g

technique will result in a high pump threshold aod internal quantum efficiency.
Auxiliary pumping involves two pump sources; thegoral efficient high power
source and a secondary low power pump source apgrelose to the fibre laser
wavelength. The secondary pump source does noifisantly affect the overall
laser efficiency or low threshold value of the &ldaser. Its purpose is simply to
maintain the dopant ions, which are at risk of beilepleted from the excited state
due to ion clustering, in the excited state.

The interaction between the laser signal and thmilation inversion can also result
in pulsing [17-19]. Sustained self pulsing hasridegntal effects on high power
Yb®* doped fibre laser output characteristics as tlveesed peak power reached
during the pulsing regime can trigger stimulatedi@rin scattering [9]. Stimulated
Brillouin scattering is a nonlinear process thah @eccur in optical fibres and it
manifests itself through the generation of a back&g@ropagating Stokes wave that
carries most of the input power [20]. The combie#fdcts of sustained self pulsing
and stimulated Brillouin scattering results in #raission of intense irregular pulses
[21-23]. Hideuret al [21] has shown that the irregular pulsing assediatith the
effects of stimulated Brillouin scattering can baided in a Yb double-clad fibre
laser if a ring cavity configuration is implementedhereby the Brillouin
backscattering is suppressed. Alternatively, Odbhal [23] has shown that by
favouring a high reflectivity output coupler i.e.lew loss cavity, prevents the
detrimental onset of stimulated Brillouin scattgrin Also, as the reflected signal
from the output coupler is able to be reabsorbedstturable absorber effects in the

cavity are also reduced.

Another method of pulse suppression that has prewedessful in Er doped fibre
lasers is that of electronically controlled feedb@24]. This involves a controlled

feedback system to the pump whereby the pump p@svdecreased or increases
respectively when the output laser intensity detbds increasing or decreasing,

respectively.
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8.2.2 Results and Pulse Suppression Technique

Figure 8.5represents the output pulses from the PCF lassgrobd when varying

the pump power.

Amplitude/arbitrary

-200 -150 -100 -50 0 50 100 150 200

Time/micro seconds

Figure 8.5: Laser pulsing observed from Bragg grating PCFelaghen varying the 980nm pump
power. Red data represents 6.3W pump power, laterdpresents 9.7W pump power.

Figure 8.5illustrates that the pulsing period is dependentti@ pump power as
increasing the pump power, by approximately 54%reases the frequency of the
pulse train by 66%. Another factor considered Wwhitay affect the pulsing was the
pump wavelength. Therefore, the temperature of divele laser was operated
between 8 and 30C and the corresponding pulse trains were monitorkdvas
found that increasing the temperature of the lag#ich increases the operating
wavelength, increased the pulsing instability. &y, when decreasing the
temperature of the pump, thus decreasing the wagtiethe pulsing observed was
reduced leading to a more stable output. Thesdtsesan be interpreted as a change
in the absorption of the pump throughout the filmegth as decreasing the pump
wavelength corresponds to a decrease in pump grstaibel absorption according to
the absorption profile for Yb previously shown@mapter 2. Reducing the pump
absorption throughout the fibre length leads tananease in the pump distribution at
the tail end of the fibre. By increasing the puatghe tail end, we are effectively

reducing any reabsorption loss experienced ataihend. Thus, if the reabsorption
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loss could be reduced then the laser would potgnticome more stable. To
achieve this without changing the pump wavelengthoauld reduce the length of
the fibre laser. This reduction in fibre length poovide output stability is in

agreement with work carried out @hapter 5 on the initial PCF laser without the
Bragg grating, as that fibre laser did not show aely pulsing behaviour below a
length of 6m. Whereas, above 6m the laser did ghdsing tendencies which could
only be suppressed by additional feedback to teerlaavity. In the case of the
Bragg grating laser, reducing the length of theefitvas not a viable option as this
would reduce the output laser power which was dbkrfor future second harmonic
generation experiments.  Therefore, in order toreiase pump distribution

throughout the full length of the fibre a doublemping scheme was employed as

shown inFigure 8.6
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Figure 8.6: Double pumping setup to suppress pumping. UROm length Highly Polarised PCF
laser with incorporated Bragg Grating pumped by topl0W from 980nm diode laser at Bragg
grating end and up to 10W from 940nm diode lasepgiosite end.

Two diode lasers were used to pump the fibre. h&set was no other 980nm diode
laser available a LIMO Laser Systems 940nm dioderlavas used to pump the non-
Bragg grating end of the fibre. Both pump lasersenaperated at 26 which each

producing output powers of 9.8W. Initially thetput power from the 940nm pump
laser was characterised as showRigure 8.7.
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Figure 8.7: Output power characteristics for 940nm diode lase

Although the 940nm diode pump was capable of priodu®.8W, 0.8W was
reflected by the 1060nm HR mirror. Therefore, oW 940nm power was
available for coupling into the fibre laser. A tboupling optics remained the same

the coupling efficiency of 55% obtained when udimg 980nm pump was assumed.
The threshold of the PCF laser was measured wheablelpumping with the 940nm

and 980 nm diode lasers, both of which were sep&rate with similar output power
at each end of the fibre.

193



Chapter 8 — Highly Polarised PCF Laser With Braggti®&g

PCFL power/W

O T T T T 1
0 5 10 15 20 25

Pump power/W

Figure 8.8: Output PCF laser power as a function of total gumower launched when double

pumped with the 940nm and 980nm diode lasers.

The data shown irfrigure 8.8does not take into consideration that the coupling
efficiency of the pump power into the PCF laseb%6, nor does it account for
approximately 12% of unabsorbed 940nm pump powerl®§o unabsorbed 980nm
power. Instead, the data shown represents therimgugally measured values for
the total pump power launched by the two diodertased the output PCF laser
power transmitted. The maximum output power olaéiwwhen double pumping was
employed was found to be 6.2W. This value waseased to 6.8W when fully
optimising the coupling of the 940nm pump sourde the fibre laser. However, this
optimum fibre coupling position was not maintairtdoughout future experiments

as it resulted in a diverging beam.

The spectral output from the PCF laser, when dophbleped, was recorded using

the optical spectrum analyser.
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Figure 8.9: Output optical spectrum from 20m length PCF lasdren pumped from both ends, with
approximately 9.8W from 980nm diode laser and 9y#hf®40nm diode laser.

Figure 8.9 shows that the PCF laser still operates at thendgasvavelength of
1061.63nm when double pumped. The unabsorbed pompr from the 980nm and
940nm diode laser can clearly be seen by the pmaksring at 978nm and 936nm.

The lasing modes from the PCF laser were recortiedeanon-Bragg grating end
using the same Agilent Technologies E4408B RF specanalyser used @hapter
5. Figure 8.10represents the RF spectrum recorded for approglyjndiOm PCF

laser when double pumped.
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Figure 8.10: RF spectrum recorded for 19m length PCFL douhimped by 980nm and 940nm diode
lasers. (Red data represents the background spmctf the photodiode when the PCF laser was not

operating)

The beat frequency occurs at 5.25MHz which is etquedor this length of fibre
based on the mode spacing equation. The secobdatyfrequency observed is due
to the 4% Fresnel reflection from the fibre endetaclosest to the Bragg grating.
This end facet was approximately 35cm away from Bh&gg grating, thus, there
were always two reflections at the pump end offibhee one from the 75% Bragg
grating itself and one from the 4% Fresnel reftactat the fiore end. This Fresnel
reflection could have been suppressed by anglshpng the end facet but this option
was ruled out due to the high risk of damage tofitw® or Bragg grating during
polishing.

With the double pumping setup, the output froml&ser was monitored using a fast
photodiode connected to an oscilloscope. The eatfithe pulsing was recorded
when pumping solely with the 980nm diode laser,346nm diode laser and then
with both the 980nm and 940nm diode lasers combingte self pulsing nature of
the PCF laser was irregular and not repeatabigures 8.11-8.17s a sample of the

self pulsing observed.
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Figure 8.11: Output pulse recorded when pumped by 9.8W frodm®@8diode laser.
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Figure 8.12: Output pulse recorded when pumped by 9.8W frobm®8diode laser.
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Figure 8.13: Output pulse recorded when pumped by 9.8W frodm®8diode laser.

I

0.6 1
0.5

0.4 H
0.3

0.2

LE P

-0.1 -0.08 -0.06 -0.04 -0.02 0
Time/micro seco

0.02 0.04 0.06 0.08
nds

Figure 8.14: Output pulse recorded when pumped by 9.8W frobm®4diode laser.
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Figure 8.15: Output pulse recorded when pumped by 9W from ®4dinde laser.
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Figure 8.16: Output pulse recorded when pumped by 9W from @ddinde laser.

Figures 8.118.16 show that the PCF laser operated in an extrenfigogksle regime
when single pumped. When double pumping the PGeérlahe output was CW

rather than pulsed as showrFigure 8.17
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Figure 8.17: CW output recorded when pumping with 9.8W froar@8 diode laser at Bragg grating
end and 9W from 940nm diode laser at opposite @pkctrum was recorded at night with full optical

bench covered.

As environmental instability or sudden change ivitgalosses are known to cause
self pulsing, all attempts to isolate the fibreelafom such instability were carried
out. The entire fibre laser system was isolatedhfeor flow by housing it under a
cover which spanned the entire dimensions of thieabench. Further reduction in
vibration and air flow was achieved by partiallaleg the air conditioning vents in
the laboratory and by operating the laser at naghwhich time the air conditioning
was off and the vibrational noise level throughthw building was greatly reduced.
Such precautions were necessary as without themPtbE laser still showed

tendencies to self pulse despite being double pdmgdus, the CW output shown
in Figure 8.17was achieved by double pumping at night when émironment

stability measures were in place.

A major part of this research involved trying talstise the output from the fibre
laser. Despite achieving stabilisation by the mdthdescribed, the stability in the
laser output and the output laser power was obddrvslowly decrease throughout
its three year life span. This deterioration iabgdity and efficiency coincided with
the appearance of more intense hot spots througheutength of the fibre which

could be due to clustering of the fibre dopant Whicknown to cause self pulsing in
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three level laser systems [13,14]. The underlypiyysical process for this
degradation could be attributed to the formation aofiour centres or other
photoinduced structural transformations in thecailiglass host as a result of

prolonged exposure to high power [11].

8.3 Conclusions

A highly polarised YB* doped PCF laser operating at 1061.6nm with incated

75% Bragg grating written into the fibre core haet characterised. Self-pulsing
within rare-earth doped fibre lasers has been dssul leading to the successful
suppression of self-pulsing within this PCF lasgstam. CW operation was
achieved by ensuring environment stability and bwkde end pumping the PCF

laser to overcome reabsorption loss.
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Chapter 9

Conclusions and Future Work

This concluding chapter will summarise the workserged in the previous chapters

of this thesis and will discuss the foreseen dioacof the relevant future work.

9.1 Conclusions

This thesis presents the first demonstration ardacerisation of a double cladding
highly polarised YB" doped PCF laser. The PCF laser had fibre attemuaf
0.48dBm', operating wavelength between 1020nm and 1080rperdng on fibre
length and internal quantum efficiency of 77%. H@F structure was not yet fully
optimised leading to a loss of light from the ctwethe cladding which resulted in
79% of the light being carried by the core. 2.9¥Ahighly polarised output carried
by the core with polarisation ratio in excess 00:20was demonstrated. The laser
had an elliptical fundamental mode profile with “1fadii 3um by Gum with M?
values 1.72 and 2.8. A numerical model, developedpart of this work, to
investigate the power characteristics and polaosaproperties of PCF lasers
confirmed that the novel highly polarised PCF lasethis research had a core to
cladding loss of 0.05Wih As the laser exhibited this loss, numerical mode
modelling was carried out to determine the optimB&@F structure that would
minimise this loss of light from the core to theadding. The mode modelling
predicted that the experimental PCF laser coulddienised by increasing the small
air hole radii to 2.pm, reducing the larger air hole diameters touf6and by

reducing the pitch of the air holes to less tham.7
Following on from this work a double cladding higlpolarised YB* doped PCF

laser operating at 1061.6nm with incorporated 75€4gB grating written into the

fibre core was demonstrated and characterisedhofirtst time. Self-pulsing within
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rare-earth doped fibre lasers was discussed ledditige successful suppression of
self-pulsing within this PCF laser system. 6.5WOW operation was achieved by
ensuring environment stability and by double endhpg the PCF laser with a

LIMO Laser Systems 940nm and a 989nm diode lasevéocome reabsorption loss.

Second harmonic generation using non-critical, enaoire tuned phase matching of
a bulk 15mm LBO crystal was demonstrated using dbable cladding highly
polarised YB" doped PCF laser for the first time. The maximumose harmonic
light generated, from 2.8W 1080nm fundamental powaring a single pass of the
crystal was 0.8mW. 1.07mW second harmonic germgratias then demonstrated
using 6.5W from a 1061nm double cladding highlyapised YB" doped PCF laser
with 75% incorporated Bragg grating. Double pagdime second harmonic light
through the crystal was carried out which produ8e2mW of second harmonic
which is a factor of 3 increase in conversion coragdo the single pass experiment.
The experiment demonstrates that if you have aegert number of passes, n,
through the nonlinear crystal then the intensity tbé second harmonic light
generated will increase by a factor &f nQuasi-phase matching using a PPLN
crystal produced 2.3mW of 530nm second harmoniet.lidhroughout all of the
frequency doubling experiments the detrimentalgel§ing nature of the pump laser
damaged the crystals and filters implemented whseverely limited power

optimisation.

Fibre end facet angle polishing methods were erploand the successful
suppression of stimulated emission from the hightarised PCF laser end facet
was achieved leading to the first demonstratioQedwitched operation from the

novel highly polarised PCF laser.

The work presented in this thesis was publishe@ptics Express [1], reviewed by
Hecht [2], featured in Photonics Spectra [3], fodntlee basis of an oral presentation
at the QEOD Europhoton Conference [4], featured psster presentation at the"17
International Laser Spectroscopy Conference [5]wad a poster prize at the NKT

summer academy conference [6].
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9.2 Future Work

Based on the mode modelling results, from thisish@snew PCF structure could be
produced to prevent the power loss from the cothdaladding. More sophisticated
modelling software would be required to optimise #CF structure such that the
polarisation maintaining properties of the PCF lasere also optimised. It would
be advantageous if the 75% Bragg grating incorpdrat the highly polarised PCF
laser, positioned 35cm from the fibre end facets weplaced by a 100% Bragg
grating directly at the fibre end facet. A moragiical and less time consuming way
of collapsing and angle polishing the air holeshie PCF laser could be developed
by using specialised equipment which would enabtthér Q-switching and mode-
locking experiments to be carried out leading toompact Q-switched or mode-

locked highly polarised laser source.

Using the highly polarised PCF structure contaimedhis thesis, Chert al [7]
proposed in 2009 an improved design to optimiseptblarisation properties of the
fibre. However, no one has yet translated thegeamements into a highly polarised
PCF laser. Except for the work contained in thissts no one has produced such
polarisation maintaining PCF laser structures tghoiorm birefringence alone. The
direction of the research field is towards high povaser sources. Such optimised
PCF, structures contained in this thesis, havecipabilities of becoming efficient,
compact, economical and high power polarisatiomiaaiing laser sources with the

option of Q-switched, mode-locked of frequencyloed operation.
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LIMO FB Series (pump)

Verslon July 16, 2003
HIGH-FOWER DIODE LASER

SMA303 Plug & Play connector for optical fibres
Compact dimensions

Passively coobed
Dual temperature sensor (NTCIPT100}
Optional monitor diode
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Typdcal threshecid current (A 5-8
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Reverse voltage [5]
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L Storage Emperakire [T — “2_..+60 —
|Recommended heat sink capscty W) - > 54 | | =70 I >62 | =TE
Recommendss heat sink themal resizsance W) <01
| Expected ifetime_{hours) 200
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Second harmonic generation in Lithium Triborate (LBO) for Yb:doped PCF
Includes calculation of refractive indices, phasentahing temperature,

optimum crystal length

References:
Lithium Triborate (LBO): Sellmeier's, dispersiontbkermo-optic coeffs.

Data from "Temperature dispersion of refractivaded inf-BaByO4 and LiB3Osg

crystals for nonlinear optical devices", J. Appy®hVol. 78, No. 11, 1995
(pp52-6760)

G. McConnel, “Nonlinear Optical Frequency Convensid mode locked all solid
state lasers”, University of Strathclyde, 2001

Physical constants and units
nm:= 10° Om

um:= 10 ° tm

mm:= 103 O

cm:= 102 On

A =10

c:=3010 E(m Ebec_l)

_12 _farad
£0:=8.854110" ——

m

TOL := 0.0000000000000000000C
Calculation of refractive indices
Wavelength range
(Transparency region)
A := 200000A,20100A.. 1200071A
The room temperature Sellmeier coeffs.
Ax = 1.442627

Bx:=1.010993

Cx:= 1.1210197 10°
Dx:= 1.236321
Ay = 1.501401
By := 1.038821
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Cy:=1.2157100 10

Dy :=1.756713
Az :=1.448924
Bz:=1.136522
Cz:= 1.1676748 10°
Dz:=1.583006
E:=91
i B
nx()\) =| AX + )Z: +
1- X - 1-
_r
i A 10000 Ammm
i B
ny()\) =| Ay + i: +
1- y - 1-
_r
i A [1.0000 A DlOOOO
nz()\) =| Az + BZC + DZE
1- : 2 1- 2
_A _A
i A 110000 A 11,0000
Temperature Range (deg. C)
T:=20,20.1. 300
Aigx = 0.0531m
Isentropic Band Gapsgim
Aigy = 0.0327um
Aigz = 0.0433 um
Normalised Dispersive Wavelengths
)\2
RN =
A" = Nigx
2
A
W) =———
A" = Nigy
2
A
RN =
DY

igz
Fitting Coeffs.

G, :=-127.7016710 °

Gy(T) := [(372.17(} 2109 10 CT) + 1.1748116° 072 - 2.05077) 10° o3| ruo®

G, = —446.950310 °
H, := 122.13435 10°
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H, := -415.1043610 °
H,:=419.33410 10°
Thermo-optic coeffs (dn/dT)
_GR() + KR

Nty \A) ==
Tx( ) ZD’IX()\)
A A)?
ary(T2) = G R + Hy R
20n,(A)

_ GRM + H, R
a-]TZ(T:)\) - ZDI’]Z()\)
Fundamental laser wavelength
A1 :=1.080m

(A, T) = ny(Aq) + (T - 20 Conp, (Ay)
Refractive indices at T

nry (A, T) :=ny(Ay) + (T = 20 Cng (T,Ay)
nr(As T) :=nAy) + (T = 20 T, (T, 2y)
Frequency Doubled wavelength
Ao :=0.5400um

(A2 T) = ny(Ag) + (T = 20 Ty (A)
Refractive indices at T

nry (A2, T) :=ny(Ag) + (T = 20 Ty (T.2,)
nro (A2, T) =0 (Ag) + (T = 20 B, (T.2y)
90 degree PMB=90, ¢=0, propagates along the y axis with fundamental
along the z axis.

nz()\z,T) = nTy()\z,T)
nl()\l,T) = nTZ()\l,T)

AK(T) =2 Dn[( n2(>;\2,T) - znl()\l'T)j
2

A
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210
1 104 h‘\
. \\\‘\““‘
BK(T) \
-110"
-210"
4
-310
0 50 100 150 200

T

Since we are working with fundamental wavelength@0nm (frequency
doubling to 540nm) and the phase-matching temperatiestablished
as 130 degrees, we can express the refractiveemds

Ny, = nl()\l, 13()
Ny, = n2(>\2, 13()
n, = 1.604
Noy = 1.604

Calculation of optimum beam size and phasematchingmperature

Average laser power
P, = 2.80watt

Crystal length
L:=150mm
Optimum beam waist size

B L [P\l 0.5
A PYYs P

W =2.37% 10°m
Plane wave impedance
3770ohm
n=——
noo
Effective nonlinear coefficient

deff = 0.85010%2 1 -
volt

Fundamental parameters

20 h
o) =2

K :=20n° Cy () Coleff?
Area of beam

A =2 o610 ® o)
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SHG efficiency

. (AK(T) El_)2
sinf ———
2 Po 2
Nsne(T) := L K = O——————
(AK(T) EL)
2
Crystal temperature
T :=10Q 100.1 200

Phase-matching temperature is therefore 130degrees.

Efficiency/Arbitrar

\

120 123 126 129 132 135 138 141 144 147 150
T

Calculation of yp,y from deff
Fundamental optics relates propagation vector kfiegiency w as

2 O lh,
Dl Al
2 O ny,,
20T
W )\2
c [k,
(A)l =
noo
C [kogy
1=
N2
Crystal parameters
- m
def:= 0.85010 12 —
volt
P; = 2.80watt
hpi=1
2 2
20y [Heff
Yo = [Py [L [k, thiy

TtChy, % Chy,, Ckg LG

Vo = 5.565¢< 10% For cw second harmonic generati%[D.56DlO_3
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Appendix C

Second harmonic generation in Lithium Triborate (LBO) for Yb:doped PCF
Includes calculation of refractive indices, phasentahing temperature,

optimum crystal length

References:
Lithium Triborate (LBO): Sellmeier's, dispersiontbkermo-optic coeffs.

Data from "Temperature dispersion of refractivaded inf-BaByO4 and LiB3Osg

crystals for nonlinear optical devices", J. Appy®hVol. 78, No. 11, 1995
(pp52-6760)
G. McConnel, “Nonlinear Optical Frequency Convensid mode locked all solid

state lasers”, University of Strathclyde, 2001

Physical constants and units
nm:= 10° [

um:= 10 ° tm

mm:= 103 O

cm:= 102 On

A =10

c:=3010 E(m Ebec_l)

~1o farad
£0:=8.854711012 o

m

TOL :=0.0000000000000000000C
Calculation of refractive indices
Wavelength range
(Transparency region)
A := 20000JA, 20100A.. 120001 A
The room temperature Sellmeier coeffs.
Ax = 1.442627

Bx:=1.010993

Cx:= 1.1210197 10°
Dx:= 1.236321
Ay :=1.501401
By := 1.038821
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Cy:=1.2157100 10

Dy :=1.756713
Az :=1.448924
Bz:=1.136522
Cz:= 1.1676748 10°
Dz:=1.583006
E:=91
i B
nx()\) =| AX + )Z: +
1- X - 1-
_r
i A 10000 Ammm
i B
ny()\) =| Ay + i: +
1- y - 1-
_r
i A [1.0000 A DlOOOO
nz()\) =| Az + BZC + DZE
1- : 2 1- 2
_A _A
i A 110000 A 11,0000
Temperature Range (deg. C)
T:=20,20.1. 300
Aigx = 0.0531m
Isentropic Band Gapsgim
Aigy = 0.0327um
Aigz = 0.0433 um
Normalised Dispersive Wavelengths
)\2
RN =
A" = Nigx
2
A
W) =———
A" = Nigy
2
A
RN =
DY

igz
Fitting Coeffs.

G, :=-127.7016710 °

Gy(T) := [(372.17(} 2109 10 CT) + 1.1748116° 072 - 2.05077) 10° o3| ruo®

G, = —446.950310 °
H, := 122.13435 10°
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H, := -415.1043610 °
H,:=419.33410 10°
Thermo-optic coeffs (dn/dT)
_GR() + KR

Nty \A) ==
Tx( ) ZD’IX()\)
A A)?
ary(T2) = G R + Hy R
20n,(A)

_ GRM + H, R
a-]TZ(T:)\) - ZDI’]Z()\)
Fundamental laser wavelength
A1:=1.06163um

(A, T) = ny(Aq) + (T - 20 Conp, (Ay)
Refractive indices at T

nry (A, T) :=ny(Ay) + (T = 20 Cng (T,Ay)
nr(As T) :=nAy) + (T = 20 T, (T, 2y)
Frequency Doubled wavelength
A, :=0.530815um

(A2 T) = ny(Ag) + (T = 20 Ty (A)
Refractive indices at T

nry (A2, T) :=ny(Ag) + (T = 20 Ty (T.2,)
nro (A2, T) =0 (Ag) + (T = 20 B, (T.2y)
90 degree PMB=90, ¢=0, propagates along the y axis with fundamental
along the z axis.

nz()\z,T) = nTy()\z,T)
nl()\l,T) = nTZ()\l,T)

AK(T) =2 Dn[( n2(>;\2,T) - znl()\l'T)j
2

A
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AK(T) 0

-110" -

-210"

0 50 100

T

150 200

Since we are working with fundamental wavelength@®1.63nm (frequency
doubling to 530.815nm) and the phase-matching tesye is established
as 152 degrees, we can express the refractiveemd

Ny, = nl()\l, 153
Ny, = nz()\z, 153
n, = 1.604
Noy = 1.604

Calculation of optimum beam size and phasematchingmperature

Average laser power
P, :=6.50watt

Crystal length
L :=150mm
Optimum beam waist size

L\ 05
Wo.:=| ——————~
°7| 2.8ar( 20mn,,)
Wp = 2.358«< 10°m

Plane wave impedance
n = 3770ohm

noo
Effective nonlinear coefficient

deff := 0.850] 1612E(ﬂ)
volt

Fundamental parameters

20tk h
o) =2
1

K :=200° T (Ay)” Cleff?
Area of beam

A:=2 Dn[(465166 Em)2
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SHG efficiency

2
Sin( AK(T) EL)
2

P
2 w
r]SHG(T) ="K 0— 0——FF—

Crystal temperature

T:=10Q 100.1 200

(AK(T) EL)Z
2

Phase matching temperature is 152 degree

Efficiency/Arbitrar

0

135 1385 142 1455 149 1525 156 1595 163

T

166.5 170

Fundamental optics relates propagation vector kiiaggiency w as

_ 20rh,
= ?\—1
_ 20y,
= —)\2
c [k,
= -
C [kogy

Ko,

W

Wy =
N2

Crystal parameters

— m
de:= 0.85010 12 —

volt
P; := 6.50watt
hpi=1
20ty (ef?
Yoo =

EP]_D_D(MEhm

Tty 2 Doy, CEg LE°

Voo, = 1.36x 10°

.For cw second harmonic generatigi,(11.36(1.0~3
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Silizium-PIN-Fotodiode
Silicon PIN Photodiode

BPX 65

Weszentliche Merkmale Features

* Speziell gesignet fur Anwendungen im Bereich = Especially suitable for applications from
von 350 nm bis 1100 nm 350 nm te 1100 nm

* BPX 65: Hohe Fotoempfindlichkeit = BPX 65: high photosensitivity

* Hemetisch dichte Metallbauform (TO-18), * Hemetically sealed metal package (TO-18),
geeignet bis 125 °c" sujtable up to 125 %"

Anwendungen Applications

* Schneller optischer Empfanger mit groper = [Fast optical sensor of high modulation
Modulationsbandbreite bandwidth

Typ Bestellnummer Gehduse

Type Ordering Code Package

BPX 65 Qe2702-P27 18 A3 DIM 41870, planes Glasfenster, hermetizch

dichtes Gehduse, Lotspiefe im 2.54-mm-Raster
{ZHD"J, Anodenkennzeichnung: Nase am
Gehduseboden

18 A3 DIM 41870, flat glass lens, hermetically sealed
package, solder tabs 2.54 mm {2.1'1::’) lead spacing,
anode marking: projection at package bottom

' Eine Abstimmung der Einsatzbedingungen mit dem
Hersteller wind empfohlen bei Tﬁ = 85°C.
" For operating conditions of T = 85 °C please contact

2000-01-01 1 OPTO SEMICONDUCTORS

OSRAM

Infinacn

Hehneleging

220



