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Abstract

Alexandrite is a highly attractive laser source in the near-infrared owing to its broad
wavelength coverage of around 700-820 nm and strong thermo-mechanical proper-
ties. This makes it a suitable laser source for a number of applications including
remote sensing, biophotonics and quantum technologies.

Over the last ten years there has been considerable progress in the development of
red-diode-pumped Alexandrite lasers, however there remained to be a demonstration
of multi-watt Alexandrite lasers with wavelength tuning in fundamental TEMgg
transverse and single-longitudinal-mode (SLM) operation. The aim of this work is
therefore to develop power-scaled Alexandrite lasers with wavelength tuning which
will bring it closer to applications outside the laser laboratory.

A novel wavelength-tunable and dual wavelength Alexandrite laser is presented
with a continuous wavelength tuning range of 747-768 nm using the crystal as both
the gain medium and wavelength tuning element.

For accurate laser cavity design a detailed study of pump-induced lensing in
Alexandrite lasers is performed. This includes the development of an analytical
theoretical model and direct wavefront measurement under both non-lasing and
lasing conditions. New insight into pump-induced lensing in Alexandrite is gained
and a combined thermal and population lens postulated.

Utilising this improved understanding, a record power of 8.6 W is demonstrated
in diffraction-limited TEMyy mode. >1W over 730-805nm and >4 W over 755-
780 nm narrow-linewidth wavelength tuning is achieved for the very first time from
a red-diode-pumped Alexandrite laser. This power is higher than any other directly-
diode-pumped vibronic laser in the 700-820 nm region.

SLM operation is demonstrated in two compact ring laser cavities with up to
1 W of output power. Power scaled ring lasers up to the 5 W-level are also presented

showing promising signs for >1 W wavelength tunable SLM performance.
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Chapter 1

Introduction

1.1 Background

A laser (light amplification by stimulated emission radiation) is a device that gen-
erates a coherent and directional source of electro-magnetic radiation. May 2020
marked the sixtieth anniversary of the laser [1] and in that time it has enabled a
wide range of applications such as optical communication, optical trapping, atomic
cooling, super-resolution microscopy and gravitational wave detection, as well many
others that have led to lasting changes in science, industry and society [2].

A laser is formed of a gain medium, a resonant optical cavity and a source of
energy, referred to as the pump. Figure 1.1 shows a diagram of both the very
first laser and its modern day counterpart. Though they are configured differently
both operate on the same principle. The gain medium, which in both cases is a
Ruby (Chromium-doped sapphire) crystal, amplifies radiation through the process
of stimulated emission. Placing the gain medium inside the resonant optical cav-
ity provides the feedback. Energy is supplied to the gain medium using a pump
source which can be in the form of electrical, chemical or optical energy. Maiman’s
Ruby laser was pumped by a broadband flashlamp that was helically twisted around
the outer surface of the Ruby and placed in a reflecting aluminium cylinder. The
Ruby absorbed broadly at the ultra-violet, blue and green wavelengths and emitted
monochromatically in the deep red at 694 nm in short bursts. Today’s Ruby laser is
pumped by a blue laser-diode (LD), which is tightly focused onto the Ruby crystal.
This diode-pumped solid-state system provides a significant improvement in optical

efficiency, simplicity and robustness.
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Figure 1.1: (a) Maiman’s flashlamp pumped Ruby laser - the first
optical laser. Image adapted from [3]. (b) Blue-diode-pumped
Ruby - realising highly efficient continuous-wave operation sixty
years after the first Ruby laser. Image adapted from [4].

The Ruby lasers of 1960 and 2020 illustrate how the underlying principles of laser
operation has not changed and in fact a number of laser techniques used widely in
research today were initially developed during the 1960s. These include pulsed oper-
ation methods such as Q-switching and mode-locking, second harmonic generation
and parametric amplification [5]. The type of laser gain medium had also diversified
with gas, liquid dye and semiconductor diodes also enabling laser operation.

The following decades witnessed the wide-spread commercialisation of laser sys-
tems which today has a global market value of around $16.6 billion. Today, lasers
span all wavelengths from the UV to the mid-infrared, have timescales down to the
attosecond, and output powers at beyond the kW-level [6]. At the forefront of laser
development today are grand-challenges such as space-borne laser interferometers
for gravitational-wave detection [7], laser x-ray sources [8] and laser development
for the plethora of applications in the THz region [9]. While commercially available
lasers cover almost every wavelength from the UV to the mid-infrared, they are not
necessarily the ideal source for a given application. Often, sacrifices in efficiency,
overall size, cost and even performance have to be made. Significant attention in
laser research is therefore also aimed at improving the performance of lasers, par-
ticularly in developing easily transportable systems that take lasers outside of the

laboratory and into real-world implementation.
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1.2 Thesis Motivation and Overview

The development in blue laser-diode technology over the last decade made efficient
continuous-wave (CW) operation of Ruby possible. This concept of using modern
pump diodes to realise efficient laser operation using gain media that were believed
to be redundant at the time is not only applicable to Ruby. For example, Ytterbium-
doped laser material were initially discovered in the 1960s but then cast-aside due
to its high-threshold. Only later with the development of high-power laser diodes at
Ytterbium’s pump wavelength that low quantum defect pumping was possible and
with it ultra-high-power laser operation [10].

Similar to Ruby is Chromium-doped Chrysoberyl, commonly referred to as
Alexandrite. Like Ruby, Alexandrite was widely used as a high-energy Q-switched
laser but with the added benefit of tunable laser operation in the near-infrared. Its
wavelength tunability made it an ideal laser source for narrow-linewidth applications
[11, 12]. However, the development of laser-pumped Titanium-doped Sapphire at
the end of the 1980s limited the applications of Alexandrite lasers.

Over the last two decades there has been considerable progress in the output
power of red laser-diodes driven by the demands in the display industry. This re-
alised the potential for watt-level diode-pumped Alexandrite lasers with optical effi-
ciencies over an order magnitude higher than conventional flashlamp pumping [13].
By the start of the 2010s diode-pumped Alexandrite lasers became a highly promis-
ing laser source for satellite-based atmospheric remote sensing [14]. Its potential for
high-energy Q-switched operation, with stable and reliable diode-pumping and its
accessibility to near-infrared absorption lines makes it an attractive alternative to
the currently-used Nd:YAG lasers which require multiple frequency conversions to
access the near-infrared [15-17].

Motivated by the emergence of diode-pumped Alexandrite lasers the aim of this
work is to power-scale CW tunable Alexandrite lasers. In the last five years the rapid
growth of quantum technologies has bought a demand for high-precision laser sources
for manipulating and probing atoms in various experiments such as laser cooling,
atom interferometry and controlling Rydberg atoms - the building block of quantum
engineering [18]. These experiments require narrow-linewidth laser sources, typically
in the near-infrared where the resonance lines of atoms such as Rubidium at 780 nm
[19] are located.

Laser diodes are well suited to these applications with <100kHz linewidth and
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low cost but have limited brightness and power. Frequency-doubled Erbium-fibre
lasers provide higher brightness but with added complexity [20]. Titanium-doped
Sapphire lasers have long been the flagship solid-state laser in a wide range of appli-
cations and are well suited to the requirements of quantum technologies. However,
due to the lack of high-power diodes at its pump wavelength, it requires laser pump-
ing from frequency-doubled 1pm lasers. This makes it bulky, expensive and, with
the requirement of water-cooling, non-portable. Using diode-pumped Alexandrite
lasers offers a simpler and more compact solution with direct diode-pumping, and
the potential for lower noise performance due to its low emission cross section. Its
unique ability to perform well at elevated temperatures also removes the requirement
of bulky water-cooling.

This thesis demonstrates significant progress in the performance of tunable
Alexandrite lasers. Previously, progress in tunable Alexandrite lasers has been
limited to <1 W of output power with higher power operation at the expense of
output mode quality. Here, power-scaled Alexandrite lasers with broad wavelength
tuning, diffraction limited beam quality and single-longitudinal-mode performance
are presented that bring Alexandrite lasers a step closer to realising its potential as
an attractive laser source outside the laser laboratory.

The thesis is formed of eight chapters. Chapter 2 provides an overview on diode-
pumped solid-state lasers. Theoretical background is provided on laser resonators,
such as cavity stability, Gaussian beams and wavelength selection. Gaussian beam
propagation and mode size equations are used throughout the thesis to design and
model Alexandrite lasers.

An in-depth overview of Alexandrite is covered in Chapter 3. This forms the
basis for the theoretical models used later in the thesis. A brief literature review of
Alexandrite lasers is also provided.

Chapter 4 covers the experimental demonstration of a wavelength tunable Alexan-
drite laser in which wavelength tuning was obtained by simply tilting a Brewster-cut
crystal inside the laser cavity. Narrow-linewidth continuous tuning and dual wave-
length operation were both obtained without any other wavelength selective element
due to the birefringent properties of Alexandrite. This is a simple and novel method
of achieving wavelength tuning. A theoretical model was also developed and shown
to be in good agreement with the experimental results. It can also be applied to
other birefringent gain media.

Chapter 5 describes the first detailed experimental measurement and analytic
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model of pump-induced lensing in diode-pumped Alexandrite lasers. Using a Shack-
Hartmann wavefront sensor the pump-induced lens for an end-pumped Alexandrite
laser is measured under both non-lasing and lasing conditions for the very first
time. Surprising results are obtained with the lens dioptric power under lasing con-
ditions found to be up to 60 % of that under non-lasing conditions. A theory of a
combined thermal lens and population lens - which arises from an inversion depen-
dent refractive index - is formed and shown to match well with the measured data
both qualitatively and quantitatively. This work has furthered the understanding
of pump-induced lens effects in end-pumped Alexandrite lasers and the theoretical
model can be applied to other laser gain media.

Chapter 6 covers the power-scaling of TEMgy Alexandrite lasers utilising the im-
proved understating of the pump-induced lensing in Alexandrite and using a simple
convex-plane cavity design. Diode-pumped Alexandrite lasers operating with high
optical efficiency (>30 %), record slope efficiencies (54.9 %) and >5W of laser out-
put in TEMyg mode are demonstrated for the very first time. Multi-watt wavelength
tuning as well as dual wavelength operation using a birefringent filter is obtained
in addition to fixed narrow linewidth operation using a volume Bragg grating. In
dual-end-pumped configuration up to 8.6 W of power in TEMyg mode is obtained -
the world record for the highest powered TEMgg diode-pumped Alexandrite laser.

Chapter 7 is an overview of single-longitudinal-mode (SLM) Alexandrite ring
lasers. The first two sections describe systems developed based on using focusing
optics in an astigmatic and non-astigmatic configuration. These results produced
the first diode-pumped Alexandrite laser in CW SLM operation. The third section
investigates the power-scaling capabilities of Alexandrite ring lasers with a >5W
TEMg bidirectional ring laser demonstrated. This result shows the potential for
multi-watt wavelength tunable SLM operation from Alexandrite.

Chapter 8 is the final chapter. It summarises the results of the thesis and suggests
future work. Results presented in this thesis have contributed to developing novel
wavelength tuning in birefringent gain media, enhanced understanding of pump-
induced lensing and achieved record performance levels in power-scaled tunable

Alexandrite lasers.
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Chapter 2

Diode Pumped Solid-State

Lasers

Diode-pumped solid-state lasers provide the widest versatility in terms of output
power, pulse width, repetition rate, wavelength and linewidth compared to any other
laser system [5]. Flexibility in material size and shape, wide ranging properties of
different host crystals, amplifiers as well as frequency conversion using non-linear
optics are all well developed around diode-pumped solid-state laser systems.

Designing an efficient diode-pumped solid-state laser has three key requirements:
a host material that has strong thermo-mechanical properties enabling high power
laser operation with low risk of crystal fracture; a dopant-ion with well defined
fluorescence and absorption lines with low quantum defect and of size comparable to
ions in the crystal host; and finally a diode-pump source with an emission wavelength
that matches well with the ion absorption.

Though this thesis is entirely devoted to the study of red-diode-pumped Alexan-
drite lasers, it is worth considering Alexandrite in the wider context of diode-pumped
solid-state lasers. In this chapter the basic properties of diodes, solid-state hosts and
dopants will be discussed. In addition, the fundamental theoretical basis of laser
resonators will be presented as it provides insight into cavity stability, transverse
and longitudinal mode profile and by considering thermal effects, its dynamical be-
haviour. The analytical equations shown here will be used throughout this thesis to

model and design Alexandrite lasers and to analyse the obtained results.
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2.1 Solid-State Dopants and Hosts

A solid-state lasing material consists of a solid which contains small amounts of
an additional element. The solid is referred to as the host material in which the
additional element has been doped into. The doped element possesses electronic
transitions within inner non-filled electronic shells. Such dopants are typically rare-
earth (RE) or transition metals (TM) with transitions occurring on the 4f — 4f
(RE), 4f — 5d (RE) and 3d — 3d (TM) electronic levels. These transitions enable
direct emission from the ultra-violet to the near-infrared at around 0.3-3 pm [21].

The host material mainly gives rise to the thermo-mechanical properties of the
solid-state material, such as its thermal conductivity, birefringence and hardness.
The dopant typically determines the optical properties of the material such as the
absorption, lasing wavelength, emission cross section and fluorescence lifetime. An
awareness of these properties is key in designing efficient diode-pumped solid-state
lasers.

It is highly desirable for the solid-state host to have good thermo-mechanical
properties (such as high thermal conductivity and hardness), posses lattice sites that
can accommodate the dopant ion (i.e. enable the desired spectroscopic properties),
be transparent at the lasing wavelength and have easy fabrication. Examples of
commonly used hosts include oxides such as sapphire (AlyO3), garnets (such as
Y3Al5012 or YAG), vanadates (such as YVO,) and fluorides (such as YLiF; or
YLF) - all of which have their own respective advantages depending on the desired
dopant ion and application. Most crystals are fabricated using the Czochralski
technique which in the case of YAG enables the growth of boules of up to 80 mm in
diameter and 200 mm in length [21].

RE ions doped into solid-state hosts typically operate on the 4f —4f levels with
strong but narrow emission lines due to the 5s and 5p electrons shielding the crystal
field. The weak probabilities of interaction between the levels give rise to a long
fluorescence lifetime and therefore a large emission lifetime product, o.7f, leading
to a low threshold. Two examples of such lasers are Nd:YAG and Yb:YAG, where
the doped Nd3*+ and Yb3* ions replace the similarly sized Yttrium atom. Nd:YAG
is a four-level laser with a modest emission cross section and fluorescence lifetime
of o = 2.8 x 107 ¢cm? and 74 = 230ps, respectively [5]. Its thermo-mechanical
properties are also respectable with a thermal conductivity of K, = 13Wm ™! K1

and hardness of H = 1320kg mm~2. All these good properties as well as the avail-
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ability of flashlamp pumping and later high efficiency diode pumping at 808 nm
made Nd:YAG the industrial standard laser operating in a variety of configura-
tions. These include >100 W continuous-wave (CW) oscillator [22, 23], Joule-level
Q-switched master-oscillator power-amplifier [24], ~ 10 ps pulse durations at MHz
repetition rate [25] and linewidth down to the kHz-level [26]. These results provide
a simple yet effective benchmark for other laser systems without requiring a detailed
analysis of laser theory.

Yb:YAG (a three-level laser) also serves as a useful benchmark. Whilst its emis-
sion cross section and fluorescence lifetime are lower, its absorption at 978 nm and
broad emission at around 1015-1040 nm enable very low quantum defect heating and
sub-ps pulse duration in mode-locked operation. Yb:YAG in thin-disk geometry is
the industrial flagship in high average power sub-ps laser systems [27].

TM ions, such as Ti3T, Cr?*, Cr3* and Fe?* can also be doped into solid-state
hosts. Unlike RE ions, all TM ions have broad emission bandwidths. This arises
from their unfilled d shell being unshielded from the crystal field and so enabling
phonon broadening of the absorption and emission bandwidths. Their emission cross
section and fluorescence lifetime are typically shorter with a .7 product of an order
of magnitude less than that for RE ions. However, their broad emission bandwidths
enable ultrafast operation at <10fs. Ti:Sapphire is the most well-established TM
solid-state laser. Its absorption spectrum is well matched to the frequency doubled
wavelength of Nd:YAG at around 532nm [28], its broad emission bandwidth has
enabled mode-locked operation down to 5fs [29] and the good thermo-mechanical
properties of its Sapphire host enable CW output powers at up 5W in narrow-
linewidth wavelength tunable systems [30].

Cr?*:ZnS and Cr?*:ZnSe, referred to as the Ti:Sapphire of the mid-infrared, are
other examples of well-established TM solid-state lasers. Their extensive spectral
range of 1800-3400 nm enable sub-100fs mode-locked operation [31] and the avail-
ability of high-power Thulium-fibre pumping have recently enabled >1W <50 fs
ultrafast [32] and >100 W CW operation at 2500 nm [33].

2.2 Diode Lasers

Diode lasers are the most compact, reliable and cost-effective laser sources. They’re
widely used in a number of various applications at a broad wavelength range in-

cluding optical communication, medicine, gas monitoring, remote sensing and more

27



Diode Pumped Solid-State Lasers

recently in automotive lidar. A diode laser is a pn-junction where lasing action is
possible with an electrical current generating the population inversion, and electron-
hole recombination is the source of stimulated emission. The higher refractive index
of the active layer compared to the cladding layer fulfils the condition for a standing
wave to oscillate and the laser mode to propagate in a resonator that is formed by
a cleaved end-facet [5].

The emission wavelength depends on the size of the band which can be altered
either with the composition of the pn-junction material or, to a lesser extent, the
temperature. Historically, laser diodes were developed at wavelengths of 0.8 pm,
1.3 pm and 1.55 pm owing to their low loss and /or low dispersion in standard optical
fibres [34]. Power scaling was mainly aimed at AlGaAs based laser diodes in the
0.8-1.1 pm range as pump sources for Nd-doped lasers and Er-doped fibre amplifiers.
More recent development in InGaN and AlGalnP diodes in the last two decades have

extended the spectral coverage of high-power laser diodes into the visible.

M—H-—%'&—H'jg'i"

(c) MIVD e

Figure 2.1: Diode-pumping configuration examples: (a) SMD end-
pumping. (b) polarisation-combined dual-end-pumping with SMD.
(¢) MMD side-pumping. (d) Fibre-coupled MMD end-pumping.

A single-stripe, edge-emitting laser diode will typically emit an elliptical trans-
verse mode with a broad laser linewidth owing to the diode geometry and the short
cavity lifetime. The output mode can however be easily circularised and brought
up to a watt-level of output power with near-diffraction limited beam quality from
these single-mode-diodes (SMD). Provided the diode emission is well matched to the
absorption of the solid-state material, this provides a simple, compact and highly

efficient method of pumping a solid-state gain medium, typically in a longitudinal,
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or end-pumped configuration, as shown in Fig. 2.1(a). This provides an efficient
overlap between the pump and laser modes inside the laser resonator. Double-end-
pumping configurations with polarisation combining (if possible) can increase the
pump power further, as shown in Fig. 2.1(b).

For higher power pumping diode arrays, bars and stacks can be formed where
larger or multiple single-emitters are used to form multi-mode diodes (MMD).
Though this is at the expense of the brightness, coherence and symmetry, a va-
riety of techniques can be used to mitigate the effects, such as fibre-coupling (see
Fig. 2.1(d)), using a pair of mirrors [35] or using different pumping geometry such
as side-pumping where the power is more evenly distributed in the longitudinal

direction and enables multiple pumping sources [34], as shown in Fig. 2.1(c).

2.3 Laser Resonator

A laser resonator consists of a passive resonator (such as a Fabry-Perot resonator)
and an active gain medium. A comprehensive mathematical description and deriva-
tion of the transverse and longitudinal modes of a laser resonator based on light
diffraction using the paraxial wave equation can be found in a number of standard
laser textbooks, as shown comprehensively by Siegman in Lasers [36] and more
briefly by Svelto in Principles of Lasers [37]. However, in the interest of laying
the groundwork for the remainder of this thesis it is worth providing a very brief
overview of these works. Expressions for the transverse and longitudinal modes
provide a well-rounded description of the laser resonator in its entirety including its
intensity distribution, propagation and resonator stability. Key analytical parame-
ters are derived enabling laser cavity modelling and design.

The propagation of an electromagnetic (EM) field inside a passive resonator can
be described using the ray-model, where the geometrical propagation is described
but not its diffraction. Despite the limitations of the ray model it does provide
a simple and accurate description of the stability of the laser cavity and of the
propagation of the laser mode.

Ray transfer matrices (RTM) are a very useful way of describing light propaga-
tion. A ray of light travelling along the optical axis, z, can be defined according to
its displacement above the optical axis, r, and the relative angle between the ray
and the optic axis, «, as shown in Fig. 2.2(a), which also shows the propagation of

a ray through an optical element such as a lens or an optical system. The output
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ray, 7a, is related to the input ray, 7, via the RTM

7 = MF, (2.1)

where M is the RTM - a 2 x 2 matrix representing the optical system between

the input and output ray. In component form:

T2
Qa2

The RTM for a cascaded optical system with n elements is described by the

A B
C D

X

”] . (2.2)

aq

matrix multiplication of each element, i.e. M = M, M, _1... MsM;. For a periodic
focusing system, such as a resonator, the RTM at the reference plane is given by
a single-round-trip, as shown in Fig. 2.2(b). The resonator is stable when the

following condition is satisfied

1< (A;D) <1. (2.3)

:Reference Plane

¢ Optical System
1
— 0l r.

I >
Optical Axis
(a) (b)

Figure 2.2: (a) Ray propagation through an optical system. (b)
Round-trip ray transfer matrix with respect to the reference plane.

A more accurate description of the EM field inside a laser resonator is obtained
using a wave description that accounts for the effect of diffraction. Assuming a
monochromatic EM wave with uniform polarisation, its electric field, E, can be

described by the scalar wave equation

(V2 + k%) E (2,y,2) =0 (2.4)

where k = w/c is the wavevector. Under the paraxial approximation the change

in the electric field in the z direction can be considered to be negligible and the
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electric field can be written as E = u (z,y, z) exp (—ikz). As such Eq. (2.4) reduces
to the paraxial wave equation which is given by
ou

Viu — 2ik—— =0 (2.5)

where V7 = 02 /0z% + 0% /0y? is the Laplacian operator in the transverse plane.

It can be shown by direct substitution that Eq. (2.5) has a solution of the form

w(z,y, 2) o exp [—z‘k (”"224;3/2)} (2.6)

where ¢ is the eigensolution to Eq. (2.5). There are several exact solutions
however the most applicable solutions in this case are the orthogonal set of Hermite-
Gaussian (HG) modes which do not change shape with propagation in free-space
and so satisfy the conditions of self-reproduction necessary in a laser cavity. In

Cartesian coordinates the electric field of the HG mode is given by

2 V2 V2 z+y)*
Un,m (z,y,2) = \/sz (2) 2”+mn!m!Hn <w (Z)) . (w (Zy)> P (_(uﬂ(zy;)

(2.7)

Lk
exp —7Z+i(1+n+m)¢

where H,, and H,, are Hermite polynomials of the order n and m. The lowest
order mode is when n = m = 0, and the Hermite polynomial is a constant, Hy = 1.
The electric field and the intensity are then simply a Gaussian. This is typically de-
noted as a TEMgg mode, where TEM stands for transverse electro-magnetic mode,
and the subscript denotes the order n and m. Figure 2.3 shows the intensity distri-
bution of the TEM,,,, modes. A notable feature of the higher order modes (n > 0
and/or m > 0) is the offset maxima and the presence of a minima, where the number
of minima in each direction correspond to the order number.

A similar family of modes can be obtained in cylindrical coordinates. These
modes are characterised by the Laguerre polynomials of order p and [ which give
rise to a mode structure consisting of annular rings or petal-type modes. The lowest
order Laguerre-Gauss mode, LGy, is identical to the lowest order Hermite-Gaussian
mode. A notable feature of these modes is that they possess orbital angular mo-

mentum (OAM) due to a spiral phase term in the expression for the electric field.
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Figure 2.3: Hermite-Gaussian modes of a laser resonator.

The annular intensity and OAM enable a number of specialised applications such
as optical tweezers and micro-machining. Recent emergence in their use in optical
communications and quantum technologies has led to significant development in the
design and development of vortex lasers [38].

Comparing Egs. (2.6) and (2.7) gives the expression for the eigensolution, or the
complex beam parameter

1 1 M2\

i
g R Tw?

(2.8)

where R is the radius of curvature, w is the beam width and M? is the beam
quality factor. The complex beam parameter can be used to fully describe the HG
mode and its propagation through an optical system using the RTMs. The ABCD

law of Gaussian beam propagation is given by
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_ Aq+B

N Cq1+ D (2'9)

q2

where ¢1 and ¢o are the initial and final complex beam parameters, respectively.

2.4 Gaussian Beam

The lowest order mode, or TEMyg mode, has a Gaussian intensity profile in the
radial component, 7 = /22 + 32, given by

1(r) = Ipe(=2*/v?) (2.10)

where w is the beam width and is defined as the radial position at which the
intensity falls by a factor of 1/e. Due to its Gaussian profile the propagation of the
TEMj is referred to as a Gaussian beam. A Gaussian beam will propagate with a

Gaussian intensity distribution but with a varying width, as illustrated in Fig. 2.4.

Figure 2.4: Gaussian beam propagation.

The Gaussian beam will focus to a minimum width, or waist, of wg at z = 0.

The beam width varies in the axial position, z, as a hyperbola of the form
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w(z) =woy |1+ = (2.11)

where zp is the Rayleigh range, the distance from the waist to where the beam
area has doubled. Twice the Rayleigh range, 2zg, or the confocal parameter, is the
distance over which the Gaussian beam is considered to be collimated. The Rayleigh

range is simply given by

2
W

2R =172 (2.12)

where M? is the beam quality factor. The radius of curvature is given by

R(z)==z2 <1 + 'z%) . (2.13)

From Eq. (2.13) it can be seen that at z = 0, R — oo and so the wavefront
is plane at the waist. With increasing 2z, R decreases to a minimum at z = zp.
For large z, R ~ z and so the wavefront is again plane as z — co. Another useful
parameter is the half-angle divergence (shown in Fig. 2.4) which is given by

M?)\
0= . (2.14)

TWo

The final expression to consider from Eq. (2.7) is the Gouy phase factor, ¢,
which is given by

¢ = arctan <Z) . (2.15)

%R

The Gouy phase factor is an axial phase shift adding a total = phase shift for
a fundamental Gaussian beam travelling through the waist where the phase fronts
will shift by half a wavelength compared to an ideal plane wavefront. This has two
important implications. Firstly it completes the description of a Gaussian beam. A
Gaussian beam can be described as a spherical beam travelling in the axial direction
with a Gaussian intensity profile. The Guoy shift provides the distinction from
a pure spherical beam by accounting for the change in phase around the waist.
Secondly, for higher order modes the change in phase wavefront at the waist will be

different, and so their oscillation frequency in a stable resonator will also differ.
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2.5 M?2 Parameter

The HG modes correspond to an orthonormal set and so any arbitrary field can
be decomposed into a sum of these modes. The oscillating EM field inside the res-
onator is therefore not necessarily defined by a single TEM,,,, mode but instead as
a coherent or incoherent mixture of multiple modes. The most common method of
characterising the transverse mode profile is the M? parameter. Precise knowledge
of the modal composition cannot be obtained with this method, but for most ap-
plications, and for this thesis, it is sufficient. The beam quality factor or simply
M? is the comparison between the measured beam and the ideal TEMgo beam [5].
By measuring the beam width as a function of distance through the focus, the M?
parameter can be calculated using Eq. (2.11) with zp substituted using Eq. (2.12),

this gives

2
M2
w; (2) = wo, 4| 1+ < ’ 22> (2.16)

where ¢ = x,y, and so expressions for the beam quality are typically described
in the two orthogonal directions. A pure HG mode will have a beam quality given
by

M?=2n+1 (2.17)

2 _
M2 =2m +1 (2.18)

however in most cases it is sufficient to use the beam quality simply as a measure
for how near diffraction limited the beam is. Measuring the beam quality is crucial in
demonstrating the capabilities of the laser, since most applications require a TEMgg
mode, as it has the lowest diffraction and smallest focusing size. Measuring the
beam quality of the pump system (which for diode pumping M? > 50), enables the
achievable pump waist size and confocal parameter to be calculated. Knowledge of
this is important for providing high absorption efficiency and in aiming for mode-

matching when designing the laser cavity.
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2.6 Cavity Stability

It is useful to consider the cavity stability of a passive resonator since it provides a
simple description of the stability range without having to include the effects of the
gain medium. A passive resonator consists of at least two highly reflective mirrors
separated by a length L, as shown in Fig. 2.5. The simplest resonator, shown in Fig.
2.5(a) is the plane-parallel resonator and consists of two plane mirrors. Considering
an EM wave travelling inside the resonator, then for the electric-field to be zero
at the mirror surface the cavity length must satisfy the condition L = nA/2. The
resonant frequencies are therefore given by v = n(c/2L) and their separation, or

longitudinal spacing, is simply Av = ¢/2L.

(a) (b)

(c) (d)

=R L=R
© RI

L=R

Figure 2.5: Resonator configurations: (a) Plane-parallel (b) Con-
centric (c) Confocal (d) Hemispherical (e) Unstable.

Alternative resonator configurations with curved mirrors are shown in Figs.
2.5(b)-(e). The red lines indicate the light propagation using the ray model which
can be used to distinguish stable and unstable resonators. In a stable resonator
(Figs. 2.5(a)-(d)) the rays are well confined inside the resonator, whereas for an

unstable resonator, as shown in Fig. 2.5(e), rays cannot be entirely confined and
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will eventually escape. However, unstable laser resonators are not without purpose
and have been used extensively in high-power laser systems due to their large mode
volume and are still of interest to the research community today [39, 40].

For a two mirror resonator the round-trip RTM is given by M = M1 M Mgo M,
where Mp; is the matrix for a mirror of curvature R; and My, is the matrix for free-

space propagation over length L. Using Eq. (2.3), the stability condition is

—1g2(1—]§1><1—]§2>—1§1. (2.19)

It is more convenient to define the stability of the cavity according to the dimen-
sionless g-parameters which are given by g = 1 — L/R; and go = 1 — L/Ry. The

stability condition then reduces to a simple form

0<gig2<1 (2.20)

which can be plotted as shown in Fig. 2.6. This provides an effective way of
determining the stability of the cavity and the effect of changing the cavity properties
with g1go = 1, g1 = 0 and go = 0 defining the edges of stability. The region of cavity
stability is indicated by the shaded zone in Fig. 2.6. The position of the stable
passive resonators in Fig. 2.5 are indicated according to their g-parameters. The
plane parallel, concentric and confocal cavities are all on the edge of stability since
only specific rays are fully confined to the resonator. The effect of increasing the
resonator length for a cavity with two curved mirrors of equal curvature from L =0
to L = 2R is indicated by the red arrow.

2.7 Active Resonator

In an active laser resonator the mode size needs to be maximised at the gain medium
for efficient gain extraction. Achieving this requires operating the resonator near to
the edge of stability according to the two-mirror resonator model. Near the edge of
stability small changes to the mirror alignment and the effect of the gain medium
can have a large effect on the mode size and cavity stability. It is therefore essential
to understand the effect of the gain medium on the overall cavity stability.

A simple method that provides analytical solutions is to model the gain medium
as a thin lens arising from pump-induced lensing effects such as thermal lensing

(which will be discussed in greater detail in chapter 5). The properties of a resonator
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Figure 2.6: Cavity stability diagram. Shaded green region indicates
stable region.
with a thin lens have been studied by Magni where the stability g-parameters are
adapted to the form [41]

Ly Lo
=1—-— - — 2.21
g1 7 R ( )

9221—L1 Lo

2.22
R (2.22)
where f is the focal length of the thin lens, L; and Lo describe the mirror and

lens separations as shown in Fig. 2.7(b) and Lg is an effective length given by

LiL
Lo=11+ Ly — 12.

(2.23)
f
Note that for a weak lens Eq. (2.23) reduces to L = L; + Lo and Egs. (2.21)
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and (2.22) reduce to those for a two mirror resonator. To illustrate the effect of an
increasing lens dioptric power (F' = 1/ f) consider the resonator shown in Fig. 2.7(a)
with Ry = —100mm, Ro = 500mm, L1 = 50mm and Lo = 60mm. Its position
on the stability diagram is shown in blue in Fig. 2.6. Initially, with f = 5000 mm
the cavity is unstable. Increasing the lens dioptric power shifts the resonator into
stability before exiting back into the unstable region. Further increase moves the
resonator into the second region of stability until at a short focal length of around

f ~ 25mm the resonator is unstable.

Gain Medium E ]
200 1
P> = W1
Z 0 ‘
E 400+ | L ]
" @ A |
= =y W2
f 0
| v = 4001 ]
Y =
) . \;T,, 200 1
W1 W3 WZT 0 T T T T
50 100 150 200 250
R L, L, R; Focal length (mm)
(b) (c)

Figure 2.7: (a) Active laser resonator. (b) Resonator model with
internal thin lens. (c) Beam width at first mirror (w;), second
mirror (we) and lens (ws3) as a function of the focal length, f.

Understanding the dynamic behaviour of the resonator is an important aspect
for designing efficient diode-pumped solid-state lasers. With an appropriate cavity
design the range of cavity stability can be optimised. Optimisation of the mode
size is another essential factor, be it maximising the gain extraction or to minimise
damage at the end-mirrors. The mode sizes at the first mirror, second mirror and

at the lens are given by [41]

= \/@ (91 (1 0329192)>411 @224
oo \/@ (92 (1 219192))‘11 (2:25)
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1
w0y — \/X <4u1u291gg + (u1 — u2)2) ! (2.26)
T (1—9192) 9192

where u; = Li(1 — L1/R;) and ug = La(l — La/R3). The mode size (beam
width radius) for the model cavity is shown as a function of the focal length of the
thin lens, f, in Fig. 2.7(c). Comparing these to the position of the resonator on
the cavity stability diagram provides useful insight into the behaviour of the laser
mode. For a weak lens the mode size at the two mirrors is infinite and no stable
mode can oscillate. Increasing the focal length of the lens provides a stable mode
size until it reaches a minimum at the first mirror and the resonator is no longer
stable at go = 0. The resonator then crosses into the second stability region with
the waist located at the second mirror. With further reduction in the lens focal
length there is a waist at both mirrors and the mode size is maximised at the lens.
These analytical expressions therefore provide an effective means of designing and

analysing simple laser resonators.
For a more complex laser resonator containing multiple elements numerical so-
lutions are required to determine the mode size. The mode size at a reference plane,

as indicated previously in Fig. 2.2(b) is given by

where m = (A + D)/2. The mode size at any location inside the resonator can

then be determined using the standard Gaussian propagation formula. The cavity
design can be modelled using commercially available software (e.g. LASCAD), or

by building custom models, which in this work was done in Matlab.

2.8 Longitudinal Modes

The condition for the phase to be to reproduced after a single round-trip means
that the total phase shift must be equal to 2wq¢’ where ¢’ is the longitudinal mode
order. The total phase shift is therefore equal to the difference between the phase
shift from free space propagation and the round-trip phase change, ¢, [37]:

2w L
2nq = — Vnimg — Onm.- (2.28)
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Rearranged, this gives the resonant longitudinal frequencies of the cavity

2c Prm
Vimg = T [q’ + o (2.29)

where ¢’ accounts for the change in phase shift after a single round-trip and n, m
account for the Gouy phase change through a focus since the different transverse
modes experience different Gouy phase changes. The amount of Gouy phase change
depends on the focusing of the cavity and so it depends on the cavity geometry

which for a stable cavity without astigmatism is given by [37]

Grm =2 (n+m +1)cos™? (:l:@) (2.30)

where A and D are the round-trip components of the RTM of the cavity. There-

fore, the frequencies are given by

Vnimg = % q + (n+7rm—|_1)cos_1 (:l:\/AD)} . (2.31)

Compared to the frequencies of a passive resonator (v = 2¢n /L) the longitudinal
modes and their spacing remain unchanged only that they are shifted for different
transverse modes, as shown in Fig. 2.8(a). Even for a narrow linewidth emission
laser such as Nd:YAG the frequency spacing is typically an order of magnitude
smaller than the gain bandwidth. For example, a L = 100 mm long cavity will
have a longitudinal mode spacing Ay, = 1.5 GHz which compared to the Nd:YAG
bandwidth of around Ayy = 12 GHz at 1064 nm [5] means that several longitudinal

modes will be lasing, as shown in Fig. 2.8(b).

2.8.1 Longitudinal Mode Selection

Longitudinal mode selection for narrow-linewidth or even single-longitudinal-mode
(SLM) operation can be obtained using a variety of techniques. One simple approach
is to use an intra-cavity etalon at an angle. The etalon will have its own transmission
window of ve; = en/(2neid cos ) where ne; is the refractive index, d is the thickness
and 6 is the incidence angle on the etalon. Figure 2.8(c) shows how the laser output
will now be formed of longitudinal modes that fall within the transmission of the
cavity and the etalon.

While several etalons can be used to provide SLM operation it is often at the

expense of overall efficiency and does not guarantee stable operation due to pertur-
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Figure 2.8: (a) Resonant frequencies (b) Gain profile and resonator
longitudinal modes. (c) Longitudinal mode selection with etalon.

bations in the cavity length and etalon alignment. There are two common methods
for achieving SLM operation in solid-state lasers: microchip lasers and elimination
of spatial hole burning.

Microchip lasers are compact lasers with a cavity length that is sufficiently short
such that the longitudinal mode spacing is greater than the gain bandwidth. With
Nd:YAG this can be achieved with a cavity length of around 1mm [42], though
improved performance can be obtained with higher gain materials such as Nd:YVOy4
[43].

Spatial hole burning is the fundamental limitation of SLM operation in homo-
geneously broadened gain media. In a standard resonator the longitudinal modes
have a standing-wave pattern inside the gain media. A single mode will therefore
leave regions of undepleted gain spatially throughout the gain medium. Inversion at

these positions may occur through another longitudinal mode giving rise to multiple
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longitudinal modes lasing simultaneously.

The most common method of eliminating spatial hole burning in solid-state lasers
is using unidirectional ring resonators where the standing-wave pattern is elimi-
nated. Unidirectional propagation is obtained using a Faraday rotator (typically a
Terbium gallium garnet crystal with an applied magnetic field) in combination with
a half-wave plate and a polarising element such as a Brewster plate or crystal. The
principle, which will be explained in greater detail in chapter 7, is that the Faraday
rotator in combination with the half-wave plate act to rotate the polarisation for
light propagating in one direction and so leading to loss at the Brewster surface. In
the opposite direction there is no net polarisation rotation due to the non-reciprocal
property of the Faraday rotator and so one direction experiences no loss. Other
techniques of eliminating spatial hole burning include the twisted mode technique

[44] and using an acousto-optic modulator [45].

2.8.2 Wavelength Tuning

For vibronic gain media such as Ti:Sapphire, Cr:ZnSe or Alexandrite the output
wavelength can be tuned over tens if not hundreds of nanometers using various
optical elements such as diffraction gratings, prisms or most commonly birefringent
filters, which provide minimal insertion loss and flexibility in tuning range and
transmission bandwidth. A birefringent filter, when placed at Brewster’s angle of
incidence, will impart a phase change on an incident p-polarised beam due to the
difference in refractive index of the projected polarisation component as it transmits
through the filter. The wavelength at which the phase change will be equal to 27
(with no effective change in polarisation) is given by

A, = Ant sin? vy

(2.32)

/
m cos bty

where An = n. —n, is the refractive index difference between the extraordinary
and ordinary refractive indicies, t is the thickness of the filter, m is an integer, -y is
the angle between the beam and the optic axis and 0’5 is the internal Brewster angle.
By changing ~ (by rotating the filter about it’s normal axis) it is therefore possible
to change A,,. The free spectral range (separation between successive transmission
maxima) is approximated by

/
Am costp

ANpsg = (2.33)

Ant sin?

43



Diode Pumped Solid-State Lasers

and is inversely proportional to the filter thickness. Laser operation will occur
at \,, as the polarisation of other wavelengths will be elliptical leading to loss at the
Brewster-surface of the filter (and other elements if present). Depending on the gain
profile of the laser material and the FSR of the filter it is also possible to generate
dual wavelength operation when \,,, and \;,+1 (or A,;,—1) have the same threshold.
Further details on the properties of birefringent filters such as their transmission
bandwidth and the variation in the position of the optic axis relative to the surface
normal of the filter have been studied by Demirbas et. al [46, 47].

2.9 Summary

The well-developed theory of laser resonators, transverse electronic modes, longitu-
dinal modes and Gaussian beam properties enable accurate laser cavity design for
almost any type of laser be it CW, Q-switched, ultrafast or tunable.

Diode-pumped solid-state lasers are a highly versatile type of laser. Decades of
research have led to the development of several laser ions doped into a multitude
of host crystals. Continuous laser emission at around 0.3-31m can be achieved
either by direct emission or from otptical-parametric-oscillators (OPO) driven by
diode-pumped solid-state lasers.

Research in tunable laser operation from directly-diode-pumped gain media has
been growing in recent years owing to the development of laser-diodes. Such lasers
are seen as a promising compact, lower cost and simpler alternative to current
commercial systems. These include blue-diode-pumped Praseodymium-doped lasers
in the visible region [48] and directly-diode-pumped Cr:ZnSe/Cr:ZnS lasers in the
mid-infrared [49]. Another is Alexandrite, which due to the emergence of high-power

red-diodes over the last decade has seen a renewal in interest.
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Alexandrite

Alexandrite was the first vibronic laser to be demonstrated at room temperature
with the earliest journal paper published in 1979 [50]. Like Ruby, the active ion
in Alexandrite is Cr®* but doped into Chrysoberyl (BeAlsQ4), this makes it spec-
trally similar to Ruby but with the distinct difference of tunable operation in the
near infra-red with a wavelength range of 701-858 nm [50, 51]. Alexandrite’s long
fluorescence lifetime and strong mechanical properties made it ideal for high-power
continuous-wave (CW) and high-energy Q-switched operation. As such, initial work
was predominantly with flashlamp pumping with Joule-level output energy and 60 W
CW power reported [11, 12]. Additional techniques such as mode-locking [52] and
harmonic generation into the ultra-violet [53] were also reported relatively early on.

Its broad absorption across the visible region has also enabled high efficiency
operation by pumping with a Krypton laser [54], red-diode laser [55] and a Dye laser
[56], with the latter providing a record slope efficiency of 63.8 %. More recently green
laser [57], blue-diode lasers [58], LED-based fluorescent light guide concentrators [59]
and even solar pumping have been demonstrated [60].

Flashlamp-pumped Alexandrite lasers were initially applied in scientific and in-
dustrial applications as high-precision CW tunable sources before being replaced by
the more widely tunable Ti:Sapphire laser. High energy Q-switched operation has
also enabled applications in remote sensing [61, 62] and in cosmetic and dermato-
logical applications - an area where it dominates to this day [63].

In recent years Alexandrite has acquired renewed interest primarily due to the
availability of commercial high power red-diode lasers [64]. Figure 3.1 shows the
number of publications in OSA, SPIE, IEEE, IOP and Elsevier journals related to
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Alexandrite (with red-diode pumped Alexandrite shown separately) between 2010
and 2020. It efficiently illustrates the increasing interest in Alexandrite over the pre-
vious decade. Of these publications, key results include red-diode-pumped systems
with low threshold [65], >26 W CW output power [66], 3mJ Q-switched oscilla-
tor [67], >100 nm wavelength tuning, passive Q-switching [68] and SLM Q-switched
operation [69]. Mode-locked operation with red-diode-pumping has yet to be demon-
strated though both Kerr-lens [70] and passive [71-73] mode-locking have been ob-

tained with green laser pumping achieving <100 fs pulses.
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Figure 3.1: Number of publications in OSA, SPIE, IEEE, IOP and
Elsevier journals related to Alexandrite.

2011
2018

Altogether these results demonstrate the wide-ranging potential for red-diode-
pumped Alexandrite lasers in a number of different applications. Power scaling and
wavelength tuning, requires careful consideration of the physical and spectroscopic
properties of Alexandrite. Alexandrite is a birefringent material with a complex
energy structure with ground state absorption (GSA) and excited state absorption
(ESA) at both the pump and laser wavelengths that are temperature and wavelength
dependent. These effects determine the lasing characteristics and performance of
Alexandrite and so it is important to address these properties. This chapter therefore
acts as a review of the material as well as laying the groundwork for modelling

wavelength tuning and pump-induced lensing that is explored in future chapters.
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3.1 Physical Properties

Alexandrite is a naturally occuring gemstone well known for its trichoism effect.
Synthetically, it can be grown via the Czochralski process into large crystals with
good optical properties with a nominal Chromium-doping of 0.05-0.3 at.% but with
up to 0.5 at.% reported.

Alexandrite has an orthorhombic structure with low crystal symmetry. Its physi-
cal anisotropy is reflected in its unit cell dimensions, which in the Pnma terminology
are a = 9.404 A, b = 5.476 A and ¢ = 4.727 A. Figure 3.2 shows the crystal structure
of the Chrysoberyl host.

M M

a

0.1n b <

@O @Al *Be

Figure 3.2: Crystal structure of the unit cell of Chrysoberyl along
the c-axis. Mirror symmetry planes are denoted by M. Image
adapted from [74].

13t sites in Alexandrite, the mirror and inversion site. When

There are two A
doped with Cr3t ions around 78 % [75] occupy the mirror site due to its large
volume. The physical properties of Alexandrite are shown in Table 3.1 along side
those of Ti:Sapphire (Ti**:Aly03), Nd:YAG (Nd®*:Y3Al5012), Ruby (Cr3+:A1,03)
and Cr:LiSAF (Cr3*:LiSrAlFg). Ti:Sapphire and Nd:YAG are well established and
commercially successful solid-state lasers and so represent the industrial standard.
Ruby and Cr:LiSAF are good examples of other Cr-doped media. Ti:Sapphire and
Cr:LiSAF are also good examples of other vibronic solid-state materials in the near-
infrared. Values are shown at room temperature, the lasing wavelength and along

the lasing axis (i.e. for Alexandrite the values are at 755 nm and along the b-axis).
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Table 3.1: Key physical properties of Alexandrite, Ti:Sapphire, Nd:YAG,
Ruby and Cr:LiSAF.

Alexandrite Ti:Sapphire Nd:YAG Ruby Cr:LiSAF
p (gcm™) 3.69 [11] 3.98 [76]  4.56 [77] 3.90 [78]  3.45 [79]
Ty (°C) 1870 [11] 2040 [76] 1920 [78] 2040 [78] 750 [79]
Hard. (kg mm~2) 2000 [11] 2200 [76] 1215 [78] 2276 [78] 197 [5]
K. (Wm K1) 23 [11] 33 [80] 10 [77] 42 [78] 3 [81]
dn/dT (x1075K~1) 6.9 [82] 13 [80] 7.3 [77)  12.6 [78]  -9.1 [83]
ar (x1075K~1) 6.0 [11] 5.3 [76] 7.5 (770 5.8([78]  -10 [81]
n 1.74 [84] 1.76 [5] 1.82 [77] 176 [78]  1.39 [85]
Aay, (x1072cm?) 2.7 [86] -10 [76] 0.4 [77] 1.7 [86] 4.6 [87]
Dop. Conc. (at. %) | 0.05-0.2 [78] 0.05-0.3 [88] 1.0 [78]  0.03 [78] 0.5-10 [85]

One of the main advantages of Alexandrite is its thermo-mechanical properties.
Its high melting temperature (Ths) and Knopp hardness (Hard.) are around the
same as those of Ti:Sapphire and Nd:YAG. Its thermal conductivity (K.) which
determines how easy heat can be extracted from the gain medium is more than
twice that of Nd:YAG and only slightly less than that of sapphire. These proper-
ties, coupled with a modest expansion coefficient () and thermo-optic coefficient
(dn/dT) enable high energy and high power laser operation in both CW and pulsed
operation with low risk of crystal fracture. In comparison, Cr:LiSAF has very poor
thermo-mechanical properties with a hardness and thermal conductivity on the or-
der of a magnitude less than that for Alexandrite, therefore limiting its high power
capabilities.

Due to its orthorhombic structure, Alexandrite is optically biaxial with refractive
indices: np > ng, > n. [11]. Figure 3.3 shows the refractive index dispersion of
Alexandrite at 250 — 2500 nm. Measurement of the refractive index was performed
by Walling et al. [11] but at large intervals. For an estimate of the refractive index
across the entire range Loiko et al. fitted the measured data at 250 — 1000 nm using

a Sellmeier equation of the form [84]

itz

where A;, B;, C; and D; are the fitting coefficients for the refractive index for

n?=A + D\ (3.1)

light polarised to the i = a, b, ¢ axes. Figure 3.3(a) and 3.3 (b) show the fitting over

the entire range and over the lasing wavelength range of Alexandrite, respectively.
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The inset of Fig. 3.3(a) shows the index ellipsoid for Alexandrite. Using the fitting,
the difference between the refractive indicies, An;;, and the angle of the Optic axes
to the b-axis, 75, can be calculated. The two optic axes, O1 and Os, lie in the

be-plane at an angle «, to the b-axis, which can be calculated according to [89]

. ng |nZ—
sinyy = — | 45—
ny \| ng —n?

2
Do (3.2)
Over the lasing wavelength range there is very little dispersion in both the re-
fractive index difference (values shown in Fig. 3.3(b)) and in the angle between the

optic axes and the b-axis which is at around ~, = 30.4°.
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Figure 3.3: (a) Refractive index dispersion at 250-2500 nm. In-
set shows index ellipsoid. (b) Refractive index dispersion at 700-
820 nm. Refractive index difference also indicated.

3.2 Lasing Mechanism

The lasing energy levels in Cr3T-doped media are characterised by two broad 4T9 and
4T absorption states, the A, ground state and the narrow 2E state. The relative
position between the the Ty and ?E states characterises the lasing behaviour of the
material.

Figure 3.4 shows the energy level diagram for the Cr3* ion in Alexandrite. The
formation of broad absorption bands and their polarisation dependence is discussed
in greater detail later in Section 3.3 when the spectroscopic features are included.

Here a generalised discussion of the lasing process will be made.
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Figure 3.4: (a) Configuration coordindate diagram for the electron-
ics levels. Adapted from [78]. (b) Simplified energy level diagram
showing radiative (solid lines) and non-radiative transitions (dashed
lines). (c) Four-level vibronic energy scheme.

Four-level and three-level lasing are possible in Alexandrite. In four-level lasing,
as shown in Fig. 3.4(a), absorption occurs from the Ay band to the Ty band.
Due to the absorption process being much quicker than the vibrational frequency,
absorption may occur to any of the vibrational levels in the Ty band. Both the host
and the ion are now in an excited state (excited vibrational and excited electronic,
respectively). The host loses energy by emitting a phonon (shown as dashed line) and
the crystal reaches equilibrium at the minimum vibrational level of the band. The
ion then decays via stimulated emission (or spontaneous emission under non-lasing
conditions) to an excited vibrational state in the A5 band. The host then undergoes
another vibrational emission to return to the ground vibrational state. The overall
process is equivalent to a four-level laser but with both vibrational and electronic
levels, and hence it is referred to as a vibronic system. It’s worth noting that discrete
transitions are rarely observed due to the broadening of the individual vibrational
levels and that the interactions typically involve multiple phonons. Therefore, under
four-level lasing, a broad emission is observed. It’s worth noting here that this four-
level scheme is only strictly valid at around 760-780 nm. Below 760 nm it becomes
increasingly quasi-three-level with excited state absorption, and above 780nm it
remains four-level but also with excited state absorption [90] - this will be discussed
in greater detail in section 3.3.

The three-level lasing of Alexandrite has pumping from the A5 band to the 4T,
band (or 4T;) followed by a fast relaxation to the 2E level which is the upper laser

level. Stimulated emission occurs between the ?E level and the ground vibrational
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state of the Ay band. This is an electronic transition producing a narrow linewidth
emission.

The lasing mechanism is determined by whichever process has the lowest thresh-
old, which depends on the excited-state occupancy. In the case of Alexandrite the
occupancy of the 4Ty band is high enough at room temperature to enable vibronic
lasing. This is due to the fact that the energy difference between the two states is
relatively small at around AE = 800 cm ™! which is a few kg7 at room temperature
[11]. This allows the #T5 to have a sufficient population to enable four-level lasing.
Ruby on the other hand has an energy difference of AE = 2350cm™~! and so the
population of the 4Ty state is negligible and far too small to allow four-level lasing,
whereas for Cr:LiSAF the 2E level lies within the *Ty band and so only vibronic
four-level lasing can occur [85].

The temperature dependence of the excited state population can also be visu-
alised by considering the fluorescence lifetime. Due to the thermal coupling between
the 4Ty and ?E states, the fluorescence lifetime depends on the individual lifetimes
of each state, their energy separation and the temperature. Using a two-level model,
Walling et al. accurately modelled the temperature dependence of the fluorescence
lifetime as [11]

14 e=AB/kpT

1+ (tg/7r) e AE/kBT

T (T) =175 (3.3)

where 7 = 1.54ms is the radiative lifetime of the 2E level, 77 = 6.6ys is
the effective radiative lifetime of the #Ty band and AE = 800cm™! (0.10eV) is
the energy difference between the 2E level and the lowest energy level in the 4Ty
band [11]. Above ~ 670K non-radiative transitions begin to dominate and the
two-level model is no longer valid. Equation (3.3) can be re-written to include the
non-radiative lifetime, 7z, and the activation energy for non-radiative transitions,

AFENRg, this configurational model is given by [91]

14 e~AB/kpT 4 o~AENg/kpT

1+ (rp/7r) e AE/EST & (1g/myp) e~ ABna/ksT

77 (T) (3.4)

By fitting Eq. (3.4) to their measured data, Zhang et al. obtained values of
T = 2.75ms, 77 = 8.0ps, AE = 745cm™! (0.09¢V), 7ng = 6.8fs and AENR =
12400cm ™t (1.54eV) [91]. The higher values in comparison to those obtained by
Walling et al. were attributed to the higher crystal doping giving rise to increased
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radiative trapping. Figure 3.5 shows Eqgs. (3.3) and (3.4) plotted as a function
of temperature as well as the measured data from literature. Both fittings are

performed using the values obtained by Walling et al.
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Figure 3.5: Fluorescent lifetime as a function of temperature. Inset
shows lifetime over T' = 0 — 100 °C range. Two-level data adapted
from [11] and configurational data adapted from [91].

At low temperatures (T < 200K) the upper-state population is predominantly
in the ?E level and so the fluorescent lifetime is around 1.54ms. At high temper-
atures (500-700K) the upper state population is now predominantly lying in the
4T, band where the shorter lifetime of 6.6 ps is now the dominant contribution to
the fluorescent lifetime. In between these two temperature regimes the fluorescent
lifetime varies between the two extremes. At 0-100°C (273-373 K) the lifetime de-
creases from around 350 ps to 150 ps with a value of 7y = 262 pis at room temperature
(300K), as shown in the inset of Fig. 3.5. The effect of non-radiative transitions
(and the difference between the two models) can be clearly seen above 750 K.

The temperature dependent population of Alexandrite allows it to be operated
as a vibronic four-level laser at room temperature with a relatively long fluorescent
lifetime of 7y = 260ps. As previously mentioned, this makes it highly suitable
for Q-switching, especially in comparison to Ti:Sapphire which has a very short
lifetime of around 3.2us [28]. At cryogenic temperatures it allows Alexandrite to

perform as a three-level laser at around 680nm, the process that is analogous to
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Ruby, this cannot be said for Cr:LiSAF which can only operate as a four-level laser.
Three-level operation in Alexandrite has been reported using flashlamp pumping (for
example [92]) but also recently with blue-diode pumping [58]. This demonstrates the
wide ranging performance possible with Alexandrite due to its unique temperature

dependent lasing mechanism.

3.3 Spectroscopic Properties

It is also important to address in detail the spectroscopy of Alexandrite including
absorption, fluorescence, emission and the effects of ground state absorption (GSA)
and excited state absorption (ESA) which play a vital role in determining the overall
laser efficiency, wavelength range and the temperature dependence of Alexandrite

lasers.

3.3.1 Absorption and Fluorescence

Figure 3.6 shows the GSA cross section of Alexandrite as a function of wavelength
for light polarised to the a, b and c-axis over the visible wavelength range. The GSA
spectrum consists of two wide bands centred at around 415nm and 590 nm with a
full-width at half-maximum of around 50 nm and 90 nm, respectively, and a narrow
band at around 680 nm.

The two wide bands correspond to the vibronic tAy — 4Ty and %A, — 4Ty
transitions, as indicated in Fig. 3.4. The GSA transitions can be understood by
considering the selection rules. The six oxygens (as shown previously in Fig. 3.2)
produce a crystal field, Oy, that distorts the mirror plane but not the inversion
plane, hence the lack of lasing action on the inversion plane. The distortion to the
mirror plane splits the wavefunction of the 3d electrons. Coupled with spin-orbit
interaction the 4Ty and Ty levels are split into finer levels which give rise to a
broad absorption [93]. In the case of the Ty level, the finer levels are denoted T1,
T and T3 with increasing energy. Whilst all transitions are permitted for E;b, for
Ejja and E)jc transitions are only permitted to the highest energy T3 state and so
their absorption is weaker and shifted to lower energy. This also bears a significant
influence on the fluorescence which will be discussed later. Conversely, for the 4T
band, transitions are only permitted to the highest energy level for E;b whilst all
transitions are permitted for Ejja and Ejc. Therefore the absorption cross section
for EHb is smaller to the *T; band at 415 nm.
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Figure 3.6: Asborption cross section for Alexandrite for light po-
larised to the a, b and c-axis at room temperature. Image adapted
from [11] with Chromium density Ny = 2.2 x 10'Y cm?.

The 2E level is also distorted by the crystal field, but not by spin-orbit inter-
action and so it is split into two narrow lines, denoted R; and Ry (or R-lines), at
wavelengths of 678.5 nm and 680.4 nm, respectively. Finer detail of the cross section
at this region is shown in the inset of Fig. 3.6. The absorption for E;b is signifi-
cantly higher than for Ejja and Ej;c due to the selection rules [93]. GSA also extends
into the lasing wavelength range and determines the short lasing wavelength cut-off.
Its temperature and wavelength dependence are well described using the extended
McCumber model [94] that was used for Alexandrite by Walling [11]. It’s related to
the effective emission cross section and will be discussed in more detail later.

Figure 3.7 shows the fluorescence spectrum for Alexandrite at around 700-850 nm
for light polarised to the a, b and c-axis with the inset showing the fluorescence at
around 680nm. The majority of the fluorescence rate occurs at the R-line tran-
sitions. Infrared fluorescence at around 700-850 nm corresponds to the phonon-
assisted emission as depicted in Fig. 3.4. The fluorescence rate for E b is over an
order of magnitude greater than for the other polarisations. As indicated previously,
this arises from the reduced occupancy of the 4T level for Ejja and Ejc polarisations
whereas for E||b all levels can be occupied and transition is allowed to the ground

level. The temperature dependence of fluorescence has been studied by Fibrich et al.
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and has found an overall red-shift in fluorescence due to the increasing occupancy
of the 4Ty level [95].
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Figure 3.7: Fluorescence spectrum of Alexandrite at room tempera-
ture for light polarised to the a, b and c-axis with the inset showing

a higher-resolution image at around 680 nm. Image adapted from
[11].

Before assessing the spectroscopy of laser emission, laser ESA and GSA as well
as pump ESA it is worth discussing all the possible mechanisms that detrimentally
effect the upper state population. These mechanisms include thermal quenching,
energy transfer upconversion (ETU) and ESA.

Thermal quenching involves the non-radiative decay of the upper-state popula-
tion. It has been found to occur in Cr:Colquiriites where excited ions tunnel from
the Ty level to high energy vibronic bands in the A5 level [85]. However, this is un-
likely to be an issue in Alexandrite where, as mentioned previously, the fluorescence
lifetime is well described without taking non-radiative transitions into considera-
tion up to around 750 K. Therefore, with the exception of very high temperatures,
thermal quenching can be neglected.

With ETU, ions in the upper state transfer energy via dipole-dipole interaction
leading to excitation to higher energy levels with non-radiative relaxations back
to the upper state therefore leading to increased heating. Although it has been

mentioned previously in work related to Alexandrite [96] and its prominence in

95



Alexandrite

Cr:Colquiriite lasers, there is no other mention in the literature. The effect observed
in that work is likely to have been caused by ESA.

Similar to ETU, ESA occurs when an ion in the upper state is excited to higher
states by a pump or laser photon that was intended for GSA or stimulated emis-
sion. The excited ion then rapidly decays non-radiatively back to the upper state
adding further heat to the crystal and acting as an additional loss method. ESA is
prominent in Alexandrite at both the pump and laser wavelengths [97]. Since ESA
is both wavelength and temperature dependent it is important to carefully examine

its spectroscopy and its effect on lasing performance.

3.3.2 Pump ESA

ESA at the pump wavelength was first measured in detail by Shand et al. by using
a pulsed pump-probe to measure the difference in transmission with and without
pumping [98]. Figure 3.8 shows the measured pump GSA (0¢) and pump ESA (o1)
for Eyjb across the visible wavelength range. Two samples were used at a crystal

temperature of 20 °C.
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Figure 3.8: Pump GSA and ESA as a function of wavelength with
v = 01/00 shown in inset for Eb. Solid and dashed line represent
two different samples. Figure adapted from [98].

It is often convenient to characterise pump ESA by using the ratio v = o1 /0y.

The inset of Fig. 3.8 shows ~ as a function of wavelength using the measured values
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of pump GSA and ESA. The result indicates a high level of pump ESA across the
entire visible region. In particular, at the blue-green region v > 1 meaning that no
population inversion can be achieved (at least for E;b), though this is unsurprising
given that the pump GSA is so low at this region. Around the peak of pump
GSA (including 640 nm for red-diode pumping) v =~ 0.75 which is rather significant
and leads to an increased threshold, lower efficiency and increased heating [99].
The effect on heating will be discussed in greater detail later in Chapter 5. The
temperature dependence of pump ESA was recently studied by Kerridge-Johns et
al. and found that it could be reduced by increasing the temperature with v =~ 0.8
at 10°C reducing to v ~ 0.7 at 90°C [90].

3.3.3 Laser Emission, GSA and ESA

When discussing the spectroscopy at the lasing wavelength it is important to care-
fully distinguish the different processes that are in effect as they are co-dependent
and vary with both wavelength and temperature. Figure 3.9 shows a schematic of
the energy levels of Alexandrite, as shown in Fig. 3.4(c), but with all the possible

transitions included for clarity.
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Figure 3.9: Schematic of the lasing energy levels of Cr3* in Alexan-
drite with pump (\,) GSA and ESA, and laser ()\;) stimulated emis-
sion, GSA and ESA. Grey region indicates higher energy levels and
dashed lines indicate non-radiative decays.
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The effective emission cross section, o, defines the transition from the combined
upper lasing level (*T5 and 2E) to the ground level (*As). It can be calculated from
the fluorescence spectrum, fluorescence lifetime data and the extended McCumber
theory - details of which can be found in [11]. Its spectral distribution at different
temperatures has been calculated both by Shand et al. in 1983 [100] and also
recently by Demirbas et al. with more results at higher temperatures [76]. Figure
3.10(a) shows the spectral distribution of o, at six different temperatures. At 25°C,
oe ~ 0.7x 10720 cm? at around 755nm. The spectral distribution matches well
to the fluorescence profile measured by Walling et al. and the values are consistent
with those of Shand et al. at 28 °C. Above 25 °C, o, in general increases. This arises
from the increased vibronic contribution due to the increasing thermal population
of the Ty band compared to the ?E level, where the reduced R-line signal can also
be observed.

Figure. 3.10(b) shows the theoretical spectral distribution of Laser GSA, o, over
the lasing region of Alexandrite. The theoretical expression modelled by Walling et
al. [11] based on the extended McCumber theory is given by

04 (B, T) =0, (E,T) e E-E)/ksT (3.5)

where E is the photon energy, E* is the effective no-phonon energy, kg =
1.38 x 10723 m?kgs 2K~! is Boltzmann’s constant and 7T is the temperature of
the crystal. The effective no-phonon energy is the energy separation between the
ground vibrational level of the A, state and the lowest filled state of the combined
4T, and ?E upper lasing level. It is a temperature dependent quantity with a cor-
responding wavelength of 680.3 nm at 300 K and 682.7nm at 375K [11] - note that
the values used in Fig. 3.5(b) have been extrapolated from these two values.

Laser GSA is effectively an extension of the pump GSA and so increases at
shorter wavelengths. It also increases with temperature due to the increased thermal
filling of the 1A, state. This gives rise to two effects, firstly Laser GSA sets the short
wavelength lasing limit on Alexandrite by introducing an additional loss factor at
around 700 nm. Secondly, it shifts the optimum wavelength for Alexandrite to longer
wavelengths at higher temperatures. This can be seen clearer by considering the
overall gain, but first the Laser ESA must also be taken into consideration.

Laser ESA is predominantly initiated from the *T5 level to higher energy levels.
It too was measured by Shand et al. [100] by comparing the theoretical effective
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Figure 3.10: (a) Effective emission cross section at six temperatures.
Image adpated from [76]. (b) Theoretical laser GSA cross section
at six temperatures. (c) Laser ESA cross section at three temper-
atures. Image adapted from [100]. (d) Difference between effective
emission and laser ESA cross section at three temperatures.

emission cross section and the measured effective emission cross section (details of
the experimental procedure can be found in [100, 101]). Figure 3.10(c) shows the
calculated laser ESA cross section, o014, at temperatures of 28, 150 and 290 °C. As
with the effective emission cross section, the laser ESA cross section increases with
temperature due to the increased thermal filling of the 4Ty level. Laser ESA plays
a pivotal role in both the optimum wavelength and the long wavelength limit of
Alexandrite lasers. This is best illustrated by considering the difference between the
effective and ESA cross section, ¢} = 0, — 014.

Figure 3.10(d) shows the spectral distribution of ¢} at 28, 150 and 290°C. By
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comparing it to o, in Fig. 3.10(a) at 25, 150 and 300 °C the effects of laser ESA can
be clearly seen. At room temperature the optimum wavelength is shifted to around
755 nm with a roughly constant profile. Increasing the temperature still corresponds
to an increase in cross section and to an increase in the long wavelength lasing limit
of Alexandrite which occurs at the point where laser ESA and effective emission
cross sections are equal. Increasing laser ESA at shorter wavelengths also acts to

reduced the cross section at shorter wavelengths.
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Figure 3.11: (a) Spectral distribution of o (E,T") at 28°C. (b)
Spectral distribution of oy (E,T) at p™ = 5 %. Data from [100].

The total gain cross section, o, (F,T'), can be used to show the overall wavelength
range and optimal wavelength for Alexandrite with all effects accounted for. It is

expressed as

o (B, T) = p+0': (B,T) - (1 - p+) 04 (E,T) (3.6)

where p* is the fraction of laser inversion. Figure 3.11(a) shows the spectral
distribution of oy (F,T) at a fixed temperature of 7' = 28°C with inversion level
pT =5, 10 and 25%. At an inversion level of p* = 5% there is positive gain at
around 720-820nm with a peak at 750nm. This matches relatively well with the
experimetal wavelength tuning range obtained by Beyatli et al. [96] with a red-
diode-pumped CW Alexandrite (0.2 at.% Cr-doping) laser which achieved a tuning
range of 724-816 nm with an optimum wavelength of 755 nm at 25°C. Losses from
GSA can be minimised at higher inversion which was achieved by Walling et al.

using flashlamp pumping and a low Cr-doping of 0.043 at.%. A tuning range of
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701-816 nm was achieved, matching well to the higher inversion level cross section
in Fig. 3.11(a).

Figure 3.11(b) shows oy (E,T) at temperatures of 28, 85, 200 and 290 °C with
pt = 5%. With increased temperature oy (E,T) shifts to longer wavelengths. The
cross section at 85°C matches relatively well to the tuning curve of 714-818 nm
obtained at 60°C by Kerridge-Johns et al. [90]. Laser operation beyond 830 nm
requires very high temperature and high inversion. A long wavelength record of
858 nm was achieved with flashlamp pumping at 513 °C and >100J of pumping [51].
The shift in wavelength with increased temperature has been recently demonstrated
in diode-pumped systems by Yorulmaz et al. [65] where tuning curves were obtained
at 25°C (736-795nm), 100°C (745-810nm) and 200 °C (776-823 nm).

3.4 Summary

This chapter has provided a thorough overview of the physical, lasing and spec-
troscopic properties of Alexandrite lasers. Alexandrite is a birefringent material
with strong thermo-mechanical properties enabling high power continuous-wave op-
eration. Its four-level vibronic lasing enable broad wavelength tuning at around
700-850 nm and a long fluorescence lifetime of around 240 s at room temperature
makes it suitable for high-energy Q-switched operation.

A variety of pump sources can be used due to the broad absorption spectrum
across the visible region. Over the last decade the emergence of high power red-diode
lasers has enabled high absorption and low quantum defect pumping of Alexandrite
lasers. This in addition to the nominal benefits of low-cost, compactness and re-
liability from diode-pumping make red-diode-pumped Alexandrite lasers a highly
promising wavelength tunable laser source with key examples shown in this chapter.

Despite the major advancement in Alexandrite laser technology, the output
power of tunable Alexandrite lasers (with the exception of flashlamp-pumped sys-
tems) has been limited to <1 W. Power scaling requires careful consideration of
the impact of pump-induced lensing and the cavity design required to provide high-
power laser operation. This chapter has provided the fundamental groundwork of
the birefringent wavelength tuning model of Alexandrite lasers covered in Chap-
ter 4, the thermal lens model shown in Chapter 5 and the power-scaled tunable

Alexandrite lasers in Chapters 6 and 7.
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Chapter 4

Birefringent Tuning of

Alexandrite Lasers

Tunable Alexandrite lasers have typically used birefringent filters (see for example
[65, 90, 102]) or diffraction gratings [66] as wavelength selective devices. Birefringent
filters have also been used in generating dual wavelength operation [103] which re-
alises other applications such as THz generation. TEMyg operation with wavelength
tuning is usually accomplished with the birefringent filter in an extended cavity with
intra-cavity lenses or curved mirrors for mode size control. However, it is generally
found that there is a significant loss of efficiency in extended cavities compared to
compact cavities due to the insertion losses and the influence of thermal aberrations
[102].

In this chapter a novel tuning method is demonstrated where the birefringent
properties of Alexandrite are utilised by using the crystal itself as both the gain
medium and the wavelength selective element in an ultra-compact cavity. This
realises a simple, efficient and stable system providing both tunable and dual wave-
length operation. This work has been published in Optics Express [104] and pre-
sented at Photonics West 2020 [105].

4.1 Experimental System

4.1.1 Fibre-coupled Diode Module

Figure 4.1 shows the pump delivery and laser cavity used in this experiment. The

pump module was a 5 W-level fibre-coupled diode module which has been extensively
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used in other work (e.g. [68, 90, 102]) as it offers a compact (10 x 20 mm? module
footprint) and low-cost pump-source. Fibre-coupling provides further flexibility in
beam delivery and in ensuring a symmetrical beam profile. A collimator with a
35mm focal length was used to collimate the fibre output to an output beam radius

of around 7 mm.

105um Fibre

Laser Cavity

Collimator H
N2

fo

Figure 4.1: Pump delivery and laser cavity for tunable birefrigent
Alexandrite laser.

The diode module was mounted onto a water-cooled copper heat sink for tem-
perature control. Figure 4.2(a) shows the output power as a function of the drive
current at 16, 20 and 25 °C. Reducing the temperature increased the output power
and blue-shifted the wavelength, but also increased the risk of condensation on the
emitters. Therefore to maximise the power but minimise any condensation, the
temperature was fixed at 16 °C and not taken any lower. Figure 4.2(b) shows the
wavelength as a function of current at 16 °C. At a maximum current of 0.75 A the
total output power and wavelength were 5.9 W and 637.5 nm, respectively, with a
linewidth (FWHM) of 1.2nm. Information on the laser diagnostics used here and
throughout the experimental work in this thesis can be found in Appendix A.

The pump polarisation and beam quality were also measured as they give an
indication of the useful pump power. The polarisation was measured by measuring
the maximum transmission through a cube polariser. It was found that the fraction
of linear polarisation could be varied by adjusting the fibre configuration, however at
best this was limited to 73 %. This suggests light from the linearly polarised diodes
are partially rotated due to the multi-mode fibre. The beam quality was measured
and found to be M? = 50 which is in line with that measured for this diode module
in other work. At focus the pump intensity profile was roughly Gaussian, further

verifying the partial spatial mixing in the fibre. Previous work has found a waist
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Figure 4.2: (a) Pump power as a function of drive current. (b)
Pump wavelength as a function of drive current.

size of w, = 75 pm and a Rayleigh range of around 1.0 mm as optimal for a compact
cavity with Cr3*-doping of ~ 0.2at.% [102]. Given the large beam size at the pump

lens (~ 7mm) this meant using an aspheric lens of focal length f, = 50 mm.

4.1.2 Ultra-compact Diode-pumped Alexandrite Laser

Figure 4.3 shows a more detailed diagram of the laser cavity. The cavity is formed
of an Alexandrite crystal, dichroic back mirror (BM) that was highly transmissive
at the pump wavelength (~ 638 nm) and highly reflective at the laser wavelength
(700-820 nm) and an output coupler (OC). The Alexandrite crystal is a Brewster-cut
crystal. The cut is in the bc-plane, enabling low-loss transimission at the crystal
surface for light polarised to the high gain b-axis. Cavity stability is provided with
the onset of a pump-induced lens at the crystal. Given the compact size of the
cavity any changes to the cavity stability can be assumed to be negligible.

The experiment was run twice using two crystals from different suppliers to
check consistency. Table 4.1 shows an overview of the experimental system using
Crystal 1 and Crystal 2. The optical path length of the cavity mode in both cases
was ~ 24mm. The Cr3* concentration and output coupler reflectivity (Roc) were
chosen in line with that used in previous work where high efficiency operation was
demonstrated [66, 102]. The crystals were mounted on copper-heatsinks with water
cooling for temperature control. For Crystal 1 the temperature was set to T =

50 °C since it roughly corresponds to the optimum temperature for continuous-wave
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5mm Alexandrite

Red Diode
Pump

Figure 4.3: Ultra-compact Alexandrite laser cavity.

Alexandrite [90]. However, for Crystal 2 no secondary water chiller was initially
available and so the same chiller was used for both the diode module and crystal
and set to T'= 16 °C. Note that though both crystals had a nominal crystal length
of Lc = 8 mm, manufacturing tolerances in the length and Brewster-cut angle mean

that this value could be different in the two crystals.

Table 4.1: Overview of different cavity parameters.

Dimensions ~ Cr®T conc. (at.%) Roc (%) T (°C)
Crystal 1 | 4mmg x 8 mm 0.22 99.0 50

Crystal 2 | 4 x4 X 8mm 0.24 99.5 16

At maximum drive current the crystal absorbed around 75 % of the total incident
pump power which roughly corresponds to the major linearly polarised component
that is rotated to the crystal b-axis using a halfwave plate (see Fig. 4.1), the
remainder is either reflected off the surface or transmitted through the crystal. With
the incident pump polarised using a cube polariser almost all (>99 %) of the pump
power was absorbed.

Figure 4.4(a) shows the laser power as a function of the absorbed pump power
for Crystal 1. At maximum pump power the output power was 1.03 W. The thresh-
old and slope efficiency were 1.3 W and 36 %, respectively. The beam quality was
measured to be M? = 1.1 in both directions though the beam was slightly elliptical
due to the astigmatism caused by the Brewster cut crystal (see inset of Fig. 4.4(a)).
The spectrum had a main peak at ~ 758 nm with additional smaller peaks separated

by around 1-1.5nm with an overall linewidth of ~ 5nm.
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Figure 4.4: Laser power as a function of absorbed pump power for:
(a) Crystal 1 (b) Crystal 2

Crystal 2 performed marginally better, as shown in Fig. 4.4(b). The maximum
output power was 1.14 W, and the threshold and slope efficiency were 1.5 W and
39 %, respectively. The output spatial mode was similar to that of Crystal 1 with
M? = 1.1. The laser operated at a wavelength of 758.9 nm with a single peak with
spectral width limited by the resolving power of the spectrometer (~ 0.2nm).

The results for both crystals are comparable to that achieved in previous work
using a similar pump diode module but with an AR-coated cylindrical rod in a
compact cavity. Arbabzadah et al. demonstrated a maximum output power and
slope efficiency of 1 W and 44.2 %, respectively [102]. Later Kerridge-Johns et al.
obtained up to 1.2 W with a 54 % slope efficiency [90], therefore suggesting that even
higher efficiencies can be obtained in this system, however since the primary interest
here is in developing a compact tunable source no further optimising was made.

Birefringent wavelength tuning was obtained by tilting the Brewster-cut Alexan-
drite crystal. A simple analysis of this tuning method can be made by consider-
ing the beam travelling through the crystal. Due to the birefringent properties of
Alexandrite, there are two refractive indices associated to two orthogonal polarisa-

tion states. The phase difference between the two states is given by

A = ?AnL (4.1)

where A is the laser wavelength, An is the difference between the two refractive

indices (not neccessarily the principal refractive indicies) and L is the geometrical
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path length travelled in the crystal. The condition for low-loss of the crystal in the

laser cavity is for its birefringence to act as a full waveplate, i.e.

A¢ =2mm (4.2)

where m is an integer. Substituting for A¢ in Eqs. (4.1) and (4.2) gives the

wavelengths at low-loss transmission

_AnL
=—.

Am (4.3)

The separation of the wavelengths (Am = £1) is the free-spectral-range (FSR)

which is approximately given by

)\2
AnL
Therefore, according to Eq. (4.3) changing L and An by tilting the crystal

AXFsR = (4.4)

provides wavelength tunability provided m is unchanged. When m changes dual
wavelength operation is possible as the low-loss transmission wavelengths are ac-
cessing regions of equal gain. The separation of the dual-wavelengths is given by
Eq. (4.4). Further detail on the theory of birefringent wavelength tuning will be

provided later in Section 4.3.

4.2 Birefringent Wavelength Tuning Results

4.2.1 Angle Tuning

Wavelength tuning was obtained by tilting the Brewster-cut crystal with the cavity
mirrors fixed. This was done in two ways, as shown schematically in Fig. 4.5.
Firstly by varying the horizontal angle of incidence, 8, with fixed vertical angle of
incidence, 8y = 0°, as shown in the upper image. Secondly, as shown in the lower
image, the vertical angle of incidence, 6y, was varied with the horizontal angle of
incidence fixed at Brewster’s angle 0y = 0p.

Figures 4.6 and 4.7 show the measured wavelength and laser power as a func-
tion of the angle of incidence for Crystal 1 and Crystal 2, respectively. Tuning the
horizontal angle of incidence (Figs. 4.6(a) and 4.7(a)) away from Brewster’s angle
(0 = 0p) with fixed vertical angle of incidence (6y = 0°) provided a roughly linear

change in wavelength with respect to the horizontal angle of incidence. A blue-shift
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Figure 4.5: Tilting the Alexandrite crystal with horizontal tuning
and vertical tuning.

in wavelength was obtained with a decreased horizontal angle of incidence and a
red-shift in wavelength with an increased angle. Tunable operation was maintained
until dual wavelength operation (indicated by yellow region) with a peak-to-peak
separation of around 12nm for Crystal 1 and 13 nm for Crystal 2. The dual wave-
length regions are where the two low loss transmissions (A, and A\j,+1 or Ap—1)
coincide with regions of equal gain. Changing the horizontal angle of incidence
further shifted the transmission such that the new wavelength (A, 41 or Ay,—1) oc-
cupied the region of higher gain. The maximum continuous tuning range obtained
was from 746 to 768 nm (Fig. 4.7(a)).

The corresponding laser power is shown in Figs. 4.6 and 4.7 for Crystal 1 and
Crystal 2, respectively. Near Brewster’s angle the laser power is relatively unchanged
at around 1 W. Larger changes to the angle leads to a reduction in the laser power
due to the increased loss from the Brewster surface. Despite this, over the maximum
tuning range of 746-768 nm the laser power remained over 0.1 W and the maximum
dual wavelength power was 0.89 W.

Varying the vertical angle of incidence (Figs. 4.6(b) and 4.7(b)), with fixed hor-
izontal angle of incidence 8 = 0p, increased the wavelength roughly quadratically.
The laser power as a function of vertical angle of incidence is shown in Figs. 4.6
and 4.7. Wavelength tuning from around 758 nm to 764 nm for Crystal 1 and to
766 nm for Crystal 2 was obtained with > 0.6 W of output power. Dual wavelength

operation was obtained at around 6y = 9—10° and then single wavelength operation
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Figure 4.6: Tuning results for Crystal 1: (a) Measured wavelength
as a function of horizontal angle of incidence. (b) Measured wave-
length as a function of vertical angle of incidence. Yellow region
denotes region where dual wavelength operation occurred. Grey re-
gion denotes region where spectrum was modulated. (c) Power as
a function of horizontal angle of incidence. (d) Power as a function
of vertical angle of incidence.

at ~ 750 nm at a larger vertical angle of incidence.

The wavelength tuning range was primarily limited by the FSR of the crystal
and hence for Crystal 1 the tuning range was limited to around 750-764 nm with
the peak of the gain curve at around 758 nm. For Crystal 1, the range of tuning
was mainly limited by the tilting range of the crystal mount except at negative 6y
where losses exceeded the gain. The tilting range was improved for Crystal 2. This

provided an additional tuning order to be obtained with tilting in the horizontal
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Figure 4.7: Tuning results for Crystal 2: (a) Measured wavelength
as a function of horizontal angle of incidence. (b) Measured wave-
length as a function of vertical angle of incidence. Yellow region
denotes region where dual wavelength operation occurred. Grey re-
gion denotes region where spectrum was modulated. (c) Power as
a function of horizontal angle of incidence. (d) Power as a function
of vertical angle of incidence

plane. Only tilting in negative #y was limited by the actual mount. Whereas the
tuning orders for Crystal 1 are relatively unchanged in terms of wavelength range
the same is not the case for Crystal 2. For example, the maximum tuning range
does not stop at 754 nm, but instead shifts down to 746 nm. This suggests that the
gain at this region is now higher than at longer wavelengths. The cause of this is
not immediately clear but illustrates the complex gain dynamics of Alexandrite with
the gain of Alexandrite changing due to the dependence on the crystal temperature

(which may be lowered due to the higher reflecting pump) or laser inversion level
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due to the increased reflection loss.

Figure 4.8 shows some examples of the measured wavelength spectrum. The
spectrum was measured by directly coupling a low powered leakage beam from an
external mirror onto a fibre-coupled grating spectrometer. This provided an effective
way to measure the central wavelength but with limited information on the spectral
linewidth. Figure 4.8(a) shows the spectrum at 0y = 0p and 6y = 0° for Crystal
2 where the central wavelength was measured to be A = 758.9nm. The linewidth
was measured using a free-space Fabry-Perot (FP) etalon with a FSR of 50 GHz.
The low power leakage beam was coupled into the FP etalon via a negative lens
of focal length f_ = —50mm and then focused with a positive lens of focal length
f+ = 150 mm onto a CMOS camera (this technique was repeated throughout this
thesis and further information can be found in Appendix A). This produces a series
of maxima circular patterns for each longitudinal mode that is then repeated at
larger radii with the separation of each group of maxima related to the FSR of the
FP etalon. Knowing the longitudinal-mode-spacing allows the linewidth (width of
all the longitudinal modes) to be determined. The inset in Fig. 4.8(a) shows the
interference pattern measured on the CMOS camera with five longitudinal modes
clearly visible. Given the longitudinal-mode-spacing to be around 6.5 GHz gives an
overall linewidth of ~ 15 GHz - a good result for a compact cavity without any other
wavelength selective devices or stabilisation.

The laser spectrum and linewidth were measured at other angles of incidences.
Figure 4.8(b) shows the laser spectra at #y = 0° and with 0y varying from 52.1°
to 58.7° which corresponds to the maximum tuning range. The results show the
relative intensity of the spectra compared to that at 0 = 58.4° where the power was
0.93 W. The dual wavelength regions are also indicated here by the yellow region but
with the secondary peak omitted. Across the entire tuning range the spectrum was
narrow with around 4-5 longitudinal modes visible and with the linewidth relatively
constant at around 15 GHz.

Figures 4.8(c) and 4.8(d) show the wavelength spectra at dual wavelength oper-
ation for Crystal 1 (at 0y = 6p and Oy = 8.3°) and Crystal 2 (at 0y = 52.1° and
Oy = 0°), respectively. The laser operated well in dual wavelength operation with
little variation in the relative intensity of the two peaks. Equal intensity for the two
peaks was also easily obtainable with careful control of the crystal tilt. Despite both
crystals having the same nominal length of Lo = 8 mm the peak-to-peak separation

at dual wavelength operation was different for the two crystals with around 12nm
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Figure 4.8: (a) Spectra at single wavelength operation for Crystal
2. Inset shows measured Fabry-Perot interference pattern. (b)
Superposition of spectra measured over maximum tuning range.
Yellow region indicates dual wavelength region where secondary
peak has been omitted. (c¢) Dual wavelength spectra for Crystal 1.
(d) Dual wavelength spectra for Crystal 2.

and 13 nm measured for Crystal 1 and Crystal 2, respectively at all dual wavelength
regions.

A broad and modulated spectrum (similar to the spectrum in the inset of Fig.
4.4(a)) was observed for both crystals when tuning the vertical angle of incidence,
as indicated by the grey region in Figs. 4.6(b) and 4.7(b). Temporal measurements
of the laser output showed that the laser was self-Q-switching at this tuning region
with a pulse duration of <1 ps at >100kHz repetition rate. Since the focus of this
chapter is on the birefringent wavelength tuning, further details of the results and

mechanism of the self-Q-switching will be provided in chapter 5.
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4.2.2 Temperature Tuning

The temperature dependence of the wavelength was also investigated for both crys-
tals. Figure 4.9 shows the laser wavelength as a function of crystal temperature at
Ay = 0° and 0y = Op for the two crystals. In both cases it was found that the laser
wavelength gradually blue-shifted with increasing temperature at a rate of around
—0.07nm K~! but with an overall shift (comparing minimum and maximum tem-
perature) towards longer wavelengths. Dual-wavelength operation was obtained at
10-16 °C for Crystal 1 and at 28-30°C for Crystal 2. Elsewhere single-wavelength
operation occurred with a spectrum similar to that obtained with angular tuning
(see Fig. 4.8(a)). Therefore, temperature tuning provides an additional control of

the laser wavelength but with finer precision.
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Figure 4.9: Temperature tuning of wavelength for: (a) Crystal 1
(b) Crystal 2.

This effect has been previously observed by Yorulmaz et al. where the laser
wavelength was measured between 25°C and 200°C [65]. They found an overall
red-shift with increased temperature but at discrete steps of around 10 nm and with
a gradual blue-shift in wavelength also observed. The blue-shift effect was attributed
to the crystal acting as a wavelength filter due to a temperature dependent refractive
index which is not strictly true as the birefringent effect is always present regardless
of the change in temperature. The crystal does act as a wavelength filter, as shown
in this work, and its FSR is determined by its length (see Eq. (4.4)). The blue-
shift in wavelength is due to the temperature dependence of the refractive index. A
simple analysis can be made by taking the derivative of Eq. (4.3) with respect to

temperature
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d\n LdAn  AndL

T ~m dT | m T (45)
Substituting for m using Eq. (4.3) and rearring gives
AnL d\, dAn dL
=1L An—. 4.
Mo dT  “ar TRMar (46)

The change in path length with respect to temperature can be written in terms
of the expansion coefficient, ap, according to dL/dT = apL. Substituting this
expression and rearranging in terms of the temperature dependence of the refractive

index difference gives

dAn 1 dA,

At 0y = 0° and 0y = 0, An = Any, = 0.0055. Setting A\,, = 755nm,
d\p /dT = —0.07nm K~ and a7 = 6 x 1075 K~! [11] gives a value of dAny,/dT =
—0.6 x 1079 K~! which is consistent with a value of —1.1 x 1079 K—! measured by
Walling et al. at 1150 nm [12]. However, the dispersion formula of Loiko et al. gives
a positive value of +1.0 x 107 K~1 at 750nm [82]. Given that it also disagrees
with Walling’s value in sign suggests there may be an additional refractive index

component giving rise to the difference between the sign of the values obtained.

4.3 Birefingent Tuning Theoretical Model

To gain insight into the basic underlying mechanism as well as providing validation
of the wavelength tuning and dual wavelength operation the wavelength selection
can be modelled on the geometry of the crystal and its birefringence. Furthermore,
by understanding the key parameters and their effect on the tuning range and dual
wavelength separation it can provide a guide for future work, and in general to any

other tunable birefringent gain medium.

4.3.1 Wavelength Selection

Figure 4.10 shows a detailed schematic of the parameters of the crystal and of
Alexandrite that are necessary in describing the wavelength selection in this model.

For a Brewster-cut crystal the physical path length travelled when at an angle 6%;
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Figure 4.10: Birefringent tuning model. Angles between beam di-
rection and optics axes and c-axis are shown.

in the horizontal plane (bc-plane) and 6, in vertical plane (ac-plane), where the

angles are with respect to the surface normal, is given by

Lo

L= —or—
/ /)
cos 6 cos 0y,

(4.8)

where Ly is the perpendicular distance between the two end-face surfaces (see

Fig. 4.10). For a birefringent material An is given by [89]

An = (np — n.) siny; sinyy = Ang sin y; sin e, (4.9)
where 1 and o are the angles between the beam propagation and the optic
axes O1 and Oa, respectively. Substituting Egs. (4.8) and (4.9) into Eq. (4.3) gives

Any.Lg sinyp sin~ys

Am (4.10)

/ /
m  cos 0y cos 0y,

For a perfectly cut crystal at optimal conditions, the laser operates at Brewster’s
angle in the horizontal plane, 8 = g = tan~! n, = 60.1°, and at normal incidence
in the vertical plane, #y, = 0°. The beam travels along the c-axis, therefore, v =
Y + 90° and 2 = 7.. Using Eq. (4.10), the wavelength under optimal conditions,
Amg, 1S given by

_ AngpeLo cos 'yg

Ay = —Ttel0 411
0 m  cosby ( )

which reduces to A\p,, = AnpeLc/m since Lo/ cosfz = Lo and Ang, cos fyg =
np — ng. By substituting for m in Eqgs. (4.10) and (4.11) (provided m is unchanged)

75



Birefringent Tuning of Alexandrite Lasers

Am can be expressed in terms of A,

/ . .
A (05, 64) = Ao ( €030 ) <Slm1 Sm”) . (4.12)

/ / 2
cos 6 cos 0y, cos? Yp

The first bracketed term in Eq. (4.12) represents the fractional change in wave-
length due to the change in the geometrical path length. The second term, which
depends on the angle between the beam and the optic axes represents the fractional
change in the refractive index difference.

Equation (4.12) can be simplified further by considering changes in the horizontal
angle of incidence, 0, with a fixed vertical angle of incidence 8y, = 0°. In this case
Y1 = Ye— ¢c and y3 = Yp+7/2— ¢, where ¢, is the angle between the beam direction
and the c-axis in the horizontal plane (see Fig. 4.10). The wavelength for horizontal

tuning is therefore given by

Mo (07) = Ao (cos %) (cos (% + ) cos ( — ¢>c>> _ (4.13)

/
cos 0, cos? vy

For vertical tuning the relationship between 71, 72 and 6y, is slightly more com-
plex: cosvy; = cosb, cosy. and cosys = cos b, cos (v, + 7/2). With these changes
the wavelength as a function of the vertical angle of incidence with the horizontal

angle of incidence fixed at 0 = 0p is given by

1 1— 20/ 2 .
A (6}) :)\m0< ) < €05 Uy €08 7 ) (4.14)

cos 8, cosZ v

Wavelength tuning is limited by the FSR of the crystal at which point dual
wavelength operation occurs. Substituting Eqgs. (4.8) and (4.9) into Eq. (4.4) gives

A2 cosb., cosb
AAFSR ~ m % H

i 4.15
Anp.Ly siny; sinys ( )

4.3.2 Model Comparison to Experimental Results

The theoretical equations describing the wavelength as a function of angle of inci-
dence can be compared to the experimental results by shifting the tuning orders.
Figure 4.11(a) shows the measured wavelength (dotted green, red and orange lines)
as a function of the horizontal angle of incidence for Crystal 1 except with the m—+1
and m — 1 orders shifted by +12nm and —12 nm, respectively, which corresponds to

the measured FSR. The theoretical wavelength (shown in blue) is calculated using
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E

q. (4.13) with A\g = 758.0nm. Good agreement is obtained between the theory and

the experiment with some deviation at larger angles that may be due to unwanted

changes in the vertical angle of incidence.

Figure 4.11(b) shows the measured and theoretical wavelength as a function of

the vertical angle of incidence for Crystal 1. The measured wavelength is the same
as that shown in Fig. 4.6(b) with the order m unchanged (dotted red line) and the
order m + 1 shifted by +12nm (dotted orange line). The theoretical wavelength is

calculated using Eq. (4.14) with Ao = 758.0 nm and shows excellent agreement with

the measured result.
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Figure 4.11: Comparison of measured and theoretical wavelength
for Crystal 1: (a) and (b); and for Crystal 2: (c) and (d).
The measured and theoretical results for Crystal 2 are shown in Figs. 4.11(c) and
11(d) with A\g = 758.9nm used in the theoretical equations. These too show good

agreement between the measured and theoretical results with a slight difference at
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the tuning extremes.

Figure 4.11(c) demonstrates the potential wide tuning range of around 723-
771 nm were it not limited by the FSR of the crystal. The FSR of the crystal,
given previously by Eq. (4.15), is inversely proportional to Lc. Therefore broad
tuning of this extent could be achieved with a sufficiently short crystal (Lo ~
2mm). Equation (4.15) can be used to determine Lo using the measured FSR.
Using AApsg = 12nm gives a length of around Lo ~ 8.5mm for Crystal 1 and
with AApsg = 13nm, Lo =~ 8.0mm for Crystal 2. Both results are consistent
with the manufacturers quoted length of 8 mm when accounting for the tolerance in

manufacturing and post-processing such as end-face polishing.

4.4 Summary

In this chapter a novel and alternative wavelength tuning method has been experi-
mentally demonstrated, modelled and analysed. A continuously wavelength tunable
and dual wavelength red-diode-pumped Alexandrite laser formed of a plane-plane
cavity and a Brewster-cut Alexandrite crystal has been shown. Two crystals were
investigated to ensure consistency with both demonstrating similar results. With
the first crystal, tuning between 750 nm and 764 nm with a linewidth of ~ 15 GHz
was obtained by tilting the crystal inside the cavity. Temperature tuning provided
finer wavelength tuning at a rate of —0.07nmK~!. Stable dual wavelength emis-
sion was also obtained with a peak-to-peak separation 12 nm - corresponding to the
FSR of the crystal. All results were obtained with an excellent TEMyg mode profile.
Similar results were obtained with the second crystal including a broader continuous
tuning range of 747-768 nm as well as dual wavelength operation with a 13nm at
up to 0.9 W of output power.

The theoretical model was found to be in good agreement with the wavelength
tuning results and dual wavelength separation. The wavelength tuning and dual
wavelength operation reported in this work are not limited to Alexandrite and can
be applied to other birefringent gain media. The theoretical model is general for
any biaxial material and only needs small adaptation for uniaxial material. The
analytical expressions can then be used to determine the wavelength and free spectral
range given the material properties, in particular with shorter crystal length giving

a wider tuning range.
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Chapter 5

Thermal and Population lensing

in Alexandrite Lasers

Power scaling and maintaining TEMgg spatial quality in solid-state lasers is primar-
ily limited by pump-induced lensing and refractive index aberration effects. Under-
standing, measuring and theoretical modelling of pump-induced lensing effects in
diode-pumped solid-states are essential in designing high efficiency laser resonators
with TEMgy beam quality at high pump power [5, 106].

The depositing of energy in the gain medium due to the quantum defect between
the pump and laser wavelengths is the primary lensing effect in solid-state material.
Analytical expressions for the lens power as a function of the pump power can be
obtained by solving the heat diffusion equation under various simplifications [5, 106—
108]. Experimental methods based on a number of techniques have been used to
directly measure the pump-induced lens including passing a probe beam through the
gain medium and finding its focus distance [109]; mode size measurement combined
with cavity ABCD analysis [110]; and wavefront analysis using Shack-Hartmann
wavefront sensors [111].

For the power-scaling development of Alexandrite lasers, fundamental under-
standing of the underlying mechanisms and the material properties relevant to
pump-induced lensing and aberration effects are of significant importance. Up till
now however, there had been only one study of the pump-induced lensing effects in a
green-laser-pumped Alexandrite laser by Loiko et al. [82]. In that study the lensing
was calculated based on indirect ABCD propagation analysis with a number of sim-

plified assumptions without a detailed consideration of the underlying mechanism
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or any prediction that could be used in other work.

This chapter provides an in-depth study of pump-induced lensing effects in diode-
pumped Alexandrite lasers for the very first time. This includes direct wavefront
measurement of the Alexandrite crystal using a Shack-Hartmann wavefront sensor
(SH-WF'S) which provides accurate and direct 2D mapping of the pump-induced
refractive index change to determine the lens dioptric power. This removes any in-
direct interpretation, provides high measurement sensitivity (~ 1/100th wavelength)
as well as providing information on the lensing aberration. Furthermore, it enables
measurement of the lens dioptric power under both lasing and non-lasing conditions.

The key results of this chapter are: that under non-lasing conditions the mea-
sured dioptric power is found to be linear with respect to the absorbed pump power
- contrary to that expected theoretically due to the nonlinear excited state absorp-
tion heating factor which should lead to a non-linear dependency; the dioptric power
is up to 60 % weaker under lasing conditions; and that an analytical model based
on a combined thermal lens and a population lens (arising from difference in po-
larizability of excited and ground state) gives both a qualitative explanation of the
pump power dependence of the dioptric power under non-lasing conditions, and a
quantitative solution to the difference measured between the dioptric power under
non-lasing and lasing conditions. The final section of this chapter provides an in-
depth analysis of a self-Q-switched Alexandrite laser where the population lens is
suggested as a possible loss-mechanism.

These results are of vital importance in further understanding the material prop-
erties of Alexandrite, in designing efficient power-scaled diode-pumped Alexandrite
lasers (investigated later in Chapter 6) and in demonstrating a robust measurement
technique and analytical model that can be used for other gain media. This work
has been published in Optics Express [112] and presented at Photonics West 2020.

5.1 Thermal Lensing

Heat deposited in solid-state gain medium under optical pumping causes a tempera-
ture distribution that leads to temperature dependent refractive index changes, ther-
mal expansion causing surface deformation and stress-induced photo-elastic refrac-
tive changes and birefringence [5, 106, 108]. The temperature distribution, T'(r, z),
under continuous-wave (CW) pumping in end-pumped configuration is given by
[108]
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10 oT o*T r,z
ror (a) o T ‘Q%c ) (5:1)

where K, is the thermal conductivity of the gain medium, @ (r, z) = agnp! (r, 2)
is the heat power per unit volume generated by absorption of pump intensity I (r, z),
«q is the pump absorption coefficient and 7y, is the fraction of absorbed pump
radiation converted to heat.

Assuming a non-diffracting, exponentially-absorbed pump intensity I(r,z) =
I(r,0) exp(—apz) with purely radial heat flow (neglecting axial heat flow), Eq. (5.1)
can be solved analytically. Two examples of pump distributions are the top-hat and
Gaussian beam. The top-hat pump beam has an incident pump power Py, radius
wp and a uniform intensity profile I(r,0) = P /ﬂwg for r < w, and I(r,0) = 0 for
r > wy,. The dioptric lens power for a top-hat pump beam gives an aberration-free

lens (within r < w))

Dy = Pabsxnh

= —= 5.2
27Tw§KC (5.2)

where Pgps = Pyl — exp(—apl)] is the absorbed pump power over a crystal
length [. For the Gaussian pump beam with equal power and radius, the inten-
sity profile has a Gaussian profile of the form I(r,0) = (2FP/ muf,) exp(—2r?/ wg).
The temperature distribution is not a simple quadratic function and so the on-axis
dioptric power is twice as strong and the thermal lens has a dioptric power which
varies radially where the radially-varying lensing introduces stronger aberrations as
the transverse size of an interacting laser beam increases which can lead to spatial

mode degradation in a laser system. The radial dioptric lens power is given by

Papsxinn [1 = exp (=2r%/wj)]
w2 K, 212 Jw? ’

Dy (r) = (5.3)

X is the thermo-optic coefficient and is often given by x = dn/dT, however, in
general it describes an effective thermo-optic coefficient that comprises three contri-
butions x = xn + xsB + xpE [108]. The first term x,, = dn/dT is the temperature-
dependent refractive index and is often the dominant term. The second term ygsp
is the surface end bulging term. For an infinitesimally thin crystal it is given by
xsB = (n—1)(1+v) where n is the unperturbed refractive index, v is the Poisson’s
ratio, and ar is the thermal expansion coefficient. The “thin-crystal” approxima-

tion should be treated as an upper limit and its contribution in a real crystal can
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be much less. The final term yprp = 2nf’)aTC;79 is a stress-induced refractive index
contribution with cylindrical-symmetry induced birefringent principle axes [5, 108].
This birefringence can cause depolarisation losses especially in isotropic gain media
such as Nd:YAG [113] but is less problematic in naturally birefringent gain media
such as Alexandrite.

7y, is the fractional heating factor. In an ideal four-level optically pumped laser
the fractional heating factor is equal to the quantum defect 7, = 1 — 15 where
Ns = Ao/ Ap is the Stokes efficiency - the ratio of the emitted optical to pump photon
energies where each absorbed pump photon at wavelength A, results in an emit-
ted optical photon with wavelength A\,. Under strong lasing, stimulated emission
dominates and A\, = A; is the lasing wavelength; under non-lasing conditions the
spontaneous emission photon A, = Ay is the average fluorescence wavelength which
can differ to that of the lasing wavelength as is the case for Alexandrite where
Af =T732nm [11].

In an ideal four-level laser therefore, the dioptric lens power of the thermal lens
is directly proportional to the absorbed pump power. Plotting the lens dioptric
power as a function of the absorbed pump power would give a linear relationship
with an intercept at zero and a slope that depends on the material properties and
the square of the pump radius. While there can be some complexity in regard to the
exact values of these parameters their independence to the pump should not alter
the linear relationship. One factor that could alter the linear dependence however
is the fractional heating factor. When discussing the spectroscopic properties of
Alexandrite in Chapter 3, it was shown that the excited state absorption at the
pump and laser wavelength and ground state absorption at the laser wavelength are
prevalent and are not negligible. It is therefore vital to include their contribution

to the fractional heating factor to better model thermal lensing in Alexandrite.

5.2 Thermal Lensing with ESA Heating

Figure 5.1 shows the energy level diagram of Alexandrite including excited state
absorption (ESA) and ground state absorption (GSA) at both the pump and laser
wavelength using the same notation as that used in Chapter 3. The contribution
of pump and laser ESA and laser GSA to the overall heating can be included to
obtain a more general form for the heating factor via a modified pump quantum

efficiency term 7, which is the probability that an absorbed pump photon generates
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an upper-laser level population

N =1 =1snp. (5.4)

It is important to lay the distinction between non-lasing and lasing conditions
as there is a considerable difference in the effect of ESA and GSA. Analysing the
effects under non-lasing offers two major advantages. Firstly the formalism is much
simpler since the effects of ESA and GSA at the laser wavelength, which are quite
complex, do not need to be included. Secondly, it also provides an additional means
of comparing the theory to the experiment by looking at the difference between that

under non-lasing and lasing conditions.
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Figure 5.1: Schematic of the lasing energy levels of Cr3* in Alexan-
drite with pump (),) GSA and ESA, and laser ();) stimulated
emission, GSA and ESA. Grey region indicates higher energy levels
and dashed lines indicate non-radiative decays. Ground, upper and
excited-state populations are denoted ng, n; and ne, respectively.

5.2.1 Non-Lasing Conditions

Under non-lasing conditions the pump quantum efficiency 7, = 1,07 esq is a product
of the intrinsic quantum efficiency 7,9 and a pump efficiency 1, ¢sq [99]. The intrinsic
pump quantum efficiency is the branching probability of a pump-excited ion reaching
the upper-state laser level leading to radiative spontaneous or stimulated emission

compared to other non-radiative emissions, where in the latter all the energy is
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dissipated in the gain medium as heat. In Alexandrite 7,0 can be taken as unity
since non-radiative emissions only occur at very high temperatures (7" > 670 K).
The pump ESA efficiency 7 ¢sq is the ratio of the useful pump GSA that leads to
inversion generation to the total pump GSA plus ESA. The pump ESA efficiency

can therefore be defined as

T0n0 B 1—f
oono +oiny 1+ (y—1)f

(5.5)

Tp,esa =

where ng is the ground state population and n; is the upper-state population as
denoted in Fig. 5.1. N = ng+n1, f = n1/N is the fractional inversion and v = o1 /0g
is the ratio of the pump ESA cross-section to the pump GSA cross-section. Since
v # 0, Mpesa Will decrease from unity with increasing fractional inversion f. The
pump power absorbed from pump ESA is directly transferred to heat. It is assumed
that the pump ESA that takes the excited state ion to a higher-lying level (ng) is
rapidly returned back to the excited upper-laser level in a non-radiative transition.
As such, pump ESA does not deplete the inversion but any pump ESA photons lost
make no net contribution to increasing the population inversion.

The full mathematical derivation of 7, ¢sq in terms of the absorbed pump power
requires solving the coupled pump absorption and material rate equations. Under

non-lasing conditions with pump ESA these expressions are given by [99]

1—Te NV o NF
Np,esa = 1T ealNF —1

(5.6)

I 1 et N ] .
I,  1—TenNF v (5.7)

where T' is the pump transmission through the laser crystal, Iy = hup,/og7y is
the pump saturation intensity and F' = fé f(2) dz is the integrated inversion factor.
Determining 7 esq in terms of the absorbed pump power Py (from the intensity
I) can only be solved numerically using Egs. (5.6) and (5.7), however under the
approximation that the the pump is strongly absorbed (T' << 1) and it is not
excessive (T exp(o1NF) << 1), then 1 ¢s, and F' can be approximated to

1
Np.esa = 1 — ialNF, (5.8)
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a3 (1)

The heating factor can be written in terms of the incident intensity by substi-
tuting Egs. (5.9) and (5.8) into Eq. (5.4)

2
nhzl—ns<1—;[i—g<i>]>. (5.10)

It is more convenient to write the fractional heating factor in terms of the pump
power so that it can be compared to the experimental results. This can be done

by setting Py = I(mw}/2) as the absorbed pump power and P, = I (mw?/2) as the
pump saturation power. This gives

2
V[P (B
—1-n(1-2|Z -2 (% . 5.11
" ”S( 2 | P, 2<PS)) 1)

An analytical expression for the thermal lens dioptric power on axis (r = 0) with

pump ESA included can therefore be determined by substituting Eq. (5.11) into
Eq. (5.3)

Dr(0) =

P2
= WM%KC |:77h0Pabs + 7731 abs:| (512)

2 P

where terms proportional to P3 have been neglected (as they are negligible),
and under the assumption that T << 1 the absorbed pump power is equal to the
incident pump power Py = Py and npg = 1—1s = 1—X\,/As. Equation (5.12) shows
that under non-lasing conditions, pump ESA provides a quadratic power term and
leads to a non-linear relationship between the thermal lens dioptric power and the

absorbed pump power.

5.2.2 Lasing Conditions

Under lasing conditions the inversion is clamped at threshold and so pump ESA
is fixed at its threshold value, however above threshold the effects of laser GSA
and laser ESA have to be included. It can be included through the term ~; =
01a/(0e + 04) wWhere 014, 0. and o, are the laser ESA, emission and GSA cross

sections, respectively. The transition from non-lasing to strong lasing is included by
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using a lasing efficiency factor n; that is equal to the ratio of stimulated emission
to the total radiative emission (sum of spontaneous and stimulated emission). The

thermal lens under lasing conditions is given by

Papsx 'Y Pin /
Dy (0) = ——| (1- 5.13
T( ) FM%KC 77h0+7752 Ps ( ’71) ( )

where 1, = (1 —m)A\p/Ar +mAp/ N and ] = myy;. Hence under lasing conditions
the thermal lens is also non-linearly proportional to the absorbed pump power due

to the power dependence of 7;.

5.3 Population Lensing

An additional form of pump-induced lensing that needs consideration is the elec-
tronic or population lens. The difference in polarizability between the ground and
excited state Aqy, = a. — a4 leads to a refractive index change An.. Population
lensing has been observed in a number of Chromium-doped media [114, 115] as well
as in Yb and Nd-doped media where it can be comparable or even stronger than the
thermally-induced lens [77, 116]. When pumping with a spatially varying intensity
profile such as a Gaussian beam the spatial variation of the refractive index change

is given by [114]

- 2 ) e

h: N (5.14)

where n is the unperturbed refractive index, fr = (n2 + 2) /3 is the Lorentz
factor, N is the total active population density and nj (r, z) is the spatial profile
of the excited state population density. The optical path wavefront due to An. is

given by

! Py (r, 2
W(r)= /0 Ang (r,2)dz = C/O 1*(7\7’)d2 =CF(r) (5.15)

where F'(r) is the integrated inversion factor over the gain medium of length [.
The dioptric power of the population lens due to this change in wavefront is given
by
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By taking the radial form of the integrated inversion factor (Eq. (5.9)) the diop-
tric power of the population lens in terms of the absorbed pump power (derivation

shown in Appendix B) to second order is given by

2
Pabs _ PaQbs
p,  '\p,

The population lens is non-linearly proportional to the absorbed pump power

4C
aowg

Dp = (5.17)

but with a negative quadratic term P2 . Under lasing conditions the inversion and

therefore the lens dioptric power is clamped at Py, = Piy,.

5.4 Experimental System and Wavefront Measurement

Figure 5.2 shows the experimental setup used to measure the pump-induced lensing
effects of an Alexandrite laser rod using the wavefront measuring approach with
a Shack-Hartmann wavefront sensor (SH-WFS). The SH-WFS (Thorlabs, WFS20-
7TAR/M) measures the wavefront curvature enabling both the lens dioptric power
and aberrations to be determined. These were measured using a continuous-wave
(CW) green probe beam (Ap, = 532nm) that was transmitted through the crystal
and imaged onto the SH-WFS using an afocal magnifying telescope.

Pump Alexandrite rod
A, = 635nm

Laser
A =755nm
>

DM2

A

Probe Beam
)\pr = 532nm

Figure 5.2: Schematic of the experimental pump-induced lensing
measurement system of the end-pumped Alexandrite rod in a laser
cavity (formed by mirrors BM and OC). f; and f; form an afocal
magnifying telescope to relay-image a probe beam wavefront at the
Alexandrite crystal onto a Shack-Hartmann wavefront sensor (SH-
WEFS). DM1 and DM2 are dichroic mirrors to separate pump, probe
and laser wavelengths.
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The laser cavity was formed of a dichroic back mirror (BM) that was highly re-
flective (HR) at the laser wavelength (A; ~ 755 nm) and highly transmissive (HT) at
the pump wavelength (A, = 635nm), and a plane mirror output coupler (OC) with
a reflectivity Roc = 98.5% at the laser wavelength. The Alexandrite crystal was
10mm long, 4 mm diameter rod with a Chromium-doping of 0.2 at.%. The crystal
was held in a water-cooled copper heat sink at 16 °C. The physical cavity length
was 20 mm. This setup allowed the measurement of the pump-induced dioptric lens
power under both lasing and non-lasing conditions (by misaligning the OC).

The laser was pumped by a CW fibre-delivered red diode laser (M? = 100)
operating at 635nm - full characterisation will be provided in Chapter 6. The
output of the fibre was collimated and polarised using a polarising beam splitter
such that the output was linearly polarised. A half-waveplate was used to rotate the
polarisation to the crystal b-axis. The absorption coefficient at the pump wavelength
was measured to be ag = 480m~!. The pump beam was focused near the input face
of the laser rod with a 30 mm aspheric lens (f1) to give a waist radius of w, = 200 pm
(zr = 2mm). The intensity profile of the pump beam at focus was also measured
and a best fit was performed with different Super-Gaussian functions exp(—2r"/wy,)
with the n = 2 order found to describe the intensity profile most accurately.

The probe beam was linearly polarised to the crystal b-axis and collimated to a
beam radius of 500 pm so that the beam overfilled the pump region. It was imaged at
the pump face of the crystal using the combination of the 30 mm aspheric pump lens
(f1) and a 200 mm lens (f) onto the SH-WFS. A dichroic mirror (DM1) that was
HR at the probe wavelength and HT at the pump wavelength was placed between
the two lenses to separate the probe beam from the pump. An additional 532 nm
bandpass filter (FWHM=10nm) was placed on the SH-WFS to further eliminate
back scattered pump light and laser fluorescence/laser leakage.

The two lens arrangement enabled the relay image of the wavefront aberration
caused at the vicinity of the pump focal region onto the SH-WFS sensor plane.
Furthermore, by using lenses of different focal length it provided a magnification
factor m = fa/f1 of the lateral size of the pump beam region (diameter = 400 pm),
to fill a suitable aperture size of the SH-WFS CMOS array. The fo = 200 mm lens in
combination with the f; = 30mm lens provided a magnification of m = 200/30 =
6.67, therefore producing a magnified pump region of 0.40 mm x 6.67 ~ 2.7 mm.
This fitted comfortably inside the SH-WF'S aperture (7.2 x 5.4mm) and provided

good lateral resolution across the discrete microlens array (SH-WFS pixel pitch
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150 um). The pupil size in the SH-WFS measurement software was fixed at 2.5 mm,
corresponding to just within the magnified pump region (~ 2.7 mm).

In measuring the wavefront curvature, the relay image system with a magnifica-
tion of m, produces an increase in the radius of curvature measured at the conjugate
sensor plane of m2. The measured wavefront was therefore rescaled by dividing with
a scaling factor m? = 44.5 to obtain the focal length of the pump induced lens. The
SH-WF'S was initially calibrated by removing the laser rod and measuring the probe
wavefront curvature after passing through five lenses of known focal lengths placed
at the focal point of the pump lens coincident with the Alexandrite thermal lens
region. The measured dioptric power was in excellent agreement with the actual
lens dioptric power with the measurement coming to within 5% of the actual value
across the range of Djeps = 0.5 —20m™! (flens = 2000 — 50 mm).

5.5 Experimental Results

Figure 5.3 shows the dioptric power as a function of the absorbed pump power as
well as the laser output power. It is clear that there is a very pronounced difference

between the dioptric power under non-lasing and lasing conditions.
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Figure 5.3: Measured lens dioptric power under non-lasing condi-
tions (blue), lasing conditions (red) and laser power (green) as a
function of the absorbed pump power.
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The non-lasing lens dioptric power increases nearly linearly with absorbed pump
power. This pump dependence of the lens dioptric power is contrary to that expected
from the nonlinear pump ESA contribution as shown by Eq. (5.12). Under lasing
conditions, the lens dioptric power is noticeably different, diverging away from that
under non-lasing conditions above laser threshold. At a maximum absorbed pump
power of 8.3 W the dioptric power was 10.5m~! and 6.5m™! under non-lasing and
lasing conditions, respectively, and hence the lasing dioptric power was ~ 60 % of

the non-lasing lens dioptric power.
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Figure 5.4: (a) Laser power as a function of the absorbed pump
power. Inset shows laser wavelength spectrum and beam profile
at maximum power. (b) 2D wavefront at maximum pump power
under non-lasing and lasing conditions.

A plot of the laser power as a function of the absorbed pump power alone is shown
in Fig. 5.4(a). Laser threshold was at an absorbed pump power of Py, = 2.24 W,
this corresponds to the point where the lens dioptric power under lasing conditions
deviates from that under non-lasing conditions as shown in Fig. 5.3. At a maximum
pump power of 8.3 W the laser power was 1.82 W and an overall slope efficiency of
ns = 30.8 % was determined from a linear fit. The beam quality was measured to
be M? = 1.1 near threshold and at full pump power M? = 1.5. The laser spectrum
(shown in inset of Fig. 5.4(a)) was centred at \; = 755nm with a linewidth of
FWHM ~ 3nm. Figure 5.4(b) shows the 2D wavefront acquired by the SH-WFS
under non-lasing and lasing conditions at maximum pump power. This demonstrates
the noticeably stronger curvature measured under non-lasing conditions compared

to that under lasing conditions.
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5.6 Analytical Model Fitting

The measured lens dioptric power under non-lasing and lasing conditions can be
compared to the analytical expressions covered in Sections 5.2 and 5.3 to charac-
terise the impact of pump ESA and the population lens. It also serves as a means
of verifying a theoretical model that could be used to predict the pump-induced
lens in other work which has so far yet to be demonstrated for diode-end-pumped

Alexandrite lasers.

5.6.1 Non-Lasing Conditions

The simplest initial approach is to consider the results under non-lasing conditions.
If initially it is assumed that the measured lens dioptric power is due to a thermal
lens with pump ESA then the measured data can be fitted with an equation of the

form

Dy = a1 Paps + angbs (5.18)

where a; and ag are the coefficients calculated from the fitting (note that the
intercept of the fitting is set to zero since the dioptric power can only tend to zero
when the absorbed pump power is zero). The fitting performed using Eq. (5.18)
gives a3 = 1.34 m W™l and ay = —0.01m~*W~2. To compare these values to
the theoretical thermal lens with pump ESA it’s worth considering the material and
pump parameters in Eq. (5.20). Table 5.1 shows the known parameters. Though
most are well known there is some ambiguity in the value of the thermo-optic coeffi-
cient x. Although the value of dn/dT is well known, the contribution of the surface
bulge and stress-induced birefringence is less clear. Another ambiguity is the pump
waist wy, which due to the divergence of the pump is not necessarily the value of the
waist at focus. Here an effective waist size w]’[, will be taken instead, which is given
by [111, 117]

9 fé ape” % w? (2) dz
w. =

5.19
b fol ape~0zdz (5-19)

which when solved gives w;, = 265pm. Using the values in Table 5.1 and Eq.
(5.12) the fitted a; coefficient gives a thermo-optic coefficient of x = a; WwI’DQK c/nno =
5.2 x 107 K~! which at around 5 times greater than dn/dT (which is the greatest
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contributor to x) suggests the thermal lens model is not accurate. Furthermore,
and perhaps more significantly is that the ao coeflicient is negative and not positive

as expected from Eq. (5.12).

Table 5.1: Alexandrite and pump parameters used in model fitting. Tem-
perature dependent parameters have been evaluated at T' = 16 °C.

Parameter Value Source

K. 23Wm T K! [11]
dn/dT 9.1 x 107 0K™! 82]
n 1.7518 [84]

wy (w,)  200pm (2651m)  measured

Qg 480 m~! measured

Ap 635 nm measured
Af 732nm [11]

Al 755 nm measured
o0 70 x 1072° m? [11]
Oe 5.0 x 1072° m? [100]
o 55 x 10725 m? [90]
O1a 0.6 x 10725 m? [100]

v () 0.78 (0.12) calculated
Ty 290 ps [11]

I 154 MW m—2 calculated

P 17.0W calculated

It is therefore clear that the contribution from the population lens must be
included. Here it is assumed that the measured dioptric lens power corresponds
to the sum of the thermal and population lens given by Eqs. (5.12) and (5.16),

respectively, which gives

XTho 4C X 7 7s 4C 2
D = P, —_— = —y————— | P7. 5.20
NE Ww;ﬂKc + aowl’fPJ o+t [ﬂw;,QKc 2P, ’yaow;,QPSQ 0 ( )

Fitting Eq. (5.20) to the measured data is shown in Fig. 5.5 as well as the contri-
bution of the thermal lens (shown in orange) and population lens (shown in green).
Using the fitted values of a; and ag gives y = 1.1 x 1079 K~! and a polarizability dif-
ference (through C' = 272 NAa,/N) of A, = 2.3 x 1073 m3. This thermo-optic
coefficient corresponds to an 80 % contribution from the temperature dependent

refractive (dn/dT") and the remaining 20 % contribution from surface bulging and
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the stress-induced birefringence. An FEA model (using LASCAD software) of the
experiment (which includes surface bulging but not stress-induced birefringence)
found that surface bulging contributed to 10 % of the total thermo-optic coefficient.
This suggests another 10 % contribution from the stress-induced biregfringence. Fur-
ther confirmation of the combined thermal and population lens is shown with the
value of the polarizability difference which is relatively consistent to a previously
measured value of 2.7 x 1073 m? [86] and the range of values measured for other
Chromium-doped media at around 1-5 x 1073 m? [87, 114].
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Figure 5.5: Measured (blue-solid) and fitted (blue-dashed) lens
dioptric power as function of the absorbed pump power under non-
lasing conditions. Thermal (orange-dashed) and population (green-
dashed) lens components of the total lens are also shown.

5.6.2 Lasing Conditions

Under lasing conditions the combined pump-induced lens is described by Eq. (5.20)
up to threshold and by the sum of Eq (5.13) and Eq. (5.17) with P,;s = Py, above
threshold which gives

Papsx Y P 4C
D; — abs 1 11—~
L ngKc |:T]h0 + Ns 92 Ps ( ’YZ) + a0w2

2

Pip, Pt2h
— 5.21
: | V(Ps (5.21)
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This describes a pump-induced lens varying near linearly with absorbed pump
power (with slight non-linearity due to 7, and 7, terms) with a fixed offset term.
Using y = 1.1 x 107> K1, Aoy = 2.3 1073 m3, the parameters in Table 5.1 and
varying n; linearly from m = 0 at Pyps = Pip = 22W to g = 1 at Py = 8.3 W,
Eq. (5.21) is plotted as a function of the absorbed pump power and compared to

the measured dioptric power under lasing conditions as shown in Fig. 5.6.
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Figure 5.6: Measured (red-solid) and theoretical (red-dashed) lens
dioptric power as function of the absorbed pump power under las-
ing conditions. Thermal (orange-dashed) and population (green-
dashed) lens components of the total lens are also shown.

The results under lasing conditions with the thermal lens under lasing conditions
and the population lens clamped at threshold are in very good agreement with the
measured result. In this case there was no re-adjustment of the fitting parameters, so
it provides further independent support of the underlying hypothesis of a combined
thermal and population lens.

The population lens has been identified as a mechanism to provide explanation
of the experimental non-lasing and lasing lensing results. A population lens is not
unexpected for Chromium-doped materials [87, 114] and has been postulated as
the mechanism of self-Q-switching in Cr:LiCAF [115] and in Alexandrite [65]. In

Chapter 4 self-Q-switching was also observed in Alexandrite.
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5.7 Self-Q-Switched Alexandrite Laser

Figure 5.7 shows the diode-pumped Alexandrite laser as demonstrated in Chapter
4. A fibre-coupled diode module collimated with a fo = 35mm lens was used as
the pump source. The module had a maximum output power of 5.5 W with ~ 70 %
of the power in its major polarisation axis. The major polarisation axis was rotated
to the high absorbing crystal b-axis using a half-wave plate. The pump was focused
by an aspheric lens with focal length f = 50 mm to a waist radius of w, = 75 pm.
The Rayleigh range was zrp = 1.0mm, and the beam quality was measured to be
M? = 50.

Red Diode
Pump

5mm Alexandrite

Figure 5.7: Ultra-compact Alexandrite laser cavity.

The Alexandrite resonator was a simple and compact (cavity length ~ 20 mm)
plane-plane resonator with a back mirror (BM) as one end mirror with dichroic
coating that was HT at the pump wavelength and HR at the laser wavelength. The
output coupler had reflectivity Roc = 99.5 % at the laser wavelength. The Brewster-
cut crystal was an 8mm long and 4 x 4mm cross section slab with ~ 0.24 at.%
Chromium-doping. It was mounted on a copper heat sink with water cooling over
a 10-60 °C temperature range.

Stable and reproducible self-Q-switching (SQS) was obtained by optimising the
cavity for output power by adjusting the angle of incidence of the Brewster-cut
crystal and cooling the temperature of the crystal to below 20 °C. Further details
of the SQS stability will be discussed later.

The maximum power was obtained at a water temperature of 10 °C. Figure 5.8
shows the laser power as a function of the absorbed pump power. The maximum
laser power was 1.46 W with a slope efficiency of 49%. The beam quality was
M? < 1.2 in both directions. Figures 5.9(a) and 5.9(b) show the output pulse and
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Figure 5.8: Laser power as a function of absorbed pump power at
10°C. Inset shows beam profile and spectrum at maximum power.
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Figure 5.9: Temporal output of laser at maximum power with: (a)
980 ns Q-switched pulse; (b) 1 ms capture of stable Q-switched pulse
train.
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pulse train, respectively, at maximum power. The pulse duration was 980ns at
135kHz. SQS operation was highly stable as can be seen in the pulse train in Fig.
5.9(b). At maximum pump power, the pulse energy and peak power were 10.8 1J
and 11.0 W, respectively.

To ensure that the results were reproducible, the laser cavity was realigned and
optimised with the pump focused at a different region of the crystal. Stable SQS

was obtained with the average power, pulse duration and repetition rate measured
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as a function of the absorbed pump power at a temperature of 16 °C. However, as
was observed previously, stable SQS only occurred at 10-20 °C, as indicated in Fig.
5.10(b). Stable SQS was qualitatively assessed on the variations in the pulse height
over a long time period as illustrated in Fig. 5.10(a). It shows the laser power as a
function of the absorbed pump power with the long pulse train shown at the onset of
Q-switching and at higher pump power where it was stable. Quantitatively, stable
SQS was defined as that where the standard deviation of the repetition rate was
<1% and of the pulse energy was <4 %.

Similar observations were made when varying the crystal temperature. At 10-
20°C the pulse train was stable, similar to that shown in the inset in Fig. 5.10(a)
for stable SQS. Above 20 °C SQS persisted but with large variations in pulse height
and repetition rate. It was also found that the laser power decreased with increasing
temperature, contrary to that typically observed in Alexandrite, though the actual
temperature of the crystal and the temperature of the water may be quite different,

especially with only a single side of the crystal attached to the copper mount.

1.6 17— - ; 1.6 -.
i ——Stable SQS !
| ° — e I
;12 o 0 20 R (./' 214 -,\ :
\: = | .v‘/ ~ o |
o | - 5] S
2 e = 1.2 | e
0 0.8+ o o | N
o o R ST :./ o | '/'\‘ —
3 -/. : ‘CI_) : - .
@ SQS Onset—= & ! @ 1.0 !
0.4 1 . 1 © 1
- CW— I - I
A ! ' Stable SQS
0.0 - = ; 04— ) ; ; . ;
0 1 2 3 4 10 20 30 40 50 60
Absorbed Pump Power (W) Temperature (°C)
(a) (b)

Figure 5.10: (a) Laser power as a function of absorbed pump power
at 16 °C. Three regions are shown: CW operation, SQS onset and
stable SQS. Stable SQS occurred above around 3 W of absorbed
pump power. (b) Laser power as a function of crystal temperature
at maximum pump power. Stable SQS occurred at 10-20 °C.

For the new setup, at maximum pump power the laser power was 1.32 W with a
slope efficiency of 43 %. The pulse duration increased linearly with absorbed pump
power from 643 ns at 3W to 657 ns at maximum pump power. The repetition rate
increased from 121 kHz at 3 W to 138 kHz at maximum pump power. At lower pump

powers the repetition rate was lower and the standard deviation higher at > 10 %
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compared to < 1% above 3W. The sudden change in the standard deviation at
3W of absorbed pump power matches well to the stable SQS region shown in Fig.
5.10(a). At maximum pump power the pulse energy and peak power were 9.6 1J and
14.6 W, respectively. Compared to previous work on passively Q-switched (SESAM)
Alexandrite, the pulse energy is higher by a factor of 1.4 with over a tenfold increase
in the repetition rate [68].

Since Q-switching of any form in a solid-state laser requires the modulation of
cavity losses, it is not immediately clear as to the origin of the time-dependent
loss mechanism here. SQS in Chromium-doped gain media such as Alexandrite,
Cr:LiCAF, Cr:LiSAF and Ruby have been previously reported in literature [65, 87,
96]. While several mechanisms for the time-dependent loss have been reported,
recently the time-dependent lens has been seen as the most probable cause. A
time-dependent variation in the refractive index to cause a time-dependent lens in
combination with a soft or hard aperture would result in an intensity dependent
loss. The manifestation of this effect is as of yet unclear and no systematic study
has been carried out. Of note here however is the high repetition rate of >100kHz.

The time constant for thermal gradients to appear is around [37]

w2pCp
K.

T =

(5.22)

where C), = 1.05J g~ K~ [76] is the specific heat capacity and p = 3.69 gcm ™3
[11] is the density of Alexandrite. For a pump size of w, = 75 pm the time constant
is 7 &~ 1ms. This rate is substantially slower than the oscillation period of around
10 ps and so a time-dependent thermal lens is unlikely to be the cause. However,
a time-dependent lens based on an electronic time constant is far more agreeable
with the measured oscillation period. The population lens therefore provides a
possible “fast” modulation mechanism for the SQS effect observed here and in other

Chromium-doped materials.

5.8 Summary

This chapter provides an in-depth investigation of pump-induced lensing effects in
diode-end-pumped Alexandrite using a direct experimental measurement approach
together with an analytical model. This is the first direct wavefront measurement

of pump-induced lensing in Alexandrite using a Shack-Hartmann wavefront sensor
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(SH-WF'S) performed as a function of absorbed pump power under both lasing and
non-lasing conditions.

Under non-lasing conditions the lens dioptric power was found to grow almost lin-
early with absorbed pump power, a surprising result when assuming thermal lensing
which due to excited state absorption (ESA) should give rise to a dioptric power that
is non-linearly proportional to the absorbed pump power. Another surprising result
was that the lens dioptric power under lasing conditions was significantly different
and reduced to 60 % of the value of the lens dioptric power under non-lasing con-
ditions. These results together are hard to reconcile by a simple thermally-induced
lens model, even if account is taken for some uncertainties in material values and
experimental errors. However, it has been previously shown that Chromium-doped
laser materials have an electronic component to their refractive index due to a differ-
ence in the polarizability of ions in the excited state to ions in the ground state. A
refractive index distribution produced by a Gaussian pump beam leads to a positive
population lens. An analytical model based on a combined thermal and population
lens is able to qualitatively describe the measured lens dioptric power and quanti-
tatively provide a polarizability difference of Ay, = 2.3 x 1073 m?® which matched
well to other Chromium-doped laser materials. With the population lens clamped
at threshold the reduced lens dioptric power measured under lasing conditions also
matches well to the combined thermal and population lens theory, providing further
independent support for the hypothesis of the population lens.

The results of this chapter provide new insight into the pump-induced lensing
in Alexandrite that help to support future laser design for power scaling with high
beam quality - the content for the next chapter. Population lensing is as a possible
mechanism to provide explanation of the experimental lensing results. This is not
unexpected for Chromium-doped materials and also provides a “fast” electronic
modulation mechanism for self-Q-switching that was shown in Section 5.7. Further
corroborating experiment(s) is required to directly observe the population lens, such
as its temporal response compared to the build-up or decay of the thermal lens. The
SH-WF'S slow response time is not very suitable but with pulsed probe and/or pump
or other experiments might be devised to make this temporal response measurement.
Population dynamics is another possible mechanism where a time-dependent rate
equation model could indicate the switching times. The methodologies applied in
this chapter such as the measurement technique, model of thermal lens (with ESA

heating) and population lens can also be extended to other laser materials.
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Chapter 6

Power Scaled TEMgg

Alexandrite Lasers

The availability of commercial high power red laser diodes has enabled diode-
pumped Alexandrite lasers to reach continuous-wave powers of >10 W. The current
world-records for highest power are 26.2 W demonstrated by Teppitaksak et al. [66]
in end-pumped configuration and 12.6 W demonstrated by Damzen et al. [118]
in side-pumped configuration. In both cases diffraction limited beam quality was
sacrificed for high output power and efficiency. High spatial quality (TEMgy) and
high efficiency has typically been limited to the 1 W level using lower powered fibre-
coupled pump units (see for example [90]) where weaker pump-induced lensing does
not hinder the mode quality. These fibre-coupled units at the 5 W-level have enabled
up to 2.1 W of output laser power in TEMgy operation [119].

Pumping with free space diode bars and stacks typically requires reshaping tech-
niques to overcome the pump beam asymmetry adding further complexity and over-
all size to the pump delivery system. TEMgy operation can be achieved from such
systems as demonstrated by Damzen et al. where 4 W was achieved with a Gaussian
output mode profile but with a severe reduction in optical efficiency (~ 10 %) [118].
Pumping with multimode free-space diodes in Q-switched operation as shown by
Munk et al. and Coney et al. have also required pump reshaping optics and often
complex cavity design for TEMgg operation [69, 120].

High power multi-mode fibre-coupled diodes offer an attractive alternative to
free space diode systems. Fibre-coupling provides a more robust and adaptable

pump delivery - pump modules can be easily replaced with little to no realignment
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required. Direct imaging of the fibre output provides symmetrical circular output
beams which allows more uniform heating and therefore a less aberrated lens [106].
Better modelling of the lens dioptric power and its effect on the laser mode size can
then be made.

In this chapter the world-record highest power diode-pumped TEMgy Alexan-
drite laser is presented as well as the first demonstration of a TEMgy multi-watt
tunable diode-pumped vibronic laser in the near-infrared. This is achieved using
fibre-coupled pumping and a novel compact cavity design incorporating a convex
mirror for laser mode size control and with accurate understanding of the pump
induced lens strength using a Shack-Hartmann wavefront sensor as discussed in
Chapter 5. The results from this work have been published in OSA Continuum

[121] and presented at two international conferences.

6.1 High Power Fibre-Coupled Diode Module

For higher power pumping a 200 pm diameter fibre-coupled diode module was used.
The diode is a commercially available module with internal water-cooling for temper-
ature control - the temperature was fixed at 16 °C. The fibre output was collimated
with a f. = 35 mm focal length collimator. Figure 6.1(a) shows the total unpolarised
pump power measured at the fibre output with the collimator. At a maximum drive
current of 14 A the total output power was 35.7W. Figure 6.1(b) shows the laser
wavelength as a function of the drive current demonstrating the typical red-shift in
wavelength at higher drive current due to the increased diode temperature. At 14 A
the laser wavelength and linewidth were 638.0 nm and 1.2nm, respectively.

Figure 6.3 shows a schematic of the pump delivery setup. Using a plate polariser
(PP), the pump beam was transmitted and reflected into horizontal and vertical
polarised components. The transmitted horizontal component was focused with an
aspheric lens of focal length f,. A half-wave plate (A\/2) was used to rotate the
horizontal component to the b-axis of the Alexandrite crystal (which was mounted
in the vertical direction). The reflected vertical component of the pump was steered
to the opposite end of the laser cavity for dual-end-pumping using three highly
reflective (HR) mirrors at the pump wavelength (~ 640 nm).

The pump delivery was arranged in two ways. Firstly the collimator-lens dis-
tance, d, was set such that d >> f.+ f, and no lenses were used in the second pump

arm. This setup provided a Gaussian pump profile as shown in Fig. 6.2(a). In the
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Figure 6.1: (a) Pump power as a function of drive current. (b)
Pump wavelength as a function of drive current.
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Figure 6.2: Measured (shown in red) and theoretical fitting (shown
in blue) pump profile for (a) Gaussian pump (b) Top-Hat pump
(n = 6 Super Gaussian).

second pump delivery setup d = f. + f, and a relay-lens pair of focal length f, was
used to directly image the fibre-output to give a ‘top-hat’ pump profile as shown
in Fig. 6.2(b). The ‘top-hat’ profile matches well to a Super-Gaussian profile with

n = 6.
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Figure 6.3: Pump delivery for double-end-pumping.

6.2 Plane-Plane Compact Alexandrite Laser

Figure 6.4 shows the experimental setup for the dual-end-pumped Alexandrite laser.
An L-shaped laser cavity was used with three plane mirrors: a back mirror (BM)
that was highly reflective (HR) at the laser wavelength and highly transmissive
(HT) at the pump wavelength at 0°; a dichroic turning mirror (DM) used at 45°
that was HR at the laser wavelength and HT at the pump wavelength; and an
output coupler (OC) with partial transmission at the laser wavelength. The overall
physical cavity length was ~ 20 mm. The Alexandrite crystal was a 4 x 4 mm square
aperture, 6 mm long c-cut slab with 0.20 at.% Chromium-doping and anti-reflection
coated end faces at the laser and pump wavelengths. The crystal was mounted in a

water-cooled copper heat sink for temperature control.
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Pump . «DM

<

BM oC

bwo

Figure 6.4: Fibre-delivered double-end-pumped compact L-shaped
Alexandrite laser.

The laser cavity was pumped using both the Gaussian and top-hat pump profile.
For the Gaussian pump-profile two aspheric lenses of focal length f, = 50 mm were

used to focus the pump beam to a waist radius of w, = 150 pm with a Rayleigh
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range of around zz = 1mm. Almost all of the pump was absorbed at each end
of the crystal (>98 % absorbed power). The temperature of the crystal was set to

60 °C and the OC had a reflectivity of Roc = 98.0 %.
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Figure 6.5: Double-end-pumped Gaussian pumping results of Alexandrite laser: (a)
laser power, and (b) laser beam quality as a function of absorbed pump power.
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Figure 6.6: Double-end-pumped top-hat pumping results of Alexandrite laser: (a)
laser power, and (b) laser beam quality as a function of absorbed pump power.

Figure 6.5(a) shows the laser power as a function of the absorbed pump power
using the Gaussian pump configuration. 10.1 W of laser power was obtained at an
absorbed pump power of 26.8 W with an overall slope efficiency of 42.9 % and no
indication of thermal roll-over. The inset in Fig. 6.5(a) shows the laser spectrum at

maximum power, which was highly modulated, though the spectrum was typically
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broad and shifted to longer wavelengths with increased pump power.

Figure 6.5(b) shows the laser beam quality as a function of the absorbed pump
power which was measured at seven pump powers. The beam profile and laser power
is shown for four measurements. At an absorbed pump power of 5.8 W the laser
power was 1.2W and the beam quality M2 = 1.02 and My2 = 1.01. This result
is similar to those obtained previously for compact plane-plane cavities (e.g. [90,
104]). At higher pump powers however, the laser beam quality rapidly degrades to
M2 =2.05, M2 = 1.96 at 3.9W of laser power and M? ~ 5 at 9.2W.

The degradation in laser beam quality is due to the increase in pump-induced
lensing which decreases the laser mode size at the crystal. For optimal mode-
matching higher order modes are preferential at higher power therefore leading to an
increase in the measured beam quality. At high pump power, the effect of spherical
aberration is also manifest in the appearance of Laguerre-Gaussian modes, demon-
strating the excellent cylindrical symmetry of the pump beam.

Spherical aberration can be mitigated using a top-hat pump profile. To in-
vestigate the effect of improving the laser beam profile with minimised spherical
aberration the experiment was repeated except with the pump delivery changed to
an ashperic lens of focal length f, = 79mm that was placed at d = 114 mm to re-
lay image the fibre output. The measured waist radius and Rayleigh distance were
wp = 2251um and zg = 2.5 mm, respectively. The cavity setup was the same as that
shown in Fig. 6.4 except with Roc = 99.0% and with the water temperature at
20°C.

Figure 6.6(a) shows the laser power as a function of the absorbed pump power
for the top-hat profile pump. A maximum 12.7W of laser power was obtained at
an absorbed pump power of 32.6 W (increased drive current compared to previous
setup) with an overall slope efficiency of 43.0 %. Figure 6.6(b) shows the laser beam
quality measured at six different pump powers. At an absorbed pump power of
5.8 W the laser power was 1.1 W and the beam quality M2 = 1.24, Mg = 1.27 -
similar to the previous setup. With increased pump power the beam quality also
degraded with M2 = 5.32, Mj = 4.62 at 12.7W of laser power. The laser beam
profile at high pump power suggests that Laguerre-Gaussian modes were no longer
present (with elimination of spherical aberration). This therefore demonstrates the
improved performance in minimising aberrations. However, the degradation in beam
quality remained. Both results demonstrate the limitation in the use of the plane-

plane cavity regardless of the pump-profile due to the limitation in mode size control
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for TEMq operation at the multi-watt power level. It is therefore essential to design
a compact and simple cavity design providing mode size control and mitigation of

strong pump-induced lensing.

6.3 Single-end-pumped TEM,(, Alexandrite Laser

Efficient TEMyg operation requires the matching of the pump and TEMyq laser
mode sizes at the gain medium. The pump mode size at focus is determined by
the focal length of the pump lens (with the input pump beam size fixed) and the
laser mode size depends on the cavity geometry - as outlined in Chapter 2. It is
therefore necessary to model the laser mode size at the gain medium as a function
of the cavity parameters that are varied, most importantly the variation in the
pump-induced lens which cannot be avoided when power-scaling.

There are a number of ways to design a power-scaled laser cavity. A common
approach is to use a thin disk gain medium which minimises the transverse temper-
ature gradients. The nearly uniform temperature gradient has little effect on the
beam propagation [27]. This technique has revolutionised the level of TEMgg output
power from solid-state gain media but is mainly focused on Yb-doped material due
to its very small quantum defect and high doping concentrations. Work on thin disk
near-infrared vibronic lasers is in progress but with limited results. Laser operation
has been achieved for Ti:Sapphire but only up to the 10 W-level [122, 123]. Demir-
bas et al. has studied the theoretical capability of thin-disk Cr:Colquiriites [124] and
Alexandrite [76], proposing that up to 80 W of CW laser operation is possible but
with stringent requirements on the disk thickness and requires kW-level red laser
diodes which are not commercially available.

Alternatively, the use of a convex mirror has proven to be an effective method
of compensating pump-induced lensing in TEMg lasers and is typically used in
high-power end-pumped lasers as it provides high sensitivity to changes in the
pump-induced lens dioptric power [35, 125-127]. A two or three-mirror convex-plane
cavity has the additional benefit of maintaining a compact setup and removes the
requirement of the additional optics necessary in thin-disk laser oscillators, thereby
minimising the loss which is a crucial requirement in Alexandrite lasers due to its
low gain. No special care is needed in fabricating extremely low loss optics and

thin-disk Alexandrite crystals, thereby making the design simpler and lower-cost.
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6.3.1 TEM,, Cavity Model

Figure 6.7 shows the convex-plane cavity used for high-power TEMg, operation. A
convex mirror with curvature R was used as the dichroic back mirror (BM) for laser
mode size control and mitigation of the pump-induced lens. A plane output coupler

(OC) was used as the other cavity mirror.

oo
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Figure 6.7: Single-end-pumped Alexandrite laser setup and model
with pump-induced lens of focal length f.
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Figure 6.8: Beam width at BM, Alexandrite crystal and OC as a
function of lens focal length.
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Analytical expression for the stability and mode size for this cavity can be eas-
ily obtained using Eqs. (2.21)-(2.26) with Ry = R, Ry — oo and modelling the
Alexandrite crystal as a thin-lens of focal length f located at the pump-face of the
crystal. Distances, Ly and Lo denote the spacing of each element as shown in Fig.
6.7. Two cavity configurations can be considered to visualise the dependence of the
laser mode size on the cavity geometry. In Setup 1: R = —300mm, L; = 20mm
and Lo = 30mm. In Setup 2: R = —200mm, L; = 20mm and Lo = 100 mm.

Figure 6.8 shows the laser beam width at the BM, lens (or Alexandrite crystal)
and OC as a function of lens focal length, f. Setup 1 is a relatively compact setup.
The cavity is stable when f ~ 300 mm and the laser mode size is relatively collimated
inside the cavity. With reducing lens focal length (increased pump-induced lens
dioptric power) the laser mode size decreases. At the edge of stability (at around
f ~ 25mm) the laser mode size approaches zero at the OC and maximises at the
crystal and BM.

A similar behaviour is observed in Setup 2. Due to the stronger curvature of the
BM, the edge of stability is at a lens focal length of f ~ 200 mm. The variation in
mode size with respect to the lens focal length is similar to that in Setup 1 with a
couple of important exceptions. Firstly, the mode size is in general larger. This is
due to the fact that the mode size is proportional to the cavity length. For longer
cavity lengths it is therefore necessary to increase the pump waist size to maintain
an efficient overlap of the pump and laser mode. The second difference is that the
region of cavity stability is reduced (Setup 2 is unstable at around f ~ 70mm). It
is therefore important to know the range of the pump-induced lens focal length to
ensure that it is strong enough to enable lasing but not too strong such that the
laser cavity goes unstable or that there is a detrimental change in the mode overlap

at the crystal.

6.3.2 TEMjy, Compact Cavity

For the first experimental setup a single-end-pumped compact cavity was chosen
for simplicity. A f. = 35mm collimator and f, = 50 mm aspheric pump lens were
used to focus the pump beam onto the crystal. The collimator and pump lens were
separated by around d = 85 mm to ensure the fibre output was imaged onto the
crystal for a ‘top-hat’ pump profile as shown previously in Section 6.1. The pump
waist radius was measured to be w, = 150 pm with a Rayleigh range of zgp = 1 mm

for optimal absorption [102] and mode-matching. A plate polariser was placed
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between the collimator and pump lens to provide a linearly polarised pump beam,
with the reflected beam safely dumped. The polarisation of the transmitted beam

was rotated to the high absorbing b-axis using a halfwave plate.
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Figure 6.9: Laser beam width at the crystal as a function of lens
focal length for Setup A, B and C. Shaded region indicates the
range of the measured pump-induced lens focal length.

Three cavity configurations were investigated: Setup A, B and C. All are the
same design shown in Fig. 6.7 with a convex mirror of curvature R = —300 mm, an
OC of reflectivity Roc = 98.0% and a temperature of 10°C. However the cavity
length was varied with three different mirror separation lengths analysed. For Setup
A: Ly = 5mm, Ly = 10mm; Setup B: L; = 10mm, Ly = 20mm and; Setup C:
L; = 20mm, Ly = 30mm. Figure 6.9 shows the laser mode size at the crystal
as a function of f for the three configurations. For each setup, mode-matching is
achieved at different focal lengths, it is therefore important to know the range of
the pump-induced lens focal length over the lasing range. To precisely determine
the dioptric power, the direct wavefront measurement technique with a probe beam
and Shack-Hartmann wavefront sensor was used (as described in Chapter 5).

Figure 6.10 shows the measured pump-induced lens dioptric power as a function
of the absorbed power under non-lasing and lasing conditions. As found previously,
the measured lens dioptric power was found to be significantly weaker under lasing
conditions. At laser threshold (P, = 4.35 W) the dioptric power was D = 10.2m™!
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(f ~ 100mm) increasing to D = 18.3m™! (f ~ 50mm) at a maximum absorbed
pump power of Py; = 13.4W. This region is indicated in Fig. 6.9 showing that

optimal mode-matching is obtained for Setup C.
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Figure 6.10: Shack-Hartmann measured lens dioptric power of
pump-induced lens as a function of the absorbed pump power under
both non-lasing and lasing conditions with wj;, = 150 pm.

Figures 6.11-6.13 show the laser power as a function of the absorbed pump power
and the laser beam quality at maximum pump power for Setup A, B and C. For Setup
A, 4.4W was obtained with the beam quality M? = 2.2. In Setup B, 4.7W was
obtained with an improved beam quality of M? = 1.3 and a record slope efficiency
for a red-diode-pumped Alexandrite laser of 54.9 %. This result demonstrates the
improved efficiency and mode quality obtained by improving the overlap between
the pump and laser modes. In Setup B the mode quality was improved further
to M? = 1.2 although with a reduced output power of 4.3 W and slightly reduced
efficiency. With the drive current increased further, 5 W was obtained at an absorbed
pump power of 16.0 W. The roll-over in power observed in Fig. 6.13 is due to the
change in laser mode size as the increase in the pump-induced lens (at f < 50 mm)

shifts the cavity toward instability as shown in Fig. 6.9.
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Figure 6.11: Single-end-pumped Alexandrite laser: Setup A.
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Figure 6.12: Single-end-pumped Alexandrite laser: Setup B.
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Figure 6.13: Single-end-pumped Alexandrite Laser: Setup C.
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6.3.3 TEMjyo Alexandrite Laser with Wavelength Tuning

For wavelength tuning, additional space between the crystal and OC was required
for mounting the birefringent filter (BiFi). The pump waist size was increased to
wp = 225 pm using an aspheric pump lens of focal length f, = 79mm to provide
better matching to the larger laser mode size. No measurement of the pump-induced
lens was made with the new pump waist radius, however using the results obtained
previously (Fig. 6.10) and the model in Chapter 5, an estimate was calculated. At
a threshold absorbed pump power of around P;;, = 10.5W the lens focal length
was estimated to be f =~ 175mm, and at the maximum absorbed pump power of
Py = 16.3W the lens focal length was f ~ 100 mm.
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Figure 6.14: Laser beam width at the crystal as a function of lens
focal length for R = —300mm, L; = 5mm and L, = 55mm.
Shaded region indicates the range of the theoretical pump-induced
lens focal length.

Figure 6.14 shows the beam width at the crystal as a function of lens focal length
for R = —300mm, L; = 5mm and Lo = 55 mm. The theoretical range of the pump-
induced lens focal length is indicated in Fig. 6.14. It shows that the laser mode
under-fills that of the pump for this cavity configuration. However, the previous
system showed promising results with the laser mode size slightly under-filling the
pump and so the cavity was designed with L; = 5mm and Ly = 55 mm.

Figure 6.15 shows the laser power as a function of the absorbed pump power
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Figure 6.15: Laser power as a function of absorbed pump power for
R =-300mm, L; = 5mm and Lo = 55mm at five temperatures.

at five temperatures. Laser threshold decreased slightly with increased temperature
but was roughly at an absorbed pump power of around P, = 10.5W. At 10°C,
a maximum laser power of 2.55 W was obtained at 16.3 W with a beam quality of
M? < 1.2. Increasing the temperature increased the maximum output power to
3.2W, 4.3W, 52W and 5.3W at 15°C, 20°C, 30°C and 40 °C, respectively, with
no change in beam quality. The laser spectrum at maximum power (shown in in-
set of Fig. 6.15) was broad with a linewidth of around 2nm and a central peak of
around 753 nm, 754 nm, 756 nm, 760 nm and 764 nm at 10°C, 15°C, 20°C, 30°C and
40°C, respectively. Increased efficiency and a red-shift in wavelength are expected
in Alexandrite due to the temperature dependence of the effective emission cross
section - as outlined in Chapter 3. However, the efficiency improvement observed
here is drastically greater than that expected purely based on the change in the ef-
fective emission cross section. Further analysis of the temperature effect is therefore
necessary and is discussed later in Section 6.5.

A 0.5 mm quartz BiFi placed at Brewster’s angle was used to tune the wavelength
with the crystal temperature at 30 °C. Figure 6.16 shows the optimum laser power
as a function of the absorbed pump power for the cavity with the BiFi. A maximum

4.7W was obtained at an absorbed pump power of 16.3 W with an excellent beam
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Figure 6.16: Laser power as a function of absorbed pump power for
R =-300mm, Ly = 5mm and Ls = 55mm with BiFi at 30°C.
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Figure 6.17: Laser power as a function of wavelength for 0.5 mm
BiFi.
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quality of M2 = 1.03 and My2 = 1.07. The spectrum was centred at 765.1 nm with
a resolution-limited linewidth of 0.3 nm.

Figure 6.17 shows the laser power as a function of the laser wavelength at 15°C
and 30°C. For the latter, continuous tuning between 725 and 808 nm was achieved
with >1W over 730-805 nm for the very first time in a red-diode-pumped Alexan-
drite laser, and with >4 W over the central region 755-780nm. Near diffraction
limited output (M? < 1.1) and a resolution-limited linewidth of < 1nm were mea-
sured over the entire tuning range. Similar results were obtained at 15°C but with
slightly broader tuning at 720-815 nm. The general red-shift in the two tuning curves
with increased temperature is in agreement with the emission cross-section red-shift
(as shown in Fig. 3.11 in Chapter 3).
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Figure 6.18: Laser power as a function of wavelength for 1 mm and
4mm BiFi.

1mm and 4 mm thick BiFis where also used to investigate the wavelength tuning
and dual wavelength performance of the cavity. Figure 6.18 shows the laser power as
a function of the wavelength for the two BiFis with the cavity setup unchanged and
the temperature at 20°C. With the 1mm BiFi 735-790 nm continuous wavelength
tuning was obtained with >5W at 753-768 nm. Dual wavelength operation with

57 nm peak-to-peak separation was achieved with an output power of around 2.75 W.
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Figure 6.19 shows the laser spectrum at dual wavelength operation.
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Figure 6.19: Laser spectrum at dual wavelength operation for 1 mm
and 4 mm BiFi.

750-764 nm tuning with >4 W was obtained with the 4 mm thick BiFi, also shown
in Fig. 6.18. Dual wavelength operation with around 4.2 W of output power was
obtained with a peak-to-peak separation of 15.5nm, as shown in Fig. 6.19. These
results demonstrate an alternative method of generating dual-wavelength output

using an Alexandrite laser.

6.3.4 TEM,(, Alexandrite Laser with VBG-locked Wavelength

Narrow-linewidth and fixed wavelength laser operation was also investigated using
the single-end-pumped Alexandrite laser setup. One simple method is to use a
volume Bragg grating (VBG) as a high reflective mirror [128]. Figure 6.20(a) shows
the single-end-pumped Alexandrite laser setup for narrow-linewidth operation. The
initial cavity was identical to that used previously (see Fig. 6.9) except with the
OC at a 45° angle of incidence and an additional HR mirror. The pump spot size
and Rayleigh length were w;, = 150 pm and zr = 1 mm, respectively, and the cavity
lengths L1 = 5mm and Ly = 25 mm. For narrow linewidth operation the HR mirror
was replaced with a 2 x 2mm? aperture, 3.6 mm long reflective Bragg grating with

>98 % diffracting efficiency and a central wavelength of around 760 nm.
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Figure 6.20: (a) Three-mirror Alexandrite laser with VBG mirror.
(b) Measured VBG transmission spectrum.

The VBG reflection at around 760 nm was characterised using the birefringent
tuning Alexandrite laser demonstrated in Chapter 4. The laser was focused to 80 pm
radius (25 mm Rayleigh length) at an output power of around 0.5 W. The measured
transmission, shown in Fig. 6.20(b), matched well to the datasheet provided con-
firming the VBG has a FWHM of around 0.3 nm centred at 761.8 nm. The measured
transmission, however, was much lower than expected at 0.1 % making it ideal as a
HR mirror.

Figure 6.21 shows the laser power as a function of the absorbed pump power for
the cavity with the HR mirror. 5.2 W was obtained at 15.7 W absorbed pump power
using the Roc = 97.0 % (at 45°) OC. Considerably different behaviour was observed
for the different OCs - this too will be discussed in greater detail in Section 6.5. A
broad laser emission was observed for each OC, as shown in the inset of Fig. 6.21.

Figure 6.22 shows the laser power as a function of the absorbed pump power
with the VBG (and with Roc = 97.0%). 3.25W was obtained at 17 W absorbed
pump power and a near diffraction limited output of M? = 1.1. The laser linewidth
was estimated using a Fabry-Perot etalon (FSR = 6.9 GHz). The Fabry-Perot in-
terference pattern (see inset of Fig 6.22) showed that two longitudinal modes were
lasing. The laser linewidth was estimated to be around 1 GHz.

This result further demonstrates the flexible performance of the convex-plane
cavity in providing high power and high efficiency TEMq lasing from an Alexandrite
laser. This is the very first demonstration of a VBG-locked Alexandrite laser and

can be easily adapted into configurations that provide a single output and narrow-
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linewidth wavelength tuning using an angled [129] or chirped VBG [130].
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Figure 6.21: Laser power as a function of absorbed pump power
with R = —300mm, L; = 5mm and Ly = 25mm at 20°C. OC
reflectivity were measured for s-polarisation at 45°.
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Figure 6.22: Laser power as a function of absorbed pump power
for VBG-locked cavity with R = —300mm, L; = 5mm and Ly =

25 mm at 20 °C with Roc = 97.0%.
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6.4 Dual-end-pumped TEM(, Alexandrite Laser

For further power scaling the two pump arms were used in a double-end-pumping
configuration, as depicted in Fig. 6.3. This provided up to 36 W of absorbed pump

power.

6.4.1 Single-Convex Mirror Design

In this setup, the cavity design was unchanged compared to that in Section 6.3.2
except for the addition of a 45° DM to produce an L-shaped cavity. For better
management of the pump-induced lens a stronger convex back mirror with curvature
R = —200mm was used. The pump waist size and mirror positions were set to
wp = 225mm, L1 = 5mm and Ly = 55mm. The output coupler reflectivity was

Roc = 99.0 %.

s

Alexandrite

Pump

OC

Figure 6.23: Double-end-pumped TEMyy Alexandrite laser setup.

Figure 6.24 shows the laser power as a function of the absorbed pump power
for the dual-end-pumped TEMg cavity at three temperatures. Threshold was at
an absorbed pump power of around 14 W - an increase compared to the previous
threshold of 10.5 W (when using w, = 225 mm) due to the stronger R = —200 mm
mirror. The results show the maximum laser power achieved, beyond these values
thermal roll-over was observed. A maximum laser power of 7.4 W at an absorbed
pump power of 26.3 W was obtained at 10°C. The measured beam quality was
M =1.12 and M = 1.04.
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Figure 6.24: Laser power as a function of absorbed pump power for
R =—-200mm, L1 = 5mm and Lo = 55 mm at three temperatures.

6.4.2 Double-Convex Mirror Design

An alternative design was to use two convex mirrors to compensate the pump-
induced lens at either end of the crystal. Figure 6.25 shows a schematic of the exper-
imental setup. The pump-delivery was unchanged with dual-end-pumping through
one convex mirror at normal incidence and the second at an angle of incidence of
around 20°. The two convex mirrors were placed at a distance of L and Lo; with re-
spect to the left side of the crystal. The third mirror, the OC, was placed a distance
Loy from the angled convex mirror.

The use of two convex mirrors and the lensing at both ends of the crystals make
analytical modelling of the beam size difficult, therefore a numerical model was
devised based on the ABCD Gaussian propagation model, as outlined in Chapter 2.
Figure 6.26 shows the model for the cavity. The pump-induced lens on either side
of the crystal are represented by thin lenses of focal length f and the two convex
mirrors are of equal curvature R = —300 mm - the astigmatism of the second convex

mirror was neglected. The mirror separations are denoted the same as in Fig. 6.25.
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Figure 6.25: Double-end-pumped Alexandrite laser setup with two
convex Mirrors.
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Figure 6.26: ABCD Gaussian propagation cavity model of double-
convex Alexandrite laser cavity.
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Figure 6.27: Laser beam width at the crystal as a function of lens
focal length for R = —300mm, L; = 5mm and Lo; = 35 mm.
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For simplicity, L1 = 5mm and Ls; = 35mm were both fixed to fit the mirror
and crystal mounts in-between the dual-end-pump setup, and the variation in Lo
was investigated. Figure 6.27 shows the mode size (radius) at the crystal surface
as a function the pump-induced lens focal length with Lo = 15, 30 and 60 mm.
The cavity is stable from around f = 230mm for all configurations with increasing
regions of stability for shorter Loo.

The pump-induced lens focal length was estimated based on measurements of the
laser mode size for the single-end-pumped convex-plane cavity in Fig. 6.7. This gave
an estimate of a lens focal length of around 200-225 mm at 11.5 W of absorbed pump
power (23 W dual-end-pumping) and around 130-180mm at 16.5 W of absorbed
pump power (33 W dual-end-pumping). The cavity geometry was therefore set to
L1 =5mm, Loy = 35mm and Lgy = 15 mm to provide good matching to the pump

size and cavity stability up beyond f = 100mm as indicated in Fig. 6.27.
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Figure 6.28: Laser power as a function of absorbed pump power for
double-end-pumped Alexandrite laser with two convex mirrors.

Figure 6.28 shows the laser power as a function of the absorbed pump power for
the laser cavity. Laser threshold was at an absorbed pump power of Py, = 18.5 W.
The laser power then increased at an increasing rate before settling at around 30 W
of absorbed pump power and reaching a maximum of 8.6 W at 32 W with an excellent

mode quality of M? < 1.1 in both directions. This result is the world-record for the
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highest powered TEMgg diode-pumped Alexandrite laser.

The laser threshold was lower than expected (which was expected to be around
23 W), therefore suggesting the pump-induced lens focal length to be stronger than
200-225 mm. It’s therefore likely that the pump-induced lens focal length at 32 W
to be stronger than 100 mm which accounts for the roll-over in laser power as the
cavity is approaching instability. Further optimisation in cavity geometry would

therefore be possible in pushing TEMgg output powers to the 10 W-level.

6.5 Temperature and Output Coupling Dependence

Throughout this chapter several laser cavities using convex mirrors for mode size
control have been presented. These designs have enabled record-levels of TEMgg
output power for diode-end-pumped Alexandrite lasers. The primary advantage of
these cavities is that the strong pump-induced lensing is used to its advantage by
enabling large mode volumes at the gain medium. This inherent dependence on the
pump-induced lens for cavity stability and efficient mode-matching tends to give
non-linear power curves as the laser mode size changes at the gain medium.

Particular focus was therefore aimed at optimising the cavity configuration to
produce the optimal mode-matching conditions at the highest pump power. This
required an understanding of the focal length of the pump-induced lens which was
obtained using the technique covered in Chapter 5 or using direct measurements of
the laser mode size. The laser cavity was then optimised experimentally by varying
the crystal temperature and using different OCs. The temperature dependence of
Alexandrite lasers has been extensively recorded in the literature as discussed in
Chapter 3 and has been studied recently in detail for diode-end-pumped systems
by Kerridge-Johns et al. [90]. Variation in output coupling has also been studied
by Kerridge-Johns et al. in [131]. In general, at wavelengths of around 750-770 nm
peak performance is obtained at elevated temperatures (around 60 °C) and low out-
put coupling (typically Roc > 99 %). However, in this chapter there has been no
consensus in the optimal temperature and output coupling as illustrated in Fig. 6.29
which shows power curves for various systems (some have already been presented)
with the OC reflectivity and water temperature shown.

Figure 6.29(a) shows the power curve for the convex-plane laser cavity with
wp = 150pm. Optimal performance was achieved with 7" = 10°C and Roc =
98.0 %. However when increasing to w, = 225 pm, as shown in Fig. 6.29(b), optimal
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Figure 6.29: Optimal performance for different Alexandrite lasers.
Optimal temperature and OC reflectivity were: (a) T' = 10°C,
Roc =98%. (b) T'=40°C, Roc = 99%. (c) T =20°C, Roc =
97%. (d) T = 10°C, Roc = 99%.

performance was at higher temperature and lower output coupling with 7" = 40°C
and Roc = 99.0%. Here the onset of roll-over can be seen and under higher pump
power, which is the case in Fig. 6.29(d), roll-over is mitigated by decreasing the
temperatures down to 7" = 10°C. A similar effect is observed when comparing
Figs. 6.29(a) and 6.29(c) where roll-over is observed when increasing the power
with Roc = 98.0%, and higher power can be obtained by increasing the output
coupling.

Roll-over can be attributed to the cavity approaching instability or the laser
mode size under-filling the pump region - both of which arise from the change in
the pump induced lens. These results therefore suggest that the temperature and

output coupling have a significant effect on the pump-induced lens. To test this,
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a convex-plane cavity was built and the pump-induced lens measured using the
Shack-Hartmann wavefront sensor (SH-WFS). The cavity was a single-end-pumped
convex-plane cavity with w, = 300pm, R = —300mm, L; = 5mm, Ly = 70 mm
and Roc = 99.0 %.

Figure 6.30 shows the laser power as a function of the absorbed pump power at
T =10°C (blue) and T'= 40°C (red). Threshold was at around 13.0 W and 12.5 W
at T'=10°C and T = 40°C, respectively. At T' = 10°C the power grew gradually
to a maximum power of 2.60 W, whereas the power at T' = 40°C grew rapidly to a
maximum power of 4.05 W. The measured beam quality at both temperatures was
M? < 1.2 and the laser spectrum is shown in the inset of Fig. 6.30 - the red-shift in
wavelength with increased temperature is again indicative of the shift in emission

cross section with increased temperature.
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Figure 6.30: Laser power as a function of absorbed pump power

with w, = 300pm, R = —300mm, L; = 5mm, Ly = 70mm and

Roc = 99.0% at T = 10°C and T = 40°C. Inset shows mode
quality and laser wavelength at maximum power.

Figure 6.31 shows an overview of the SH-WFS results obtained for the cavity.
Figure 6.31(a) shows the measured dioptric power as a function of the absorbed
power under non lasing (grey) and lasing (blue) conditions at 7' = 10°C. As with

previously the dioptric power under lasing conditions is weaker than that under
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non-lasing conditions. Under lasing conditions, the dioptric power is 5.3m~! (f =
188 mm) at maximum pump power. At T = 40°C (Fig. 6.31(b)) the dioptric
power is stronger both under non-lasing and lasing conditions compared to that at

T = 10°C with a dioptric power of 5.9m~! (f = 169 mm) at maximum pump power.
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Figure 6.31: Shack-Hartmann measured lens dioptric power of
pump-induced lens as a function of absorbed pump power with
wp = 300pm at: (a) 10°C (b) 40°C. Calculated and measured
laser beam width as a function of absorbed pump power at: (c)
output coupler (d) crystal.

This result verifies that the pump-induced lens is temperature dependent. Its
impact on the mode size is shown in Figs. 6.31(c) and 6.31(d) which show the
laser beam width as a function of the absorbed pump power at the OC and crystal,
respectively. In Fig. 6.31(c) the solid lines indicate the laser beam width at the OC
based on the measured values of the dioptric power and calculated using Eqgs. (2.25)
and (2.26). The results show that the beam width at the OC is about the same
for the two temperatures at around threshold (12-13.5 W) but then the stronger
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lens at 40 °C leads to a smaller mode size with increasing pump power. The laser
beam width has reduced from w =~ 225pm for both temperatures at threshold to
w = 220pm and w =~ 190pm at T = 10°C and T = 40°C, respectively, at the
maximum pump power. To further verify this, the laser beam width at the OC was
imaged using a 4f-system. The measured results are indicated in Fig. 6.31(c) as
solid points and show good agreement to the calculated values.

The impact of the temperature dependent lens is illustrated in Fig. 6.31(d)
which shows the calculated laser beam width at the crystal. The key point here
is relating the beam width at the crystal to the output power in Fig. 6.30. At
T = 40°C, the greatest rate of increase in laser power occurs at around 14 W of
absorbed pump power when the laser beam width at the crystal is w ~ 235 nm.
Further increase in absorbed pump power decreases the laser beam width to such
an extent that the mode-matching efficiency reduces and so the power begins to
roll-over. At T' = 10°C, the greatest rate of increase in laser power occurs not at
the same power but rather at the same lens power which is clear in Fig. 6.31(d)
where w ~ 235 um at around 16 W - matching to that in Fig. 6.30.

The cause of the temperature dependence of the pump-induced lens is not im-
mediately clear. When considering the theoretical expression for the dioptric power
of the pump induced lens (given by Eqgs. (5.20) and (5.21) in Chapter 5) there are
a number of temperature dependent terms, however the most dominant is the sat-
uration power, Ps, due to the temperature dependence of the fluorescence lifetime
(shown in Fig. 3.5 in Chapter 3). Its impact however, is to reduce the dioptric
power at increased temperature. The output coupling dependence which can be
significant is also not clear. While changing the output coupling impacts inversion
and therefore the heating contribution from laser excited state absorption, analysing
this impact is quite complex and requires a detailed investigation in its own right.
Further work is therefore needed to fully understand the cause of the temperature
and output coupling dependence of the pump-induced lens and with it even better
performance can be expected by operating the cavity at elevated temperatures with

optimal output coupling.

6.6 Summary

In this chapter record levels of output power has been demonstrated for a diode-

pumped Alexandrite laser in TEMgy operation. It’s worth noting that since the
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publication of some of this work in [121], other high-power TEMy Alexandrite lasers
have been demonstrated. These include a 6.5 W system by Walochnik et al. which
has a respectable optical efficiency of 26 % but a complex nine-mirror cavity and an
output mode that was sensitive to the pump power [132]. More recently, Guan et
al. demonstrated 5.5 W from a compact diode-pumped Alexandrite laser but at a
reduced optical efficiency of around 16 % [133]. Therefore at the time of writing this
work still stands as the highest powered TEMgg diode-pumped Alexandrite laser.

The results of this work can also be compared to other directly-diode-pumped
infrared laser sources. Over the last decade there has also been development in
red-diode-pumped Cr:LiSAF and Cr:LiCAF [85] and blue and green-diode-pumped
Ti:Sapphire [134]. Diode-pumped Cr:LiSAF and Cr:LiCAF has so far been limited
to the 1-1.5 W level in TEMg operation with further power scaling limited by its
poor thermo-mechanical properties [85].

Output powers up to 11 W in multimode operation have been achieved in diode-
pumped Ti:Sapphire lasers, though this required a cryogenically cooled system [135].
In TEMgg mode, output power is still relatively low at around the 1 W-level, and
while there is the commercial availability of high-power blue-laser-diodes, parasitic
issues have hindered progress in power-scaling [88]. >1 W has recently been reported
with green-diode-pumping by Miao et al. and with a respectable beam quality of
M? ~ 1.4, though with a low optical efficiency of around 8 % [136].

Besides its superior performance compared to other direct-diode pumped vi-
bronic lasers, its worth noting that the brightness levels achieved here are on-par
with commercially available green-laser-pumped Ti:Sapphire lasers which provide
5W of output power in TEMgyg mode - though of course these laser typically oper-
ate in single-longitudinal-mode which will be explored in the following chapter.

It’s worth noting other potential applications of this work. One such application,
is in the growing interest in the eye-safe 2 pm region where Ti:Sapphire lasers are
frequently used as high-brightness pump sources at around 780-800 nm for ultrafast
Tm:doped bulk lasers [137, 138]. The diode-pumped Alexandrite laser shown here
is capable of meeting such demands with better efficiency, compactness and power-
scalability. The cavity design and modelling used in this chapter could also be
applied to the power-scaling of blue-diode-pumped Pr-doped lasers operating in the
visible region which has achieved significant attention over the last decade [48]. It is
believed that the cavity design shown here could be used to achieve TEMgyg output

at the multi-watt level which has so far had limited success [139)].
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Chapter 7
Alexandrite Ring Lasers

Applications in the near-infrared such as quantum technologies utilising atomic tran-
sitions (e.g. Rb, K, Sr), vegetation lidar at the red-edge band and atmospheric re-
mote sensing of the absorption lines of K, Os and HsO require high-precision laser
sources with TEMgy mode quality and narrow spectral linewidth.
Single-longitudinal-mode (SLM) operation is the best strategy for providing a
narrow spectral linewidth. As outlined in Chapter 2, this can be achieved by use
of an intra-cavity etalon, microchip cavity design or using a unidirectional ring
resonator to eliminate spatial hole burning. In the case of Alexandrite the high
insertion losses of an intra-cavity etalon has a significant impact on the overall
efficiency, and a SLM microchip laser would require a cavity length of the order of
~ 0.1 mm. Unidirectional ring resonators with low-loss optical components therefore
provide the most effective means of achieving SLM operation using Alexandrite.
Unidirectional laser operation is achieved using an optical diode which provides
a preferential direction for the light propagation. A common method is to use a
Faraday rotator (FR) in combination with a half-waveplate (HWP), as depicted
in Fig. 7.1. Its operation can be described by considering the light propagation
in the two directions (electric field shown in green and red). For the electric field
propagating from left to right (shown in green), it is rotated an angle « by the
FR. The HWP is positioned such that the electric field is then rotated again by
an angle a so that the net polarisation rotation of the optical diode is zero. Light
propagating from right to left (shown in red) is rotated by an angle « by the HWP
and then again by an angle a but in the opposite direction to previously (anti-

clockwise as opposed to clockwise) such that the net polarisation rotation of the
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optical diode is 2a.. This is because the FR is a non-reciprocal element. The FR is
formed of a transparent medium, typically Terbium gallium garnet (TGG), inside a
magnet such that the magnetic field lines (strength B) are along the beam direction.
Linearly polarised light will experience a polarisation rotation of a« = +V Bl where
V and [ are the Verdet constant and length of the medium, respectively, and the
sign accounts for the magnetic field line being along or opposed to the direction of
propagation. Light propagation in one direction will therefore experience no change
in polarisation rotation, whereas for light propagation in the opposite direction the
rotation of 2a will lead to loss at a polarisation element such as a Brewster surface.
For low-gain material such as Alexandrite a small rotation (o ~ 5°) is sufficient for

enabling unidirectional operation.

N I8
y@]x_,z FR  HWP ' T,

Figure 7.1: Optical diode formed of Faraday rotator (FR) and half-
waveplate (HWP). Light moving from left to right is initially po-
larised along the x-axis (A) is then rotated by an angle a (B) and
then rotated again by « back to the x-axis (C). Light moving from
right to left is initially polarised along the x-axis (C) is then rotated
by an angle a (B) and then rotated again by an angle « to a final
angle of 2« to the x-axis. Image adapted from [37].
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SLM Alexandrite lasers have been previously demonstrated, for example an
injection-seeded Q-switched Alexandrite laser with a 40 MHz linewidth and over
40mJ pulse energy intended for differential absorption lidar has been shown by
Waulfmeyer et al. [61]. However, one of the major disadvantages of such systems was
its flashlamp pump source, which despite its high energy, has low efficiency and more
importantly requires regular service, often at remote locations. Recently, the de-
velopment of diode-pumped Q-switched SLM Alexandrite lasers for resonance lidar
systems (led by the Fraunhofer Institute for Laser Technology) has led to <10 MHz,
mJ-level SLM systems [69, 140].

This chapter covers the very first demonstration of diode-pumped continuous-

wave SLM Alexandrite lasers. Two SLM experimental systems are covered in this
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chapter as well as two ring laser designs for further power scaling. Sections 7.1 and
7.2 cover Alexandrite ring lasers based on a “displaced mode” design where the laser
mode size was minimised and offset to the focused pump waist for efficient mode
matching at a displaced position. The output power of these systems was at the
1 W-level. The results of this work have been published in Optics Express [141] and
in JOSA B [142]. Section 7.3 the power-scaled Alexandrite ring laser designs at the
>1W-level. One ring laser design has a negative intra-cavity lens to compensate
the strong pump-induced lensing similar to the cavity design in Chapter 6, and the
second looks at a simple and low-loss ring laser design without any intra-cavity lens

achieving >5 W of output power with a beam quality of M? = 1.1.

7.1 Astigmatic Alexandrite Ring Laser

7.1.1 Cavity Model

This first diode-pumped Alexandrite ring laser was designed as a four-mirror bow-
tie resonator which is the common design used in commercial single-longitudinal-
mode (SLM) Ti:Sapphire lasers [143]. Figure 7.2 shows the cavity model which
incorporates two curved mirrors of curvature R for mode size control, a Brewster-
cut gain medium of physical length L. and two plane mirrors, one being the output
coupler (OC). The advantage of this design is that the two curved mirrors provide
a small laser mode size for efficient matching to a tightly focused pump which is
particularly useful for Ti:Sapphire’s long absorption depth and high brightness pump
source. Though the use of curved mirrors at an angle introduces astigmatism, it can
be offset with the astigmatism of the Brewster-cut crystal [144].

The aim of this first demonstration was therefore to adapt the astigmatic bow-tie
resonator for low-brightness diode-pumping. The limitation of the low-brightness
pump (M? > 30) is that the minimal waist size possible for achieving a suitable
confocal parameter (~ 2mm) is around w, ~ 75pm. For an input pump beam
radius of the order of 10mm, a short focal length lens of f, ~ 50mm is required.
Therefore, the radius of curvature of the curved mirrors has to be R < 50 mm to
enable a small laser mode size (w; ~ 20 um). Efficient mode-matching cannot occur
at the position of the laser waist but instead at a displaced position where the laser
mode size has expanded to match the pump size, as depicted in Fig. 7.3 which

shows the location of the laser and pump waists.
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Figure 7.2: Astigmatic ring laser model in horizontal plane.
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Figure 7.3: ABCD Gaussian propagation model of astigmatic ring
laser cavity and “displaced mode” design.
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Figure 7.4: Laser beam waist size as a function of curved mirror
separation at three angles. R = 50mm, Ly = Lo = L3 = 100 mm.
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Another advantage of this cavity design is the insensitivity to the pump-induced
lens since a very strong lens strength is required to overcome the focal power of
the two curved mirrors, especially when R < 50 mm. Therefore, for modelling the
laser mode size (as shown in Fig. 7.3) the effect of pump-induced lensing has been
neglected. The main goal was to determine the laser waist size as a function of the
curved mirror separation. To account for the astigmatism, the calculations for the
horizontal, as shown in Fig. 7.2, (x-direction) and vertical (y-direction) components
need to be separated. The effective mirror radius of curvature and optical crystal

length in each component are adapted to [144]

B R/ cosf, x-direction
Rcosf, y-direction

= L./n3, x-direction
L./n, y-direction.

Figure 7.4 shows the laser beam waist size as a function of the curved mirror
separation (Lo + L. + Lo2) with R = 50mm and Ly = Le = L3 = 100 mm. Three
angles are shown: # = 5, 15 and 25°. Near normal incidence the stability region of
the x and y directions are well overlapped, though the mode size throughout the
rest of the cavity is not necessarily equal. The cavity is stable at a curved mirror
separation of around 50-60 mm with a waist size of w; = 20pm. Increasing the
angle to § = 15° reduces the region of cavity stability (shown in darker green) to
a curved mirror separation of around 52.5-57.5mm with a similar waist size. At
larger angles the stability region in the x-direction and y-direction are no longer
overlapping meaning that the cavity is no longer stable. Variation in Ly, Lo and L3
from 50 mm to 200 mm was also investigated, with little impact on the laser waist
size to be found.

For the bow-tie ring cavity with two curved mirrors of equal curvature the con-

dition for astigmatism compensation is given by [144]

2 _
Rsinftanf = L, (n 1). (7.1)

n3
where n is the refractive index of the gain medium, or in the case of Alexandrite

n = ny. Typically R and L. are chosen according to the desired cavity geometry,

therefore it is more convenient to have an expression for the angle of incidence
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required to provide astigmatic compensation. Rearranging Eq. (7.1) and solving

the quadratic equation for the positive root gives

1 Lo\ 2 L.n'
0 =cos!|= © 4= . 2
cos 5 ( R > + R (7 )

where n/ = (n? —1)/n. Once the angle is evaluated then the appropriate curved
mirror separation can be chosen and then the values of Ly; and Lgo can be selected

to provide the “displaced mode” overlap at the crystal surface.

7.1.2 Experimental Setup

The pump source used for this experiment was a water-cooled 7-bar diode-stack
chosen so as to provide sufficient power in a single-end-pumped geometry. Each of
the diode bars consist of 20 emitters with slow and fast axis collimation which are
then stacked together internally to produce an output beam with a dimension of
around 5 X 5mm with the bars separated by around 0.8 mm and at a horizontal
tilt angle of around 3.5°. The linear polarisation is at an angle of around 9° to the
vertical. The beam and polarisation tilt were corrected using a pair of 45° mirrors
and a 4° wedge. At a drive current of 14 A the laser wavelength and linewidth were
639 nm and 1.5 nm, respectively.

Figure 7.5 shows the output power of the diode-stack as a function of the drive
current at a water temperature of 16 °C. At a drive current of 14 A, the maximum
pump power is 64.1 W. The beam quality was measured using a 100 mm focal length
lens and found to be M2 = 250 and M; = 30 in the horizontal and vertical directions,
respectively. This highly multimode and astigmatic property of the pump, as shown
in the beam caustic in the inset of Fig. 7.5, imposes major limitations on the end-
pumping capability of the diode-stack. Therefore, to improve the beam quality (to
enable intense pumping with a sufficiently long confocal parameter) a beam filtering
technique was used.

A pair of highly reflective mirrors arranged as a slit aperture (in the horizontal
direction) was used to filter the beam. The transmitted portion of the beam was used
for end-pumping and the reflected portion was dumped. Two aperture sizes (mirror
separation distance) were investigated, 1.5 mm and 2.5 mm. Figure 7.6 shows the
beam profile of the diode-stack with the aperture size at 1.5 mm. Figures 7.6(a) and

7.6(b) shows the focus in the horizontal and vertical direction, respectively, when
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Figure 7.5: Output power as a function of drive current for the
7-bar diode stack. Inset shows beam caustic.
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Figure 7.6: Spatially filtered 7-bar diode stack focus: (a) in hori-
zontal through spherical lens; (b) in vertical through spherical lens;
(¢) in vertical and horizontal through cylindrical lenses.

()

focusing with a spherical lens. The mirror slit therefore enables tighter focusing in
the horizontal direction but with the astigmatism still present, though this can be
easily overcome using cylindrical lenses, as demonstrated in Fig. 7.6(c).

Figure 7.7 shows the output power as a function of the drive current with the
slit aperture at 2.5 mm. The maximum transmitted power was 10.8 W at a drive
current of 14 A. The beam quality of the transmitted beam was measured to be
M2 = 45 and Mj = 25. A significant improvement in the horizontal beam quality
was obtained using the two-mirror aperture, and so making a waist of w, ~ 75um

and a confocal parameter of 2z ~ 2 mm achievable. Though this was at the expense
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of the majority of the available pump power a transmitted power of >10W was

believed to be sufficient for >1W laser operation.
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Figure 7.7: Output power as a function of drive current for the
filtered 7-bar diode stack with the aperture at 2.5 mm. Inset shows
beam caustic.

Figure 7.8 shows the experimental Alexandrite ring cavity configuration. The
four-mirror bow-tie resonator was formed of two curved mirrors of concave curvature
R = 50mm. The mirrors are highly transmissive (HT) at the pump wavelength and
highly reflective (HR) at the laser wavelength. The pump was directed through one
of these mirrors - note that these mirrors are concave-convex so as to prevent any
defocusing and astigmatism of the transmitted pump. The other two mirrors were
plane mirrors, one was HR at the laser wavelength and the second was the output
coupler (OC) with a reflectivity of Roc = 99.0% at the laser wavelength. The
Alexandrite laser crystal was a Brewster-cut rod (similar to that used in Chapter 4)
of length L. = 8 mm and a diameter of 4 mm. It had a Chromium doping 0.22 at.%.
The crystal was mounted in a water-cooled copper heat sink with the temperature
of the water maintained at 40 °C.

For astigmatism compensation the curved mirrors were placed at an angle of
§ = 14° as calculated by Eq. (7.2). The cavity dimensions (as indicated in Fig. 7.2)

were Loy = 35mm, Lgps = 20mm and L; = Lo = L3 = 105 mm which gave a laser
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Figure 7.8: Astigmatic ring laser setup.

waist size of w; ~ 20 pm, a total cavity length of ~ 380 mm and a compact footprint
of around 140 x 90 mm.

Unidirectional operation was provided with the combination of the Brewster-cut
TGG Faraday rotator (FR) and half-waveplate (HWP;). A 0.5mm thick intra-
cavity quartz birefringent filter (BiFi) was later included at Brewster’s angle for
wavelength tuning as well as a second half-waveplate (HWP3). The reason for the
addition of HWP5 will be discussed in Section 7.1.3.

Pumping was provided with the mirror aperture size at 2.5 mm so as to provide
a total incident pump power of 10.8 W. A pair of horizontal cylindrical lenses were
used to collimate the horizontal component of the pump beam and then an aspheric
lens of focal length f, = 50 mm was used to focus the pump beam to a waist size of

around wyp, = 70 um, wy, = 65 pm.

7.1.3 Results

The initial cavity was arranged without the BiFi and HWP5. Figure 7.9 shows
the laser power (P») as a function of the incident pump power - note that due to
the high polarisation purity of the pump, the Brewster surface and the confocal
parameter, the incident pump power is likely to be approximately equal to the
absorbed pump power. 1.05W of laser power was obtained at an incident pump
power of 10.8 W. This corresponds to an optical-to-optical conversion efficiency of
9.7% and a slope efficiency (by linear fit) of 11%. The irregular behaviour of the
power curve is attributed to the variation in the astigmatic thermal lens changing

the mode overlap. It is worth noting that the laser mode appeared elliptical and

137



Alexandrite Ring Lasers

was possibly higher order at some pump powers.

The beam quality was measured to be M2 = 1.12 and Mg = 1.16 verifying

TEMjgy output. The astigmatic compensation of the curved mirrors at an angle of

0 = 14° was reasonably successful, as indicated by the beam caustic in Fig. 7.10(a).
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Figure 7.9: Laser power as a function of incident pump power for
the astigmatic unidirectional ring laser.
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Figure 7.10: (a) Laser beam caustic at 1.05 W. (b) FP interference
pattern showing SLM operation.
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The laser wavelength was measured to be 753.3nm using a spectrometer with
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the measured linewidth limited by the resolution of the spectrometer. A FP etalon
(FSR = 6.9 GHz, Finesse = 50) was used to discern the number of longitudinal modes
lasing. Figure 7.10(b) shows the interference pattern demonstrating SLM operation
(see Appendix A). Due to the lack of wavelength stabilisation the wavelength would
fluctuate slightly and occasionally two longitudinal modes were observed. This could
be improved by using a piezoelectric control of the cavity length.

Wavelength tuning was investigated with the use of an intra-cavity birefringent
filter (BiFi), as depicted in Fig. 7.8. Figure 7.11 shows the laser power as a function
of the wavelength when tuning the BiFi (shown in red) at a maximum pump power
of 10.8 W. Wavelength tuning at 727-792 nm was obtained with peaks at 728, 739,
751, 763 and 777nm. This periodic modulation of around 12nm is due to the
wavelength filtering effect of the Brewster-cut Alexandrite crystal. As described in
Chapter 4, the Brewster-cut Alexandrite laser crystal inside a laser resonator will
act as a birefringent filter with a free-spectral range of A\psr = A?/AnL ~ 12nm
for the 8 mm long crystal. Therefore at intervals of around 12nm the transmission
peaks of the crystal and BiFi are well matched providing high transmission, but

elsewhere there is some loss.
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Figure 7.11: Laser power as a function of wavelength using BiFi
(shown in red) and using BiFi with HWP; (shown in purple).

One method for “smoothing out” this effect was to introduce a secondary half-
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waveplate (HWP3) which acts to optimise the polarisation between the BiFi and
the crystal. The laser power as a function of wavelength using the BiFi and HWP,
combination is also shown in Fig. 7.11. This provided a much smoother tuning curve
with stable output power, where previously wavelengths just off the peaks were not
stable. However, this was at the expense of reduced power and a narrower tuning
range. The modulation in wavelength tuning observed when just using the BiFi was
much stronger than that observed for other Brewster-cut crystals and so it is likely
that the modulation was enhanced by a mismatch between the crystal axes and the
Brewster-cut. This was later verified when it was found that the angle of incidence
for maximum absorption (beam travelling along c-axis) was slightly different to the
angle of incidence for minimal reflection loss (Brewster’s angle). Smoother tuning

using the BiFi is therefore expected with a better cut crystal.

7.2 Non-astigmatic Alexandrite Ring Laser

7.2.1 Cavity Model

A simpler non-astigmatic cavity design was also considered with the aim of having
a better model that included the effects of pump-induced lensing and therefore to
remove the variation of the beam quality at different pump powers.

Figure 7.12 shows the cavity design for the non-astigmatic ring laser. The cavity
design was similar to that of the astigmatic ring laser - a four mirror ring laser with
a small laser waist size located near the gain medium and displaced to the pump
waist. The cavity was designed in a rectangular geometry with two intracavity
lenses of focal length f; = 100 mm placed in the two long arms. The lenses were
anti-reflection (AR) coated (<0.1% loss) at the laser wavelength. Mirrors M1, M2
and M3 were HT at the pump wavelength and HR at the laser wavelength, and the
OC had a reflectivity of Roc (at 45°) at the laser wavelength.

For efficient TEMgg operation there were a number of factors of the cavity design
to consider. The first task was to investigate the lens separation (L; + L. + Lg)
required for cavity stability. To simplify the analysis the footprint of the non-
astigmatic ring laser was fixed to L, = 150mm and L, = 60mm, this provided
a compact setup with sufficient space for the mounted cavity optics (including the
optical diode which was included later). Cavity stability and mode size analysis was

performed using the ABCD Gaussian propagation formalism, as shown in Fig. 7.13.
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Figure 7.13: ABCD Gaussian propagation model of non-astigmatic
ring laser cavity and “displaced mode” design.
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Figure 7.14: (a) Laser beam waist as a function of lens separation
Li+ Ly + L. (b) Laser beam width at midpoint between M1 and
M2 as a function of pump-induced lens focal length for three lens
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Figure 7.14(a) shows the laser waist size as a function of the lens separation with-
out accounting for the effects of the pump induced lensing. The cavity is only stable
when the separation is around 200-220 mm with the waist symmetrically positioned
between the two lenses. The impact of the pump-induced lens was analysed by cal-
culating the laser beam width at the midpoint between M1 and M2. Figure 7.14(b)
shows the laser beam width as a function of the pump-induced lens focal length for
three lens separation distances. Though the change in the laser beam width varies
for each lens separation, the cavity is able to tolerate strong lensing with relatively
insignificant change in the laser beam width even down to a pump-induced lens focal
length of 50 mm which is the estimated focal length at the maximum pump power.

The final aspect to consider were L; and Lo. The cavity was designed with
a displaced mode, as discussed in the previous section and shown in Fig. 7.13,
where the laser waist size was offset to the pump waist size. Since the reduction in
the beam width was negligible, especially for a small waist size (<50 pm), the only
consideration was the location of the waist relative to the crystal denoted d in Fig.
7.13. This was computed numerically and it was found that d had to be increased
with increasing pump power which was achieved by increasing Lo and also L; since
the total lensing on the right side of the cavity is a combination of the pump-induced
lensing and f;. The value of d was calculated to be around 0 mm at threshold and

1.4mm at the maximum pump power.

7.2.2 Experimental Setup

Figure 7.15 shows the experimental setup of the non-astigmatic Alexandrite ring
laser. Pumping was provided with the same beam-filtered 7-bar diode stack as
was used with the astigmatic ring laser. The setup was almost identical using
the same 2.5 mm aperture and pump optics that provided a waist size of around
wp, = 70pm, wy, = 65um. The pump was focused through M1 in a single-end-
pumped configuration with a maximum incident pump power of 10.8 W.

The cavity dimension were L, = 150 mm and L, = 60 mm giving a total cavity
length of around 420 mm, and L; = 100mm and Ly = 95mm. The Alexandrite
crystal was a c-cut rod of length 10 mm, diameter of 4 mm, a Chromium-doping of
0.22 at.% and with AR coated at the laser wavelength. The crystal was mounted in
a water-cooled copper heat sink at 16 °C. The OC had a reflectivity of Roc = 99.2 %
at the laser wavelength. The same FR and HWP were used as in the astigmatic ring

laser for unidirectional control. A 1mm thick BiFi was used for wavelength tuning.
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Figure 7.15: Non-astigmatic ring laser experimental setup.

7.2.3 Results

Figure 7.16 shows the laser power as a function of the incident pump power for the
unidirectional ring laser without the BiFi. A maximum output power of 0.7 W was
obtained at an incident pump power of 10.8 W with a near-diffraction limited beam
quality of M2 = 1.07, M2 = 1.06. The slope efficiency was 13 %. The laser operated
at a wavelength of 754.6 nm, as shown in the inset of Fig. 7.16. The longitudinal
operation of the laser was again investigated with the FP etalon (FSR = 6.9 GHz
and Finesse = 50) and found to operate in SLM.

Compared to the astigmatic ring laser the laser beam quality here has improved
both at the maximum pump power and in maintaining TEMgg mode quality over
the entire pump power range. It is worth noting that unlike previously the absorbed
pump power is not approximately equal to the incident pump power as the crystal
was not AR coated at the pump wavelength - the transmission was around 94 %.
Threshold is therefore at an absorbed pump power of around 4.9 W. This increase
(compared to around 2 W for the astigmatic ring laser) is likely due to the additional
losses from the intracavity lenses.

With the BiFi included wavelength tuning was investigated. Figure 7.17 shows
the laser power as a function of the wavelength with continuous tuning of 748-773 nm
obtained. Wavelength tuning was limited by the sharp decrease in OC reflectivity
which fell below 99 % at 780 nm.
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Figure 7.16: Laser power as a function of incident pump power for
the non-astigmatic unidirectional ring laser.
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7.3 Power Scaled Alexandrite Ring Lasers

Power scaling diode-pumped Alexandrite ring laser systems to >1W with wave-
length tuning imposes a number of challenges. The main challenge is dealing with
the strong pump-induced lensing which at 10 W of absorbed pump power is ~ 20 m~*
(50 mm) when w, = 70 pm. Further increase in pumping would then push both the
astigmatic and non-astigmatic cavity designs toward instability. A straightforward
solution would be to increase the waist size and so alleviate the pump-induced lens
strength, however this would require further optimisation in the mode-matching due
to the “displaced mode” design.

For significant power scaling, alternative designs must therefore be considered.
In this section two bidirectional Alexandrite laser cavities are investigated as po-
tential platforms for multi-watt SLM Alexandrite lasers. The results of Chapter
6 showed that multi-watt-level tunable operation from Alexandrite lasers can be
achieved using larger pump waist sizes (w, > 150 pm) in combination with using
a convex-curved mirror for compensating the pump-induced lensing and efficient
mode-matching at the gain medium for TEMgy operation. Therefore, for the first
power-scaled ring laser the aim was to use an intra-cavity negative lens in a four-
mirror non-astigmatic ring laser.

The second design has no intra-cavity lenses for mode size control, relying solely
on the cavity length for efficient mode matching and an increased pump waist size to
alleviate any strong pump-induced lensing. The benefit of this setup is the reduced
loss from intra-cavity components and the reduced threshold compared to using an

intra-cavity negative lens.

7.3.1 Alexandrite Ring Laser with Negative Lens

Figure 7.18 shows the setup for the Alexandrite ring laser with an intra-cavity neg-
ative lens. A non-astigmatic design was chosen for simpler modelling, ease of align-
ment and for better spacing for intra-cavity optical elements in a compact-setup. In
this preliminary cavity design a four-mirror rectangular cavity (dimensions L, x L)
was used with two dichroic mirrors (DM) that are HT at the pump wavelength and
HR at the laser wavelength, one mirror that is HR at the laser wavelength and an
OC with partial reflectivity at the laser wavelength. A single intra-cavity negative
lens of focal length f_ was placed in the left arm for laser mode size control at a

distance Ly from the left side of the crystal.

145



Alexandrite Ring Lasers

A
v

DM DM

Figure 7.18: Power-scaled ring laser with negative lens setup.
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Figure 7.19: ABCD Gaussian propagation model of Alexandrite
ring laser with intra-cavity negative lens for power-scaled operation.
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Mode size analysis was again performed using a numerical ABCD Gaussian
propagation model, as shown schematically in Fig. 7.19. The aim of the modelling
was to evaluate the laser beam width at the crystal as a function of the pump-
induced lens focal length, f, under different cavity geometries. As per previous
analysis this was greatly simplified by fixing all but one of the parameters. In this
model, the intra-cavity lens focal length f- = —250 mm and L, = 25 mm were both
fixed. The lens focal length was chosen as it was of comparable strength to the
curved mirrors used in Chapter 6 and the choice of L, was based on the minimum
distance possible to fit the optical mounts of the DMs and crystal and so maximise
the variation in L,. Ly = 30mm was also fixed for simplicity to be at the closest
possible position to the crystal.

Figure 7.20 shows the laser beam width at the crystal as a function of the
pump-induced lens focal length with L, = 25, 50 and 75mm. The cavity is stable
at f ~ 500mm as this is when the combined focal power of the pump-induced
lens is strong enough to overcome the focal power of the intra-cavity negative lens.
Increased mode sizes are obtained for longer cavities and wider stability ranges for

shorter cavities.

DM DM

Figure 7.21: Power-scaled ring laser with negative lens experimental
setup.

Figure 7.21 shows the experimental setup for the power scaled Alexandrite ring
laser. For this ring laser the dual-end-pump scheme with the 200 pm fibre-coupled
pump source, as shown in Chapter 6, was used. The pump waist size was w, =

225 pm using an aspheric lenses of focal length f, = 79mm. The theoretical pump-
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induced lens for this pump size varies from around 200 mm to 100 mm at around
23 W to 33W of total absorbed pump power, as indicated by the shaded region
in Fig. 7.20. An arm-length of L, = 25 — 50mm is therefore a suitable range
to examine as it provides good matching between the pump and laser modes and
shouldn’t go toward instability unless operated at the highest power. The OC had
a reflectivity of Roc = 98.0% at normal incidence and a measured reflectivity of
around 97 % at 45°. The Alexandrite crystal was the same as that used in Chapter
6 - a 4 x 4mm aperture, 6 mm long c-cut slab with 0.2 at.% Chromium-doping and
AR coatings at both the laser and pump wavelengths.

Figures 7.22 and 7.23 show the total laser power as a function of the absorbed
pump power for L, = 50mm and L, = 25mm, respectively. In both cases the
temperature of the crystal was initially set to T' = 20°C. For L, = 50 mm, 3.5 W
of laser power was obtained at 24.5 W absorbed pump power with a beam quality
of M? = 1.1 in both directions. Threshold was at an absorbed pump power of
Py, = 15.5W. The spectrum was relatively narrow (compared to the linear cavities
in Chapter 6) even without spectral or unidirectional control. A slightly higher
power of 3.6 W was obtained at 24.5 W absorbed pump power when the temperature
of the crystal was lowered to T = 12°C. At both temperatures further increase in
pump power led to a roll-over in laser power.

For L, = 25 mm further increases in laser power was possible with 4.0 W obtained
at 27.1 W absorbed pump power. The mode quality here was also diffraction limited
with M? = 1.1. By comparing the two results to the theoretical model, the roll-over
in laser power can be attributed to strong pump-induced lensing rather than an
under-filled mode-match since improved performance was obtained by decreasing
the cavity length which improves the stability range but reduces the mode size at
the gain medium, as shown in Fig. 7.20. This was further proved to be the case
when it was found that no lasing could be obtained with L, = 75 mm.

These results show that multi-watt TEMgg operation from an Alexandrite ring
laser can be achieved using an intra-cavity negative lens for mode size control and
shows potential for multi-watt SLM operation. The disadvantage of this system is
the high threshold and the relatively low optical efficiency of 15%. Though the
threshold could be lowered using a weaker intra-cavity lens it would then be less
able to compensate strong thermal lensing which was the main issue in this cavity,
further optimisation in cavity design is therefore required for realising improved

optical efficiency and >5W laser operation.
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Figure 7.22: Laser power as a function of the absorbed pump power
for the power scaled Alexandrite ring laser with intra-cavity lens
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7.3.2 Alexandrite Ring Laser with no Lens

An alternative design to consider is a simple four-mirror cavity without any intra-
cavity lenses. Though the lack of direct mode size control will hinder TEMgg at
the highest pump power, as demonstrated in Section 6.2, >1W TEMgy output
should be achievable at mid-range pump powers in a system with lower losses and
a significantly lower threshold compared to that shown in the previous section.
Figure 7.24 shows the experimental setup for the compact Alexandrite ring laser.
The four mirror cavity is formed of the same four plane mirrors as was used in the
previous system but arranged with L, = 35mm and L, = 25mm. While a more
compact setup could be achieved this setup provides better mode-matching at higher
pump-power at the expense of a slightly higher threshold. The same pump setup

and waist size of w, = 225 pm was used.

Pump DM DM Pump

Figure 7.24: Alexandrite ring laser with no intra-cavity lens exper-
imental setup.

The total output laser power (P;+ P) as a function of the absorbed pump power
is shown in Fig. 7.25. At an absorbed pump power of 21.5 W the laser power was
5.1 W and the mode quality was M2 = 1.07, My2 = 1.08. At higher pump power
the mode quality slightly degraded to M2 = 1.85, M; = 1.60 with a laser power
of 7.4 W at an absorbed pump power of 27.1 W. This result demonstrates that the
simple compact cavity performs well at mid-level pump powers with good optical
and slope efficiencies of 24 % and 35 %, respectively.

Extending the cavity design to SLM operation using a Faraday rotator and
half-waveplate requires careful design of the optical mounts to fit both components
without having to increase the cavity length. Increasing the cavity length of Alexan-

drite lasers without any intra-cavity lenses or curved mirrors leads to an increase in
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Figure 7.25: Laser power (total of both outputs) as a function of
absorbed pump power for the compact Alexandrite ring laser.

threshold and reduction in overall efficiency due to the increased alignment precision
[119]. Due to the compact nature of this design, proper mounting and fitting of the
intra-cavity unidirectional components could not be achieved at the time but can be
explored in future. This design shows potential for multi-watt level SLM operation

with enhanced efficiency and overall simplicity compared to the previous designs.

7.4 Summary

In this chapter two single-longitudinal-mode (SLM) Alexandrite ring lasers have
been demonstrated. The first system was based on the traditional bow-tie ring
laser geometry using an optical diode for unidirectional control to eliminate spatial
hole-burning and adapted for mutli-mode diode pumping using a novel “displaced-
mode” design. >1W of laser power was obtained with TEMgg and SLM output
with an optical efficiency of 10 %. SLM operation at 727-792 nm was obtained using
a birefringent filter (BiFi). This result was the first ever demonstration of a diode-
pumped continuous-wave SLM Alexandrite laser.

For the second system, the cavity design was replicated but using intra-cavity

lenses instead of curved mirrors in a non-astigmatic ring laser. Up to 0.7W of
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laser power was obtained in SLM and TEMgy operation. This was maintained at
all pump powers, and so demonstrating the improved control of the pump-induced
lensing provided by the non-astigmatic design. A wavelength tuning range of 748-
773 nm was obtained using a BiFi.

Two alternative bidirectional ring laser designs were also investigated to explore
power-scaling capabilities. The first design was a four-mirror non-astigmatic laser
with an intra-cavity negative lens to offset the pump-induced lensing under fibre-
coupled dual-end-pumping. With this design a significant improvement in output
power was obtained with 4 W in TEMyy mode demonstrated with an optical effi-
ciency of 15 %.

For improved optical efficiency, the second bidirectional ring laser design had
no intra-cavity lens. This simple and low-loss design provided an improvement
in output power and efficiency. A maximum TEMgy output power of 5.1 W was
obtained with an optical efficiency of 24 % and a slope efficiency of 35 %.

These results show a promising outlook for multi-watt SLM Alexandrite with
>1W achievable over a broad wavelength range in the near-infrared capable of
matching several atomic transitions. Power scaling also realises the potential to ad-
dress high-precision applications in the ultra-violet at around 360-400 nm via second-

harmonic-generation.
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Chapter 8
Thesis Summary

The aim of this work was to develop power-scaled tunable Alexandrite lasers by im-
proving the understanding of the properties of and pump-induced lensing effects in
diode-pumped Alexandrite lasers. The modelling and optimising of tunable Alexan-
drite lasers at the multi-watt level was demonstrated as well as single-longitudinal-
mode lasers for high precision applications including remote sensing and quantum
technologies.

Before power-scaling, a novel wavelength tuning method was investigated using
a Brewster-cut Alexandrite crystal in a plane-plane resonator. Continuous wave-
length tuning and dual wavelength operation was obtained by tilting the Alexandrite
crystal in a simple and compact system without any other wavelength selective ele-
ment. This laser achieved a maximum continuous tuning range of 747-768 nm with a
15 GHz linewidth and TEMgo output mode quality. Wavelength tuning was limited
by the FSR of the crystal, though this also enabled stable dual wavelength oper-
ation. A theoretical model for the laser wavelength and tuning range was devised
and shown to match well with the experimental results. This work enhanced the
understanding of the birefringent properties of Alexandrite.

Pump-induced lensing effects were investigated in detail for the very first time
using a direct wavefront measurement approach with a Shack-Hartmann wavefront
sensor. A significant difference in dioptric power of the pump-induced lens was
measured between non-lasing and lasing conditions, with the value under lasing
conditions up to 60 % of the non-lasing value. Furthermore, the dioptric power under
non-lasing conditions was found to be linearly proportional to the absorbed pump

power, contrary to the expected non-linear proportionality due to the non-linear
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heating factor that arises from excited state absorption at the pump wavelength.
It was postulated that the measured dioptric power was due to the thermal lens in
combination with a population lens which arose from an electronic refractive index
distribution caused by the difference in polarizability of ions in the excited and
ground states. It was shown qualitatively that the clamped inversion at threshold,
and therefore the clamped population lens were in agreement to the weaker dioptric
power under lasing conditions. Additional support to the hypothesis was made with
a value of the polarizability difference similar to that measured for other Chromium-
doped media. A time dependent population lens is also a likely mechanism for
self-Q-switching observed here and by others.

Using the improved understating of the pump-induced lens dioptric power in
end-pumped Alexandrite lasers, power-scaled Alexandrite lasers were demonstrated
using a novel convex-plane cavity design. Using fibre-coupled diode-pumping, multi-
watt Alexandrite lasers in TEMgy mode were demonstrated. Results include: a
record slope efficiency of 54.9 %; >1 W over 730-805nm and >4 W over 755-780 nm
with <1 nm linewidth; 4.2 W dual-wavelength operation; 3.3 W with 1 GHz linewidth
using the first VBG-locked Alexandrite laser; and a maximum output power of 8.6 W
with excellent beam quality of M? < 1.1. Detailed cavity models and designs were
presented that can be applied to other diode-pumped gain media.

Single-longitudinal-mode Alexandrite lasers were demonstrated using unidirec-
tional ring laser designs. Two cavity designs were demonstrated showing SLM op-
eration with >1 W of output power and TEMgyy mode quality and with 727-792 nm
of wavelength tuning. Power-scaled ring laser designs were also investigated with a
maximum laser power of 5.1 W with 24 % optical efficiency and 35 % slope efficiency.
This result provides a promising outlook at achieving multi-watt TEMgy and SLM
performance from a tunable diode-pumped Alexandrite laser.

Over the last decade Alexandrite lasers have become a topical area of research
owing to the development of red-diode-lasers. The work in this thesis has shown
significant progress in the performance of diode-pumped Alexandrite lasers and that
tunable Alexandrite lasers has re-emerged as a highly promising high-power near-

infrared laser source for today.
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Appendix A

Laser Diagnostics

A.1 Power

The laser power was measured using various power meters depending on the power

range of the laser. Table A.1 shows an overview of the power meters used.

Table A.1: Overview of different power meters used.

Make & Model Power Range Resolution Detector Type
Thorlabs PM160 10nW-2mW 100 pW Si Photodiode
Thorlabs PM16-401 10 pW-1W 1pW Thermopile
Coherent LM45 0.1-45W 0.1W Thermopile
Coherent PM300F-50 0.1-300 W 0.1W Thermopile

A.2 Beam Quality

The laser beam quality was measured using CINOGY’s beam profiler with the beam
profiling software RayCi according to ISO Standard 11146, as depicted in Fig. A.1.
An overview of the camera’s properties is shown in Table A.2. The camera was also
used to measure the laser mode size via the 4 f-imaging technique and in measuring
the laser linewidth (A.4).
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CMOS
Camera

w(z)i
1'—!>To computer
Z >
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Figure A.1: Setup for beam quality measurement. The CINOGY
CMOS 1202 camera is used together with the RayCi software. M?
value is computed by inputting position z and wavelength \.

Table A.2: Properties of CINOGY CMOS-1202.

Spectral Response 400-1320 nm
Number of pixels 1.3MPixel
Pixel size 5.3 X 5.3 pm

A.3 Wavelength

Two fibre-coupled grating spectrometers were used to measure the laser wavelength.
These were typically used by placing the fibre end near a power meter so as to pick
up a small amount of the beam via scatter. Table A.3 gives an overview of the

properties of the two spectrometers.

Table A.3: Overview of different spectrometers used.

Make & Model Wavelength Range Resolution
Thorlabs CCS175/M 500-1000 nm < 0.6 nm
Lasertack LR2H 733-797 nm < 0.1nm

A.4 Laser Linewidth

For assessing the number of longitudinal modes and measuring the laser linewidth
when limited by the spectral resolution of the grating spectrometer (< 0.1nm), a
Fabry-Perot (FP) interferometer in combination with the CMOS camera was used.

Figure A.2 shows the experimental measurement technique for measuring the

laser linewidth and assessing the number of lasing longitudinal modes. The FP
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interferometer is formed of two partially reflective surfaces separated by a thickness
L. The transmission of the FP interferometer depends on the angle of incidence 6
and is maximum when 27vL cosf/c = mm, where m is an integer, and the highest
order fringe is when m’ = 2Lv/c.

A diverging lens is used to provide a range of angles 6 and a focusing lens is
placed after the FP interferometer to reveal the interference pattern as concentric
rings separated by the FSR of the interferometer which is given by FSR = ¢/2L cos 6.
A high resolution can be obtained provided the finesse, § = 7v/R/(1 — R), is high,
which can be obtained with a high reflectivity and allows frequency components at
an order of magnitude less than the FSR to be resolved.

Since 6% o« m’/ —m for small angles, the radial distance squared can be calibrated
to the frequency scale knowing the FSR of the FP interferometer, as shown in Fig.
A.3, which shows how the square of the cross section gives the laser linewidth using
the CMOS camera. When viewing the interference pattern, single-longitudinal-mode

operation can be verified by observing single fringes separated by the FSR.
CMOS

[~ Camera
] I ‘ .—'>To computer
f. FP f.

Figure A.2: Setup for resolving longitudinal mode pattern and cal-
culating laser linewidth using a Fabry-Peror interferometer.

2 (GHZ)

Figure A.3: Typical image on CMOS camera of concentric ring
interference pattern and cross section of 72 enabling laser linewdith
measurement. Here three longitudinal modes are present.
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Appendix B

Population Lens Dioptric Power

Derivation

The dioptric power of the population lens due to the change in wavefront caused by

the spatial variation in refractive index (Eq. (5.16) in Chapter 5) is given by

Dp=2C(F0) - F(r). (B.1)

r2

The radial form of the integrated inversion factor (using Eq. (5.9) in Chapter

R MOCEETION:
F(r)~(,ON[15 ‘2(@)]' (B2

For a Gaussian pump profile I(r) = (2Py/mw?) exp(—2r? /w?2) with P, = I(rw}/2)
Eq. (B.2) can be written as

5) is given by

2

i 50 —2r2 Jw?2 i P —2r2 Jw?
F(r)=—|= — = = . B.3
M=o8|Be 2 (Pse ’ (B-3)
Approximating exp(—2r?/w?) ~ 1 — 2r?/w? and exp(—4rt/w)) ~ 1 — 4% /w?

then
1 P() Y P() 2

F(0) = Hh o v(h B.4
0= (a ()] (B.4)
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Population Lens Dioptric Power Derivation

(B3@)) @@ e

Substituting Egs. (B.4) and (B.5) into Eq. (B.2) gives the population lens

dioptric power in terms of the absorbed pump power (to second order) assuming

POZPabs
2
Pabs_ Pg?bs
P, PR

1

F(r):UO—N

4C

Dp = 3
Oé(]wp

(B.6)
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