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Reported in this thesis are advances toward high-brightness diode-pumped planar waveguide (PW)
lasers. Efficient and compact planar waveguide lasers are made possible by their geometry, which is
compatible with that of high-power diode lasers, has very good thermal management characteristics,
and delivers high optical gains per unit pump power. Thus using the waveguide structure in
conjunction with trivalent rare-earth ions, multi-Watt diffraction-limited operation of weak and
quasi-three-level laser transitions can be obtained.

Large mode area (LMA) double-clad planar waveguides, fabricated via direct bonding sapphire and
YAG, are the primary structures investigated herein. These high numerical aperture waveguides are
ideally suited to high-power diode-pumping due to a combination of features related to their slab-like
configuration. Furthermore the LMA double-clad planar waveguide is shown to robustly select the
fundamental waveguide mode. This general result leads to guided-diffraction-limited output,
applicable to a range of oscillating wavelengths.

Two in-plane pumping geometries are detailed; longitudinal or end-pumping and transverse or side-
pumping. For end-pumping, the pump is conditioned in one axis to enable launching into the
waveguide, and at the same time the free space axis is matched to the fundamental mode of a simple
monolithic laser cavity. As such, efficient end-pumped operation of Nd:YAG, Yb:YAG, and
Er:YAG LMA-PW lasers were realised. With Nd:YAG for 7.5W of absorbed pump power, 4.3W of
CW 1.064um output was observed. Changing the resonator mirrors to optimise the quasi-three level
transition an output of 3.5W at 946nm was measured, corresponding to 6.5W of absorbed pump. In
addition the much weaker and rarely studied 1.8um transition, operated with as much as 0.4W. In a
similar configuration, 0.45W of 2.7um CW output was obtained from a highly doped Er:YAG
LMA-PW with 4.6W of absorbed pump power. As the first Er:YAG waveguide laser to be reported,
it illustrates the possibility to obtain high output power and good beam quality from weak laser
transitions with these structures.

Furthermore by integrating a Cr*" saturable absorber into a Yb:YAG LMA-PW, an end-pumped
passively Q-switched laser was demonstrated with 2.3W average power at 1.03um in a near-
diffraction-limited beam. Pulses of ~2ns temporal width at repetition rates approaching 80kHz
produced peak powers of ~20kW. Operation of a similar Nd:YAG LMA PW laser, on both the
1.064pm and 946nm transitions, was also demonstrated and its performance shown to be inferior to
that of the Yb*"-doped structure in this pumping configuration.

Using the side-pumping scheme higher-powers can be obtained, typically however, at the expense of
the resonator complexity when trying to obtain high brightness performance. As such a monolithic
Tm:YAG LMA-PW laser, pumped by two proximity-coupled diode bars, produced 15W at 2um
with an asymmetric low brightness beam, despite being diffraction-limited in the guided axis. In
addition two separate Nd:YAG LMA-PW lasers were trialled with unstable and external resonator
geometries. Watt level output powers with significantly enhanced brightness were observed. Further
designs for power scaling these devices are discussed.
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Chapter 1

INTRODUCTION

1.1 Topic overview

Guided wave lasers were among the first optical lasers developed, their operation
demonstrated as early as 1961 [1]. In the pursuing years the waveguide laser has achieved
increasing importance, diode and fibre lasers being the most prominent examples. More
recently planar waveguides structures comprising dielectric crystal layers have been
demonstrated as potential candidates for high-power solid-state laser devices [2-6] due to a
combination of features related to their slab-like geometry. This thesis describes
significant developments leading toward efficient, high-brightness, high-power, diode-

pumped planar waveguide lasers (PWL).

Globally there is significant interest in high-average-power bright laser sources that are
compact, robust, and have minimal thermal and electrical requirements. Various
wavelengths are also desired specific to the particular application, for example: medical
systems require ultra-violet (UV), visible, and near to mid infra-red (IR) sources that
match known absorption characteristics for various parts of the human body;
communication systems use near IR wavelengths corresponding to transmission windows
in optical fibres, or as pump sources for optical amplifiers; remote sensing or ranging
applications also typically use near to mid IR sources, bounded by scattering losses at
shorter wavelengths and water vapour absorption toward longer wavelengths; materials
processing simply require high power and brightness at wavelengths that interact with the
material of interest; whilst for military and space applications, compactness, durability,
and robustness are all necessary. PWL have the potential to meet many of these

requirements.

The spatial brightness of a laser source is defined by its beam quality and output power
and governs the spot size to which its output can be focussed. One measure of beam

1



quality is given by the M” factor, equivalent to the degree to which the divergence exceeds
natural diffraction. Similarly, for characterising beam quality the standard’ is to use the
beam-parameter product, Q, which states that the product of the beam waist radius and its

divergence is constant [7],

(1.1).

W, 1is obtained, in each Cartesian axis (i = X,y, for a beam propagating along the z-axis),

from the second-order moment (o;) of the intensity distribution”, and @y is the half-angle
far-field divergence corresponding to the asymptote of Wiz)" [8], and A is the optical
wavelength in the propagation medium.

For a beam propagating along the z-axis, its brightness is given by the expression,

B P _ P
n0:0;  (M2mf

(1.2).
This parameter has significant importance for many applications that require high intensity
and is applicable to this thesis in two respects; firstly the brightness of the pump source
defines the efficiency with which its radiation may be coupled into a waveguide, and
secondly in terms of the brightness obtainable from a planar waveguide laser. It should be
noted that the denominator of equation (1.2) is minimised for a diffraction-limited source
(i.e. M*=1); therefore, to scale brightness it is necessary to increase the output power, P,

whilst maintaining a diffraction-limited beam quality.

'ISO 11146:1999, International Standard - Lasers and laser-related equipment - Test methods for laser beam

parameters - Beam widths, divergence angle and beam propagation factor

i 17 L o
" Second-order moment: o, = —Iizlo (i)di , Io(i) the intensity distribution along the i axis, with the
0

)

origin representing the centre of gravity of the profile, and P, the total power of Io(i). The beam waist is then

obtained using, ¥, =2c,.

2
" Propagation of a paraxial beam is described by: (2)=W, |1+ [M ihz J .
i 0,



1.2 Planar waveguide lasers

A planar waveguide consists of a layer of material capped by regions of lower refractive
index, ngjaq and ngps, Figure 1-1. Optical radiation trapped by total internal reflection (TIR)
within the higher index layer, nco, is constricted in one axis as it propagates along the
plane of the composite structure. The guidance and laser properties of these devices are
discussed in more detail in the following chapter; however it is constructive to give a

review of the progress and current state of affairs in the area of planar waveguide lasers.

Face pumping

Guidance condition
Nelads Nsubs < Ncore

Nelad
Neore <=
Nsubs In-plane
pumping
Figure 1-1: Planar waveguide schematic and optical excitation schemes.

1.2.1 Historical review

Waveguide structures were first employed in lasers to reduce laser threshold and thus
avoid the need for high pump powers. In addition confining the radiation to small volumes
circumvented the difficulties in fabricating large optical-quality active materials [1].
Subsequently there were many fibre lasers reported during the 1960’s [9], along with a
dye based dielectric planar waveguide laser in 1971 [10]. It was 1962 when the first diode
lasers were demonstrated [11], their subsequent use as an optical pump source paved the
way for efficient compact laser sources of the future and have had far reaching
consequences. Assisted by the already burgeoning field of electronics, the quality of
semiconductor materials and devices promptly outstripped that of dielectrics. As such
active-semiconductor waveguide structures were well characterised and developed during
the pursuing years. Even today however, state of the art diode lasers are limited in their
output powers to <IOW per emitter [12], typically due to thermal effects and catastrophic
optical damage at the emitting facet [13].



During the decades following the inception of the laser, interest increased in active
gaseous media that could be excited by well understood techniques such as electric or RF
discharges. Even using a gaseous active media waveguides found their niche, with the first
gas waveguide laser demonstration at the beginning of the 1970’s [14]. In the following
years there was continued growth in this field, especially in the high-power area, with a 1-
kW planar-waveguide CO; laser demonstrated in 1991 [15]. Previous to this however,
miniaturisation and planar compatibility were key phrases of the 1970’s and 1980’s,
corresponding to the growing interest in optical integrated circuits (OIC). Planar devices
in conjunction with integrated optics were believed to be crucial in the development of
miniature communication systems [16]. Unfortunately, an optical equivalent to what
silicon is for electronics has not yet been realised, consequently OIC on the same scale are
still to eventuate. One benefit of the strong interest in OIC was that there have been many
techniques developed for fabricating optical waveguides in dielectric materials, several of
which are now employed to develop miniature and robust planar devices, including

waveguide lasers.

Waveguide fabrication falls under two broad headings, modification of the refractive
index profile, or co-joining materials with dissimilar refractive index. The first can be
obtained through processes such as ion-exchange [17], ion-diffusion [18], ion-
implantation [19], or optical writing methods [20, 21]. Typically these techniques, with
exception of the last, form relatively thin waveguides with low numerical apertures (NAiV)
and therefore are not compatible for guiding highly divergent or multimode laser diode
radiation. Alternatively, the second fabrication methodology allows relatively thick guides
of high index contrast and therefore high NA waveguide structures. Techniques utilised to
fabricate composite structures of dissimilar materials include; sputtering [22] or deposition

[23], growth through epitaxial processes [24], or simply adhesion [25].

Considering the vast number of articles and fabrication possibilities for dielectric planar-
waveguide lasers, there have been a limited number of high-power (>1W) devices
demonstrated. From the outset, after initial demonstrations of high-power-diode pumping

of planar waveguides in 1992 by researchers at the University of Southampton [26], there

Y'NA = (ncore2 - nclad‘subsz)m, where N is the core refractive index and ngjqsubs 1S the larger of the cladding

and substrate refractive indices.



were two generic pumping schemes adopted, see Figure 1-1. In 1995 Heriot-Watt
University researchers envisaged a face pumping scheme for thin slabs [27], which was
soon applied to very thick multi-mode waveguides, where a large active core was required
to achieve reasonable absorption efficiency. Instead, in-plane pumping (side or end) was
adopted by researchers at the University of Southampton, LETI" [28], and later the Max-
Born-Institut fiir Nichtlineare Optik und Kurzzeitspektroskopie ¥ [29].

At the conference of Advanced Solid State Lasers in 1997, D.P. Millas of Heriot-Watt
University presented results detailing a 9W average-power, quasi-continuous-wave
(QCW) diode-face-pumped thick YAG planar waveguide [30]. The waveguide consisted
of a 200-pum-thick Nd**-doped core, clad with 400—um-thick un-doped YAG and was
fabricated using the thermal-bonding technique [25]. The following year Bonner et al. [2]
were to report a CW multi-Watt (6.2W) PWL grown via liquid phase epitaxy (LPE), the
80 um thick multi-mode Nd:YAG waveguide was end-pumped with a 20W diode laser
bar. In 1999 Shepherd et al. [31] obtained a second CW multi-Watt (3.7W) result, using a
thermally-bonded planar waveguide and the same end-pumping geometry as for the
previous LPE PWL, although with a much smaller 8—pum-thick Nd:YAG core, clad with
sapphire. Griebner et al. following on from previous success in obtaining near-diffraction-
limited output from a multimode fibre laser using an extended cavity [32], were able to
improve the planar-waveguide laser brightness demonstrating a 1.2W CW output power
with beam quality (M? values) of 1.5x4 [3]. Also a thermally-bonded planar composite, it
comprised a 100-um-thick 10 at.% Yb:YAG active core capped by 300um un-doped YAG
cladding layers. This result was immediately followed by a 1W direct-bonded Yb:YAG
channel-waveguide structure, with a 100pum by 100um cross section and un-doped YAG

cladding, and had nearly diffraction-limited beam quality in both axes [33].

In keeping with the concept of compact, robust and simple high-power sources Bonner et

al. reported the first monolithic double-clad planar waveguide lasers [4]; the result of a

Y LETI, CEA, Technologies Avancée, Grenoble, France.

¥ Max-Born-Institut fiir Nichtlineare Optik und Kurzzeitspektroskopie, Berlin, Germany.



collaboration between the University of Southampton and Onyx Optics'". Diffraction-
limited beam quality in the guided axis was obtained for Ytterbium and Neodymium
doped YAG composite structures, with output powers of ~2W and ~4W respectively.
Furthermore, this paper described the technique of proximity coupling a diode bar to the
waveguide, leading to efficient and direct pumping of the active region without the
necessity of intermediary optics. Extending this result, Beach et al. [5] obtained >12W
from a side-pumped proximity-coupled double-clad Yb:YAG PWL, again although
diffraction-limited in the guided axis, the unguided axis beam quality was still highly
multi-mode. Reported in the same paper was the first monolithic strip unstable resonator
for improving the beam quality in the plane of a double-clad Nd:YAG composite
structure. In addition they also detailed the first demonstration of a passively-Q-switched

(PQS) high-power waveguide laser. An average output power of ~8W was obtained with

pulses of ~3ns temporal width and a repetition rate of ~80kHz.

This historical review has now reached midway through the period of investigation related
to the work described herein. Further developments outside of those described herein were
the continued improvements of the face-pumped geometry at Heriott-Watt University,
where the output power has been scaled to 150W in multi-mode operation and >100W in a
high-brightness configuration using an external negative-branch unstable resonator [34].
Similar thick waveguide structures have also been used in a self-imaging (Talbot imaging)

configuration for lasers and amplifiers [35-37].

1.3 High-power solid-state laser systems

Currently there is significant development activity in the field of high-power solid-state
lasers sources. Over the past decade typical output powers from single oscillators, with
near or fully diffraction-limited beam quality, have escalated from ~10W to several
hundreds of Watts [38-48]. Continuous wave (CW) output powers greater than 1kW have
also been obtained using solid-state lasers, although with less than diffraction-limited

beam quality [49-52].

There are many inter-related parameters which have to be considered when designing

high-brightness, high-power solid-state laser systems [53]. The major difficulty lies with

¥il Onyx Optics, Dublin, CA 94568, USA



managing the residual excitation power not converted into useful laser output, normally
manifesting as a thermal load in the active material. Although planar waveguide lasers
have not yet exhibited the same output powers as described in the previous paragraph, this
relatively new field of research has a good potential for doing so. Some of the key
parameters for developing high-average power lasers are introduced subsequently,

highlighting the features that planar-waveguide structures exploit.

1.3.1 Active media

Choosing an active material is primarily driven by the application requirements, such as
laser wavelength, output power, continuous or pulsed operation, etc. Consequently, in
regard to an active medium selection there are two choices to be made: firstly which active
ion(s) to use, this sets the general spectroscopic characteristics; secondly a compatible host
material that defines the fine spectroscopic details along with the optical and thermo-
mechanical properties. These later parameters are important to the overall system

performance, such as efficiency, beam-quality, and output power or energy capabilities.

Tri-valent rare-earth (RE®") ions are the most commonly used activators, due to their
electronic configuration of a partially occupied 4f electron subshell, which is in some
measure shielded from crystal fields associated with neighbouring ions by the completely
filled 5s and 5p electron shells [53]. Furthermore, these activator ions have been
successfully substituted into many crystalline hosts, Nd** being the most prominent
example [54]. Transition metal ions are also well established activators, and usually have
very broad spectroscopic features favouring tuneable laser wavelengths or short pulse
generation, such as the Ti’ :sapphire laser. Furthermore, some actinide (Ac>") ions have
been suggested as having suitable stimulated emission characteristics for laser action,
although few of these radio-active elements have yet to demonstrate efficient operation

[53, 55].

Many high-average-power laser systems take advantage of the high thermal conductance
characteristics of crystalline materials in order to avoid temperature dependent effects
degrading performance. Yttrium Aluminium Garnet (YAG), Y3AlsO;,, has proven itself
an invaluable host material for such applications. This is primarily due to its good thermal,

optical, chemical, and mechanical properties and suitability for rare-earth doping [54].



Investigated herein are planar-waveguide structures comprised of YAG and sapphire
(ALLO3), capitalising upon both the excellent laser performance of rare-earth-doped YAG

and the approximately three times higher thermal conductivity of sapphire.

1.3.2  Pump Source

Advancing semiconductor technologies have helped in the drive toward compact, high-
average-power, solid-state lasers. Accordingly, simple and efficient pump sources such as
the high-power laser diode are of great importance for today’s and future laser systems.
High-power diode-lasers, although typically multimode and with highly asymmetric
outputs, are gradually overtaking the flashlamp as the pump source of choice for solid-
state active materials, for reasons primarily based on lifetime, reliability, improved
efficiency, and waste heat management [13]. Typically the low brightness output of laser
diodes limit their usefulness for direct use in the applications listed earlier, despite the
developments in conditioning the spatial-output of high-power diode devices that have
improved the achievable brightness by 2~3 times [7]. This has allowed diode sources to
now be used directly for several materials processing applications. However, there are still
many other applications that require even brighter laser sources, which at this stage can
only be accessed via other active materials, and for which diode lasers may be used as the

pump source.

Two laser diode geometries were employed for the experiments discussed in the following
chapters. The first are high-brightness multi-mode single-broad-stripe emitters and the
second are linear arrays of single emitters in the form of low-brightness high-power diode-
laser bars. Both have a geometry that is compatible with that of the planar waveguide. The
latter is more suitable for power scaling in a side-pumped arrangement, whereas the first is
shown to be a very effective pump source for highly efficient end-pumped multi-Watt

diffraction-limited lasers.

1.3.3 Thermal management

For high-average-power solid-state laser systems, the thermal dynamics within the host
medium are of paramount importance. Significant thermal loading of the host material
derived from the waste heat generated in the pumped volume leads to graded refractive
index profiles, distortion of the crystal surfaces, and stress effects detrimental to laser
performance or even fracture [56]. The latter occurs when the temperature gradients

between the heat source and heat sink, with the surfaces of the host medium acting as the
8



cooling interface, create stresses that exceed the tensile strength of the material. Currently
there exist four distinct trends in solid-state host medium geometries associated with
managing high thermal loads. They are the rod [57-59], fibre [60, 61], slab [62-65], and

‘thin-disc’ [66, 67], each of which have their own advantages and disadvantages.

Pump b

(b) Fibre

Laser <Gum

(d) Slab

Figure 1-2: Schematic of the four host geometries associated with thermal management in high-

power laser systems (a) rod, (b) fibre, (¢) thin-disc, and (d) slab.

The laser rod has an historical importance and relatively simple fabrication technology,
therefore efforts continue in developing high-power rod laser systems despite its relatively
poor thermal characteristics. Some techniques used to overcome the pump power
limitations imposed by stress fracture have included; uniform pumping geometries [57,
68], low doping concentrations or “wing-pumping” [58] and end-pumping with un-doped
end-caps [58, 69-71]. Even with these pumping techniques, the maximum thermal loading
of an active rod is limited by its geometry and the material properties of the host.
Moreover, effects such as thermally induced birefringence have to be compensated for by

additional intra-cavity elements, adding to the complexity of the laser cavity [51, 59].



In contrast the fibre laser, equivalent to a very long thin rod, relies upon the distribution of
the heat load along its length, thus increasing the surface area through which the heat may
be extracted [60, 72]. Currently experiencing a renaissance in research and development
interest, fibre-laser brightness has increased fivefold over the past few years. In fact these
devices are currently at the forefront of high-brightness, solid-state, high-average-power
laser sources [48]. Not only can the thermal load be spread over the length of the fibre, the
index guiding provided by its design dominates induced lensing effects, allowing
diffraction-limited operation to be maintained even for very high pump powers [73].
Practical limitations reached to date include, efficient coupling of the low-brightness high-
power laser diodes into the fibre, and nonlinear effects such as stimulated Raman
scattering (SRS) and stimulated Brillouin scattering (SBS) brought about by the very-high
intensity interaction-length product [48]. Another interesting configuration of the fibre-
laser is that presented by Ueda et al. [74]: a side-pumped design, the fibre has a
rectangular profile and is wrapped into a disk shape, similar to a planar waveguide with a
coiled active gain region. This compact design generates >1kW of output power with an

M? factor of 15 and electrical to optical efficiency of ~15-18%.

Thin-disc lasers [66], effectively the opposite extreme of the rod geometry with respect to
the fibre, takes advantage of one-dimensional temperature gradients in the longitudinal,
“thin”, axis. This is in stark contrast to the rod and fibre where heat is removed radially.
The thin-disc laser utilises a very thin active region, ~0.2mm thick, in close proximity to a
heat sink, whereby the largest cooling surface is the end face perpendicular to the lasing
axis. One drawback with this design is the pumping scheme complexity, requiring
multiple passes through the same gain region to achieve sufficient absorption.
Nevertheless, these laser systems have generated impressive output powers and optical

efficiency [52].

The slab geometry, also known to offer good thermal management properties [62, 75], has
a simplified power scaling advantage over its cylindrical counterpart due to the possibility
of side or face pumping and yet still maintaining uniform one-dimensional temperature
gradients within the host medium [62, 65]. This assumes a high aspect ratio slab that is
cooled through the faces perpendicular to the thin dimension and well away from the end
faces. Furthermore, when considering the important case of quasi-three-level laser

materials, Rutherford et al. [65] report that the side-pumped slab has an advantage over

10



the thin-disc for slab-aspect ratios greater than the number of pump passes, N, through the
thin disc active region. This corresponds to a figure of merit relating the pump power at
which fracture would occur divided by the pump power required to excite the material to
transparency. Currently the maximum number of pump passes, N, reported for the thin-

disc laser stands at 16 [52].

Planar waveguides can be seen as the ultimate example of the high-aspect-ratio slab
geometry, with the laser medium thickness of the order of the optical wavelength. If one
considers the active core region of the planar waveguide as the “slab” described by
Rutherford et al. [65], the aspect ratio is typically >100. The implication is that the planar
waveguide does indeed have potential for high-power applications at least in the case of
quasi-three-level laser systems, e.g. Yb>". Additionally, the side-pumped slab geometry
offers the opportunity to utilise three independent axes for excitation, waste heat
extraction, and signal generation, simplifying some of the engineering problems associated

with high-power systems.

1.3.4 Cavity design

Efficient and bright laser sources require that the lowest order oscillating mode overlaps
well with the excited volume of the active material. In the case of low-brightness laser-
diodes, efficiently transferring their radiation into a small volume is limited by their beam
quality, therefore it is often necessary to use a simple pump-coupling scheme at the
expense of increasing resonator complexity. Diffraction-limited beams that have a
reasonable overlap with the relatively large pump volume can be obtained in a variety of
ways, for example, utilising telescopic resonators [76], multi-pass slabs [77, 78], or

unstable resonators [79].

Efficient laser operation has been demonstrated using planar gain regions [26, 64, 77, 78,
80], avoiding the need for beam-shaping [81] or brightness-reducing fibre coupling [82]
typically required to condition the diode-pump radiation to match circularly symmetric
cavity modes. Moreover, a waveguide structure can improve spatial mode control in the
guided axis and reduce susceptibility to induced thermal effects, as will be discussed in

later chapters.
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1.4 Approach for work presented herein

Following on from earlier work undertaken at the University of Southampton, methods to
enhance diode-pumped planar waveguide laser brightness are investigated for in-plane
pumping configurations. Therefore this work has a general theme of spatial-mode-control

in the guided and un-guided axes of these devices.

Furthermore, planar waveguide lasers are studied beyond the simple pursuit of high output
powers where the application of the waveguide structure is advantageous for developing
compact, efficient, and diverse devices. Combining the natural compatibility of the diode
laser and active planar waveguide, it is possible to produce thin regions of very high-gain.
Thus laser threshold can be achieved with low pump powers, even when using materials
with weak stimulated emission properties or re-absorption losses at the laser wavelength.
This feature and the good thermal management characteristics of the direct-bonded planar
waveguides make it possible to develop compact and efficient laser sources not easily

achievable in bulk laser configurations.

1.4.1.1 Spatial-mode control — the guided axis

High-power double-clad waveguides in both fibre [45, 48, 72, 73] and planar [4, 5]
configurations have shown excellent spatial-mode control. The term “double-clad” was
originally coined in relation to fibres that had an inner waveguide supporting only the
fundamental-mode at the laser wavelength, and an outer guide capturing the pump
radiation, Figure 1-3(a). Alternatively this was also called cladding-pumping. Classically
then, a double-clad waveguide implied an isolated single-mode active core within a larger
passive high-NA multi-mode waveguide; typically the inner guide is much smaller than
the outer, hence the overlap of the pump field distribution with the active region scales the

absorption length proportionally [83].

An extended absorption length is well suited to the double-clad fibre configuration, due to
its low propagation losses and the relative ease to fabricate long lengths; notably, it also
leads to a spreading of the thermal load and increased surface area through which to
extract the heat. In the planar case however, practical device lengths are limited to the
order of centimetres rather than tens of meters. Therefore it is necessary to maintain a
small area-difference between the core and outer cladding, which is apparently in

contradiction with maintaining a single-more core and increasing the outer cladding
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separation. In fact this is indeed true and the design of the waveguides, Figure 1-3(b),
reported by [4] and [5] do not have single-mode cores, rather they are comparable to large-
mode-area (LMA) fibres, [84, 85]. Single-mode operation is maintained by gain mode-
selection rather than index guiding, as with the classical double-clad fibre, this is
discussed in detail in the following chapter. However, it is important to note that the
fundamental mode of the LMA structure is not well confined to the core and therefore
interacts with the outer cladding layer, thus leading to the index profile of the entire

structure defining the propagating mode characteristics.

n n
(a) — (b) —
Classical single-mode Large-mode-area
double-clad fibre planar waveguide
Figure 1-3: Schematic of double-clad waveguide structures and refractive index (n) profile: (a)

“Classical” single-mode core double-clad fibre [72] and (b) double-clad planar waveguide[4].

1.4.1.2 Spatial-mode control — the un-guided axis

Notwithstanding the advantages of the planar waveguide, the spatial mode quality in the
plane still needs to be addressed to achieve high brightness laser sources. Spatial control
of the laser field within a laser cavity may be achieved in a variety of ways, the most
obvious being the resonator configuration. However, for monolithic near-planar stable
resonators of around ~lcm in length, the fundamental mode radius is of the order of
viii

~100pm™ [86]. This implies significant restrictions on the pump characteristics and its

conditioning, which at present are not easily met with high-average-power (>10W) diodes.

¥l The beam waist in a stable laser cavity, neglecting lensing effects is given by: o - [ nl J; [g.2.(1-g,g, )]%

0 (¢12.~2¢.2,)2
where A, is the laser wavelength in the active medium, / is the length of the medium, g; = 7/ — I/R;, where R;
is the radius of curvature of the i mirror. Hence for the example considered above in the text the leading

term is of the order of 100um and the second of the order of unity.
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As such the end-pumped planar waveguide lasers investigated herein utilize relatively
high-brightness pump sources (e.g. broad-stripe diodes) that can be coupled into the
waveguide, whilst simultaneously conditioned to match the fundamental in-plane cavity

mode.

One technique used to expand the fundamental cavity mode, easing the requirements on
the pump beam quality, is the telescopic resonator [76]. A novel variation of this
technique, using an extended cavity arrangement with two cylindrical lenses and a plane
mirror is described in chapter 5. Furthermore, a quasi-monolithic stable multi-pass
resonator also employing a beam expanding telescope in one axis is proposed and

discussed in chapter 6.

Unstable resonators are another alternative that offer an efficient means to extract the
available gain in short cavities [87]. Typically to achieve good beam quality from such
resonators, high cavity-output-coupling is necessary, thus requiring high gain active
elements. Fortunately this is possible with planar waveguide structures by employing strip
unstable resonators [5, 6]. Such a resonator is described in chapter 5 and its performance

discussed.

In principle it is also possible to modify the spatial characteristics of electro-magnetic
fields through their spectral [88, 89] or phase components [37, 90-92]. However, these

techniques have not been investigated herein.

Finally, one other method for mode control is to introduce a waveguide in the plane, thus
essentially making a channel waveguide [33]. However to achieve diffraction-limited
performance from a monolithic device requires that it supports a single mode or be a LMA
structure, therefore for the associated small waveguide dimensions it is not obviously
power-scalable. One approach demonstrated with good results, was a Ti:sapphire pumped
ion exchanged Nd**-doped glass waveguide with a single-mode channel expanded to a
broad channel via an adiabatic taper [93] and more recently with Er'* [94]. The broad
multi-mode channel can be pumped by a non-diffraction-limited source and in principle
can have a reasonable overlap with the fundamental laser mode defined by adiabatically
expanding the single-mode channel. Power scaling to the Watt level with a high-

brightness diode-pump source is foreseeable and discussed in the future works section.
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1.5 Synopsis

Following this introduction the rest of the thesis is presented as follows. Chapter 2 details
the theory used in describing the performance of the planar waveguide lasers investigated.
The chapter is divided three sections, the first general laser performance theory, followed
by thermal modelling, and last waveguide theory in which the previous sections are
applied to the primary structure investigated, i.e. the large-mode-area double-clad planar
waveguide. Included, is a rate equation analysis, with spatial mode selection, a simple
plane-wave model for side-pumped LMA PW lasers that accounts for active media
exhibiting re-absorption loss and energy-transfer loss mechanisms, and a treatment of
guided spatial modes accounting for refractive index profiles, which includes the
difference associated with rare-earth doping. Chapters 3 and 4 contain experimental results
corresponding to end-pumping schemes, with the earlier related to the operation of CW
Neodymium and Erbium doped LMA PW lasers; the latter, passively Q-switched
Ytterbium and Neodymium-doped structures. Chapter 5 describes experiments performed
using a side-pumped geometry with Thulium and Neodymium-doped LMA PW structures.
Several resonator configurations were trialled and their performance discussed.

Conclusions and discussion of future work are presented in the final chapter.
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Chapter 2

MODELLING THEORY

2.1 Introduction

Presented in this chapter are some of the theoretical aspects underlying the experimental
data and future directions detailed in this thesis. Firstly, two separate methods for
predicting laser performance are introduced; these analyses are later applied to the large-
mode-area double-clad planar waveguide laser. To start, following on from that reported
by Risk [1], the results of a spatially-dependent rate-equation model are described. An
expression for the population inversion density is derived that accounts for a non-uniform
doping distribution, reabsorption loss at the laser wavelength, and gain saturation by the
oscillating field. The second modelling approach, based upon a simpler plane wave
analysis originally proposed by Beach [2] for end-pumped quasi-three-level lasers, was
developed for side-pumped active media. This latter technique is a good approximation for
the plane-wave nature of guided radiation and does not require detailed knowledge of the
pump or laser field distributions. The model also allows for ground state depletion, gain
saturation, and an effective determination of the output channels into which the absorbed
pump power is distributed. Furthermore, this extension to Beach’s approach includes

upconversion and cross-relaxation, examples of excited-state energy transfer processes.

The thermal characteristics of an excited gain medium in conjunction with high power
solid-state lasers is of particular importance, thus methods to predict the effects of heat
flow in the planar waveguide laser are introduced. Applicable to the end-pumped double-
clad waveguide structure, is a model originally developed by Joyce and Dixon [3] for
semiconductor hetero-structure lasers. This analysis is used to calculate the temperature
rise and in-plane profile, at the centre of the waveguide core and along the length of the
crystal structure. Alternatively for the side-pumped geometry the thermal load in the
planar waveguide can be relatively uniform, resulting in a situation resembling that of an
infinite slab heat source [4]. Therefore, the thermal gradients can be assumed one-
dimensional (1D) and perpendicular to the plane. This model is used to calculate the 1D
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temperature distribution, average temperature rise, and a figure of merit relating the
induced stress component under high-power operation and maximum tensile strength of

the composite structure.

Finally, the theoretical guided mode profiles of the double-clad planar waveguide are
described. The composite structures investigate herein were fabricated using layers of
sapphire as the outer cladding, YAG for the inner cladding, and a rare-earth doped-YAG
core. A refractive index difference between the rare-earth-doped core and inner cladding
layers is responsible for producing a weak inner guide, the effect of which is discussed
with regard to these composite waveguides and the rare-earth ions. An important factor
governing the design of the LMA planar waveguide is the effective absorption length for
the pump radiation. A simple rule that the absorption length scales according to the ratio
of the doped core thickness to the separation of the outer cladding layers is demonstrated
to be a reasonable approximation. Finally combining the general rate equation analysis
introduced above and the spatial characteristics of the pump and laser fields for a double-
clad waveguide, the phenomenon of gain-mode selection is obtained. When applied to the
LMA PW laser, doping ratio™ limits imposed by the real refractive index profiles are

observed.
2.2 Laser performance modelling

2.2.1 Spatial rate-equation analysis

In this section a steady-state spatial rate equation analysis is applied to a non-uniformly
doped active material, of which the LMA PW is one example, to determine the relative
gain for the individual cavity or waveguide modes and subsequent laser performance.
With careful design of the doping profile, it is shown that the fundamental mode can be
robustly maintained even at extremely high intra-cavity laser intensity levels. This
characteristic is discussed in greater detail toward the end of the chapter when applied to

the LMA PW laser, including the effects of an index step about the core layer.

Many authors have modelled laser system performance through the use of spatially

dependent rate equations for uniformly doped active materials [1, 5-7]. The effect of a

X Ratio of the thickness of the doped to un-doped layers.
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non-uniform doping distribution has also been studied in the context of a fibre amplifier
[8] and fibre laser [9]. Here a general analysis for a non-uniformly doped active medium is

described, which is applicable to continuous-wave laser oscillators.
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Figure 2.1: General energy scheme for quasi-three or four level laser system.

A general energy level scheme for an activated crystalline host is shown in Figure 2.1,
which allows for the possibility of a non-zero population in the lower laser level energy
manifold, ny, i.e. a quasi-three-level transition. Following the analysis and assumptions of

Risk [1], the steady-state rate of change of the population inversion density

AN(x,y,z)=N,(x,y,z)-N;(x,y,z) above threshold, is given by,

NCS2) _ b ) - V3D ON ) o NG 000
T n

0

@2.1).
where a normalised spatial doping profile d(x,y,z), is introduced to distinguish it from the
normalised pump distribution »(x,),z). The population inversion density is created by a
pumping rate R =nays P,/ hv, for an incident pump power P, with absorption efficiency
Nabs and pump photon energy Av,, f'is the sum of the occupation factors for the upper (fv)
and lower (f;) laser Stark levels [1], AN’ is the un-pumped population inversion density, &
is the spectroscopic emission cross section, which is referenced to the Stark levels coupled
by the laser photons, t the lifetime of the upper laser-level manifold, ¢ is the speed of
light, n is the refractive index of the active medium at the laser wavelength, @ is the total

number of intra-cavity laser photons, given by ®=2/.,P/chv,, with the one-way intra-
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cavity laser power P, /., the optical cavity length, /4v; the lasing photon energy, and

finally ¢(x,y,z) is the normalised laser photon distribution.

Equation (2.1) can be rearranged to obtain,

fiRr(x,y,2)—nld(x,y,2)

AN(x,y,z) = 1+ 84(x, v, 2)

Q2.2).

Thus the population inversion density is created by the pumping rate less any residual
population in the terminal laser Stark level 7., and is further modified by the saturating

laser power through the parameter, S. That is S = fcor®/n gives a measure of the degree of

saturation caused by the intra-cavity laser power.

The doping distribution, the pump and lasing photon distributions are normalised with

respect to the cavity volume, such that

J[[re..29av = [[foxy.20a7 = [[[dcxy,23a7 =1

cavity cavity cavity
(2.3).
Taking into account these spatial distributions and noting that outside of the active crystal
the population inversion density is zero, the normal steady-state laser condition that the

gain is equal to the loss is written as,

261,
n

[[TANGE v, 200 (2, 7,20V = L~In(RE")

crystal
2.4)
where L is the round-trip loss exponent and R, is the output coupler reflectivity at the

laser wavelength. By substituting equation (2.3) into equation (2.4) it is found that,

20 lcav IJ.I (fTR”(an’aZ)_”Pd(xayaz))d)(xayaz) dV =1
n(L—In(R)) Jum 1+ Sd(x,y,2)

(2.5)
Equation (2.5) can be re-arranged to express the pump excitation rate R in terms of the

losses and the laser power, such that,
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oo n(L - In(R))+ 21,0 n1,
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where: I, = .”j d(x,7, 20 (%, Y 2) dV and I, = J.” r(x, 7, 20 (% y,2) dav
T TS0 p,2) I T s

(2.6).
Substituting equation (2.6) back into equation (2.2) leads to a description of the change in

the inversion profile for various levels of oscillating field saturation,

AN(x, y,2) = n(L—In(R"))r(x, y,z) o r(x,v,2)I, —d(x,y,2)I,
Vs 21,,0(0+S80(x,y,2)1, (1+ 8o (x, y,2))],

Q2.7).
Now the gain for any particular cavity or waveguide mode, G,, with a spatial profile

d,(x,y,z) saturated by a lasing mode of profile ¢(x,y,z) is given by,

G, =2 [[[aN G220, (5, . 2)dV

crystal

2.8)
with AN(x,y,z) coming from equation (2.7). Therefore, in the general case the saturated
inversion depends upon the size of the un-pumped population in the lower laser level.
Hence, spatial-mode selectivity will also, depend on whether the lasing transition is 3 or 4-

level in nature, as will be discussed in section 2.4.5.

With knowledge of the relevant spatial distributions, it is possible to solve equation (2.5)
using equation (2.7) to find the lasing power as a function of pump power. Similarly, it

can be used to find the optimum output coupling for a particular cavity configuration.

2.2.2 Plane-wave analysis

To model a laser system whose spatial distributions for either the laser or pump radiation
are unknown, equation (2.5) is not suitable. Consequently a method such as a Rigrod
analysis [10] or a simpler energy transfer model is required to predict its performance; as
such a plane wave model applicable to side-pumped, highly multi-mode LMA PW lasers
was required. Such a method was derived by modifying a model presented by Beach [2]
for end-pumped quasi-three-level laser oscillators, which accounts for ground-state

depletion and gain saturation. Other energy transfer mechanisms such as cross-relaxation,
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and upconversion were also incorporated, as will be demonstrated. In addition the
modelling allows simple identification of the de-excitation routes taken by the excited
active medium, such as thermal loading of the crystal or fluorescence. This is particularly
important in the case of high-power lasers where thermal or even upconversion effects can

severely degrade their performance.

The premise for the plane-wave analysis is that the excited ion population is imagined to
be in a single upper laser manifold whilst the remaining population is in the lower or
ground state. Therefore changes in the population levels are defined by excitation and de-
excitation rates from the lower and upper levels respectively, as illustrated in Figure 2.2,
and imposing the law of energy conservation in a steady-state regime implies that the
energy transfer channels must be equivalent. The result leads to the determination of the

input and output energy paths for the laser system, one of which is laser output power.

Firstly, assuming that all of the active ions () are either in the upper (U) or lower (L)
energy states, gives ng=n; + ny. Note the levels #n;; in Figure 2.2 may in fact be Stark
levels within a single energy manifold, similarly for 7;; ;, which for example, corresponds

to the °F electronic state of the trivalent rare earth ion, Yb*'.

Njy 'y
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Pump
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Figure 2.2: General energy scheme for a laser system and the equivalent two-level model
accounting for an excitation and de-excitation rate between the upper and lower

levels coupling the laser radiation.

2.2.2.1 Rate of excitation

In the side-pumped configuration, the fraction of incident pump power delivered to the
active medium that is absorbed in a single pass across the width of the crystal, w, can be

defined as,
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2.9)
where o, is the spectroscopic absorption cross section at the pump wavelength, n,,
represents the overlap of the pump radiation and the doped volume of the active medium
(discussed further in relation to the LMA waveguide later in this chapter, section 2.4.4),
f1.7w) corresponds to the Stark level Boltzmann occupation factors for the lower (upper)
energy manifold, the x-axis corresponds to integration across the width of the crystal, and
nrw 1s the population density of the lower (upper) laser manifold, assuming all the

population lies within the two levels involved, it is possible to write,

fing = fIn, = f"n, ~ fln,

(2.10)
Here, ny is the active-ion dopant density and /¥ = f;, ¥ + f;” is a compact notation for the
sum of Stark level occupation factors in the lower and upper manifolds coupled by the
pump radiation. It is useful now to define the integrated upper level population density,
Ny, with respect to the active material length, /, which it will be shown can be easily

obtained from the gain equal loss relationship at threshold, thus

N, = jnU dz
0

2.11).
Noting the relatively uniform pump distribution associated with side-pumping, the
integrated inversion density with respect to the gain volume width, w, and referenced to

the manifold Stark levels coupled by the pump radiation, can be written as

N§ :prU%_prnOW

(2.12),

therefore the fractional absorption becomes,

F,=1- N
(2.13)
Leaving the rate at which the active ions are promoted into the upper laser level, for a

single pass pumping configuration, to be given by,
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(2.14)
where gy is the quantum yield efficiency for the laser system, representing the number of
electrons in the upper laser level per pump photon delivered to the active material, the
latter is governed by the delivery efficiency, mg., i.e. the percentage of the pump radiation

coupled into the active medium.

2.2.2.2 Rate of de-excitation

Using a similar argument as in the previous section, the fraction of laser power absorbed

in a single pass along the length of the gain volume, / is,

F = _[1 _ e[—ﬂ/ucz.[: (fL]nL—fb[an )4sz
B =

(2.15)
here o is the spectroscopic stimulated emission cross section for the laser transition, 1y, is
the overlap of the oscillating field with the active volume, le(U) is the lower (upper) laser
Stark level occupation factor, and the z-axis corresponds to integration along the length of
the crystal. The negative sign in front of equation (2.15) indicates that the process is one of
emission rather than absorption. As before, noting that all the population is in either of the

two levels involved in the laser transition gives,

I 1 i i
Jony = fon, = iy — fomg
(2.16)

where /' = f; ' + i is a compact notation for the sum of Stark-level occupation factors in

the lower and upper manifolds coupled by the laser radiation.

The integrated inversion density with respect to the crystal length, and referenced to the

manifold Stark levels coupled by the laser radiation, is defined to be

Ny =f'Ny = fin

2.17)

from which,
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(2.18).
By tracing the laser output power, P,,, reflected back from the output coupler mirror
through the cavity, and assuming that the propagation losses can be lumped into a one-

way cavity transmission, T,, located at the high reflector, the de-excitation rate is given

by,

Rd — Pout [ RIOL JF (1 + TZeTl/oG/Név )+ NU Wtcore
e—ex oc B sp
MasoaIV 1 \ 1= R, Tepr

(2.19)
With M4 representing the fill factor of the laser beam with respect to cross sectional area
of the excited volume, .. is the thickness of the doped region, and 7.4 is the effective
emission lifetime of the upper level dependent upon radiative and non-radiative decay in
addition to other excited state energy transfer mechanisms, such as upconversion and cross

relaxation.

Equating equations (2.14) and (2.19), it is possible to derive the laser output power,
threshold and slope efficiency. Therefore the output power of the laser is related to the

incident pump power, P,, by

Pout :nslope (Pp - f)th)

(2.20)

where the slope efficiency, 7,0, With respect to the incident pump power, for a single

pass of the pump, is

N =MoL | =R 5
slope QY ' I\ Mode" del N ) RIOC FB (1 " ];;en/”c/Né )
(2.21)
and the threshold incident power, Py, is
P — hV )4 (NU Wtcore j
th
MNoyMNaer® of F,
(2.22).
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2.2.2.3 Excited-state population density

In order to calculate equations (2.20) - (2.22) it is also necessary to find the integrated
excited-state population density, Ny. Under steady-state conditions this is calculated using

the gain equal to loss expression, that is

2 poc ZnIuG[Ni' —
T, R"e =1

(2.23).

Re-arranging equation (2.23) and using equation (2.17) leads to the final expression
N, =Ll 1 In 21 — |+ fin,l
S\ 2n,0, TspRl

2.3 Thermal modelling

(2.24).

2.3.1 Thermal modelling - end pumping

In high-power end-pumped solid-state lasers, thermal management is of considerable
importance for beam quality, efficiency, and scalability [11]. A key parameter in this
problem is the thermal resistance between the heat source and its surrounds. The
temperature rise and distribution within the active material, depends upon the absorbed
pump power contributing to heat, its distribution, the heat-sink geometry, and of course
the thermal conductivity of the host. To verify whether the thermal characteristics of the
LMA PW laser are an improvement over its bulk counterparts and to determine the
expected temperature rises associated with end-pumping, a model was developed that

accounted for the composite’s properties.

For the composite structure illustrated in Figure 2.3, it should be noted that the thermal
conductivity is not necessarily equal for the individual layers between the heat source and
sink. When coupled with the fact that under pumped conditions the heat source is confined
to a thin stripe in a waveguide core, the thermal resistance and in-plane temperature
distribution may be calculated by applying a model originally developed for
semiconductor hetero-structure lasers by Joyce and Dixon [3]. Assumptions for this model
are; (1) the uniform heat source is an infinitesimally thin planar rectangular stripe within a
layered structure, (2) there is a single conductive heat sink of constant temperature at the

bottom surface, and (3) no heat escapes the side, end or top surfaces, representative of the
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end-pumped structures investigated. Thus a two-dimensional (2D) heat flow is expected in
the x-y plane, as illustrated by the dashed lines in Figure 2.3, and the thermal resistance of
the overall structure determined; the results define an in-plane (x-z plane) temperature-
difference profile between the heat sink and the centre of the active layer. Although Joyce
and Dixon originally proposed this model for electrically pumped lasers with uniform
current injection along the length of the hetero-structure, it is a simple matter to apply this
analysis recursively to small increments along the length of the medium, accounting for

longitudinal pumping and an exponentially decreasing heat source.
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Figure 2.3: Schematic of a plane rectangular heat source at the centre of an active core in a

double-clad LMA PW laser.

Joyce and Dixon develop their model starting with a separation-of-variables solution to
Laplace’s heat conduction equation as an appropriate form for the temperature distribution

in the i" layer of a hetero-structure [3], that is,

T, )= Booll=1,09)+ 2. B, [cosh(k, ) = 1, sinh(k, ) |cos(k, x)
m=1
(2.25)
where the coefficients and constants are determined by a careful choice of the system

coordinates (that is y in each layer increases from zero moving away from the heat source)

and application of the boundary conditions listed in the above assumptions.
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Consequently the in-plane temperature difference with respect to the heat sink, as a
function of the thermal resistance R(x), is determined at the heat source that is the centre

of the active waveguide core, using

T (x,0) = R(x) P,

(2.26)

where Pj is the heat deposited over the planar stripe area and the thermal resistance is
given by,
_ 2mm

R(x) = i Bl,m cos(x,,x), K, =

m=1 w

(2.27).
Here B, is a coefficient derived from the fact that although the heat flux is an unknown

function in x, the total heat flow from the planar heat source from both sides is constant

and equal to J = P, /2w,,l, the power per unit area for |x| <o, and zero otherwise; ®,, is

the half width of the rectangular heat source, and / its length. Using a Fourier series

representation for the heat flux reveals,

2 sin(k,® )

2
wpleKm (klrl,m + k2r2,m )

Bl,m =

(2.28).

Which involves, x, a separation constant for the Fourier series, w the full width of the
composite structure, as indicated in Figure 2.3, k; and k; the thermal conductivities of the
layers adjacent to the heat source that are respectively closer to and farther from the heat
sink, as shown in Figure 2.4, and finally 7, ,, and r,,, are dimensionless series coefficients
below and above the heat source respectively, determined using the listed boundary

conditions, such that,

tanh(k 1) +(k;2 j o i=1,3,...2b-1

i

= , or

1+[k;;2j tanh(i,2,)7; , ,, i=2,4,...,2a

i

(2.29).
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Where as shown in Figure 2.4, i denotes the layer number that is odd below or even above
and increasing moving away from the heat source, thus there are a layers above (the
uppermost layer numbered 2a) and b layers below (the layer adjacent to the heat sink
numbered 2b-1); k; is the thermal conductivity and ¢ the thickness of the i layer. The
definition of r;, requires the boundary conditions at the outer surfaces of layers, i = 2a

and 2b-1, be evaluated. Applying assumptions (3) and (2) to equation (2.25), i.e. at the

uppermost surface no heat may escape, i.e. 0T, (v =ty,) oy = 0, and the surface adjacent to
the highly conductive heat sink is held at a constant temperature 7,, ,(y=¢,, ,) =0, (zero

is used for simplicity, a linear offset from the actual heat sink temperature) gives,

r2a,m = tanh(Kmt2a)

Fopoim = coth(x 7, )

(2.30).

th Layer Layer thermal
thickness, conductivity,

l
ayer £ i
20 tZa kZa
4 ty ky
o2 b k| Heat source plane
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2b-1 t2p-1 kb1
Heat sink

Figure 2.4: Cross section of the composite structure consisting of layers of dissimilar materials. The
" layer is assigned a number as indicated, with a thickness, #, and a thermal

conductivity, k;.
Finally for m =0 the B,y coefficient is obtained directly from the Fourier series
representation of the heat flux, where the leading term is independent of x and represents a
1D heat flow through the lower layers directly to the heat sink, given by,
Pt

= — —l’ i:1,3,...,2b_1
Bio ek

1

@2.31).
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To apply this model to the LMA PW laser, firstly the width of the heat source was
assumed to be twice the average pump beam radius ®,, in the non-guided x-axis.
Secondly, the absorbed power contributing to heat in the active medium over a small

increment Az = z, — z;, was calculated using,

P (Az) = YP/? (e_az' —e 4 R;Ce*f“ (e—a(l—zz) —_e™ (I-z) ))

(2.32)

where v is the fraction of the absorbed pump contributing to heat, P; is the initial pump

power launched into the waveguide, o is the absorption coefficient for the double-clad

structure (see section 2.4.4), R’* is the output mirror reflectance at the pump wavelength

(hence allowing for back reflection of unabsorbed pump after one pass of the waveguide),

and / is the length of the waveguide.

Applying this model in a recursive manner over the length of the waveguide, the induced
temperature difference distribution in the plane as a function of x and z can be found. This

is discussed further in Chapter 3.

2.3.2 'Thermal modelling — side-pumping

An in-plane pumping scheme with the thermal load uniformly distributed throughout the
entire waveguide core, approaches the case of a slab heat-source of infinite extent;
corresponding to the high aspect ratio of the doped core to the waveguide width and
length. Therefore the temperature gradient can be assumed to be 1D perpendicular to the
plane, the solution for which has been discussed in detail by Eggleston et al. [4]. In their
analysis the uniformly heated slab is in direct contact with the heat sink and cooling
system, differing from the double-clad waveguide in that the core acts as the heat source,
and the cladding layers, thermal resistance. Fortunately though, for the YAG/sapphire
composite, planar structures can be fabricated with comparatively smaller overall thermal

resistance than a single-crystal slab.

To determine the temperature distribution in the waveguide geometry, the heat conduction
equation must be solved accounting for the boundary conditions, similar to that detailed in
the previous section. Under steady-state pumping conditions (as discussed in this thesis)

the time independent heat equation is given by [4],
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_QT(xvyaz)

VT (x,y,z) =
oy ) = e

(2.33).
The thermal load per unit volume, Qr(x,y,z) is assumed constant and equal to the
uniformly deposited heat, P,, over the volume of the active core, f.,.wl. Furthermore,
assuming that the heat flow is purely 1D perpendicular to the plane, implies equation

(2.33) reduces to,

’T(y) _  -F,
ot kO, wl
(2.34).
Thus a general solution to equation (2.34) is shown in Figure 2.5, corresponding to the

adjacent schematic diagram for the 5 layer composite structures investigated.

Upper heat sink + coolant General Solution for 1D
6
I ﬁ temperature profile
Yy A
As a N
e de qy+r ds<y< dg
Sapphire .
" ko o oy+p do<y< d
A ................ d,
. di=-d,
dy+e d;>y>ds;
Sapphire ks "ds

I d fy+g ds>y>ds
Investigated As 5 ~ 7
LMA PW's T

Lower heat sink + coolant

Figure 2.5: General structure and solution for modelling the 1D temperature profile in a double-clad
waveguide

With reference to the schematic in Figure 2.5, the central layers are considered to be the

same material (although in general this does not have to be the case) and only the inner

core doped with an activator ion, becoming the source of heat when optically excited. It

should be pointed out that each i" layer is assumed isotropic in terms of its thermal

conductivity, which is also assumed to be independent of temperature, therefore k(y)= k;

for y contained by the i layer. In the composite structures investigated it is also
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reasonable to expect that the boundary between each layer does not contribute additional
thermal resistance, particularly as the fabrication technique requires the surfaces to be in

intimate contact. The boundary conditions between the adjacent layers are therefore given

by:
ki, a_T =k, 5_T
W, W, for i=234
]:‘—2|d[ = 7;|d[

(2.35),

where the boundary surface position is indicated by d,, i is the layer index, as indicated in
Figure 2.5. Note for the case i=1 the first subscript index, i-2, is replaced by i-1. The upper
statement in equation (2.35) states that the temperature gradient in adjacent layers is
proportional through each layer’s thermal conductivity, and the bottom is simply the

continuity condition that the temperature either side of an infinitely thin boundary is equal.

The outer surfaces of the composite structure are assumed to be in contact with an actively
cooled heat sink with the appropriate boundary condition then given by Newton’s law of

heat transfer [4],

kizaT

2 A ), for i=5o0r6
&y d;

:xi(T"—T

c i
di

(2.36)
here the coefficient of heat transfer, A;, is dependent upon the thermal interface between
the waveguide and heat sink, including the latter’s geometry [12], 7.' is the coolant

temperature, and finally y represents the outward unit-vector normal to the d;boundary.

Therefore it simply becomes an algebraic problem to determine the coefficients of the
general solution given in Figure 2.5, starting at the two boundaries adjacent the heat sinks

and working toward the centre using equations (2.34)-(2.36).

To determine the stress induced by the thermal load in the composite slab, a temperature

distribution with a zero mean temperature is required, given by:

37



dyg

[Ty

T'(y) =T(J’)—d(5dfd)

(2.37)

where 7(y) is simply the solved form of the general equation given in Figure 2.5.

As detailed in [4], from the symmetry of the uniformly heated slab and application of the
Airy Stress function, the induced stress component is found to be,
Ea,

o, = (I_V)T(y)

(2.38).
Here the first term comprises material properties, e.g. £ is Young’s modulus, oy the
thermal expansion coefficient, and v, Poisson’s ratio. Furthermore the maximum

allowable surface stress before fracture occurs is given by:

_ R Ea,

G =————, for i=50r6
= ook

(2.39)

the term R, is a thermal shock parameter [12], or thermal stress resistance parameter [4],
essentially a figure of merit for the onset of stress fracture in a particular material. By
taking the ratio of equations (2.39) and (2.38) another figure of merit relating the stress
fracture limit to the induced stress is obtained, i.e,

R

F = *—  for i=50r6
kT'(d))

(2.40),
giving a simple expression for the margin of safety before stress fracture is expected in the

composite structure.
2.4 Waveguide theory

2.4.1 Introduction to the slab waveguide

Guiding electromagnetic radiation is a well understood phenomenon, and for which there

are many textbooks dedicated to its application in the optical regime, for example [13-16].

38



The simplest wave-guiding structure, the planar waveguide, being the primary focus of
this study, achieves optical confinement through total internal reflection (TIR) at the
interfaces between layers of higher refractive index bounded by lower index materials, as
illustrated in Figure 2.6. Light, theoretically at least, may propagate through such
structures without loss if the phase-fronts are reconstructed after undergoing two internal
reflections from the upper and lower bounding interfaces. One method to account for the
enforced phase relationship is to describe the propagating light with plane wave-fronts
travelling at discrete angles upwards and downwards with respect to the layers, as
indicated in Figure 2.6, noting that the dotted lines are for visualisation purposes only. The
superposition of upward (red) and downward (blue) travelling wave-fronts produce
standing waveforms perpendicular to the plane; these are called the guided modes of the
waveguide and represent a transverse electromagnetic field distribution that is
unchanging as it propagates along the waveguide. Each guided mode is defined by a
unique angle with respect to the interface normal, 6,,, which is greater than the critical

angle, 0., for that interface, i.e. the condition for TIR.
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Figure 2.6: Upward and downward propagating plane waves in a waveguide.

2.4.2 Five layer double-clad waveguide

The concept of planar waveguides introduced above can be extended to account for more
complex structures, and for which there are various numerical methods to calculate their

modal properties [17]. An analytic solution for the guided modes of the double-clad
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waveguide, illustrated in Figure 2.7, reported by Bonner et. al. [18] was obtained by
choosing an appropriate form for the propagating electric field solutions in each layer of
the structure. Solving the Helmholtz or “wave” equation and applying boundary
conditions leads to an exact expression for the transverse electric field. A similar analysis,

constructive for the following sections is developed in more detail here.

Outer cladding

Inner cladding

Figure 2.7: LMA double-clad planar waveguide

To start, first consider the waveguide configuration as defined in Figure 2.8, a five layer
composite structure with a core layer surrounded by two lower refractive index materials.
With d; > = ds4 and np 3 = ng5 i.e. a symmetric structure, Figure 2.8 is representative of the
LMA PW’s investigated herein, however for generality the parameters describing each
layer are kept independent. Mode solutions for the transverse electric (TE) field are
derived, that is the field polarised in the plane, from which, by the duality of Maxwell’s
equations, the corresponding transverse magnetic (TM) field polarised perpendicular to

the plane is found.

y
N3 <ny, N T Outer cladding
dz
N2 < Ny Inner cladding
d,
____________ N_ _ . _ 0 Core
ds :
Ng < Ny Inner cladding
ds :
N5 < N4, N1 Outer cladding

Figure 2.8: Parameters describing a double-clad planar waveguide. Note the core is divided in

two, therefore d; =- d,.
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As discussed above, it can be assumed that in the core region the superposition of upward
and downward propagating waves produce a transverse standing wave pattern described
by an oscillatory solution. In contrast in the outer cladding layers, remembering that the
guided modes are confined to the central layers, the electric field must decay as it
propagates away from the interface, i.e. an evanescent field [17]. Finally, for the inner
cladding layers, if the angle of propagation of the plane waves in the core is greater than
the critical angle of the core-inner cladding interface, the same argument used for the outer
cladding applies, i.e. exponential decay; otherwise an oscillatory solution is required.

Therefore the general spatial form for the TE field amplitude may be written as,

I Aye™ ] yv=d,
A, + 4y d<y<d,

E (y.z)=| 4 coslky+u ™) <4,
A + Ale™ d, <y<d,

| Ae™” i y<d,

(2.41),
where the 4; terms give the field amplitude in the ith layer, k; and o, are the wavenumbers
along the y-axis in the core and i™ layer respectively, k. is the wavenumber for the guided
mode in the plane, and finally a phase term y’® is introduced to account for a possible
non-symmetric nature of the expected standing wave solutions. It should be highlighted
that in the inner cladding layers, i = 2 or 4, the field solution is allowed to be either,

oscillatory, for imaginary a;, or evanescent, for real a.;.

Applying the Helmholtz equation, (V2 +k02nl.2)§=0 to the electric field of

equation (2.41) produces the dispersion relationships for the waveguide structure; thus the

. -th . .
wavenumber in the i layer is given by;

Q, =k01/(n§ﬂ—nl?)
ky =k0\/(”12 _njtf)

(2.42)

where n,, =k_/k, , and ko is the free space wavenumber.

A direct consequence of the integral forms of Maxwell’s equations is that across the

interface of two dielectric media, the tangential electric and magnetic fields must be
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continuous [13]. Therefore, to solve all the boundary conditions it is also necessary to
determine the magnetic field in the plane. Using the time-harmonic Maxwell’s curl

equation, Vx E = —jou H , the general form for the tangential magnetic field is obtained,

—%s g yzd,
M3
—% (Azeﬂzy —A;eazy) d<y<d,
K,
il —k ) .
H.(07)= 4| 25 sl ™) lohe <
o] K
o o r_—o
Selae —Aew) | 4 <yza,
My
s o
_A e 5V <
L “'5 3 i y - d4

(2.43).
Notwithstanding the dielectric nature of the composite structure the magnetic
permeability, p;, for each layer is kept independent; this is done for ease in determining

the TM mode solutions later.

Equating the fields at the interfaces in equations (2.41) and (2.43) produces a set of eight
linear equations from which it is possible to find each amplitude coefficient 4;, i = 2-5, in
terms of A;. Also eliminating the amplitude coefficient 4; by dividing the boundary
condition equations for the inner cladding and core interfaces, a phase delay is obtained
that corresponds to the plane wave propagation through the upper and lower halves of the
waveguide. Consequently the guidance condition is defined noting that for self
consistency the phase delay must be a multiple of 2m. It should be noted that this

combination of equations also gives the phase constant y'”.

Following the above method the guidance condition, a transcendental equation which

must be solved graphically or numerically to find the core wavenumber, k;, is described
by;
2kid, =, —0,. = pn p=0,1,...

Iwr

(2.44),

with the constant phase component of the TE oscillatory field in the core given by,
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TE TE
TE _ (I)upp _(I)lwr —pr
2

(2.45).
The phase delay for plane waves propagating through the upper or lower half of the

waveguide is,

0/ = arctan[ MO, (Hzo% T H50, tanh(az(dz —d, ))
. Mok \ a0, + a0t tanh(ocz(dz —d, ))

1:::; _ arctan( By (M4a5 + U0y, tanh(a4(d3 —d, ))
Mok, \ Hs0, + 1o tanh(oc4(d3 —d, ))

(2.46).
The parameter p denotes the guided mode number, where the TE, mode has p nodes

across its distribution.

Finally the transverse electric field amplitude is described by the equation,

A]Z‘;edz(“zﬂ;)( 2“30(‘2 ]eﬂay y > d2
) M0y — K0y
A,Z; (“30“2 + 0y jezazdz—azy + eazy dl < y < d2
|\ K0, = 105
E(y.z)=4" cos(ky +y ™) e =4
AT MOl + KOs o 20ty | ey
ZW|: HsOly — HyOls d <y=<d,
Al:VEre—dA(Oums)( 2“5(14 ]eas)’ ¥ < d4
HsOy — 1y O

(2.47),
where the coefficients in the upper and lower cladding layers are,

cos(kla’1 +y " ) e AT cos(k1d3 +y ) et
(“3(12 + 10 jeZaz(dz—dl) 1 (“’50(‘4 + 10 JeZOu(da—dO +1
HaQ, — K05 HsOy — KOs
(2.48).
Having determined the TE field, it is a simple matter of making the appropriate

TE
Aupp -

substitutions according to the duality of Maxwell’s equations to obtain the transverse
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magnetic (TM) field solution, namely; E — -H, H —»

magnetic field amplitude is described by,

E,

u— g, € > W Therefore the

2e.0 ,
A’Z‘;)AZ edz(a2+(x3) 3Y2 e—%} y > dz
€30, —€,0;
ATM (830‘2 +82a‘3 )ezazdz_uzy + euz,‘/ dl < y < dZ
upp
|\ €30, —€,05
_ ™ ™ —Jk.z
H (v,2)=-4, cos(ky +y ™) pl<d,
ATM €504 + €405 je_zoudzamzxy +e
Twr < <
€50y —E40s d,<y<d,
™ —d (og+ats) 2850(,4 sy
Alwr 4\UgT0s ( e 5 y S d4
| €0, —€,0Ls |

(2.49),

where the coefficients in the upper and lower cladding layers are,

cos(k1d3 +y ™ ) ™Mb

]62u4(d3d4) + 1]

cos(kla’1 +y ™ )e’“zd‘

]62%(0!2—61[) + IJ

™ _

upp
83OL2 +820L3
€30, —&,03

ATM —

Iwr
[85(14 +84(X5
850(,4 —84(15

(2.50).
The equivalent TM guidance condition is;
2k/d, ¢upp - = p=0,1,.
2.51),
with the corresponding constant phase component,
™ __ ¢Mpp _(I)lwr
2
(2.52)

and the phase delay for the TM polarised plane waves in the upper or lower half of the

o ———
€0y 4 E4014 tanh(oc4gd3 ;m

1%
€,k (85(14 +€,0 tanh(oc4 d,—d,

waveguide is,

._

o7 L0, +€500, tanh(OLz(a?2
upp (

d,)
d,)

0L, +E,0, tanh(oc2 d,—

= arctan

IWI

TN
™
R

(2.53).
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Due to the similarity in the resulting mode solutions for the TE and TM fields, only the TE

mode profiles are considered throughout the rest of this chapter.
2.4.3 Rare-earth-doped direct-bonded planar waveguides

2.4.3.1 Refractive index profile

The refractive index of the rare-earth-doped core of the LMA waveguides depends upon
the doping concentration and the rare-earth ion itself. In all cases considered the core
refractive index is increased with respect to the un-doped YAG inner cladding layers, thus
obtaining a weak symmetric waveguide, which is in turn clad with sapphire, Figure 2.9,
forming a strong or highly multimode waveguide. The index change of the doped YAG
has been demonstrated to be linear with the doping concentration [19] for rare earth ions

having an ionic radius up to 1.07 A. A summary of the index change per doping

percentage for the rare earth ions investigated is detailed in Table 2-1.

Re:YAG teore

YAG l _l

Sapphire \

A (| NRE:YAG

v

Nsapphire NvyaG

Figure 2.9: Cross sectional schematic of the refractive index profile for a

RE:YAG/YAG/Sapphire LMA double-clad planar waveguide.

i Refractive index change
Rare earth ion

x10™ per at.%
Nd** 4[18]
Er’* 2.2[19]
™™ 1.9 [19]
Yb** 1.5 [20]

Table 2-1:  Refractive index increase for YAG per rare earth doped concentration
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In a classical double-clad fibre, the core is itself a single-mode waveguide isolated from
the outer multi-mode cladding waveguide [21]. Whereas in the waveguides considered
here this does not have to be the case, rather for the mode selection properties to be
effective the next higher order core mode need only be weakly confined, with its field
distribution extending well into the inner cladding, if not out to the outer cladding. This
will be discussed in more detail, however first it is beneficial to demonstrate the way the

core refractive index changes the modal properties of the LMA planar waveguide.

Using equations (2.44)-(2.48) the TE, mode profile can be obtained corresponding to the
physical characteristics of the waveguide structure of interest. For illustrative purposes
imagine a nominal structure, representative of the LMA waveguides investigated herein,
with physical properties as defined in Table 2-2, guiding light with a free space
wavelength of 1um, and for which a core-inner cladding index difference, An can be

defined.

Layer thickness (um) Refractive index
Core 20 1.816+An
Inner cladding 5 1.816
Outer cladding >5 1.756

Table 2-2: Nominal symmetric double-clad waveguide characteristics.

It is then observed that by increasing the refractive index step between the core and inner
cladding the calculated modes shown in Figure 2.10, are progressively more confined to
the core. The four index steps, An=0, 10'4, 102 , and 10'2, illustrated in Figure 2.10
transform the core layer from supporting no modes, i.e. a large 30um three layer
multimode guide, to 1, 3 and 8 modes respectively. Thus for the nominal example given
here the limiting index step, for which it may still be considered to be a LMA double-clad
waveguide with a single mode core, is between 10 and 10°. After which the possibility
that the TE; mode could exceed threshold of a laser cavity increases with its percentage
overlap with the doped core. Considering the normalised profiles of Figure 2.10 it is
obvious that the lower order modes corresponding to an index difference between
An =107 - 107 have a strong overlap with the core region, indicated by the two vertical
dotted lines, therefore it would be expected that in such cases a waveguide laser would

operate multimode. Reviewing Table 2-1, it is evident that for typical rare-earth doping
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Figure 2.10: Normalised TE, (—),
TE, (— —),and TE; (— )
profiles for the waveguide
prescribed in Table 2-2, with
increasing refractive index
difference, An (—). Note:
refractive index profile is to
scale, with An magnified by 10.

concentrations used to achieve good laser
performance, for example ~1% Nd, ~10% Yb,
Tm, and ~50% Er, the index step between the

central layers is of the order of An=107-107.

Therefore care must be taken with the
waveguide design of rare-earth-doped 5-layer
structures, including attention to the laser
wavelength unique to the active ion, by ensuring
that the higher order core modes are not well
confined to the doped region. One other
important reason to use the LMA waveguide in
the planar geometry is the associated higher
effective absorption coefficient, as discussed in

the following section.

2.4.4 Large mode area planar waveguide

absorption efficiency

A simple assumption can be made that the
absorption coefficient for the pump radiation
delivered to a waveguide will be reduced by a
factor, 7,0, equal to the ratio of the doped to un-
doped areas of the central layers (doping
ratio=te.r/ty see Figure 2.9), compared to a
uniformly doped material. This assumption does
not account for the different overlap factors with
the central doped region of the various

propagation modes supported by the waveguide.
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With this in mind a BPM"® model was used to compare the absorption efficiency of the
nominal structure defined in Table 2-2 to a similar structure with uniform doping
throughout the YAG layers. The results, illustrated in Figure 2.11, show that the
absorption coefficient is reduced to 7,,=0.68 whereas the simple assumption above leads
to a value of 2/3. The small difference in these figures is due to the larger relative
absorption coefficient of lower order modes, which approach that of the uniformly doped
material, compared to that of higher order modes, as illustrated by the lower pair of lines

in Figure 2.11.

This modelling is based on a perfectly aligned diode, which leads solely to the excitation
of even modes within the YAG layers. However, the same modelling for a diode offset

vertically by Sum, so that the odd modes are also excited, gives nearly identical results.

ratio of slopes = 0.68
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Figure 2.11: Pump power against distance in units of bulk material absorption length
(L.ps)- Dashed lines are the calculated power and the solid lines are linear fits.
The upper two curves show the absorption in uniformly doped and centrally
doped waveguides. The lower two curves show the absorption of the lowest

order mode and a higher order mode in the centrally doped waveguide.

* Beam propagation method (BPM) — is a numerical analysis technique to determine the evolution of an
electromagnetic field as it propagates through some predefined system. The method starts with an initial
field and then calculates successive distributions at incremental planes along the direction of propagation, by
applying the wave equation and local boundary conditions. Each successive field is the source for the next

incremental step until the last plane is reached and the final field distribution determined.
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2.4.5 Gain mode selection in large mode area planar waveguide lasers

For a uniformly side-pumped LMA PW, it can be assumed that r(x,y,z) = d(x,y,z), a
consequence of exciting many higher order modes, therefore the second term of

equation (2.7) simply disappears leaving no dependence on the doping distribution, that is,

_ (L+In(R))d(x,y,z2)

ANy 2) = 0+ 80 (e

(2.54).
For practical double-clad devices, as illustrated in section 2.4.3, doping the core normally
induces a finite index change; therefore, combining the equations defined in section 2.2.1
with equation (2.54), it is possible to investigate the mode selection properties for real

LMA PW lasers.

In a CW laser oscillator the gain is clamped at the level of the cavity loss, as stated by
equation (2.4). Therefore the gain for the p™ mode, can be determined relative to the TE,
lasing mode, ¢(x,),z), including saturation effects by the mode already oscillating, by

rearranging equation (2.8) and using equation (2.54) for AN(x,y,z), such that,

G

rel __ p

? " L-In(R%)

(2.55),

where L represents the loss exponent for the cavity. To demonstrate that the TE( mode is
the first waveguide mode to reach threshold in the nominal LMA PW laser investigated,
irrespective of the doping ratio and index step, equation (2.55) is solved with the lasing
intensity set to zero, the thickness for the central layers, t, = 30um (see Figure 2.9), and a
free space wavelength of 1um. Figure 2.12(a) illustrates the results using mode profiles
obtained from the solutions of equations (2.44)-(2.47), at various doping ratios and
accounting for the refractive index steps indicated. Figure 2.12(b) then represents the
relative gain for the TE; and TE, modes at three saturating power levels with the TE,

mode as the oscillating field.
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Relative gain w.r.t cavity loss.
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Figure 2.12: Relative gain for the TE; and TE, modes as a function of doping ratio. Corresponding to
(a) threshold I=0, and (b) the saturation levels I/I;,; = 1, 10, 100, with refractive index

steps, An =0, 10*,107, and 10?2, and an outer cladding spacing of 30 um.
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It should be noted that the TE; mode is in general the second mode to reach threshold and
corresponds to the second highest overlap with the doped core region as discussed below.
As suggested in section 2.4.3, it can be seen in Figure 2.12 that for higher order modes
having a significant overlap with the doped region, as found for a refractive index step of
An =107 and the nominal structure of Table 2-2, i.e. a doping ratio of ~0.67, the relative
gain is well above unity for all saturation levels considered. In fact for each of the index
steps considered, the points where G/ = 1 correspond to the core waveguide supporting
only two modes, the peaks of the TE, profile falling just within the doped region. This is
illustrated for a highly saturated condition, I/I,~=100, in Figure 2.13 for the cases
An=107 and 107,

o \ ~_An=107 r __An=107
|
| | |
iy i
T I
/] i
i
— J \ \\xxﬁ )5 Y\
-20 -10 0 10 20 -20 -10 0 10 20
Transverse position (um) Transverse position (um)
(a) (b)
Figure 2.13: Normalised TE, ( ), TE; (— — ), and TE, ( ) mode profiles when Glrd =1
for a double-clad waveguide with t,=30pm ( ) and a core index step (. ) of

(a) An =107 with a doping ratio ~ 0.4, and (b) An = 107 with a doping ratio ~ 0.13

2.4.6 Index profile limitations for mode selection

As illustrated above, including a refractive index profile associated with a non-uniform
doping distribution modifies the spatial distribution of the laser field which in turn affects
the mode selection characteristics. In the case of the double-clad waveguide with no core
index step, i.e. An =0, a limit for the doped layer thickness is found that is ~ 60% of the
outer cladding spacing. This corresponds to an overlap of the TE; mode with the doped

region equal to 70%. Thus for a high numerical aperture waveguide with non-uniform
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doping distribution, the mode selection is dependent upon the laser field distribution and
the overlap of the higher order modes with the saturated doped region. Specifically, it is a
purely gain selection process, preferentially allowing one mode to exceed threshold over

another; in the cases treated above, the fundamental with respect to higher order modes.

For the double-clad waveguide example, when an index step associated with the doping
distribution is sufficient to support guided modes isolated from the outer cladding, as
illustrated for the two mode case with TE; and TE; in Figure 2.13(b), the relative
confinement for each of the higher order modes within the doped region is dependent upon
the induced waveguide properties. Thus this process is a result of index mode selection
and is the basis for the cladding-pumped fibre [21]. For the slab waveguide it is
empirically found that the point at which the confinement factor is sufficient for the TE;

mode to exceed threshold is ~64%. Where the confinement factor is defined by [14],

[o[ dv
r, = "%
[ av

(2.56),
d(y) being the amplitude spatial field, i.e. a guided mode such as TE,, and 7., is the doped
core thickness. Following the same assumptions listed in the previous section for cavity
loss and oscillating field, this empirical confinement factor corresponds to a limit for the

core layer thickness related to the numerical aperture by,

3%,
lim =
4NA

(2.57),

where NA is the numerical aperture of the core waveguide, i.e. NA=n’ —n’, dding -

Equation (2.57) can be used as a rule of thumb for an isolated slab waveguide giving the
maximum core thickness allowed for a specific index difference between the core and

surrounding cladding, whilst maintaining good mode selection properties.

However, due to the fact that for a planar device the pump radiation often needs to be
absorbed in a reasonable distance, the doping ratio must be kept as large as possible (see
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section 2.4.4). Therefore a balance must be found between the limit imposed on the core
thickness, through equation (2.57), and the confining effects for the guided modes when
the outer cladding layers are brought into close proximity with the core, as illustrated in
Figure 2.13(a) and typical of the LMA PW. The results of an empirical study to determine
the maximum doping ratio as a function of the waveguide aperture, i.e. t,, in Figure 2.9,
where the relative gain for the TE; mode reaches unity, is shown in Figure 2.14. As
illustrated, the maximum doping ratio reduces dramatically for increased waveguide
aperture and index step, which is important for power scaling opportunities that require
larger waveguides to achieve reasonable launch efficiencies. Considering Figure 2.14 it is
conceivable that the LMA PW is a viable geometry for power scaling, particularly if the

index step, An, about the core is kept below 10,
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Figure 2.14: Doping ratio limit as a function of the separation between outer cladding layers, t,.
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Chapter 3

END - PUMPED CONTINUOUS WAVE WAVEGUIDE LASERS

3.1 Introduction

Solid-state lasers have gathered increased popularity as compact, efficient, high-power
sources for a variety of applications. Efficient laser operation is dependent upon the
properties of the active host, the pump source, and oscillator geometry. Typically these
require; the use of efficient high-power diode pump sources, a pump power well over the
lasing threshold requirement, efficient waste heat removal from the lasing region, good
overlap between the pump and signal beams, and relatively low resonator losses compared
to the output coupling. Many pump conditioning schemes and resonator geometries have
been reported that satisfy some or all of these requirements, for example, see [1] and
references therein. In this chapter it is demonstrated that the planar waveguide geometry,
especially in the configuration where the pump and laser fields are co-linear, i.e.
longitudinal or end-pumping, offers many interesting properties that could be used to fulfil

the above requirements.

Optical confinement offered by a planar waveguide leads to a high pumping intensity and
lowering of the laser threshold pump power, particularly in the end-pumped geometry,
making operation well above lasing threshold achievable for moderate powers.
Furthermore, as the lasing mode is also guided and, in the case of the double-clad
structures described here, fully contains the gain region, the spatial overlap is optimised
for efficient output. The asymmetric geometry of the planar guide is also well matched to
that of high-power diode pump sources, simplifying the required coupling optics. In
addition, the double-clad YAG-sapphire composite has a thermal conductivity that is
approximately that of sapphire; almost three times that of the YAG, which accounts for
only 30um of the overall structure thickness. Thus the heat source can be position closed
to the heat sink by using thin outer cladding layers, offering significant benefits when
considering the peak temperature rise and stress fracture limits within the lasing medium.
Finally, one further advantage of the planar waveguide and small temperature rise is that
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the optical guidance dominates the thermal lensing in the guided axis [2]. Therefore the
output beam quality is defined by the waveguide structure in the guided axis and the
thermally induced lens in the unguided axis. The latter effect is quite weak due to the
efficient heat extraction from the active core and the use of a relatively “top-hat” pump

beam that matches the fundamental laser mode [3].

Detailed in the rest of this chapter are the performance results for two diode-end-pumped
LMA PW lasers. However, first a brief review of the pump beam quality requirements is
made. The subsequent section, is devoted to a Nd:YAG LMA PW laser, its performance
operating on four laser transitions is described and compared to results obtained from the
model developed in chapter 2. The final section reports the performance of the first

reported Er:YAG double-clad waveguide laser.

3.2 Diode coupling

Optical excitation of an active material typically requires the pump distribution be
conditioned by intermediary optics whilst transferring the radiation to the region of
interest. Similarly in-plane pumping of a waveguide, the pump radiation must be
efficiently launched or coupled into it. Therefore the beam quality of the incident
radiation, perpendicular to the plane, with wavelength, A,, should be less than a limit

imposed by the waveguide aperture, #,,, and numerical aperture, NA, namely [4],

NA-t,
A

p

2
My<

@3.1).
Substituting in parameters which describe the waveguides investigated in this chapter,
NA=0.47 and ¢, = 30um, for a pump wavelength of A , ~0.8um, gives a limiting beam
quality of M,” < 17.5.

The end-pumped configurations reported in this and the following chapter typically use a
high-brightness diode pump source which has a beam quality, at least in one axis, less that
the limit defined by equation (3.1). The set-up, as illustrated in Figure 3-1, consists of a
cylindrical lens focussing the slow or “poor” beam quality axis before a spherical short
focal length lens forming a beam reducing telescope in this axis. Conversely the pump
beam in the other axis is simply focussed to a beam waist which is positioned at the
entrance aperture of the waveguide. This coupling scheme efficiently launches the pump
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radiation into the planar waveguide, whilst the in-plane beam quality is conditioned such

that its Rayleigh range is of the order of an absorption length.

LMA PW

Pump
source ~
Cylllggglcal Spherical e
lens Laser
output

Figure 3-1: Schematic for the end-pumping configuration.

3.3 Nd:YAG large mode area planar waveguide laser

3.3.1 Introduction

The Nd:YAG double-clad waveguide has been reported previously in a side-pumped
configuration [5, 6]. In this section an end-pumped double-clad planar waveguide laser is
demonstrated based on a YAG/sapphire bonded structure that can readily fulfil the
aforementioned requirements for compact and efficient, multi-Watt, diffraction-limited
laser sources. The inherent waveguide properties are especially advantageous for weak
and/or quasi-three-level transitions, which normally have relatively high laser thresholds
and can be sensitive to temperature excursions. Described here is the laser performance for
four transitions of Nd:YAG, indicated in Figure 3-2, including operation of the weak

1.83um and quasi-three-level 946nm transitions.

3.3.2 Experimental set-up

The structure, illustrated in Figure 3-3, has a 30um-deep YAG region, of which the central
20pm is doped with lat.% Nd, it is Smm wide by 10mm long waveguide and was
fabricated by Onyx Optics via the direct bonding technique. Applying the analysis of
Findlay and Clay [7] to determine the cavity losses of a 4-level laser system, a propagation
loss of <0.2dB/cm at 1.064um was found, reflecting previously reported values for similar
waveguide structures [4, 8]. It was noted that this analysis worked well for small cavity

output coupling (T,°°<30%), but was found to result in an increasing loss when extending
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to higher T,°°. This was attributed to upconversion due to the high intensity pumping used
when characterising the structure with a Ti:sapphire laser. Increasing the output coupling
beyond 30% meant that the laser threshold was approaching half of the pump saturation

intensity of 17kWem™ and twice that determined as a level beyond which Auger processes

should be considered [9].

pumping
4F5/2+2H9/2 —_—
lasing
N {
E|l €
HEE
™ N S Q
0 ™ S 3
807nm <l <l 2| &
Ny g {
Uigp g {
1)y e {
v | _
U/ R { f,' = 0.008
Nd*":YAG T = 300K

Figure 3-2: Energy level diagram for Nd:YAG, illustrating the Stark level splittings and the
fractional population (f.') of the terminal laser level for the 946nm quasi-three-level

transition. The arrows indicate the Stark levels coupled by the laser radiation.

The pump source, from unique m.o.d.e AG™, consists of two broad-stripe single emitters,
micro-beam-shaped and polarisation combined to form a single, approximately square-
shaped beam of M? ~17 in both axes. Delivering almost 10W at 807nm, the output was
collimated and allowed to propagate in free space. Noting the limit imposed by

equation (3.1) this pump source, which had the beam quality of the broad-stripe diodes

* unique m.o.d.e AG, D-07745 Jena, Germany.
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improved in one axis at the expense of the other, was efficiently launched into LMA PW.
At the same time it could be focussed to a smaller in-plane beam waist than in earlier
experiments, which used a single 4W 200um wide broad-stripe diode [10]. In this fashion
the pump beam could be conditioned in the unguided axes such that its Rayleigh range
was equivalent to the absorption length within the waveguide. The improvement of the
pump beam size, with respect to earlier experiments with the single 200um-wide pump
diode, in the unguided plane allowed a better overlap between pump and laser fields,

leading to significantly improved extraction efficiency and beam quality.

x-axis Waveguide
l >
y-axis .= 60 mm £=6.5 mm Signal
output
Diode pump N‘
source HR - Moc
(a) (b)

Figure 3-3: (a) Nd:YAG LMA double-clad planar waveguide (b) End-pumping set-up schematic.

A schematic of the experimental set-up is illustrated in Figure 3-3(b). The diode pump
module was mounted on an air-cooled heatsink, with the diode temperatures maintained
by internal thermo-electric peltier devices controlled via a separate external power supply
and driver. The two diodes connected in series required 26W of electrical power to
produce an optical output of 9.7W of pump power centred about 807nm. The optical
coupling scheme consisted of an anti-reflection (AR) coated plano-convex cylindrical lens
of focal length, f, = 60mm, focusing in the x-axis, followed by a spherical low f-number*"
diode-collimating lens module™ with focal length f=6.5mm and NA =0.5. The lenses
were arranged such that the in-plane x-axis beam waist was ®,. = 100 + 3pm positioned
~5mm inside the waveguide structure with respect to the input face (leading to a

calculated average pump radius over the crystal length of ®,, = 128um), and the y-axis

*i £ number = f /¢, where f = focal length of a lens, and ¢ the working diameter.

Xl Melles Griot — Part Number GLC 001.
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beam waist was ®,, = 15 = 1um. The pump beam quality was observed to degrade using
this coupling scheme and was measured to be M,> =29 and My2 = 18 after the spherical

focussing lens. An incident pump power of 8.6W was delivered to the pump-input mirror.

The waveguide was mounted on a precision 6-axis translation stage allowing easy
positioning with respect to the focus of the pump beam. It should be noted that the
waveguide was simply fixed to a copper block with a thermally conductive adhesive and
not actively cooled. Thin lightweight mirrors (Mur, Moc), coated on one face only, were
attached to the waveguide end faces via the surface tension of a thin layer of fluorinated
liquid, Fluorinert™, thus forming a quasi-monolithic flat-flat laser cavity of 10mm length.
This procedure, although flexible for optimising the cavity output coupling, was not
suitable for long-term high-power operation. Two problems were encountered, first
achieving a good contact between mirror and waveguide structure over the excited region,
and secondly the stability of the mirror position with increasing oscillating power. Both of
these problems could be overcome by directly coating the end-faces for an optimised

device.

3.3.3 Laser performance

Each specific laser transition was selected by tailoring the mirror reflectance for the
desired output coupling whilst discriminating against the others, ensuring that its threshold
was lowest. A summary of the laser performance obtained is shown in Table 3-1 and
Figure 3-4. It should be noted that the waveguide length was not fully optimised for
longitudinal pumping and slightly better output performance would be expected for a
shorter crystal length, especially for the 946nm quasi-three-level 4F3/2—>419/2 transition,

which has moderate re-absorption loss.

An Ando spectrum analyser™ was used to measure the three shorter wavelengths, while

1.8um operation was observed using an extended range InGaAs pin photodiode and a

XVi

Bentham monochromator™'. The two observed wavelengths for the *F3,—>"1;3 line were

*¥ Fluorinert™: manufacturer 3M™, St Paul, MN 55144-1000 USA.
* ANDO spectrum analyser Model number: AQ6317
i Bentham monochromator Model Number: TM300.
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found to depend upon the mirror contact and position, and correspond to transitions of
nearly equal emission cross-section, originating from the second Stark level of the *Fs;
manifold. The 1.318um transition terminates on the first Stark level, and the 1.338um
transition the third, of the *I;3,, manifold [11].

Fapo'lan  Fapo'lip *Fap—"lian *Fan—>*l1si
Wavelength (um) 0.946 1.064 1.318/1.338 1833
Maximum output power (W) 35 4.3 2.7 0.4
Slope efficiency ng w.r.t.
P yn 57 58 36 7

absorbed power (%)

' Laser power accounts for output from both ends of the cavity.

Table 3-1: Summary of laser performance for the four transitions studied in Nd:YAG.

5

® 1064nm

Laser output power (W)

Absorbed pump power (W)

Figure 3-4: Laser output power versus absorbed pump power for the @ ‘F3,—ly,,
B ‘F3,—'T1,, A*F3—'L3,, and V *F3,—L5, transitions. The symbols represent

the experimental data while the solid lines were obtained by numerically solving

equation (2.5)

Laser output power for the four transitions as a function of the absorbed pump power is
represented by the data points in Figure 3-4. The percentage of the 9.7W of available
pump power that was absorbed depended upon the coupling optics transmission, launch
efficiency, mirror transmissions, and absorption coefficient; consequently it varied

between each transition. For the 946nm, 1.064um and 1.3um transitions, the output power
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was maximised by optimising the output coupler reflectance (mirrors with reflectivity
spaced by 5-10%, depending upon the transition, were available). It was found that the
above reflectance values agreed well with the theoretical optimum calculated by solving
equation (2.5) as a function of the output coupling. The results of Figure 3-4 show very
efficient multi-Watt operation for the transitions that used an optimised resonator and, in

general, good agreement with the theoretical plots, represented by the solid lines.

The output beam quality was determined by measuring the second-moments radius as it
propagated through a beam waist. Firstly, both axes were collimated with cylindrical
lenses of focal lengths f, = 150mm and f, = 25mm, for the x and y axes defined in Figure
3-3. Then, after attenuating the beam via a single reflection from an uncoated glass wedge
and passing it through a plano-convex lens of 50mm focal length, the second-moments
radius or ‘variance’ was measured using a Gentec Beam-Scope™"' scanning slit, mounted
on a translation stage. A Gaussian-propagation fitting function was used to determine the
M? for the two independent axes defined by the waveguide. These results give
M,’ = 1.00+0.02 and M_\,2 = 1.2840.05, as shown in Figure 3-5 along with a beam profile

image from a CCD camera.

The slightly higher M? value in the guided axis may be due to the fact that the doping
fraction of 0.67 is greater than the calculated value for strict fundamental-mode selection,
especially as the intra-cavity laser intensity is ~ 100 times the saturation intensity for
Nd:YAG, I, = 2.3kWem™. A slightly smaller doping fraction would therefore improve the
beam quality at the expense of an increased absorption length. It is also possible that the
small increase in M” was due to the lenses used to collimate and focus the waveguide
output beam during the M* measurement. In either case, it is clear that the double-clad

waveguide laser can produce a high-spatial-quality output beam.

The measurement shown in Figure 3-5 was for a flat-flat cavity operating on the
4F3/2—>4IU 5 transition formed by a high reflectance mirror and the Fresnel reflectance of a
bare end face, i.e. an output coupler reflectance of ~8%. With this arrangement an output
power of ~1W was observed for a maximum available pump power of 9.7W. The use of

this cavity for beam quality measurements was necessary to circumvent beam profile

il Gentec EO, Québec, QC, G2E 5N7, Canada

63



instability caused by the relative movement between two mirrors mounted on the
waveguide end faces. Particularly over the relatively long time required to make a full M?
measurement. Coating directly onto the waveguide end faces would alleviate this problem
as described earlier. Observation of the output beam at higher output powers using a CCD
camera showed no noticeable degradation in the beam profile from that shown in the inset

of Figure 3-5.

Beam radius (um)

10 T T T T T
7 8 9 10 11 12 13

Distance (mm)

Figure 3-5: Beam quality measurement of a collimated output beam. Inset is the collimated

beam intensity profile captured on a CCD camera.

3.3.4 Modelling

3.3.4.1 Introduction

To apply the analysis of Chapter 2 to the LMA double-clad planar waveguide structure
one must first define the doping profile, and then the pump and lasing photon
distributions. A schematic of the double-clad waveguide is shown in Figure 3-3, indicating
the coordinate system used for the following analysis. In the planar waveguide structure

investigated, the core region was Nd**-doped YAG, with un-doped YAG inner-cladding
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layers and an outer-cladding of sapphire. Thus the doping distribution may be described

by a step function over the core volume

1 ¢
d — < core
(ry.2)=— < =S

core

(3.2)

where #... 1S the core thickness, w is the width of the waveguide and 1 the length.

For a highly multimode waveguide structure, as used here, the pump distribution may be
assumed to be uniform across the doped core, consistent with exciting a large number of
waveguide modes. However, in the plane of the waveguide, where there is no guiding
structure, the pump beam is assumed not to diffract greatly and is approximated by a
Gaussian profile with an average beam radius .. Finally, if we consider pumping
through the cavity high-reflectance mirror and allowing for double-pass absorption
through the reflectance of the output coupler at the pump wavelength R,”, the normalised

pump photon density can be described by

o exp[‘ 27 J [1+ R expl 20001 - 2))]expl(az)

px

\/;03 wd (1 +R) exp(—al )Xl —exp(-al))

tcore
bl==

r('x’y’z) =

(3.3)
The reduced pump absorption coefficient, o, accounts for the double-clad nature of the
waveguide structure as discussed in Chapter 2 section 2.4.4. It should be noted that this
equation assumes that the integration limits in the x-axis are much greater than the average
pump beam radius o, (i.e. that the pump beam is smaller than the width of the

waveguide, w).

In the unguided plane of the resonator, the pumping mode size, diffraction-losses, and the
thermal effects define the laser mode. For the monolithic case with plane mirrors on the
end faces of the waveguide, the laser mode will have negligible diffraction over the cavity
length and is once again assumed to have a Gaussian profile with an average beam radius,
. Our last assumption is that the laser power stays constant (i.e. we assume small output
coupling). As such the lasing photon distribution, which is in a fundamental guided mode

far from cut-off, can be described by,
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Again it should be noted that this equation assumes that the integration limits in the x-axis

are much greater than the average beam radius ;.

3.3.4.2 Laser performance

The parameters used in modelling the laser performance that have not already been
discussed in the text, are given in Table 3-2. The value for the pump absorption coefficient
takes into account the decrease in absorption efficiency due to the LMA double-clad
waveguide structure. The launch efficiency of the pump was estimated from the measured

pump waist size in the guided axis and the known waveguide dimensions.

The dimensions of the lasing mode were determined by imaging the output face of the
waveguide onto a CCD camera or scanning slit, measuring the image dimensions, and
then calculating the original mode size from the magnification of the imaging system.
Measurements of guided-mode radii for the different signal wavelengths (except for
1.8um) were found to be 13 £ 1um, which is close to that predicted theoretically. The in-
plane mode radii were measured as 120 + 15um, dependent upon the wavelength of
operation. For simplicity this single value for signal beam radius was used in the
performance modelling. The instruments used to measure the mode sizes were not
sensitive to 1.8um, and so we assumed that this mode was also of similar dimensions. It
should be noted that the Rayleigh range for the non-guided beam waist is much longer
than the crystal length, confirming our assumption of negligible diffraction over the length
of the cavity. The values for the emission cross-sections are those commonly found in the
literature [12, 13] adjusted, if necessary, to take into account our use of the factor f° 1, which
is the combined fractional populations of the Stark levels involved. In the case of the
1.833um transition we were unable to find a value for the cross-section and have used a
fitted value as described below. The basic background propagation loss of the waveguide
was then the only parameter to be fitted to our results and gave a figure very near to our

expected level of ~0.1dB/cm.
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Modelling parameters.

Pump Wavelength A, (um) 0.807

Maximum pump power (W) 9.7

Average in-plane pump beam radius, 0y, (1m) 128

Pump Absorption coefficient (m'1) 0.02

Coupling optics transmission (%) 89

Launch efficiency (%) 93

Transitions (lifetime t=230ps) Fanolon  Fapoliun  Fapolize  Fapolise
Combined fractional pop. f' at 300 K 0.61 04 04 0.6
Emission cross section, o (x102* m?) 4 65 24 1.2
HR mirror transmission at A, (%) 82 95 92 89
O/C mirror reflectivity at A,, R,°° (%) 98 99 93 11
O/C mirror reflectivity at A, R°C (%) 87 78 81 99.2"
Cavity round trip loss exponent, L 0.05% 0.04 0.04 0.04
Lower laser level population, n,° 1.1x10%* 0 0 0
Lasing mode radius, o, (um) 120 120 120 120

! Reflectance value is the combined reflectance of the two cavity mirrors.
% Additional loss due to HR mirror reflectivity of ~99 %.

Table 3-2: Summary of parameters used to model the laser performance for the four transitions

studied in Nd:YAG.

Perhaps the most impressive performance is for the quasi-three-level 946nm transition
shown in Figure 3-4. The laser results appear to compare favourably with other recent
reports of diode-pumped 946nm bulk lasers [14, 15] as shown in Table 3-3. While direct
comparisons are hard to make due to the different pump sources used in these
experiments, the results suggest an advantage for the waveguide in terms of efficiency,

beam quality and cooling requirements.

The only transition to show significant deviation from the expected behaviour is that at
1.3um. From the work of Guyot et al [16, 17] it would appear that this behaviour can not
be attributed to upconversion or excited-state absorption effects, which are known to cause
problems in Nd**-doped glass in this wavelength region [18]. As has already been noted,
there are two competing wavelengths of operation for the 4F3/2—>4113/2 transition, it is

tentatively suggested that there is significant gain at the non-lasing wavelength, which is
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also within the wavelength range to see significant feedback from the resonator, thus

affecting the output power of the lasing transition.

Gain Medium Diode Pump Source Incident Output Mm* Cooling
Pump Power Power (W)
(W)
Bulk [14] Beam-shaped diode bar 13.6 3.0 1.5 Active
Bulk [15] Fibre-coupled diode bar 22 53 3 Active
Waveguide Beam-shaped, 8.6 3.5 1.0x1.3 Passive

(this work) polarisation coupled

broad-stripe diodes

Table 3-3: Comparison of recent reported results for multi-Watt diode pumped 946nm Nd:YAG

lasers.

Figure 3-4 illustrates that a low gain transition such as 4F3/2—>4115/2 can benefit from the
guided geometry. Data for the emission cross-section at 1.833um is not available but the
branching ratio to this wavelength region is ~50 times less than that for the 1.06um region
[19], and reports of laser operation appear to be very restricted with, to our knowledge,
just one previously reported result for diode pumping [20]. In that result 3mW of output
was obtained for 2.2W of pump, with active cooling down to a temperature of —28°C. The
result reported here already shows considerably more power with no active cooling, and a
good theoretical fit to our results is obtained using a ~70 times smaller cross-section than
that for the 1.064um transition. Unfortunately a range of mirrors to optimise the output
coupling for this transition was unavailable, but the theoretical prediction from using
equation (2.5), and the experimentally fitted emission cross-section, is that 1.7W of output
power could be obtained with a 90% reflectivity output coupler for the experimental
configuration detailed. However, in order to avoid lasing at 1.064um the resonator mirrors
would need less than 2.5% reflectivity at this wavelength. A compromise of using a 95%
reflectivity output coupler would still give 1.4W of output at 1.833um, with a requirement
of less than 10% reflectivity at 1.064um. It is again hard to draw fair comparisons between
this performance and what might be expected in a bulk configuration, as there are a large
number of parameters to adjust for optimum performance in each set-up. Nevertheless,
noting that the guided mode size of 13um is ~9 times smaller than the bulk confocal
focussing condition for the described pump source and crystal length, the available gain in

the waveguide is increased by an order of magnitude compared to the bulk configuration.
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3.3.4.3 Spatial mode selection

An analysis of the spatial-mode selectivity for the longitudinally pumped waveguide,
using equations (2.7) and (2.8) and the guided-mode spatial distributions defined by
equations (3.2)-(3.4), leads to a similar conclusion that as long as the doping ratio f.../%,
(see Figure 3-3(a)) is kept below 0.6 then fundamental-mode operation is strictly selected.
Note however, this analysis assumes An =0, which is expected to scale with refractive
index step as demonstrated in chapter 2 for the side-pumped configuration. Thus in the
analysis of laser operation in the double-clad waveguide only the fundamental guided
mode was considered. The modal gain against doping fraction curves, as shown in Figure
3-6 for the case of high signal saturation, are very similar for 4-level (at 1064nm) or quasi-
three-level operation (at 946nm), at least for the experimental parameters described here,

suggesting that the second term in equation (2.7), when integrated in equation (2.8), has a

negligible effect.
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Figure 3-6: Relative gain for the first four guided modes at 946nm against doping fraction for a

resonating one-directional power 100 times greater than the saturation power.

3.3.4.4 ‘Thermal characteristics

The waveguide investigated herein was treated as a 6-layer hetero-structure (the doped-
core region being split into two equally thick layers for the purposes of our modelling),
with an infinitely thin heat source between them, as illustrated in Figure 3-7. The structure

is symmetric with the characteristics of each layer type detailed in the table of Figure 3-7.
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Figure 3-7: Schematic of a rectangular stripe heat source at the centre of the active waveguide
core. Model layer characteristics included. The heavy dashed lines representing
thermal flux contours between heat source and sink are for visualisation purposes

only.

Figure 3-8 shows the calculated temperature profile as a function of the in-plane
coordinates (X, z), and represents the temperature at the heat source, i.e. the centre of the
waveguide core. For a heating power of ~1.0W deposited into a stripe of width
2wy = 256pm, the peak temperature rise at the front face of the waveguide is ~6.4K,
falling to 1.6K at the rear face of the structure. This heating power is consistent with the
quantum defect heating expected in our experiments when lasing on the 4F3/2—>419/2
transition, which, due to its quasi-three-level nature, is the most susceptible to increases in
temperature. Three notes should be made at this point. Firstly, if the thermal conductivity
of the sapphire layer in the above model is changed to that of YAG, the peak temperature
rise at the front face increases to ~16 K, which is 2.5 times that shown in Figure 3-8. This
illustrates that the structure’s thermal resistance is dominated by the properties of sapphire
rather than the active host material YAG. Secondly, reducing the sapphire substrate
thickness to 250 um, which would give an overall waveguide thickness of ~ 0.5mm,
would halve the temperature rise. Thirdly, the temperature rise could of course be further

reduced by heat sinking both faces of the waveguide.
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Figure 3-8: Temperature profile at the centre of the waveguide core, y=0, assuming a stripe

heat source width 256pm and a heating power of ~1.0 W.

It should also be noted that an interesting advantage of using a highly multimode
waveguide, from which fundamental mode operation is selected, is that the same
waveguide can be used for operation at a large range of wavelengths. In the laser results
demonstrated here, there is a factor of two between the longest and shortest wavelength
transitions, and in fact the waveguide design would be effective for wavelengths well

beyond the transmission window of YAG.
3.4 Er:YAG large mode area planar waveguide laser

3.4.1 Introduction

Tri-valent Erbium as the active ion in crystal hosts has gathered increasing importance for
infra-red sources around the peak in the water absorption spectra at 2.9um [21]. Primarily
driven by medical applications, where the strong absorption coefficient (o ~ 10 000cm™)
leads to a penetration depth of the order of one micron, allows highly precise microsurgery
with minimal damage to surrounding areas. Moreover laser sources around this
wavelength are also of interest for remote sensing applications corresponding to a small

transmission window in the water vapour absorption spectrum [22].

Notwithstanding the complex energy dynamics of the Er’™ ion, Watt-level diode-pumped
outputs have been demonstrated with bulk Er:YAG lasers in the QCW [23, 24] and CW
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[25, 26] regime. Some of the energy transfer mechanisms for Er:YAG are illustrated in
Figure 3-9. CW operation of the ~2.8um transition of Er:YAG is only possible with
intense pumping and high doping concentrations, up to ~50at.%Er. This is found to be
dependent upon population recycling through upconversion, circumventing “bottle-
necking” at the lower laser level that otherwise self-terminates laser action [27, 28]. It
should be noted that the fluorescence lifetime of the upper laser level manifold, 4111/2, 1S

T, ~ 100ps, almost two orders of magnitude shorter than the lower laser manifold, 4113/2,

11~ 4-10ms [27].
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Figure 3-9: Transfer processes and energy level diagram for Er:YAG, illustrating the Stark level

splitting’s and the respective fractional populations (fy ") for the stronger transitions.

Reportedly other hosts, i.e. garnets such as GGG or YSGG, and fluoride crystals i.e. YLF
and BaYF, have better spectroscopic properties than YAG for ~2.8um operation when
doped with Er'” active ions [28-30]. However, the advantageous thermo-mechanical

properties of YAG often dictate its use in high-average-power applications.

Two advantages associated with the planar waveguide geometry are high gains and intense
pumping, both requirements for the ~2.8um Er:YAG transition. In addition, the thermal
management benefits of the LMA planar waveguide as demonstrated in section 3.3.4.4
offer a reduced temperature rise, beneficial in lowering the laser threshold and increasing
slope efficiency [26, 31]. Presented in the following sections are the preliminary findings

for the first reported diode-pumped Er:YAG double-clad waveguide laser.
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3.4.2 Experimental set-up

The lcm-long YAG/Sapphire LMA waveguide structure, fabricated by Onyx Optics using
the direct bonding technique, is of the same design as that shown in Figure 3-3, with
Erbium rather than Neodymium doping, i.e. teoe=20pm and t,=30pum. A 50at.% Er’'-
doping concentration was selected to maximise absorption and upconversion [23, 26]. One
sapphire substrate was polished to a thickness of ~300um and the other ~4mm. The end
faces of the guide were uncoated and polished plane and parallel, to within a few minutes

of arc.

A pump source was constructed using two 4W SDL Inc.™"" CW InGaAs broad-stripe
diode lasers (DL), as pictured in Figure 3-10. The diodes’ centre wavelengths were
~958 nm at 25°C and a full driving current of 4.75A. Each diode was mounted on separate
aluminium heatsinks (HS) affixed to thermo-electric (TE) cooling devices that removed
the waste heat and controlled the temperature, through which the centre wavelength could
be tuned. Connected in electrical series, both diodes had a common drive current leading
to a voltage drop of ~3.5V and a maximum power consumption of ~17W. Similarly the
TE coolers were also connected in series, implying that both diodes were cooled at the
same rate, where the close match in centre wavelength meant it was unnecessary to have
independent control. A PT100 platinum temperature sensor (S) fixed to one diode mount

monitored the heatsink temperature for external control.

Collimation of the diodes’ fast-axes was achieved using Doric fibre lenses™™ (C1), with a
focal length of fy ~ Imm. These lenses, positioned with a micro-positioning stage, were
fixed to the diode heatsink with ultra-violet curable cement at the fibre ends. This fast
bonding technique minimised the effects of defocus (beam-quality degradation) associated
with shrinkage of the curing glue. That is, the shrinkage occurs along the axis of the fibre
lens perpendicular to the optical axis and independent of the sensitive positioning
requirements. Similarly, for the slow axis collimation an fyx ~ 4mm plano-convex lens (C2)
was positioned and fixed to the heatsink using the same technique. The outputs of the two

collimated TE polarised diodes were then combined via a broadband cube polarisation

“ill SDL Inc. now JDS Uniphase. Diode part number - SDL 6380-A

** Graded index fibre lens, manufacturer - Doric Lenses Inc, Ancienne-Lorette, Canada.
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beam-splitter (PBS) after the polarisation of one diode had been rotated by 90° using a
half-wave plate (A/2). To optimise the overlap of the beams in the far field, two thin BK7**
circular wedges (W) were fabricated, which when used as a pair could steer one beam over
a cone angle of ~ 4°. All optics were AR coated for the pump wavelength. As shown in
Figure 3-10, the whole assembly could be fully enclosed in a protective housing with an
output window for the pump beam to exit. The completed diode pump source module was
then mounted on an air-cooled heatsink, circumventing the need for an external cooling

unit as typically required in high-average power lasers.

—S
HS_______(E1_1C2 W PBS
i ! Pump
i DL | -—>

L.

rHousing |HS o i

Figure 3-10: Diode pump source set-up, constructed for end-pumping experiments.

The beam-quality of the orthogonal axes from the diode pump source was measured using
a Gentec beam-scope, giving beam quality parameters of M,°=23.5+0.5 and
My2 =2.5%10.1. Full-width half-maximum (FWHM) angular divergences were also
measured, giving 0, = 15 £ 2mrad and 0, = 2.2 + 0.1mrad. The centre wavelength could
be temperature tuned at a rate of ~0.25nm/°C, whereas it would shift at a rate of ~1.9nm/A

with increasing the diode current.

Using a similar configuration to that introduced in section 3.3.2, the optical coupling

scheme is shown in Figure 3-11. Here the x-axis of the pump beam is conditioned by a

** Borosilicate Schott glass.
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cylindrical-spherical beam-reducing telescope and the y-axis simply focussed into the
waveguide via the spherical lens module. This lens combination had a pump transmission
of 90 + 1% over the full pump source power range. The pump beam-quality was degraded
in both axes to M,> = 30 + 1 and My2 =4 1+ 0.5 due to the aberrations incurred passing

through the coupling optics.

. Mur Moc
X-axis A
| é: R
:_ _____ | Laser
f,=75 m output
Waveguide
f=6.5mm
y-axis
—Heatsink
Diode pump Positionin —?I_ |
source o |
stage
(a) (b)

Figure 3-11: (a) Schematic and (b) photo of optical coupling scheme for end-pumping configuration.

The waveguide, bonded to a water-cooled copper block with thermally-conductive
adhesive, was oriented with the thin substrate closest to the heatsink for optimum heat
removal. The water-cooled heatsink was fixed to a precision positioning stage for
alignment with respect to the pump focus. Thin lightweight single-side coated mirrors
were attached to the end faces of the plane-plane waveguide structure as described
previously in section 3.3.2. It should be noted that Fluorinert, the liquid used to hold the

mirrors in place, does not show significant absorption at the wavelengths of interest.

A monochromator and liquid nitrogen cooled InSb photo-detector were used to verify the
laser wavelength. To reduce back-ground noise the photo-detector was covered with a
Germanium filter with a cut-off wavelength of ~1.6um. Mechanically choppingXXi the
pump beam, the amplified photo-detector output and chopper frequency were passed to a

lock-in amplifier™". The lock-in amplifier output was then recorded by a computer as it

*i Stanford Research chopper driver Model number: SR540

il Stanford Research Model Number: SR530
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scanned the monochromator grating across the wavelength range of interest, generating an
image of the laser spectrum. Calcium Fluoride (CaF) lenses were required to image the
laser output beam onto the entrance slit, due to strong absorption in BK7 around the

expected operating wavelength.

3.4.3 Laser performance

At a maximum operating current of 4.75A and when heated to 45°C the diode pump
source had a centre wavelength of ~962nm with a spectral width of AL ~ 6nm, therefore
coupling to the upper three Stark levels of the *I;;, manifold. After the conditioning optics
the maximum incident pump power was ~5.3W. The measured beam waist in the y-axis
was 8 £0.5um and in the x-axis 97 £ 3um, positioned ~2.7mm inside the waveguide.
Single pass absorption, under non-lasing conditions, and as a function of the diode current
was determined by measuring the pump power with and without the waveguide in place.
A Molectron™ thermopile detector was used for the pump and laser power
measurements, with a Germanium filter covered when measuring the laser power to
ensure only radiation of wavelength longer than 1.6pum was detected. A maximum output

power of 450mW was observed for ~4.5W of absorbed pump.
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Figure 3-12: Laser output power as a function of absorbed pump power.

il | ager power detectors , Molectron Europe Ltd., UK - Model Numbers: PM10, PM150
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The laser output power as a function of absorbed pump power observed for an output
coupler reflectance of R\™ =94+ 3% is shown in Figure 3-12, from which a slope
efficiency of 16% was obtained. Note the large error range for the output coupler
reflectance is a result of etalon effects associated with the uncoated second surface of the
thin mirror. A double pass of the pump and a varying input mirror transmission, from 78 —
86%, were included in the calculation of absorbed pump power as a function of the central

diode wavelength dependence on the diode current.

The laser wavelength was determined to be 2695 + 3nm, corresponding to the transition
between the lowest Stark levels of the *I;;1,, and *I ;3 manifolds, as indicated in Figure 3-9.
This transition has the largest stimulated emission cross section, ¢ = 5.1x10°cm?” [28], of
the commonly observed wavelengths shown in Figure 3-9 [23, 26]. There was no evidence
of the other two indicated Stark level transitions, despite the use of mirrors with lower

output coupling at these wavelengths.

The output power was found to be dependent upon the stability of the mirror contact, the
mirrors moving significantly more than in the previous experiments with the Nd:YAG
LMA PW laser. Reasonable mirror contact could only be maintained at high powers for
less than a few minutes at a time. Notwithstanding, the output beam appeared to be single

lobed when viewed on a heat sensitive card, as illustrated by Figure 3-13. Although

Department of Physics & Astronomy
University of Southampton
Highfield

Southamplon

S017 184

Figure 3-13: Picture of Er:YAG LMA PW laser output, viewed on a heat sensitive card.
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determination of the beam quality was not possible due to the temporary nature of the
cavity mirrors attachment, an approximate measure of the beam width in the unguided axis
was made. A single-slit Gentec beam-scope with an InAs detector sensitive to the laser
wavelength, was positioned within a few millimetres of the output coupler and the
measurement taken whilst chopping the pump beam with a 50% duty cycle, thus reducing
the thermal load on the cavity and providing a longer stability period. A second-moments
beam radius of ~230um was observed, with the profile having a good fit to Guassian,

indicating that it may have been near-diffraction limited.

3.4.4 Discussion

Achieving efficient CW laser operation with Er’" ions around 2.9um is an ongoing
research topic that involves accounting for many of the possible energy transfer dynamics,
including their dependence upon the host medium [28-30]. Therefore although a complete
study of the laser performance is not undertaken here, suggestions for the observed

performance and future optimisation are proposed.

Firstly it is noted that high pumping intensity is required to enhance the upconversion
recycling of excited ion population from the lower to upper laser levels, in fact pump
intensities >50kWem™ have been suggested [24]. A ~IW end-pumped monolithic laser
reported by Chen et al., essentially the bulk equivalent to the laser described here, required
speciality high-power diffraction-limited diode lasers as its pump source with an incident
intensity of ~140kWem™. The experiment described here with two standard broad-stripe
high-power diodes and 20% more pump power delivered an intensity of ~220kWem™ to
the waveguide structure. These levels are approaching the A, ~ 963nm pump saturation
intensity for Er:YAG, i.e. I’ ~ 350kWem™ [22]. Additionally the spatial dependence of
the pump intensity will also affect the available gain in longitudinally pumped
configurations. Consequently the length of the cavity with respect to the absorption length
will play a significant role in the overall laser efficiency. A possible factor in the lower
than expected efficiency for the laser described here, was that the Icm cavity was

significantly longer than the expected small signal absorption length of ~Imm [23].

Despite the cavity mirrors having a lower output coupling at the longer wavelengths

indicated in Figure 3-9, the laser wavelength was found to be 2.7um. This can be
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understood by noting that for an end-pumped laser, the threshold pump power may be
written as [32],

(L+T)

P, o«

(3.5).
Thus for transitions with a common upper laser level manifold and the same pump and
laser field distribution, the threshold for each transition is dependent upon the cavity loss
and its respective cross-section, 6. Where L is the round trip cavity loss exponent and T;,*
is the cavity output coupling. Any loss associated with reabsorption at the laser
wavelength can be included in the parameter L. Assuming a round trip loss L =10.07
(~0.16dBem™) common to each wavelength, the threshold condition for the 2.7um
transitions is smaller than the others as shown in Table 3-4. Therefore lasing on this

transition is expected as it is the first to reach threshold, as was experimentally observed.

Laser wavelength  Stimulated emission  T,°°=.in(R"fR°) 1)
(um) cross-section (%) & E—
(x 10%° cm™) [28]
2.7 5.1 72 0.028
28 34 3.1 0.030
2.9 2.6 3.3 0.040

Table 3-4: Determination of the relative threshold for the dominant Stark level transitions between
the 4111/2 —>4113,2 manifolds. An approximation for the round trip cavity loss, L = 0.07 has

been used, consistent with the other LMA PW lasers investigated.

As discussed in chapter 2 the mode selection properties of the LMA PW laser can enforce
single-mode behaviour in the guided axis. It was highlighted however that if the refractive
index step between the doped and un-doped YAG layers is too great, the induced
waveguide becomes isolated from the outer cladding, negating the mode selection
properties of the double-clad structure. According to Akhmetov et al. [33] there is a linear
increase in refractive index of 2.2 x 10 per at.% Erbium, in Er:YAG. Therefore the index
step expected between 50at.% Er:YAG and un-doped YAG is An ~ 0.01. Following the
same process discussed in Chapter 2, this index step and a laser wavelength of 2.94um
implies robust single-mode selection for a waveguide aperture of ¢, = 30um (see Figure

3-3) limits the core thickness to d=1lum. Such a doping ratio would result in an
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absorption coefficient ~37% of uniformly doped Er:YAG, with a similar decrease in pump

intensity.

CW operation of the 11123/ transition in an end-pumped Er:YAG LMA PW has been
demonstrated for the first time. This preliminary study suggests laser operation could be
further optimised for greater efficiency and to target the 2.94um wavelength specifically.
Identified improvements include reducing the cavity length with respect to the absorption
length, coating the end faces of the waveguide directly and ensuring that the figure of
merit described by equation (3.5) is smallest for the 2.94um transition. Furthermore it is
suggested that the dielectric coatings be designed such that they have minimal water
ingress and an extremely high damage threshold. Finally, for robust single-mode
performance the index step between core and inner-cladding should be verified and the
core thickness adjusted accordingly. Alternatively index matching techniques could be
employed for the core-inner cladding layers. For example using an equivalent Tm’"
doping concentration in the YAG inner-cladding to that of Er'* in the core, where Tm®"
has no absorption around the wavelengths of interest, would reduce the index step to
0.3x10™ per at.%. Therefore waveguides with large apertures as investigated here would

still be able to select fundamental guided-mode performance.

3.5 Summary

Discussed in this chapter were the first multi-Watt CW demonstrations of an end-pumped
Nd:YAG LMA PW laser at three different wavelengths. In addition, operation on a fourth
but very weak transition of Nd:YAG at ~1.8um, was achieved. These results illustrate the
remarkable versatility of the PWL to operate either in a high-power or high-gain regime,

whilst maintaining good spatial-mode-control independent of the operating wavelength.

Increasing the wavelength range offered by the LMA PW lasers, ~0.5W Er:YAG double-
clad waveguide laser operating at 2.7um was realised. Further refinements to the oscillator
configuration could be expected to deliver multi-Watt outputs at the highly desirable
wavelength of 2.94um. High pump intensities and good thermal characteristics are
paramount for this active material, which requires small temperature rises and a large
population inversion to counteract population “bottle-necking” in the terminal 3pum laser

level, both of which are easily achieved with the planar waveguide structure.
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Models for the laser and thermal performance of the end-pumped LMA PW lasers were
found to match well with the observed characteristics of these devices. Low threshold
powers, high slope-efficiencies, good electrical to optical efficiency, and negligible
temperature effects with minimal cooling requirements, are all characteristics that offer
compact, simple, and efficient high-power laser systems useful for a variety of

applications.
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Chapter 4

END - PUMPED PASSIVELY Q-SWITCHED WAVEGUIDE LASERS

4.1 Introduction

Several applications require very high power optical sources, although not always of a
continuous nature, for example: non-contact distance measurements for mapping or range-
finders; remote-sensing for metrology or hazardous environments; materials processing
such as welding, cutting, and marking; also non-linear optical conversion for which onset
occurs only at very high intensities. In general to exceed the Mega-Watt peak power
barrier requires; costly, bulky, and complex laser systems. Consequently there is
significant interest to develop affordable, compact, robust, and high-power Q-switched
devices that are more readily used in field applications or industrial environments, rather

than the laboratory alone.

All solid-state passively Q-switched (PQS) lasers have been demonstrated to provide a
compact efficient method for generating high-peak-power sources without the additional
complexity of actively controlled switches [1]. These devices operate through fast optical
saturation effects that increase a medium’s transmission under the influence of high-
intensity radiation, i.e. saturable absorption. Microchip lasers [2] are well suited for diode-
pumped compact sources and when configured with an intra-cavity passive Q-switch, can
deliver high peak powers at a single-frequency [3]. A Nd:YAG microchip laser has been
reported to operate at peak power levels approaching the MW regime [2]. Here we
investigate waveguide lasers similar in design to the microchip laser but instead utilising
the double-clad waveguide geometry to benefit from higher gains and better thermal

management properties, offering greater average power scalability.

The following sections of this chapter describe the first known demonstration of PQS end-
pumped double-clad planar waveguide lasers. Firstly though, a brief introduction to the
concept of passive Q-switching using Cr*"-doped YAG as a saturable absorber (SA) and a

CW-pumped active medium, is required. After which the operation and performance of a
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Yb:YAG PQS LMA PW laser is described; similarly a Nd:YAG PQS LMA PW laser was
also demonstrated although found to be unsuited to high-power operation in the end-

pumped waveguide configuration.

4.2 Passive Q-switching concept

Laser Q-switching is a well understood phenomenon discussed in many textbooks (for
example see [4-6]. Q-switching denotes a technique used to generate “giant pulses”, that is
pulses of short duration and high peak power. This is achieved by spoiling the resonator
quality factor, Q [7], such that a large population inversion density and thus high gains
may be created. Whereupon switching the cavity-Q to a high value, that is reducing the
round trip loss, on a time scale comparable to the resonator round trip time, permits rapid
amplification of the oscillating field that sweeps out the available gain. Repeating the

process generates a train of high peak power laser pulses.

Un-saturated loss
SA absorption

Population inversion /L

Saturated loss

Laser photon density

Figure 4-1: Timing diagram for a passively Q-switched laser, with a saturable absorber recovery t,
much faster than the time between pulses, T,.
Passive Q-switching is achieved by placing an optically-saturable absorbing medium
intra-cavity. Following the timing diagram of Figure 4-1, initially the SA absorption is
high, frustrating amplification of an oscillating field, whereby with continued pumping the
population inversion increases until the round-trip gain is equal to the total loss of the
resonator, including the saturable loss of the passive Q-switch. Above threshold, the
amplified intra-cavity laser field reduces SA absorption to its saturated loss state. The
increasing laser photon density reaches a maximum when the gain is reduced to the non-

saturable cavity loss, whereby a proportion of the remaining population inversion is
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promptly extracted to complete a “giant” pulse. For a SA with fast recovery, 1, the initial
small-signal saturable loss is restored before significant gain is recreated through ongoing
pumping leading to a repetitive pulse train, of period T,, defined by the pumping rate and

residual population inversion density after each laser pulse.

Advantages of the PQS laser are derived from the simplification of the overall system
through the use of fewer components, requiring no external voltage or radio frequency
drivers or controllers to actively modulate the cavity loss. Similarly due to the relatively
insensitive alignment requirements for saturable absorbing materials, integration into the
laser system is quite easy. Disadvantages include a reduced ability to control or vary the
pulse characteristics that are defined by the gain area and resonator loss, and pulse to pulse
timing jitter associated with fluctuations in the resonator parameters pertaining to the
threshold condition, e.g. cavity length, pumping rate, or intra-cavity loss. However,
recently techniques based on modulating the pumping rate have been reported to reduce

timing jitter in PQS lasers, [8, 9].

4.21 Cr*":YAG saturable absorber

Several different media have been used as saturable absorbers in laser systems, i.e. gases,
dyes, semiconductors, and crystal impurities or dopants, see reference [4] and those
therein. G Youxi et al. were the first to demonstrate self-Q-switching with a doped YAG
crystal exhibiting gain and saturable loss [10]. Subsequently Zharikov et al. also
demonstrated saturable absorption properties of Chromium-doped garnets around 1um,
leading to PQS behaviour of Nd,Cr:GSGG [11-13]. Several years later there appeared
renewed interest with further reports of Cr*’-doped YAG demonstrating “self” Q-
switching when co-doped with Neodymium [14, 15]. Yankov [16] then extended these
investigations using several Nd-doped hosts and a discrete Cr*":YAG element. Due to the
opto-mechanical robustness of YAG and the long term stability of Cr*" ions in the crystal
lattice, this material has gained considerable acclaim for compact PQS lasers. An all-solid-
state option was chosen here for its simplicity, compactness, and compatibility. Further,
having the same host material for the active and saturable ions favoured easy integration

via the direct-bonding technique, into the waveguide structures.

Treated as a four-energy-level system, the specifics of which are still not well understood
due to screening effects by other ions in the crystal host, Cr*" has two dominant energy

transfer processes to consider [17]. As detailed in Figure 4-2, ground-state absorption
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(GSA) occurs between the *A, (level 1) and T, (level 2) electronic states, where level 2
rapidly decays through phonon interactions to the 'E (level 3) excited state. A second
photon absorption can occur from the excited-state level 3 to a higher energy state, level 4,
where it is believed to decay nonradiatively back to level 3. Thus excited-state absorption
(ESA) is an extra source of loss and must be accounted for when modelling PQS laser

performance [18].
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Figure 4-2: Energy level diagram for Cr*":YAG, showing ground state and excited state absorption

transitions, (GSA) and (ESA) respectively. Cr*" absorption spectra after [19]

Xiao and Bass [18] extended the general optimised solutions for passive Q-switching
reported by Degnan [20] to include ESA. Subsequently Patel and Beach [21] introduced a
new formalism, based on earlier work of Beach [22] that allowed for sensitivity studies
away from the optimum solution. In the following section the equations of Patel and
Beach are reviewed and modified slightly to account for the LMA PW geometry and non-

uniform doping.
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4.2.2 Passive Q-switching theory

As was first detailed by Szabo and Stein [23], the laser photon density within a PQS
oscillator can be described by a system of coupled differential equations. Patel and Beach
present a model based on a plane wave analysis that is well suited to the waveguide
geometry investigated here. As such the coupled differential equations for the laser photon

density and population inversion densities in the active and saturable material are given by

[21],

d(l)igt) = Cnll”(l)(t) {An, (t)llcr, +An, (t)lch[ % ] —ny,lo fSA} + c;i) (t) ln(@)

cav Gq cav
dA;’l;(t) - _flcnloGIAnl(t)(l)(t), fl _ le +f(j
dA;t:(l‘) =—f'n,o, An ()0(),  f1=f1+ 1

@.1)
where: ¢(2) is the intra-cavity laser photon density; c is the speed of light; 1, is the overlap
of the laser field with the doped region of the LMA waveguide; /., is the optical cavity
length; An,(t) is the population inversion density, /; the length, and o; the spectroscopic
cross section referenced to the appropriate transition Stark levels, with Boltzmann
occupation factors f.y' of the L (lower) and U (upper) energy manifolds corresponding to
the laser wavelength, for i =/, g, being the gain and saturable media respectively; GqESA
the excited-state cross section for the SA at the laser wavelength; ny, is the concentration
of the absorber ion; Ty, is the single-pass transmission corresponding to cavity losses not

associated with the SA; and lastly R is the output coupling reflectance.

Note the equations of (4.1) differ slightly from that given in [21] whereby non-uniform
doping, i.e. the LMA PW, is catered for via the term m,;. Solving equations (4.1) one

obtains a transcendental equation for the output pulse energy:
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where 4 is the cross-sectional area of the laser field in the active medium; 77, is the small-
signal transmission of the saturable absorber in the waveguide geometry given by
exp(-noglnioy); and F“' = hv,/f ‘o, is the saturation fluence of the active (i =/) and

passive Q-switch (i = ¢) material.

The temporal pulsewidth is calculated by taking the ratio of the pulse energy to the peak
laser output power. This latter parameter is found by determining when the intra-cavity
laser photon density reaches a maximum, i.e. equating the first expression of
equations (4.1) to zero, then integrating over the population inversion density prior to and

up until the peak of the Q-switched pulse, which results in:

) Anlnax
o, An"l|1-—L
LTASIZAY 1[ Al’lmtj

1

ESA max \!/&
(I)max =;l' +§h’1(7—;1 I_Gq 1_(Anlint J
nloclf lcav Gq Anl
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int (max)

with new parameters & = o;f '/ o,f %, and Am the initial (maximum) population

inversion density in the active material.
Thus the laser pulsewidth is given by,

2F

out

1
hv cAln
¢max lc (R[OLJ

'Cp:

4.4).
The final parameter of interest, from an operational perspective, is the repetition rate at
which the laser pulses are generated. Assuming that 7, << T,, the time between subsequent
pulses, the repetition rate is approximated by 1/T,. This is found numerically through
determination of the time it takes for the population inversion density to reach An;™, from

the post-pulse residual inversion, An,/™ ;
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4.5).
Where An;™ is obtained noting that the term 1;,6,An; "], represents the gain that trips the

passive Q-switch, equivalent to the small-signal single-pass cavity loss, that is;

1

IT;ZZ—;]Z)RIOL

n,0,Am", =1n

(4.6)
and following the same method as detailed in Chapter 2 section 2.2.2, for the side-pumped

laser modelling. Firstly, the manifold line-integrated population density and its rate of

change due to the pumping field intensity, have to be defined.

@.7)

is the manifold line-integrated population density, although now with respect to the
longitudinal (z) axis and where ( j = L, U) is the notation for the L — lower or U — upper
energy level. The time rate of change of upper manifold line-integrated population density,
Ny(t), depends upon the pumping intensity, /,(¢), through the expression,

dN, () 1,

dt

Fli+(-F,)R]- NT” _(t)

4.8),

with /v, the pump photon energy; R)°, the reflectance at the pump wavelength of a mirror

that allows for a double pass of the pump (noted as the output coupler here); t¢ the
fluorescence lifetime of the upper manifold; and F, the single-pass fractional pump
absorption as defined by equation (2.13), although the Stark-level line-integrated

population inversion density coupled by the pump radiation, AN”, is now,

ANp(t):[pr +Z_€fUp]NU(t)_prnolll

(4.9).
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Here the degeneracy factors, d;”, have been included for completeness, for pump
radiation-coupled Stark levels of the lower and upper manifolds, with f;” the respective

Boltzmann occupation factors, and n; the active ion concentration.

Using equation (4.6) and the expression for the Stark level line-integrated population

inversion density coupled by the laser radiation,

i !
WO~ it - i
L L

(4.10),
where d/ are the degeneracy factors for laser radiation-coupled Stark levels of the lower
and upper manifolds, with ﬁl the respective Boltzmann occupation factors. One obtains the
expression for the population density of the upper manifold at the onset of the Q-switch

int

pulse, ™,

@.11).
Equation (4.11) sets the target upper manifold population for the numerical solution of
equation (4.8), from which the last parameter of interest, the build up time and hence

repetition rate is found.
4.3 Yb:YAG large mode area planar waveguide laser

4.3.1 Introduction

Yb:YAG is attracting growing interest as a competitor to Nd:YAG for high-power laser
sources due to its low quantum defect, broad absorption and emission lines, lack of
upconversion losses, and comparatively high saturation fluence [21, 24]. The two-level
energy scheme of Yb:YAG, derived from the crystal field splitting of the *F electronic
state, is shown in Figure 4-3 [25]. Pump and laser wavelengths used in the following
experiments and fractional Stark levels population at 300K are listed beside the

appropriate levels.
Due to its relatively long fluorescence lifetime of ~0.95ms and therefore greater energy
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storage capacity [26], Yb:YAG is capable of producing higher energy Q-switch pulses
than similar laser configurations using Nd:YAG as the active medium [21]. To date
passive Q-switching of bulk Yb:YAG lasers has been achieved using semiconductor
saturable absorber mirrors (SESAM) [27] and Cr*":YAG as a saturable absorber [28, 29].
Reported here is the first demonstration of an end-pumped PQS double-clad Yb:YAG
waveguide laser with an integrated Cr*:YAG SA. Highly efficient operation was
achieved, with near-diffraction-limited output, when pumped by two polarisation-coupled

broad-stripe laser diodes.

- { = f,° = 0.043

o fy' = 0.772
914nm 1.03um

° { — v f'=0.046

f.°=0.875

Yb**:YAG T =300K

Figure 4-3: Energy level diagram for Yb:YAG.

4.3.2 Experimental set-up

The configuration of the 1cm-long waveguide, fabricated by Onyx Optics using the direct
bonding technique, is shown schematically in Figure 4-4. As demonstrated in the previous
chapter, the high numerical aperture LMA YAG/sapphire waveguide allows efficient
coupling of high-power diode sources. In addition, restricting the 10at.% Yb>"-doping to
the 8um-thick central YAG layer leads to preferential operation on the fundamental
spatial-mode. A Cr*:YAG section, situated centrally in the core region, acts as a saturable
absorber to provide passively Q-switched operation. The saturable absorber is 540pm
long, had a measured absorption coefficient of 4.34cm™ at 1.064um, and was placed in the
centre of the cavity so that spatial-hole burning would have a maximum effect on

longitudinal mode selection [2]. Therefore the corresponding bulk small signal
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transmission is ~76% for the SA thickness used here. The waveguide had coatings applied
directly to its polished end-faces to form a plane-plane laser cavity with an output coupler

reflectivity of R;™ =20%

Sapphire outer cladding
540pm
+«—> [
| Cr‘”:YAG| ¢8pm 18pm|
A 4
Sapphire outer cladding
Iecm

& »
<« »

Figure 4-4: Schematic diagram of the double-clad waveguide used in these experiments.

Using the same pump source design as detailed in section 3.4.2 two polarisation-coupled
broad-stripe diodes operating around 914nm were used for these experiments. The
absorption at this wavelength, although less than that of the more commonly used pump
wavelengths of 941nm or 968nm, was sufficient for the purpose of the experiment. A
schematic of the pump source and optical coupling scheme is illustrated in Figure 4-5. The
diode output beams were collimated in both axes using two cylindrical lenses (C1 and C2)
and combined, after polarisation rotation of one via a half-wave plate, at the polarising
beam splitter (PBS). For an electrical power of 16.3W the source supplies a maximum
optical power of 7.2W incident on the first cylindrical beam-conditioning lens (C3). The
final spherical focussing lens (FL) provides measured second-moments beam-radii waists
of 7.5+ 0.5um in the guided (y)-axis and 100 + 3um in the unguided (x)-axis, with M
values of 3.5+ 0.5 and 21 % 1, respectively. The y-axis beam waist was situated at the
entrance to the waveguide while the x-axis beam waist was just over 3mm inside the
waveguide. The waveguide was originally fabricated for side-pumping thus the cavity
mirror coatings were not optimised for this set-up. Therefore to maximise pump input into
the waveguide it was necessary to orient the composite with the output coupler at the
pump input face. Consequently the laser signal was directed back toward the pump source

and required the use of a dichroic mirror (D) to extract useful output.
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2 I:I.::I Output

Figure 4-5: Experimental arrangement: broad-stripe diode lasers DL, cylindrical collimating lenses
C1 (f,=1mm) and C2 (f;=4mm), half-wave plate A/2, polarising beamsplitter PBS, beam

conditioning lens C3 (f;=75mm), focussing optic FL (f=6.5mm), and dichroic mirror D.

The centre wavelength of the diode emission, which had a ~5nm bandwidth, changed with
increasing current from 908nm to 914nm. At a constant diode cooling temperature the
single-pass pump absorption was measured to increase from 0.6 to 0.79 over the full
0 - 4.8A current range, ignoring waveguide propagation losses and the pump-transmission
of the passive Q-switch. From the measurements of the unabsorbed transmitted pump
power and with the knowledge of the transmission of the optics and mirror coatings at the
pump wavelength, the absorbed pump power was calculated as a function of drive current.
The resultant values were consistent with reported absorption cross-sections in this

wavelength range and the reduced absorption due to the double-clad structure [24, 25].

4.3.3 Laser performance

Figure 4-6 (a) shows the average output power versus diode power (incident on lens C3 in
Figure 4-5) characteristic for this laser. A maximum of 2.3W output was measured after
the dichroic splitter with a corresponding slope efficiency of ~46%. The efficiency with
respect to absorbed power (~53%) is only slightly higher than this value due to the
changing absorption efficiency with increasing pump power. The onset of pulsed laser
output occurred at a pump power of 1.37W and just below this threshold ~10mW of
continuous wave output was observed. Figure 4-6(a) also shows how the pulse repetition
frequency increases approximately linearly to a maximum value of 77kHz. The error bars
indicate the observed increase in timing instability at the higher frequencies. This

behaviour has been reported previously [30] and was attributed to the fact that, at such
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high frequencies, the time between pulses approaches the excited state lifetime of the Cr*"
ion. Figure 4-6(b) illustrates a typical pulse train from the passively Q-switched
waveguide laser using a large-area silicon low-bandwidth photodetector, such that the
variation observed is due to changes in pulse to pulse energy, which itself is attributed to
the variation in the timing jitter in the pulse switching. Measurements of the full-width
half-maximum pulsewidth using a detector with a bandwidth of 1GHz and a 500MHz

XXIV

digital oscilloscope™ ", indicated stable values with a small decrease from just over 2ns to
1.6ns with increasing pump power. This change in pulsewidth is presumed to be due to a
variation in the population inversion distribution, as suggested by equations (4.3) and
(4.4). Similarly both the pulse energy and the peak power show a steady increase with
pump power up to values of ~30uJ and 18kW respectively. This behaviour is consistent
with that reported for previous passively Q-switched Yb*"-doped lasers using Cr*":YAG
as a saturable absorber [27, 29, 31]. The highest intensity generated in the waveguide was

~2x10° Wem™ with no damage observed to the waveguide or coatings.
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Figure 4-6: (a) Graph of pulse repetition frequency and average output power against diode pump

power incident on lens C3 (Figure 4-5). (b) Trace of a typical output pulse train.

The output beam quality was assessed in the in-plane- and guided-axes using a dual slit
Gentec Beamscope by measuring the second-moments beam radii around the foci of a

150mm focal length spherical lens. The laser output was first collimated in the unguided

IV Tektronix digital oscilloscope, Model number: TDS 7444A
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axis using a 150mm cylindrical lens, noting that in the guided axis the beam was already
well collimated by the pump focussing optic (FL, Figure 4-5). Attenuation was required,
not to saturate the detector, and achieved via a single reflection from an uncoated glass
wedge plus additional reflective filters. The M? values were found to increase from 1.0 in
both axes near threshold, to 1.5 (x-axis) by 1.3 (y-axis) at high power. Thus, the double-
clad waveguide structure, although designed for strict fundamental spatial-mode selection

under continuous-wave operation, is also effective in this Q-switched regime.

As observed previously with LMA PW composites, the laser output was partially
polarised, assumed to be due to induced stresses during the fabrication process. This
attribute and the resultant output polarisation were found to depend upon the position
across the width of the structure. Analysing the collimated beam with a polarisation beam
splitter cube, the laser output was found to be typically >95% TM polarised. Thus this
source would have suitable power and polarisation for non-linear conversion applications

such as frequency doubling.

4.3.4 Discussion

Using the analysis described in section 4.2 with the parameters listed in Table 4-2, the
calculated maximum pulse energy, pulsewidth, and repetition rate are in good agreement

with measured results, as shown in Table 4-1.

Model Experiment
Pulse energy (uJ) 28.3 29.9+2.3"
Pulsewidth (ns) 1.59 1.60+£0.05
Repetition rate (kHz) 78 7715

" Derived from average power x pulse to pulse period.

Table 4-1: Comparison of model to experimental results for Yb:YAG LMA PW laser.

One parameter strongly affecting the theoretical repetition rate is the pump intensity.
Consequently, since the pump beam in the guided-axis may be approximated by a top-hat
profile, consistent with the large multimode double-clad waveguide, a new parameter was
introduced, nrequc”, Which accounts for the reduction in pump intensity. This factor was
calculated from the ratio of the maxima for Gaussian and Gaussian/top-hat area-
normalised distributions. Although the cavity mode dimensions were not measured for this

particular setup, values of ~120pum x Sum were expected from previous end-pumped CW
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measurements for the in-plane beam radii and the theoretical guided mode size for this
waveguide design respectively. Furthermore the repetition rate and pulsewidth are
dependent upon the ratio cy/c, “>* and the laser field cross-sectional area, as one might
imagine from equations (4.2)-(4.4). Thus, it was necessary to fit the values of o4 and
o ESA " which were found to be in reasonable agreement with those reported in references
[17, 21], despite the different wavelength of interest and vast array of possible values

reported in the literature, see references in [17], giving o4 = 3.6x10™" = 7x107"® cm® and

o =2.2x10"" — 2x107"® cm” at 1.064pm.

Active medium parameters Pump parameters
Laser photon energy hv, 1.93 | Pump photon energy hv, 217
(x10™'° ) (x10™"° )
Laser field cross sectional A 9.4 Pump intensity reduction Nreduc. 1.44
area (x10° cm?) factor
Spectroscopic cross section o 2.46 | Spectroscopic cross Sp 0.31
(x10° cm?) section (x10% cm?)
Laser lower-level fractional fL’ 0.046 | Pump lower-level fractional P 0.875
population (300K) population (300K)
Laser upper-level fractional f) 0.772 | Pump upper-level fractional ff 0.043
population (300K) population (300K)
Laser saturation fluence Frat 9.58 | Pump saturation fluence F> 74.0
(Jem®) (Jem™?)
lon concentration (x10®cm™®)  ng 13.8 | Pump power (W) P, 7.2
Gain medium length (cm) Iy 0.946 | Delivery efficiency Nde! 0.77
Saturable medium parameters Cavity parameters
Ground state absorption oq 1.6 Optical cavity length (cm) lcay 1.81
cross section (x10™'® cm?)
Excited state absorption o 0.42 | Refractive index n 1.81
cross section (x10™*® cm?)
SA lower-level fractional f,7 1 Laser field overlap Mo 0.892
population
SA upper-level fractional ff 0 Pump field overlap Npo 0.444
population
SA saturation fluence (Jem?)  F,°  0.09 | Output coupler reflectance R/ 0.2
Small signal transmission Tq 0.785 | Pump mirror reflectance R, 0.4
(inc. laser field overlap)
SA length (cm) Iy 0.054 | Transmittance of T 0.94
measurement optics

Table 4-2: Modelling parameters for Yb:YAG LMA PW laser.
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Amplified spontaneous emission is not expected to have the same detrimental affects on
end-pumped performance as was suspected with the previously reported side-pumped
configuration [30]. This is primarily due to the relatively small solid angle defined by the
end-pumped configuration, and secondly the moderate initial gain required to trip the
passive Q-switch saturation, i.e. the initial gain for the set-up described above was

T]],,G]Al’llinthN 1.1.

In the pursuit of higher peak powers, halving the small-signal transmission of the Cr*'
saturable absorber whilst using the same analysis suggests that pulse energies >100uJ and
pulsewidths of <500ps, at pulse repetition rates of ~20kHz, are feasible from the same set-
up. Furthermore, decreasing the small-signal SA transmission (in the waveguide
geometry) to ~20% and utilising the end face Fresnel reflectance as an output coupler of a
Smm long structure, theoretically at least, the MW peak power mark may be reached with
~0.14mJ/0.14ns pulses at a repetition rate of >10kHz. Optical damage to the coatings
and/or crystal is ultimately likely to prevent these peak powers being achieved in the

waveguide configuration described herein.
4.4 Nd:YAG large mode area planar waveguide laser

4.41 Introduction

The operation of a Nd*"-doped LMA double-clad waveguide, similar in design to the
Yb**-doped structure described in the previous section, was also investigated. End-
pumped passively Q-switched performance at the laser wavelengths of 1.064um and
946nm was demonstrated and found to be generally inferior to that of the Yb*"-doped

LMA PW in the waveguide configuration.

4.4.2 Experimental set-up

The set-up is similar to that described in section 3.3.2, using a beam-shaped pump source
from unique m.o.d.e AG, which had an approximately square-shaped beam of M*~17 in
both axes. The pump power of ~10W at 807nm, could be efficiently launched into the
large, high numerical aperture (NA=0.47) waveguide core, whilst at the same time a beam
waist of ~90um in the unguided plane was produced approximately Smm inside the 10mm
long structure. As illustrated in Figure 4-7, a plano-convex cylindrical lens of focal length,
fy = 60mm, positioned 240mm from the diode module focussed the in-plane axis before a

spherical diode collimating module of focal length f=6.5mm, positioned 100mm further
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on. As such, an elliptical beam was produced at the end face of the waveguide, with 1/¢”
second-moment radii of 15 x 185 um” in the y and x planes respectively. The beam quality

in the plane was degraded to M,*~25 using this coupling scheme.

X-axis Waveguide

I S l

v

y-axis f, = 60 mm f=6.5mm Signal
1 output

y
v

Diode pump ]\/2
source HR  Moc

Figure 4-7: Diode coupling scheme for Nd:YAG PQS LMA PW laser.

The waveguide was mounted on a precision 6-axis translation stage for easy positioning
with respect to the focus of the pump beam. It should be noted that the waveguide was
simply fixed to a copper block with thermally conductive adhesive but not actively cooled.
Thin lightweight mirrors (Mpur, Moc), coated on one side only, and were attached to the
waveguide end faces via the surface tension of a thin layer of fluorinated liquid, thus

forming a quasi-monolithic flat-flat laser cavity of 10 mm length.

4.4.3 Laser performance

The laser output power at 1.064 um for two values of output coupler reflectance is shown
in Figure 4-8(a), along with the respective pulse repetition frequency in Figure 4-8(b).
Although the average power appears to continue in a linear fashion for pulse repetition
rates exceeding ~80kHz, the pulses were observed to collapse into a quasi-CW continuum.
An example pulse shape is shown in Figure 4-9(a), with a corresponding pulse train,
Figure 4-9(b), illustrating the pulse to pulse energy fluctuations for a pulse repetition
frequency of ~65kHz. As mentioned previously, this behaviour is attributed to the pulse to

pulse period approaching the recovery time of the Cr*" ions [30]
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(a) Example of the pulse shape for operation at 1064 nm with an output coupling of ~5%.

(b) Illustrates a pulse train for the same conditions as in (a).

Although laser operation at 946nm was also obtained with ~60mW of average output

power for ~1.4W of pump power, considerable ASE was found at 1.064pm, a

consequence of the relatively high threshold and initial gains. Double-pulsing was also

observed, as illustrated in Figure 4-10. Nevertheless, for an output coupling of ~13% the
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pulse to pulse stability was improved with respect to the 1.064 um operation and the

repetition rate was measured to be <10kHz, well within the response time of Cr*".

=) 5
< <
-100 -50 0 50 100 150 0 2 4 6 8
Sweep time (ns) Sweep time (ms)
(a) (b)

Figure 4-10: (a) Double-pulsing evident with higher output coupling, R, = 87%. (b) Pulse energy

stability improved with respect to lower output coupling.

4.4.4 Discussion

The output performance was modelled as for the Yb:YAG device detailed in the previous
section. A close match with the pulsewidth (~4-10ns) and repetition frequency (from 10 to
>300kHz) could be obtained. In so doing a ~20% decrease in the SA ground-state
absorption cross section was required with respect to that determined for the Yb:YAG
LMA PW laser. Such a difference is expected noting the absorption spectra for Cr*":YAG
reported by Dong et al. [19] (see inset Figure 4-2), where it is illustrated that at a
wavelength of 1.03pum there is an increase of this magnitude in the maximum absorption
coefficient, hence o4, with respect to that at 1.064pm. However, the difference for GqESA
between these wavelengths was not reported and therefore kept constant between the two

models. Similarly, for PQS operation at a laser wavelength of 946nm there is a further

decrease in SA small-signal absorption of ~7% with respect to that at 1.064pm.

For 1.064um operation the output was very unstable in terms of repetition rate, pulse

energy, and double-pulsing. This unstable behaviour is thought to be due to the fact that

the repetition rate is >100kHz soon after onset of laser operation. Modelling the Nd:YAG

PQS PW lasers suggests that even with very high values of small-signal Cr*" absorption it
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would be difficult to achieve repetition rates below 100kHz in the end-pumped
configuration and with the pump powers of interest here. Similarly, due to the short
energy storage time of the Nd®" ions, lower pulse energies than would be correspondingly
found with Yb:YAG are expected. It appears that the high repetition frequency is
primarily driven by the small mode-area associated with the waveguide geometry, thus
making it an unsuitable configuration for passively Q-switching Nd:YAG. Larger mode
volumes however, such as in a diode-bar side-pumped waveguide [30], will allow such

operation.

4.5 Summary

Detailed in this chapter were the first demonstrations of passively Q-switched end-pumped
large-mode-area planar waveguide lasers. An efficient, near-diffraction-limited Yb:YAG
LMA PW laser produced 2.3W of average power, with 30uJ pulses and pulsewidths of
1.6ns, at repetition rates of up to almost 80kHz. These simple and compact devices and the
associated high peak-powers, almost 20kW, could have a future in materials processing

applications.

An end-pumped Neodymium-doped passively Q-switched planar waveguide laser was
also demonstrated, although with inferior performance in comparison to its Ytterbium
counterpart. Laser performance at 946nm on the quasi-three level *Fl12 = *Fop transition
was obtained. However, a high threshold condition led to significant ASE at the stronger
1.064um transition and a subsequent saturation of the available gain with reduced output

performance.

Modelling of the laser performance using a simple plane-wave analysis predicts that
although the end-pumped waveguide configuration is unsuited to Nd** active ions, Yb**-
doping could be used to generate peak powers approaching the MW regime — materials
permitting. This compares favourably with microchip laser technology that can produce a
peak power of ~0.6MW using a 10.5mm long cavity length pumped by a fibre-coupled
diode array delivering 12W of power [2]. It appears that the optical to optical efficiency
for this result was ~3%, thus a comparable Yb:YAG LMA PW laser appears capable of
generating the similar peak powers from a equally compact and robust device, with an

almost tenfold improvement in efficiency.
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Chapter 5

SIDE-PUMPED WAVEGUIDE LASERS

5.1 Introduction

Increasing the power of solid-state lasers while maintaining good beam quality and hence
high-brightness, requires the use of high-power pump sources that also minimise the
detrimental effects associated with waste heat. Laser diode bars, which have a reasonable
spectral brightness and can provide >60W of CW power from an emission area of
~ 1 x 10 000pm?, are well suited to this requirement. Efficient transfer of the pump power
from such a diode bar to the oscillating laser mode typically requires some degree of beam
conditioning, the extent of which depends upon the resonator geometry. As mentioned in
the introductory Chapter, the diode laser geometry closely matches that of the planar

waveguide, allowing simple and efficient launching of its pump power.

The pumping configuration investigated in this Chapter involves coupling of the diode
radiation into the waveguide transverse to the direction of laser propagation, i.e. side-
pumping. Although less intense than end-pumping, side-pumping in combination with the
planar waveguide structure can still generate high inversion densities suitable for quasi-
three-level transitions [1]. This is especially important in high-power applications that
have been increasingly turning toward alternatives to Nd** doped active materials, such as
Yb**, or even Tm’* for wavelengths in the 2 micron region, both of which exhibit quasi-
three-level properties. Thus, with a single diode bar, pump intensities greater than
10kWem™ (10W into a lem-long, 10pum-thick waveguide) may be delivered to the active
medium. This is comparable to the saturation intensity for the rare-earth ions in a YAG

host considered here.

Other benefits for high-power laser systems associated with side-pumping active LMA
PW’s are: the creation of a uniform gain profile perpendicular to the layers; a large ratio

between the cooled-surface area and active medium thickness, important for reducing
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thermal distortions that perturb beam quality and can lead to fracture of the host medium
[2]; and lastly, three independent axes for the primary parameters of high-average-power

solid-state laser systems, i.e. the excitation, the waste heat removal, and the laser output.

The rest of this Chapter is organised as follows: the diode to waveguide coupling
techniques employed in the experiments detailed are reviewed, whence a multimode
Tm:YAG LMA PW laser is described, its performance characterised and a plane-wave
energetics model, as detailed in Chapter 2, applied. In addition, results obtained from
experiments investigating Nd:YAG LMA PW lasers are reported. The first is a monolithic
unstable resonator and is followed by an extended cavity configuration, both attempting to

improve the beam quality in the unguided axis.
5.2 Diode coupling to large mode area planar waveguides

5.2.1 Introduction

Several methods for transforming the output characteristics of diode laser bars exist, for
example beam-shaping [3], diffractive elements [4], and step-mirrors [5]. Each of these
techniques equalise the divergence in the two axes defined by the diode bar, and possess
varying degrees of transfer efficiency. In contrast, the compatible geometry of the planar
waveguide with that of the high-power diode bar negates the requirement for beam
shaping, allowing simple and compact coupling schemes. Discussed in the following
sections are two methods utilised for coupling the radiation of a diode bar into the core of

a double-clad high-numerical aperture waveguide.

5.2.2 Proximity coupling

The waveguide design and the proximity coupling of a single diode bar to the double-clad
structure are shown schematically in Figure 5-1. In the experiments described here, the
double-clad waveguide can be pumped from one or both sides by diodes with a typical
full-width half-maximum divergence, Oy, of 35° in the fast axis. Assuming a
diffraction-limited Gaussian output beam from the diode in this axis, and an anti-reflection
(AR) coated input face, we can make an estimate of the delivery efficiency into the central

YAG layers using,
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Figure 5-1: Schematic diagram of proximity-coupling a diode bar to

a rare earth (RE) doped LMA double-clad waveguide
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where 6 is the angle of propagation (in degrees) of the divergent diode beam with respect

Nger =

(5.1)

to the axis of the planar waveguide. If the half-angle subtended by the YAG central layers
to the diode emission aperture, 6., is smaller than the angular acceptance of the
waveguide, sin”(N4), then equation (5.1) describes the overlap of the diverging pump
beam with the physical aperture of the YAG central layers. Any light incident on the
waveguide outside this aperture is not totally internally reflected. If the angular acceptance
of the waveguide is less than 6;,. then equation (5.1) describes the fraction of the diverging
pump beam that is contained by the numerical aperture of the YAG/sapphire waveguide.
In our experimental set up (6,,=56°, NA=0.47) it is the latter condition that applies.
Equation (5.1) will slightly underestimate the delivery efficiency due to the fact that pump
light propagating at angles larger than the waveguide NA is not totally lost, as partial
reflection will still occur at each bounce from the YAG/sapphire interface. A very small
contribution would also be made to the absorbed power by light reflecting from the upper

sapphire/air interface.
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Delivery Efficiency

Figure 5-2: Delivery efficiency against coupling distance and waveguide

numerical aperture for a waveguide aperture of 30pum.

Figure 5-2 shows how the delivery efficiency varies with diode coupling distance and the
waveguide NA. It can be seen that the delivery efficiency saturates as the NA is increased
for a given coupling distance, and as the coupling distance is reduced for a given NA. It
also shows, that for the particular values of diode beam divergence and waveguide
dimensions used here, the coupling efficiency approaches 100% when the coupling
distance is <20pum and the numerical apertures is >0.6. A delivery efficiency of 0.942 is

calculated for our combination of coupling distance (10um) and NA4 (0.47).

Figure 5-3 shows the results of beam propagation method (BPM) modelling, using a
commercial software package from Kymata Software, of the calculated pump intensity at
the other side of the waveguide (assuming no absorption and infinitely thick sapphire
layers), which shows how the remaining ~5% of the pump light is lost to radiation modes.
The real value of the delivery efficiency may vary from this figure due to non-diffraction-
limited beam quality from the diode, reflections from the AR coating, and (as previously
discussed) reflection of power beyond the NA of the waveguide. Nevertheless, it is clear

that this is a very compact and efficient method of pump delivery.
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Figure 5-3: Calculated pump power distribution at the end of
the waveguide assuming no absorption (NB

logarithmic scale).

5.2.3 Lens coupling

Another technique to couple the pump radiation from a diode bar into a planar waveguide
is to condition the beam with cylindrical optics such that an image of the bar is positioned
at the entrance to the waveguide. There are some minor drawbacks with this technique, the
main being that the beam quality of the fast axis of the diode bar is typically degraded
when collimating the beam, a consequence of its high divergence and the opto-mechanical
alignment tolerances. Consequently the resulting image is generally degraded; however in
the experiments reported here this is acceptable and easily captured by the large
waveguide aperture. A second disadvantage is the increased space and optical complexity,
in comparison with proximity coupling, required to launch the pump light. Finally
launching the pump in this fashion requires clear side faces, which is not compatible with
one method for suppressing parasitic lasing paths, as detailed later, where the side face is

grooved matching the diode bar emitter pitch.

The advantage of this technique is that diode-bar arrays (i.e. diode-stacks) are also
compatible, which is not the case with proximity-coupling. It therefore represents a robust
method for power scaling side-pumped LMA PW lasers and will be discussed in the future

works section of Chapter 6.
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5.3 Tm:YAG large mode area planar waveguide laser

5.3.1 Introduction

High power lasers around 2um are of interest for several applications due to the strong
absorption by water and human tissue, low atmospheric absorption, and eye-safe
properties of light in this wavelength region. Operation of Tm:YAG on the *F,—’Hg
transition is an attractive system for such lasers as it allows pumping by AlGaAs diodes
around 0.8um, while maintaining high efficiency and low thermal loading. This is
possible, despite the large difference between the pump and laser photon energies, because
of a favourable cross-relaxation process that leads to a pumping quantum efficiency
approaching 2. The disadvantages of the Tm®" system include its quasi-three-level nature,

the presence of energy-transfer upconversion, and a relatively low emission cross-section.

End- and side-pumped bulk Tm:YAG lasers have been reported at continuous-wave (CW)
powers of >100W using lens ducts [6] and parabolic concentrators [7] to achieve the
required intense pumping density. Waveguide geometries have also been used for 2um
laser systems both in planar [8] and fibre [9] format. Reported here is a double-clad
Tm:YAG planar waveguide that delivers 15W output at 2um when side-pumped by two
20W diode bars. A model of the performance of this laser is also presented, including the
delivery and absorption of the pump power and the expected thermal load, in order to

investigate its potential for power scaling.

5.3.2 Experimental set-up and performance

The direct-bonded LMA double-clad planar waveguide structure detailed here and shown
in Figure 5-4, is similar to those described previously with Nd*"- and Yb**-doped YAG
[10, 11]. A 20pum-thick 10at.%-Tm’"-doped YAG core, was direct bonded between two
Spum thick un-doped YAG inner cladding layers. Sapphire substrates were also direct
bonded to form the outer cladding layers. The width and length dimensions were 0.5cm
and lcm respectively. Laser cavity mirrors were coated directly onto the flat end-faces of
the waveguide with an output coupler transmission of 10% at 2.02um. The side-faces of
the waveguide were tilted by ~3° (with respect to the vertical axis) to frustrate parasitic
lasing in the plane of the waveguide. They were also anti-reflection coated at the pump

wavelength.
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Figure 5-4: (a) Schematic diagram of the experimental set-up and the 5 layer waveguide structure.
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(b) Picture of the proximity coupled set up, photo courtesy of Maxios Laser Corporation.

Two CW diodes from Coherent Inc™. were proximity coupled to the waveguide on
custom alignment fixtures from Maxios Laser Corporation™"', Figure 5-4(b). These diodes
had a centre wavelength of 785nm and produced up to 44W of combined power. They
were water-cooled, along with the waveguide mount, through a common base plate. Laser
threshold was found at 8W incident pump power. The resulting maximum output power
was 15W, corresponding to an optical to optical efficiency of 34%, and with a measured

slope efficiency of 44% with respect to incident power.

Single-pass absorption of the diode pump radiation was measured to be 71%, under
single-side pumping and lasing conditions; therefore the slope efficiency with respect to
absorbed power was ~61%. Figure 5-5 shows the results for both double-sided and single-
sided pumping with the main difference being a slightly higher threshold for the single-
sided pumping case. The gain distribution in the unguided plane is expected to be
relatively uniform with double-sided pumping, while the single-sided pumping has much
stronger gain closest to the pumped face corresponding to the effective absorption
measured here. The intensity profiles of the laser output in the guided and unguided axes
were measured by scanning a 250um square InAs PIN photodiode across the beam, whilst

monitoring its amplified voltage output. Single traces of the intensity profile at the beam

¥ Coherent Inc., Santa Clara, CA 95054 USA

i ¢/0- Onyx Optics, Dublin, CA 94568 USA
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centre for the respective axes are shown in Figure 5-6. A comparison is made between the
guided and unguided axes for single and double-sided pumping. It was observed that the
guided modes were a very good fit to a Gaussian distribution and did not vary with power
or the pumping scheme. In the non-guided plane the double-sided pumping lead to a
symmetric near-Gaussian output, whereas the single-sided pumping gave an asymmetric

mode with the peak intensity shifted towards the pumped side.

Double-sided pumping

Laser Output Power (W)
[ee]

Single-sided pumping

0 10 20 30 40 50
Incident Diode Power (W)

Figure 5-5: Tm:YAG LMA double-clad planar waveguide laser output power characteristics.

The beam dimensions were determined via a second-moments analysis. By tracing the
beam as it propagated from the output and fitting the Gaussian propagation curve to the
results, using the apertures of the waveguide and in-plane width to define the initial beam
waists, it was found that the guided axis had an M?=1.140.1, however for the unguided
axis the M*> was >300. As discussed in Chapter 2 the diffraction-limited nature of the
output in the guided axis is due to the fact that the gain is restricted to the core and selects
fundamental mode operation of the highly multi-mode double-clad waveguide (supporting
15 modes at 2pum). No attempt has been made to control the mode in the non-guided axis,
which had a high cavity Fresnel number™*" (>500) [12] due to the 10mm long and 5mm

wide gain region.

i presnel number, Ny = w?/2A1. Where w is the width of waveguide, 1 is its length, and A the laser

wavelength in the material.
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It was observed that the laser output was partially polarised, with a ratio of 9:1 TE:TM
polarisation. Although not confirmed experimentally, it is believed that this partial
polarisation may be a consequence of stress birefringence from the direct bonding

fabrication process.

Double sided pumping

Single sided pumping

-5 10 -5 0 5 0 15 6 -4 -2 0 2 4 6
mm mm

Unguided axis Guided axis

Figure 5-6: Beam profile scans 40mm from the cavity mirror. A comparison between double

and single-sided pumping is made for both the guided and unguided axes. The

profiles for the double-sided pumping at 15W (--0--) and 4W (-s-) output powers are

shown. The latter power being the maximum achievable with single-sided pumping.

5.3.3 Modelling

5.3.3.1 Laser performance

The laser performance of the double-clad Tm:YAG waveguide shown in Figure 5-5, when
pumped from both sides with two 20W diode bars, was compared to predictions using the
plane-wave model described in Chapter 2. This model, modified to account for cross-
relaxation and up-conversion in the Tm>* system, is likely to be a good approximation due
to the relatively uniform nature of the gain distribution and laser saturation, which is
provided by the double-clad waveguide structure in one axis and the plane-wave nature of
the highly multimode output in the other. For the 10at%-doped, Smm-wide, double-clad
waveguide and the R;°=0.9 output coupler used in our experiments, the single-pass pump
absorption (see Chapter 2) is calculated to be 0.73 (compared to a non-saturated
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absorption of 0.756), in good agreement with experimental observation. Thus, the double-
sided pumping will also give a relatively uniform gain profile in the non-guided plane
(with a calculated 24% variation in the upper-laser-level population density across the

width of the guide for the case of unsaturated pump absorption).

The Tm:YAG energy levels and the pumping, cross-relaxation, up-conversion and lasing

processes are shown in Figure 5-7.

upconversion o> pumping
relaxation
3I‘I4 A ’
4
785nm
H, :
lasing
ST TN [ { =
] f' = 0.45
2.02pm
3 v 4
He { —] f'=0.019
———— £7=029

Tm*":YAG

Figure 5-7: Schematic diagram of the Tm:YAG energy levels involved in the 2um laser operation.
Upconversion and cross-relaxation processes considered in the model are indicated on
the left and the Boltzmann occupation factors of the relevant Stark levels at 306K are

shown on the right.

Table 5-1 lists the parameters used to model the lasing performance. The quantum yield,
which accounts for the cross relaxation process shown in Figure 5-7, is calculate to be
1.97 using the method presented by Honea et al. [6] and accounting for our doping level
of 10 at.%. The mode fill efficiency is set at 1 as the laser mode is expected to efficiently
sweep out the available gain. The emission and absorption cross-sections are set relative to
the Boltzmann occupation factors [6, 13]. The overlap of the pump with the doped area
was discussed in Chapter 2, and the overlap of the laser field with the doped area is

calculated assuming that the laser operates on the fundamental guided mode (as found
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experimentally). The Boltzmann factors are calculated using the Stark splittings reported
by Gruber et al. [14], and assuming an average operating temperature of 306K and that the

lifetime of 3H4<<3 Fa.

Quantum yield noyr  1.97

Mode fill efficiency Nvode 1

Delivery efficiency Ndel 0.94

Pump 785nm photon energy hv,  2.5x10™J
Laser 2.02um photon energy v, 9.8x10%°J
Output Coupler Reflectivity R/ 0.9

Pump absorption cross-section o, 1.0x10%* m?
Pump overlap with doped region Hpo 0.68

Laser emission cross-section o 3.3x10%° m?
Laser overlap with doped region Mo 0.96
One-way waveguide transmission Ty, 0.99
Effective excited state storage lifetime 7,4 2.1x10%s
Waveguide length I 1x10%m
Waveguide width w 5x10°m
Doped core thickness tre  20x10°m
Tm doping density n, 1.38x10%" m™
Terminal laser Stark level Boltzmann  f;/ 0.019

occupation factor at 306K

Initial laser Stark level Boltzmann f/ 0.451
occupation factor at 306K

Initial pump Stark level Boltzmann f;* 0.296
occupation factor at 306K

Terminal pump Stark level Boltzmann £/ 0

occupation factor at 306K

Table 5-1: Laser Model Parameters

The values for the effective lifetime and waveguide transmission are found by fitting to
the experimental laser performance (threshold and slope efficiency) shown in Figure 5-5.
The effective lifetime of ~2.1ms is related to the low-excitation ° F4 lifetime, 7,=10.5ms,
the upconversion rate coefficient, k,., and the population density of the upper laser

manifold, Ny, by
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(5.2).
Here, k,. represents an overall value accounting for both of the upconversion processes
illustrated in Figure 5-7. Rustad and Stenersen [15] have shown that the overall
upconversion rate is dominated by k»3 and for which values were measured against doping
level by Shaw et al. [16]. Fitting the model to the experimental results leads to a value
kue=3.940.5x10**m’s”, in good agreement with the published data at a doping level of
10at.%. The fitted one-way transmission corresponds to a propagation loss coefficient of
0.0740.01dB/cm at 2.02um. This is somewhat lower than the values found for similar Nd
and Yb-doped double-clad waveguides [11], (<0.2dB/cm) and is approaching reported
values at 1um for bulk Nd:YAG rods [17] (0.03dB/cm). The good fit to the experimental
data, Figure 5-8, using very reasonable parameter values, allows predictions to be made

for optimisation and power scaling of this system with some confidence.

16

| Ro =90%
% =2.02um
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Figure 5-8: Modelling fit to experimental data, with variables k,=3.9+0.5x10"*m’™" and the

propagation loss = 0.07+0.01dB/cm.

5.3.3.2 Output channels for the absorbed power

The model allows for easy identification of the routing of the absorbed pump power into
the various possible output channels. Here, the output channels are identified as; the

output power calculated using equations (2.20)-(2.22), the fluorescence power,
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the upconversion power,
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(5.4)
the quantum-defect (Q.D.) thermal power,
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Fiermn =MNaub, (1 et )(1 - J
%
P
(5.5)
and the power loss,
ROC .
P =P / 1=T2 et Mt
loss p(l_Rlyc j( SP)
(5.6).

Figure 5-9 shows a plot of these various output channel powers against output coupling
for the maximum experimental input power of 43.8W and a fixed temperature of 306K.
The graph shows that the use of an R,°*=0.9 output coupler is near optimum for this pump
power level and that the power going to heat at this point is nearly 7W. It should be noted
that a certain fraction of the upconversion power would also be converted to heat due to
non-radiative decay of the ions promoted into the *Hs level. However, at optimum output
coupling this contribution to the total heating power is small compared to the quantum-
defect thermal power given in equation (5.5), and has been neglected in the thermal
calculations. It can also be seen that the range of output coupling, and hence the
achievable gain, is limited due to upconversion becoming the dominant output channel for
the absorbed pump power. This is confirmed by Figure 5-10 where the theoretical output
power is plotted against output coupling for various values of the upconversion rate
coefficient. Experimental observations that lasing was not obtainable with a 50% output
coupler is therefore attributed to the presence of upconversion. Similar effects due to
energy-transfer upconversion have also recently been described in CW Nd**-doped lasers
[18]. The main reason for the drop in output power at low reflectivity for the case where
no upconversion is present is depletion of the ground state, leading to a smaller absorption

efficiency.
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Figure 5-9: Output channels for the input power against output coupler reflectivity for the

maximum pump power of 43.8W and at a fixed temperature of 306K.
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Figure 5-10: Output power against output coupler reflectivity for various values of

upconversion rate coefficient k, (in m’s™).

5.3.3.3 Optimisation of doping level

At this point it is interesting to consider what is the optimum Tm-doping level. If it is
increased from the current 10at.% doping level the width of the guide should be decreased
in order to maintain the same fractional power absorption and hence the relatively uniform
gain distribution. Reducing the width would also help to decrease the Fresnel number of
the cavity and hence improve the M* of the output in the non-guided plane. However, this

would bring with it a penalty in terms of an increased upconversion coefficient [16] and a
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greater thermal load per unit volume. Consequently, a drop in output power of nearly 1W
is expected by going to a 15at.% doping level. If the doping level is reduced from 10at.%
the width of the guide must increase to maintain the same pump absorption, which in turn
would adversely effect the output M? value. An initially very slight reduction in the
quantum yield would also occur but it is nevertheless expected to increase the output
power, due to reduced upconversion and thermal load, of ~0.5W by going to a 5at.%

doping level.

The value for the thermal load per unit volume (Qr) used in this model is based on a
thermal power of 3.4W. This is chosen to calculate the temperature used in the laser model
(306K) as an average figure between zero and full pumping power, when 6.8W of Q.D.
thermal power is predicted. The temperature in the core is predicted to be ~324K (51°C) at
full pump power. It should be made clear that the cooling arrangement and the waveguide
structure are not optimised in terms of minimising the temperature rise. For instance, with
both faces heat-sunk and the use of 100pum-thick substrate and cladding layers, which
would still give a robust and easy to handle device, the temperature at maximum pump

power is only 28°C, for a heat sink temperature of 16°C.

As discussed in Chapter 2 planar waveguide lasers have been shown to exhibit similarly
good thermal management properties to bulk slab lasers [2]. Based on the theory of
Chapter 2 section 2.3.2, the temperature rise in the double-clad structure described and its
implications for power scaling to the 100W level can now be discussed. The waveguide
architecture investigated is shown in Figure 5-11 and using the parameters listed in Table
5-2 the model gives a temperature distribution near the core as shown in Figure 5-12. Note
the upper surface was not actively cooled; therefore an equivalent heat transfer coefficient,

Aa, to ambient air was used instead.

Air temperature Ta 293 K

Heat sink temperature Ths 289 K

Air heat transfer coefficient Aa 10 WmK™
Water-cooled heat sink heat transfer coefficient Mns 6000 Wm?K™"
Thermal conductivity of YAG ky 13 Wm 'K
Thermal conductivity of sapphire Ks 35 Wm'K™
Thermal power loading per unit volume Qr 3.4x10° Wm’®

Table 5-2: Thermal model parameters — as detailed in Figure 5-11.
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Figure 5-11: One-dimensional-cooling model Figure 5-12: Temperature distribution near
structure the waveguide core

At this point it is useful to enquire into the power scalability of such a device. The
relatively simple thermal analysis suggests that, with the current heat load and the use of a
thin, double-face-cooled waveguide described above, we would be three orders of
magnitude below the surface stress fracture limit. This is calculated via a figure of merit
obtained using equation (2.40) with the thermal shock parameter, R, for sapphire equal to
100Wem™'[19].

For the bonded waveguides described here, the different thermal expansion coefficients of
the YAG and sapphire layers is a potential limitation but, in practice, they can clearly
survive high temperatures as part of the fabrication process involves annealing the
structure at a few hundred degrees. Thus, the main thermal limitation for quasi-three-level
lasers will be degradation in the laser performance due to increased population in the
lower laser levels. As an example, Figure 5-13 shows the expected laser performance for a

range of temperatures.

The simplest scaling from the present results could be obtained by replacing the two 20W
diodes with two 60W diodes, which are readily available with similar emission apertures.
For the thin, double-face-cooled, waveguide this would give a maximum temperature of
321K and an expected output power of 50W for an output coupler of R;°*=0.87. Scaling
from this point, without increasing the thermal load per unit volume, and hence the

temperature rise, could be achieved through increasing the length of the crystal and adding
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more diode pumps. Figure 5-14 gives the expected laser performance for a 2cm long
device, side-pumped by four 60W diodes, approaching 100W of output power for an
R,°“=0.7 output coupler.

Output Power (W)
>

0 T .:. T T
0.5 0.6 0.7 0.8 0.9 1.0

Output Coupler Reflectivity (R)

Figure 5-13: Output power against output coupler reflectivity for various core temperatures.
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Figure 5-14: Theoretical plot of output power against output coupler reflectivity for four 60W diode

pump lasers.
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The output characteristics of the investigated waveguide have important implications for
which method could be used to control the spatial properties of the laser in the non-guided
plane. Typically, the combination of side-pumping with the plane/plane laser resonator
used here leads to highly multi-mode output in the non-guided plane as shown above,
[11]. As has been previously mentioned and proposed by Beach et al. [10], monolithic
hybrid guided/unstable resonators could be a potential solution to this problem because of
the high gains available from diode-pumped waveguide lasers. However, in the case of
Tm:YAG, the fact that optimum output powers occur for relatively low output coupling,
due to upconversion, means that the potential for use of unstable resonators will be
limited. Fortunately though, the very low propagation loss found here suggests that zig-
zag-path stable cavities [20] should be feasible, as will be discussed in the future works

section.
5.4 Nd:YAG large mode area planar waveguide lasers

5.4.1 Introduction

Neodymium, especially in the host material YAG, has long been the workhorse of the
solid-state laser field. Its characteristics have been well documented and yet each year new
developments are made with this active material. Described in the following sections are
some developments made with this laser crystal in the form of a side-pumped LMA planar
waveguide structure. Firstly, due to the relatively high gains possible with this material, in
particular in the waveguide geometry, it was discovered that ASE and parasitic lasing
effects limited and in some cases defeated laser operation for the side-pumped
configuration. Methods for reducing these effects are discussed in the next section,

followed by a report of two different resonator geometries.

5.4.2 Frustrating amplified spontaneous emission and parasitic lasing

Parasitic lasing and ASE, two effects derived from spontaneous emission in all directions,
are separate phenomena that affect the laser performance in different ways. ASE simply
de-excites some of the population inversion thereby reducing the available gain for the
resonator. Its effect can be relatively uniform across the excited volume, depending upon
the physical attributes of the active material and resonator configuration. Conversely,
parasitic lasing describes an unwanted resonant mode that exceeds a certain threshold,

defined by the losses incurred for one round trip, which also clamps the inversion along
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the path taken. In the waveguide structures described here these modes typically
correspond to closed loops provided by total internal reflection within the short, yet wide,
planar region, as illustrated in Figure 5-15. It should be noted that the single diamond (red
loop) is not truly a TIR off the end faces, as the incident angle is less than the critical
angle. However, there is still a substantial end-face Fresnel reflectance and a possible path
for parasitic lasing. In fact the two examples illustrated in Figure 5-15 represent the limits
to be expected from YAG/air interfaces with this geometry, the two diamond case (not

shown) being well confined at both the side and end faces.

AIR

10 mm

A

v

Figure 5-15: Illustration of the two limits for closed loops defined by TIR at the side and end faces of

a YAG planar waveguide. 0, is the critical angle ~33° for a YAG air interface.

Three different methods were investigated for reducing ASE and preventing parasitic

lasing, and are described subsequently.

5.4.21 Grooving

Grooving or scribing lines, using a very fine diamond-tipped dicing saw, across the
waveguide on the side faces was one method employed to destroy the mirror symmetry in
the plane. Pitched equivalent to the emitter spacing of the diode bar, the ungrooved
regions still allow efficient proximity coupling. Each groove effectively is a diffuse
scattering zone no longer allowing specular reflections to build up as a beam passes
around an in-plane TIR path. This method was observed to prevent parasitic lasing effects;
it is also useful in reducing the ASE, where the grooves also decrease the average path

length for beams bouncing off the side faces along the gain region.
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5.4.2.2 Thick platelets

Another technique used to frustrate TIR off one side face was to contact a thick (~1mm)
piece of YAG to the side face of the waveguide structure, polished at least on the side in
contact. In this way the critical angle for TIR is increased to near grazing incidence. Thus
light passing into the platelet is only weakly coupled back into the waveguide due to
natural divergence after a round trip in the platelet and representing a significant loss for
parasitic lasing and reduced solid angle for the ASE. If pumping through both sides, this
method requires that the delivery optics are able to accommodate the extra optical distance

between the waveguide entrance and face of the platelet.

5.4.2.3 Side-face angle polishing

A third method was to polish the side face at an angle to the normal of the waveguide
plane and parallel to the end faces, as described in section 5.3.2. In this fashion, light
reflected back into the waveguide from the side face would be forced into higher order
modes and eventually into radiation modes after successive reflections, where it is lost
completely. If the angle is increased beyond the NA of the waveguide then all modes
would be coupled directly into radiation modes, representing the strongest method for
reducing undesired feedback into the waveguide. This angle corresponds to ~16° for the

Y AG/sapphire waveguide composites investigated.
5.4.3 Large mode area planar waveguide laser with monolithic unstable resonator

5.4.3.1 Introduction

Comparisons between resonator configurations show that unstable cavities can produce
the largest mode volume for short cavities [21]. To achieve sufficient discrimination
between the fundamental and higher-order modes in an unstable resonator, a high output
coupling and therefore high gain is required [21], well suited to the waveguide structure.
The output power coupling is related to the cavity geometric magnification (M,), which
xxviii

for a strip unstable resonator™ " is given by:

(5.7

il Strip unstable resonator refers to the output coupling being extracted in one axis only.
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M, is calculated using the laser cavity ABCD matrix and depends upon the magnifying or

de-magnifying power of the resonator [21].

A LMA PW laser monolithic unstable resonator of magnification My=1.16 was previously
reported by Beach et al. [10], demonstrating improved beam quality with respect to the
plane-plane resonator. The authors suggest that by increasing the magnification factor a
near-diffraction-limited output could be expected. Their cavity consisted of one flat end-
face coated with a HR dielectric mirror and the other face was polished with a 20cm
concave radius of curvature and coated over the central 64% with a 70%R mirror, the
remaining area being anti-reflection coated. The output beam was spatially structured
similar to a diffraction pattern for a plane wave passing a rectangular obscuration

equivalent in size to the partially reflective coated region width.

The monolithic unstable resonator reported here was designed such that its output would
come from only one side of the output coupling mirror, i.e. off axis as illustrated in Figure

5-16 and similar in design to a resonator proposed by Anan’ev ef al. as reported in [22].

5.4.3.2 Experimental set-up

The confocal positive-branch off-axis unstable resonator with a geometric magnification
of M ~5 was polished onto the end faces of a direct-bonded LMA PW Y AG/sapphire
composite. The double-clad waveguide design was the same as for the end-pumped Nd**-
doped LMA structure (section 3.3) and previously reported [10, 11]. The design for the
unstable resonator consisted of two curved mirrors confocally positioned and forming a
Schmidt-Cassegrain style telescope [23], Figure 5-16(a), which has one half with respect
to the optic axis deleted Figure 5-16(b).

The important parameters of the unstable resonator design are summarised in Table 5-3. A
concave Imm wide secondary mirror, R,, was polished onto one end face with its centre
of curvature (the optic axis) positioned 0.Ilmm away from one side face. A larger convex
curvature, R;, was polished across the entire second end face (with the same optic axis and
focal point) forms the primary mirror. The two curvatures spaced by 11.Imm form one
side of a beam expanding telescope with 5 times magnification. Both of these curved faces
were HR coated, with the remaining flat face adjacent to R, anti-reflection coated. In this
way the collimated output beam passes by the small concave curvature as it exits the

cavity, as illustrated in Figure 5-16(b). The side faces were grooved as described in section
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5.4.2.1 to accommodate proximity coupling of 20 or 40W CW diode bars from Coherent

Inc.

R4/2 , l l Pump l l

HR AR

\\ %@3
LR N

(a)

A

Figure 5-16: (a) Schmidt-Cassegrain telescope and (b) the view of (a) with one side of the axis

deleted and forming the basis of the monolithic confocal UR.

Parameter Value Tolerance
(mm) (mm)
Small radius of curvature R; 6.35 +0.1
Width of small mirror Wo 1 +0, -0.1
Large radius of curvature R 28.58 +0.2
Mirror spacing I 11.1 +0.1, -0.05

Table 5-3: Monolithic unstable LMA PW laser resonator design

parameters.

The waveguide was fabricated by Onyx Optics, who also did the additional polishing of
the curved surfaces. To demonstrate the off-axis UR concept it was decided that spherical
polishing would suffice for the curvatures, although cylindrical polishing perpendicular to
the plane would have been preferred. Due to the complexity of the task and tight
manufacturing tolerances the resulting in-plane unstable resonator structure resembled that
shown in Figure 5-17. Note that the optic axis, denoted by the blue dashed line was found
to lie inside the side face of the composite, whereby two 45° chamfers where required to
prevent build up of radiation which would not reach the flat exit face. This meant that the

first 0.5mm of pumped active material, closest to the small mirror would not contribute to
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the extracted output power. The width of the curvature, R,, was also reduced to maintain

the 1:5 geometric ratio.

_—— R2858
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Figure 5-17: Plan view of 5x magnification unstable resonator. Output exits the flat 3.5mm wide

surface.

The finished composite structure was then sent to SLS Optics™™ for coating of the
waveguide faces. Further to the physical differences with respect to the actual design, the
coating process required a finite edge width for the HR coating on the curvature R,. Thus
it was discovered that a proportion of the HR mirror carried over onto the flat exit aperture

of the cavity, the effects of which will be discussed below.

As with the Tm:YAG LMA PW laser described earlier, two 20W Coherent diodes were
proximity coupled to the waveguide using the same setup as pictured in Figure 5-4(b). The
diode mounts were water cooled along with the copper pedestal supporting the waveguide,
thus the heat sink temperature was optimised for strongest pump absorption. The diodes
were brought to within ~30-50um of the waveguide side face, limited by the copper heat
sink overhanging the diode bar clashing with the sapphire outer-cladding. Thus the launch
efficiency was estimated to be ~75-85% as illustrated by Figure 5-2.

X SIS Optics Ltd., Isle of Mann, IM4 4QD, British Isles
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5.4.3.3 Laser performance

Firstly, two distinct output beams were found to exit the waveguide, one of which was
attributed to the HR coating encroaching onto the cavity output coupling face. The other
beam (denoted the main beam) had a broad rectangular profile as was expected from the
large output aperture of the cavity. This beam was angled at ~5mrad with respect to the
output-face normal indicating that the optic axes of the curved surfaces were misaligned.
The additional beam (denoted the secondary beam) was found to exit the waveguide at an
angle of ~30mrad with respect to the output-face normal was believed to come from
multiple reflections between the HR mirror coatings, particularly the finite width ~150um,

of the HR coating overlaying the flat exit face.

Notwithstanding, the total output power from the LMA PW structure when pumped with
two proximity-coupled 20W diode bars, is shown in Figure 5-18. Separately the two
distinct beams were observed to have their own threshold and slope efficiencies, with the

secondary beam soon extracting more of the available gain than the main beam.
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—&— Total output power
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Figure 5-18: Laser output power from Mag. S unstable resonator.

Images of the far field intensity pattern from the UR, with the guided axis near-collimated

using an f=22mm cylindrical lens, were captured on a CCD camera at the focal plane of
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an f=40mm Gradium™" lens, positioned ~165mm from the waveguide. The beam was
attenuated using a variable-reflectivity wheel, a single reflection from an uncoated wedge,
and coloured glass filters. Two far field images, corresponding to the maximum output
power of Figure 5-18, of the main UR resonator beam and total laser output are shown in
Figure 5-19 (a) and (b) respectively. Evident from these images is that the beam quality
does not appear to be diffraction-limited, not even the guided axis (vertical with respect to
the page). To verify this, the secondary beam was blocked whilst measuring the beam
quality of the main beam. A beam quality of M%,=60+2 in the plane and
M’ = 11.8+0.5 in the guided axis were obtained. A measure of the total output beam

quality was not undertaken due to the large angular separation between the two beams.

(a)
(b)

Figure 5-19: Far field intensity patterns captured on a CCD camera, for (a) the main UR output beam

and (b) the total laser output. Note guided axis was near collimated to enable viewing on
a single CCD. The left-hand-side lobe of (b) is the same as image (a), although the scale is

different between the two images.

5.4.3.4 TUnstable resonator discussion

Thought to be the first demonstration of a high magnification off-axis monolithic LMA
PW laser, this device did not perform as expected. The unguided axis output beam quality,
the main parameter of importance in this investigation, improved approximately fivefold
with respect to the plane-plane monolithic structure of the same size. However, the guided
axis beam quality was degraded, attributed to the spherical mirror curvatures forcing the

fundamental-mode into higher-order modes supported by the waveguide.

** LightPath Technologies, Inc. Walnut, CA 91789
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A further investigation of unstable resonators is required to fully appreciate the high gains
achievable with the planar waveguide. Extended unstable resonators have already been
demonstrated in a thick face-pumped waveguide [24] and pump guided slabs [25], thus

representing one method to avoid the fabrication intensive approach described here.
5.4.4 Large mode area planar waveguide laser with extended cavity

5.4.4.1 Introduction

Although not in keeping with the compact monolithic concept, an extended stable cavity
was implemented as a means to improve beam quality in the unguided axis of a planar
waveguide laser. Stable extended-cavity configurations have previously been
demonstrated with direct-bonded multimode waveguides with good success [26-28].
However, these devices were limited to ~1W output powers, due to a combination of
thermal issues and short absorption widths. A relatively simple cavity, pictured in Figure
5-20, based on the telescopic resonator concept [29] is reported here and preliminary

results discussed.

The cavity investigated capitalises on the fact that the two orthogonal axes of the
waveguide may be treated independently. Using ABCD matrices and accounting for the
real lenses thickness and curvatures, a ~125mm long cavity was modelled, the schematic
of which is illustrated in Figure 5-20(a). An example of the resulting cavity mode is
shown in Figure 5-20(b). Due to its small mode size (~10um), the guided beam upon
exiting the waveguide has significant divergence, equivalent to having passed through a
negative lens. As such, only a single positive lens is needed to act as a correcting —
collimating element. The combination of waveguide and single positive lens imitates a
cylindrical beam expanding telescope. The position of the collimating lens is determined
by enforcing the relationship that after a round trip through the cavity, from the waveguide
output face to the output coupler mirror and back again, the beam radius must match that

of the fundamental mode of the waveguide.

In the waveguide the beam radius in the unguided axis is required to be approximately
1-1.5mm, if fundamental mode behaviour is to be approached, relying on increased
diffraction losses for the higher order modes caused by the Smm wide aperture of the
waveguide structure [30]. As such the cavity considered for the x-axis is similar to a

hemispherical cavity with the curved mirror replaced by a single cylindrical positive lens

130



with the plane mirror at its focal plane. In this way the beam waists defining the output
beam characteristics in both axes, are located at the plane output coupler (OC) mirror with

an ellipticity of ~1:10 (x:y), easily circularised using an extra-cavity cylindrical lens.

HR mirror CLx _ X-axis
I IL e ——
B Y-axis B
/ —
Waveguide CLy OC mirror

(a)

1/e* beam radius (mm)

00 T T T T T T

0 20 40 60 80 100 120

Distance from HR mirror (mm)

(b)
Figure 5-20: (a) Schematic of extended cavity configuration, CL,, CL, are cylindrical lenses operating

in the x and y axes respectively. (b) An example of modelled beam radii for the two

independent axes of the cavity.
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5.4.4.2 Experimental set-up

The pump source was a fast-axis collimated diode bar from IMC™ producing 29W of
output power for 48A of current. Water cooled and with a peak wavelength of 807nm at
the maximum current, it was enclosed in a protective housing with an AR coated exit
window. With the planar geometry of the diode bar and LMA PW aligned, a cylindrical
lens of 19mm focal length focussed the diode slow axis output at ~50mm from the output
window of the housing, where a Doric lens of ~1 mm focal length focussed the y-axis
collimated beam forming an elliptical spot with second-moments radii of

~ 15um x 2.5mm.

Mounted on a 6-axis translation stage the waveguide, the same as that detailed in the end-
pumped configuration, section 3.3, was aligned to optimise pump coupling. As described
in section 5.4.2.2, a thick YAG platelet was affixed to the un-pumped side face to frustrate
parasitic lasing paths. A lightweight HR mirror was held to the rear face of the waveguide
via the surface tension of a thin layer of fluorinated liquid. No active cooling was used for
the waveguide in this experiment. All side and end faces were coated with an anti-
reflection quarter-wave thick MgF, layer at the wavelengths of interest, i.e. 807nm for the

side and 1.064um for the end faces.

The cavity comprised a HR mirror, coating adjacent to the waveguide, two AR coated
cylindrical lenses of focal lengths, fcr, = 100mm and fcr, = 12.7mm, oriented as shown in
Figure 5-20(a), and a plane 85% reflective output coupler mirror positioned at the focal
plane of lens CLy. Lens CL, was positioned such that the mode size from the waveguide
would be coupled back into the guide after a round trip to and from the output coupler
mirror. This was aligned by shaping another low power diode laser source at a wavelength
of 1.06um such that its beam radii approximated that of the desired cavity mode in the
waveguide. Launched into the HR mirror end of the cavity the y-axis of the probe beam

was collimated upon exit from lens CL, giving the required waveguide lens separation.

i Cutting Edge Optronics, MO 63301, USA
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5.4.4.3 Laser performance

When configured to give reasonable output power performance, as shown in Figure 5-21,
the cavity was shorter than predicted for the unguided axis aperture to be filled by the
fundamental mode. Consequently although an output power of 6W was obtained, the
beam quality as indicated by the inset in Figure 5-21 was not single mode. To obtain the
beam profile shown in the inset, the laser output was first collimated in the x-axis with a
single f=100mm cylindrical lens, attenuated using a reflection from an uncoated glass

XXXil

wedge and Schott™ ™" coloured glass filters, then captured by a CCD camera connected to
a computer with digital frame-grabber and Beamview Analyser software by Coherent Inc.
A full determination of the laser beam quality was not possible, due to the time required to
do so and the temporary nature of the HR mirror contact. However, from the modelled
beam width and divergence characteristics, the beam quality was estimated to have an

M2, ~ 25.

Output Power (W)

0 5 10 15 20 25 30
Diode Power (W)

Figure 5-21: Output power performance of extended cavity operating in a multi-mode regime. Inset is

a beam profile collected after collimating the in plane axis of the laser output, M*, ~ 25,

The output profile was improved, approaching the diffraction-limit with the beam profile

as shown in Figure 5-22(a), by extending the cavity length to that predicted by the model,

it Schott Glass Technologies, 400 York Avenue, Duryea, PA 18642 USA
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i.e. ~125mm. However, this was at a cost of ~50% in output power, attributed to a
reduced overlap between the quasi-uniform gain region and the Gaussian laser photon
distribution [31]. Once again due to the temporary nature of the thin HR mirror
attachment, exacerbated by the thermal loading of the crystal, the profile changed to that

shown in Figure 5-22(b) moments after image Figure 5-22(a) was captured.

It was found near impossible to sustain a good mirror contact using Fluorinert as the
fixative; other trialled solutions were even less successful. Therefore output performance
as a function of pump power was not characterised with the cavity length optimised for

beam quality.

(a) (b)

Figure 5-22: (a) Near diffraction-limited beam profile from an extended cavity, output collimated in
the in-plane axis with a cylindrical lens before CCD camera. (b) same profile with thin

mirror detaching.

5.4.4.4 Extended cavity discussion

The successful demonstration of an improvement in the unguided axis beam quality using
an extended cavity has opened the way for further investigations into such sources. These
preliminary results correspond to a significant increase in brightness with respect to that
found for the monolithic plane-plane LMA PW laser. Noting the difficulty encountered
with the attachment of the HR mirror, this waveguide was subsequently used in an end-
pumped configuration detailed in the Chapter 3. Further work has since been carried out
with dielectric mirrors coated directly onto the end faces and the side faces angle polished
for ASE and parasitic lasing suppression. The details of this experiment have been
included in Appendix A; being predominantly undertaken by a colleague, Dr C. Li.
Suffice to say that improved performance was obtained with 6W of output power

measured with beam quality factors, M,°=2.7 (un-guided axis) and My2=1 .1 (guided axis).
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5.5 Summary

Efficient high-power operation of LMA planar waveguide lasers has been demonstrated at
laser wavelengths of 1 and 2um. The high numerical aperture waveguide structure allowed
simple and direct coupling of the diode-bar pump power to the active core. Furthermore,
the diode-pumped laser performance of the Tm:YAG LMA PW represents, to my
knowledge, the highest reported slope efficiency for this active material, an example of the
excellent thermal management and high gains achievable with these structures. A plane-
wave model was found to be in excellent agreement with the experimental data and
reported values for the variables used. Power scaling to the 100W regime appears possible

for simple changes to the described configuration.

Two approaches were employed in an attempt to improve the beam quality in the
unguided axis for the side-pumped configuration, the first a monolithic unstable resonator
and the second an extended stable resonator. The first showed partial improvement in
beam quality, however the actual laser performance did not meet expectations. Being the
first iteration of a high-magnification off-axis unstable resonator, performance
improvements are expected for future investigations. The second approach investigated
was to utilise an extended cavity where the beam quality was found to approach the
diffraction-limit. Further work has already demonstrated 6W with good beam quality from

a side-pumped configuration.

As mentioned earlier in the chapter, the side-pumped geometry allows efficient and simple
coupling of high-power pump sources, for example >100W diode-bar stacks. In addition,
by optimising the thermal properties of the planar waveguide, such as the overall structure
thickness and the interface with the heat sink, thermal loads of several hundreds of Watts
per cm length can be tolerated before crystal fracture is expected to occur. These side-
pumped planar waveguide devices could therefore be used to scale the output power into

the kW regime.
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Chapter 6

CONCLUSION

6.1 Summary of work presented

Several high-brightness, compact, diode-pumped planar waveguide lasers, with near- and
fully-diffraction-limited beam quality, have been demonstrated. Essential to the
performance of these lasers has been the direct-bonding technology [1], enabling the
fabrication of high-numerical-aperture YAG/sapphire composite structures with excellent
thermal and wave-guiding properties. As important has been the development of the
double-clad, large-mode-area (LMA) waveguides [2, 3], without which gain mode
selection of the fundamental mode could not have been achieved within the fabrication

limits of the planar structures.

Furthermore, the high gains possible with these devices allow the operation of weak and
quasi-three-level laser transitions that typically require pumping at levels approaching the
saturation intensity. Such high gains also make possible highly efficient end-pumped
operation, with the observed performance approaching the highest known report of diode-
pumped slope and optical-optical efficiency for a Nd:YAG laser [4, 5]. High-powers were
also possible due to the slab-like geometry of the planar waveguide, which is well
matched to that of the high-power diode laser, allowing simple and efficient coupling
schemes to be utilised. Finally, the YAG/sapphire composite structure has additional
benefits in terms of efficient management of the waste heat derived from the deficit in
pump and lasing photon energy; primarily because the waveguide is an ultra-thin slab with
large cooling surfaces with respect to the active volume and the thermal conductivity of
sapphire, almost three times that of YAG, dominating the thermal resistance between the

heat source and sink.

6.1.1 Modelling

A laser performance model was detailed that accounted for the spatial dependence of the

doping, pump and laser photon distributions, and reabsorption at the laser wavelength.
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This model was then extended to demonstrate the gain mode selection for the general case
of non-uniformly doped active materials. A quasi-three-level laser-energetics model was
also introduced, applicable to side-pumped LMA PW lasers where the spatial distribution
of either pump or laser fields are unknown. Included in this model were ground-state
depletion, gain saturation, cross-relaxation, and upconversion. Both of these models were

shown to be in excellent agreement with experimental results.

In addition to the laser performance modelling, it was necessary to understand the thermal
characteristics of the investigated devices. Typically going to smaller active devices yet
maintaining high-average powers increases the thermal load per unit volume, temperature
rise, and thus associated effects, e.g. increased threshold, lensing, and stress fracture to
name a few. Two analyses were presented, each applicable to the different in-plane
pumping schemes investigated. Both demonstrated that the YAG/sapphire composite
structures are well suited to the high thermal loads experienced in high-power lasers, and

in fact can have better performance than obtained with bulk crystal structures.

The theoretical description of the propagating modes in a general double-clad planar
waveguide was detailed. Including a refractive index rise associated with doping the
central YAG layer with rare-earth ions leads to increased confinement of the waveguide
modes to the active region. This effect forces the real rare-earth doped double-clad
waveguide towards the classical single-mode core design. Therefore achieving
fundamental mode operation from a LMA PW laser is proven possible only by careful
choice of the doped core thickness with respect to the waveguide aperture, and the index
difference between core and inner cladding. Gain selection of the fundamental guided
mode has also been shown to be relatively independent of the oscillating wavelength,
allowing operation of the same waveguide structure (optimised for the shortest

wavelength) at several different laser transitions whilst maintaining good beam quality.

6.1.2 End-pumping

Efficient end-pumped operation of Nd:YAG, and Er:YAG CW LMA-PW lasers were
realised. In the Nd:YAG device 4.3W of CW 1.064um diffraction-limited output was
obtained for 7.5W of absorbed pump power. This corresponded to a n«~58% slope
efficiency and ~17% wall-plug efficiency, where further optimisation of the pump-
coupling configuration could see this improved to ~20%. Optimising the laser for the

quasi-three-level transition at 946nm, an output of 3.5W was measured for 6.5W of
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absorbed pump power. Again representing the highest known diode-pumped slope
efficiency ny~57% for this transition, the additional benefits of a monolithic cavity and
passive cooling make this a particularly attractive compact high-power laser source.
Furthermore, when optimised for 1.33um the same device generated 2.7W of output
power with 7.2W of absorbed pump. Finally, with a non-optimised laser cavity the highest
reported output power of 0.4W at 1.8um from Nd:YAG was observed for 5.5W of
absorbed pump. It is expected that output powers at this wavelength could exceed 1W
from the same set up as investigated in Chapter 3, by simply optimising the cavity output

coupling.

In the first demonstration of a CW pumped Er:YAG LMA PW laser, an output power of
0.45W at a wavelength of 2.7um was obtained in initial experiments. Further
investigations are expected to reveal Watt level outputs around 2.94um through improved
wavelength discrimination in the cavity output coupling and the use of a shorter resonator.
Simple high-brightness lasers at this wavelength are highly sort after for their strong
absorption by water and the associated medical applications. A similar end-pumped bulk
Er:YAG laser, utilising advanced-design high-brightness high-power diodes, generated
1W at 2.94um [6]. Thus the LMA Er:YAG PW laser further highlights the possibility for
obtaining high output powers from weak laser transitions and standard diode pump

sources.

Integrating a Cr*" saturable absorber into a Yb:YAG LMA-PW, end-pumped passively Q-
switched laser operation with 2.3W average power and ~20kW peak powers was obtained.
The laser wavelength at 1.03um was nearly-diffraction-limited and would make a
compact, efficient source for generating Watt level visible outputs through frequency
conversion in non-linear crystals. Additionally the peak power of an equivalent Yb:YAG
LMA PW laser could be scaled toward the MW regime by simply decreasing the saturable
absorber small-signal transmission and shortening the cavity length. Such devices would
have several applications in the laser-marking and materials-processing industry. Similar
operation of an end-pumped passively Q-switched Nd:YAG LMA PW laser demonstrated
inferior performance to that of the Yb*" doped structure due to limitations imposed by the

recovery time of the Cr*" saturable absorber.
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6.1.3 Side-pumping

Diode side-pumping has been demonstrated as a route to power scaling the output of LMA
PW lasers. The high-numerical aperture of the YAG/sapphire composite is shown to
efficiently capture the highly divergent output of laser diode bars, by simply positioning
them in close proximity to the waveguide. This simple and direct means of pumping an
active medium is compatible with producing compact and efficient high-power laser

devices.

Applying proximity-coupled side-pumping to a Tm:YAG LMA-PW with a monolithic
plane-plane cavity, 15W of 2um laser output was generated in an asymmetric beam that
was diffraction-limited in the guided axis although multimode in the plane. A slope
efficiency of n~61% was obtained with respect to the absorbed pump power along with a
34% optical to optical conversion. An energetics model of this laser was found to be in
excellent agreement with the experimental data and demonstrated that upconversion was
the primary limitation to efficient conversion of the pump power. In addition, due to the
quasi-three-level nature of the 2um Tm®" transition, the temperature rise in the waveguide
core is shown to also affect the laser performance through an increasing threshold
condition. The efficient experimental results are further evidence of the excellent thermal

management capabilities of the Y AG/sapphire composites.

Despite the efficient performance of the Tm:YAG LMA PW laser, the beam quality and
therefore brightness of the output beam was relatively poor. Hence a monolithic off-axis
strip unstable resonator was trialled with a Nd:YAG LMA-PW laser, demonstrating an
improvement in the in-plane beam quality notwithstanding the fundamental fabrication

1ssues encountered.

A second approach employing an extended stable cavity was investigated as a means to
increase the in-plane fundamental mode size and thereby improve beam quality. Using this
technique an improvement in the beam profile was observed although at the expense of
output power, corresponding to a poorer overlap of the pumping and laser field
distributions [7]. Further work using this cavity and with mirrors coated directly onto the
end faces of a Nd:YAG LMA waveguide has demonstrated a high-brightness
(sz,y=2.8,1.1) output power of 6W for an absorbed pump power of ~25W. Further

improvements in the output power can be expected by using multi-pass cavity designs
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which enhance the overlap of the cavity mode and the pumped volume, as will be

discussed in the future works section.
6.2 Future Work

6.2.1 Diode-pumped tapered waveguide lasers for integrated optical circuits

Utilising the diode pump sources described in chapter 3 and 4 it is foreseeable that Watt
level output powers are possible from tapered waveguides in materials other than YAG.
These structures adiabatically expand a single-mode channel up to a broad multimode
channel, whereby the fundamental mode of the smaller channel is maintained resulting in
diffraction-limited laser output, see Figure 6.1. It may be possible by careful design and
fabrication to achieve a reasonable overlap between the fundamental mode of the broad
channel at the laser wavelength and the launched multimode pump radiation and therefore
efficient laser operation [8-10]. The capability to fabricate these structures on planar chips

makes them compatible with integrated optical circuits.

Single-mode
channel

Multi-mode

. . 2
pumping section Sy

2h

Substrate

Figure 6.1: Tapered channel waveguide for spatial mode control in the unguided axis.

6.2.2 Stack side-pumping large mode area planar waveguide lasers

Capitalising on the high numerical aperture of YAG/sapphire LMA PW’s, the possibility
to scale the output powers by in-plane pumping with stacked diode-bar arrays is quite
plausible. With commercially available CW collimated diode stacks, noting that a 180W
3-bar stack operating at 808nm has an M? parameter (in the fast axis of the diode) of

<201 jt should be possible to launch ~300W/cm into the waveguide structures

il Beam quality measured from a diode array made by Nuvonyx Inc., Plymouth, MI 48170 USA
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described in this thesis. Furthermore by increasing the thickness of the waveguide
aperture, whilst tailoring the refractive index profile such that the core-inner cladding

index step is <10, launching even greater pump powers is viable.

6.2.3 Extended cavities

As demonstrated using a stable extended cavity configuration, the beam quality in the
unguided axes can be improved, however, to also increase the conversion efficiency of the
laser, techniques are required that enhance the overlap of the cavity mode and excited
region. Possible methods include the use of an extended unstable resonator as
demonstrated in face-pumped thick-waveguides by researchers at Herriott Watt University
[11] and side-pumped thin slabs by workers at Spectra Physics Inc. [12], or to pass the
laser field several times through the gain region as demonstrated with other side-pumped
slab lasers [13]. Gain limiting effects such as ASE, parasitic lasing, and upconversion will

most probably define the final configurations investigated.

6.2.4 Quasi-monolithic planar waveguide laser using platelet waveguide mirrors

To maintain the concept of compact planar waveguide lasers, one way to avoid the tight
fabrication tolerances for polishing mirror curvatures onto the waveguide structure itself,
is through the use of platelet waveguide mirrors. An example of a platelet waveguide is
illustrated in Figure 6.2, simply a thin waveguide structure with the same properties and
dimensions as an active waveguide, to which it can be proximity coupled in a way similar
to butt-coupling optical fibres. Thus the platelet waveguide could be polished and coated
just like any other cylindrical optic; the final result being a mirror that only acts in the

plane whilst maintaining the fundamental mode in the guided axis.

Figure 6.2: Platelet waveguide mirror with front and top views.
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As such, it could be possible to arrange quasi-monolithic laser cavities acting in the plane
where the platelet mirror could be aligned separately to optimise performance. Mentioned
above, an argument exists for using multiple passes through the gain medium to enhance
the laser and pump fields overlap condition. In this way a stable cavity can be conceived
using two flat end faces and two butt-coupled curved platelet mirrors to form a z-cavity,
whilst at the same time increasing the in-plane mode size, see Figure 6.3. Thus although
there are a multitude of possibilities to be considered, the LMA PW is an excellent basis

from which to start.

Figure 6.3: Top view of a Z-cavity with platelet waveguide mirrors forming an intra-cavity beam

expander.

In conclusion the work presented in this thesis has confirmed that the high numerical
aperture, large-mode-area planar waveguide is well suited to high-power diode-pumping
and from which efficient laser output can be obtained. Methods to enhance the brightness
of these devices have been demonstrated and discussed and while power scaling these
devices toward the kilo-Watt regime appears quite feasible, they can also be utilised to
enhance the performance of weak and/or quasi-three-level laser transitions. A vast variety

of applications await the future development of this class of laser.
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APPENDIX A: EXTENDED CAVITY PAPER

Following is a paper submitted to Optics Communications (April 2003) on an extended
cavity diode-pumped waveguide laser. The bulk of the experimental work was carried out

during the period of writing this thesis by a colleague, Dr C. Li.
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A Diode-Bar Side-Pumped Waveguide Laser with an Extended Stable Cavity for
Spatial Mode Control
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University of Southampton
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Southampton SO17 1BJ, UK
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Abstract

We describe the use of an extended stable cavity to control the output spatial mode of a diode-bar
side-pumped slab waveguide laser. The active medium consists of a Nd:YAG core with a one-
dimensional double-clad guiding structure. The device gives >10W output power with a 56%
slope efficiency for multi-mode operation, which is reduced to 33% for the best output beam
quality parameters (M? values) of 2.8 by 1.1. The prospects for obtaining higher efficiencies and
scaling to larger average powers are discussed.

Rare-earth-doped slab waveguides offer a
combination of features that make them attractive
for use as the active medium in high-average-power
diode-pumped lasers.  These include excellent
thermal management and a geometric compatibility
with the asymmetric output of high-power diode
pump lasers [1], as well as the normal waveguide
advantages of high gain and hence low threshold. In
the guided axis, although multi-mode waveguides
are generally required to confine the non-diffraction-
limited output of high-power diode pump sources, it
is relatively easy to enforce single-mode operation,
for instance through the use of double-clad
structures [2,3] or multi-mode interference [4,5].
However, for power-scalable side-pumping
arrangements, the pumped mode size in the non-
guided axis tends to be >0.5cm and so a short
(~1cm) monolithic plane/plane cavity leads to highly
non-diffraction-limited output. Extended unstable

147

cavity designs have been demonstrated to overcome
this problem and output powers of over 100W have
been obtained with M* values as low as 1.8 by 1.1
[6]. Here we report the use of an extended stable
cavity in combination with a double-clad waveguide
to achieve the same goal, comparing its performance
to the multi-mode case, and finding the limits to the
achievable beam quality. We also discuss the
prospects for improving the efficiency of the high
brightness output and for power scaling.

The waveguide used in these experiments was
fabricated by Onyx Optics Inc. and consisted of a
30um-deep YAG core, of which only the central
20um is doped with Nd (1at.%), capped by sapphire
substrate and cladding layers. The waveguide was
lem-long in the lasing axis by Smm-wide in the
pumping axis. Fig. 1 shows the experimental
arrangement for side-pumping the double-clad



Nd:YAG waveguide. In the guided axis, focussing
of the collimated output of the fibre-lensed diode bar
is achieved using a Imm focal length, graded index
lens from Doric Lenses Inc.. In the non-guided axis
a 19mm focal length cylindrical lens focuses the
beam through a Smm-wide aperture, such that it is
less than lcm wide at the input side-face of the
guide. Focussing through the aperture helps to break
the symmetry of the pumping scheme and thus
minimises the coupling of unabsorbed pump light
from one diode into the other. It should be noted
that it is also possible to simply proximity-couple
diode bars to this type of high numerical aperture
(NA) waveguide [1, 2]. The pump-coupling optics
used in this case led to approximately 50% of the
light being absorbed, which we attribute to the
waveguide being approximately one absorption
length wide for the diode bar (accounting for the
double-clad structure) and a launch efficiency into
the guide of nearly 80%. Consequently we were
able to operate at up to 25W of absorbed pump
power.

T Collimated diode bar

Cylindrical lens f=19mm

Waveguide
Fibre lens f=1mm
] N\— Aperture

Fig. 1 Coupling optics for side-pumping.

The laser cavity, shown in Fig. 2, was designed
using an ABCD matrix model. In the guided axis,
fundamental-mode operation is assured by the
double-clad structure and re-imaging about a plane
mirror at the AR-coated waveguide intra-cavity face.
This is achieved by collimating the waveguide
output with a 12.7mm focal length cylindrical lens.
Conversely, for the non-guided axis, a 100mm focal
length cylindrical lens forms a tightly focussed
beam-waist at the external plane mirror and can be
tailored such that a large cavity mode fills the Smm-
wide gain region by extending the cavity length
(~12cm) near to the stability limit at. The outside
end-face of the waveguide was directly coated to
complete the laser resonator.

Guided Axis

End faces -
coated directly
Non-guided axis
f=100mm
Waveguide Cylindrical Plane
lenses mirror
Fig. 2 Extended cavity resonator design.

Fig. 3 shows how the resulting waveguide laser
output M? values, measured using a Coherent
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Modemaster M meter, change with cavity length for
a cavity output coupling of 19%. It can be seen that
the guided axis remains diffraction-limited in all
cases (M’<1.2), while the beam quality in the non-
guided axis reaches M’=2.8 at its optimum. At this
point the output beam profile appears approximately
Gaussian in both axes. The use of a plane external
mirror means that waists are formed in both axes at
this mirror and a single cylindrical collimating lens
can be used after the waveguide laser to circularise
output as shown in the inset to Fig. 3.

20
16
121 Non-Guided Axis
B
8 \
) L]
4- \
| Guided Axis u
0 T T T T
0 2 4 6 8
Relative Position of Output Coupler / mm
Fig. 3 Output beam quality factor against relative position of

the output coupler, with T=19% and an optimum cavity length of
~12cm. The inset shows the optimised collimated output
captured on a CCD camera.

Using the optimum output coupling, T=30%, for
the high brightness configuration, but optimising the
cavity length for power rather than beam quality,
gave M? values as high as ~60 in the non-guided
axis. Fig. 4 compares the output power performance
of this highly multi-mode cavity with that of the
high-brightness cavity. It can be seen that the slope
efficiency is reduced from around 56% to 33% in
order to achieve high-brightness output. This is due
to the fact that the mode becomes near-Gaussian in

the non-guided axis, giving a worse spatial overlap
with the step-like gain profile. Thus the gain at the
edges of the waveguide cannot be effectively used
by the fundamental mode, which reduces the output
efficiency and allows gain for higher-order modes
such that the measured M? is higher than 1 in this
axis.

12 A )
i M”57 by 1.2
56% Slope Efficiency

10

Output Power /W
(<]
1

2 M?2.8 by 1.1
1 33% slope efficiency
0 T T T T T T T T T
0 5 10 15 20 25

Absorbed Power /W

Fig. 4 Output power against absorbed pump power for the
high-brightness and multi-mode cavities and an output coupling
of T=30%.

The slope efficiency with respect to absorbed
pump power for a 4-level laser with a unity pumping
quantum efficiency is given by [7]

where T is the output coupler transmission, L
represents the other round-trip losses, A, and A, are
the pump and laser frequencies, and 7,, is a measure



of the overlap of the normalised pump, 7y(x,y,z), and
laser, s(x,y,z), spatial distributions given by [7]

J.ro(xayaz)so(xayaz)dV

cavity

[1,Cev, 250 (v )V

cavity

npl =

It is assumed that the normalised functions which
represent the experimental set-up are a uniformly
pumped doped core, given by

1
ro(xay’z):W’

and a laser mode with an elliptical Gaussian
distribution with beam waists, o, and ®,, averaged
over the waveguide length, /, in the non-guided and
guided axes respectively; that is

2 2 2
80(x,¥,2) =P -2 F‘Fy—z
x>y X y

Therefore, in the guided axis, lasing on the
fundamental mode is expected with the beam waist
equal to half the active core depth, i.e. ®,=d/2. This
assumes that the mode is well confined within the
full 30pm-depth of the YAG layers. If we also
assume that the full width of the fundamental cavity
mode in the non-guided axis is matched to the width,
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w, of the waveguide, i.e. ®,~w/3, then we find that
n,~0.48. Hence the maximum possible slope
efficiency for Nd:YAG operating at 1.064um with a
807nm pump, corresponding to negligible round trip
losses, is 36%, in good agreement with our
experimental value of 33%. In order to improve the
output efficiency of the high-brightness side-pumped
waveguide laser, a zigzag lasing path could be used
in the non-guided axis [8], perhaps involving a
bounce off the side-walls [9], to further optimise the
overlap of the lasing mode and the pumped volume.

Optimising the output coupling and cavity length
for output power, a maximum of 12.2W was
observed with T=42%. However, it was also noted
that with this output coupling and with the cavity
length set to obtain high-brightness operation, the
beam quality in the non-guided axis became
significantly degraded at higher pump powers with
M? values of >6. It thus appears that the lower
reflectivity cavity has a weaker control of the
resonating spatial mode of the cavity and a tendency
to go towards the multi-mode output of the
monolithic waveguide.

The prospects for power scaling of the high-
brightness, side-pumped waveguide laser appear to
be good. Firstly, a similar pumping arrangement
and waveguide structure would also be compatible
with the use of diode-stack pumping. The 30pm-
deep, 0.46-NA guides used here are compatible with
the use of 3-bar stacks (available with M? values in
the fast axis of <20) delivering up to 180W of pump
power from each side. Even greater pump powers
could then be achieved by scaling the depth and/or
the length of the guide. The ultra-thin slab geometry
of the waveguide is also excellent for handling the
thermal loading associated with such high power
pumping, giving high stress-fracture limits and low
depolarisation loss, while the guide dominates the
main thermal-lensing effect. No degradation in
beam quality is expected in the guided axis at higher
pump powers due to the careful design of the
double-clad geometry [3]. In the non-guided axis
the M? value remained stable over the power regime



investigated here for output coupling <30%, but may
degrade at higher powers if gain at the edges of the
slab is not efficiently extracted. The use of zigzag
lasing paths may help to overcome this problem, as
well as improving the overall efficiency of the
device. Unstable resonators are also a potential
solution for high-efficiency extraction with good
beam quality [6]. Efficient extraction of all the
available gain is also important in minimising the
potential effects of amplified spontancous emission
and parasitic lasing in these high-gain slab
waveguides. These latter effects suggest that the
planar waveguides will be best suited to continuous-
wave or high-repetition-rate pulsed operation.

In summary, we have demonstrated the use of a
stable extended cavity consisting of two cylindrical
lenses and a plane mirror that can deliver high-
brightness, multi-Watt output from a diode-bar side-
pumped waveguide laser.  Multi-mode output
powers of >10W are obtained from the waveguide,
at a 56% slope efficiency with respect to absorbed
power. When the external cavity is optimised for
beam quality, M* values of 1.1 (guided) by 2.8 (non-
guided) are obtained and the slope efficiency is
reduced to 33%, in line with theoretical expectation
considering the spatial overlap of the uniformly
pumped slab waveguide and the near-Gaussian
lasing mode. The prospects for power scaling of this
compact and high-brightness source appear to be
good, due to the compatibility of the waveguide with
diode-stack pumping and its thermal power handling
capabilities. The use of zigzag lasing paths to fully
extract the available gain and improve the spatial
overlap, should lead to higher extraction efficiencies
and offer further improvement in non-guided beam
quality.
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