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Abstract

The work here presented is focused around the design, characterization and ultimately
first demonstration of a deep ultraviolet, frequency tripled semiconductor disk laser
(SDL). The construction of such a laser is described, together with a review of the
relevant theory and investigation of the underlying processes in order to improve the

system.

SDLs based on gallium indium phosphide have attracted intense investigation over
the last ten years for their fundamental emission in the 660 nm — 690 nm (visible red
emission), a region previously only available to SDLs by means of nonlinear frequency
conversion. Such frequency conversion applied to red SDLs provides access to the highly
energetic ultraviolet region of the electromagnetic spectum but, although its conversion
to the near ultraviolet has been rather successful, further extension into the deep UV
presents a new set of challenges that must be addressed in order to achieve efficient
laser emission. 78 W of deep ultraviolet emission at 225nm have been achieved in
continuous-wave operation. The output wavelength is tunable for 350 cm™!. This is
the shortest wavelength emitted from an SDL to date and is the first implementation

of intracavity frequency tripling in a visible SDL.
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Introduction

A laser (acronym for light amplification by stimulated emission of radiation) is a device
that makes use of the quantum effect of stimulated emission to produce electromagnetic
radiation (visible or invisible light). Unlike conventional light sources, photons emitted
by lasers are identical (in particular same wavelength, phase, polarization and direction
of propagation) which results in a low divergence, highly coherent beam of light (laser

beam).

Stimulated emission occurs when the process of an electron dropping from an excited
state to a lower energy state is induced by an incoming photon with the same energy
as the difference between electronic levels. In this case, the photon emitted by the
demoting electron is identical to the original photon, including direction of propagation.
A comparison with the common absorption and spontaneous emission can be seen in
figure 1.1. For a large group of atoms spontaneous emission would produce photons with
the same energy but random directions or relative phases, while stimulated emission

can produce a large number of identical photons (thus amplifying the original signal).

In general, a laser is made by a gain medium placed in an optical resonator. In this

system the circulating wave is amplified in the gain medium each time it passes through.
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Absorption Spontaneous emission Stimulated emission
>
g —_—
|5 —_— —_— — |
Photon
Electron

Figure 1.1: Absorption, spontaneous emission and stimulated emission from
an electron changing between two energy levels.

The mirrors composing the resonator only allow transmission of a fraction of the light,
the laser output. Energy must be pumped into the gain medium, by either electrical
or optical means, in order to produce gain. When the gain compensates the resonator

losses, laser emission occurs (laser threshold).

Lasers are nowadays omnipresent devices. From simple laser pointers to industrial
and military applications, fundamental roles in many disciplines of scientific research
and even solutions in medicine, most of our current technology has benefited from the

advent of lasers.

1.1 Historical introduction

It was a hundred years ago, in the frame of the quantum revolution that led to mod-
ern physics, that Albert Einstein published several papers on light-matter interaction,
proposing stimulated emission and photon momentum [1, 2], and furthering the devel-
opment of quantum electrodynamics. However it was not until ten years later that
experimental evidence for stimulated emission was found [3]. During the following years,
especially after the light amplification proposals of Weber, Prokhorov and Basov [4, 5],
and in parallel with academic research, several companies became involved in a race to
develop this new device that was already being envisioned. Finally, in 1954, almost four

decades after Einstein’s ideas, Townes, Gordon and Zeiger built a device that produced



1.1. Historical introduction Chapter 1. Introduction

and amplified coherent microwaves using stimulated emission, that came to be called

the maser (microwave amplification by stimulated emission of radiation [6]).

This success led to frenetic research in the field, with theoretical works followed closely
by experimental demonstrations, such as the proposal of a three-level system in 1956 [7]
followed by an experimental three-level maser in 1957 [8]. In 1958 Schawlow and Townes
published their study on extension of the working range of masers to the infrared and
visible spectral regions [9] in gas. However, new experiments were being carried out at
the time, showing ruby as a suitable material for maser operation [10, 11]. Maiman
used a solid-state design with ruby as the active material to produce, in 1960, coherent

emission at 694 nm [12]. The laser was born.

The following years witnessed an accelerated expansion of the laser universe. New
active materials were quickly tested, giving rise, for example, to the nowadays common
neodymium laser [13] or the helium-neon laser, the first one working in continuous
operation [14]. Applications in many fields were quickly unfolded and the potential
of lasers unleashed, which led to a Nobel Prize being awarded to Townes, Basov and
Prokhorov in 1964 “for fundamental work in the field of quantum electronics, which has
led to the construction of oscillators and amplifiers based on the maser-laser principle”.

But the laser History had just begun.

1.1.1 From homojunctions to quantum wells

In 1962, the first semiconductor lasers were developed almost simultaneously by re-
searchers working in the General Electric research laboratory [15], IBM [16] and MIT
[17]. These first devices consisted of GaAs homojunctions (two layers made of the same
compound) working at cryogenic temperatures, emitting near 850 nm (corresponding
to the GaAs bandgap of ~1.45 eV). Coherent visible radiation from GaAsP junctions
was reported later that year [18]. Heterojunctions (in which materials with different

bandgaps are used) were devised within a year by Kazarinov and Alferov [19], and
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independently by Kroemer [20]. Alferov and Kroemer shared the Nobel Prize in 2000
“for developing semiconductor heterostructures used in high-speed- and opto-electronics™.

Advancement in the topic continued, reaching room temperature, continuous-wave op-

eration in 1970, in AlAs/GaAs [21] and GaAs/AlGaAs [22] heterostructures.

Initially, heterostructures were seen as a means to produce a barrier for confining
electrons to the gain region, but it did not take long for the quantum confinement
properties of thin layers between barriers to be considered and experimentally tested.
The development of quantum well lasers was a major advance (remarkable is the work
of Charles H. Henry from 1972 [23], which led to working devices in 1975 [24]) and

room temperature operation was achieved over the next year [25].

This new design was able to reach threshold at much lower current than its bulk
counterparts (thanks to the localisation of the carriers closer to the band edges as
will be described in the next chapter), producing more efficient laser operation. First
measurements are not only clarifying, but also emblematic, such as seen in figure 1.2
comparing absorption of semiconductor layers of different thickness featuring bulk
and quantum well optical absorption. The exciton absorption is observable, as is the

separation of the energy levels for different quantum well thickness.

The emergence of improved semiconductor growing techniques also played an impor-
tant role in the development of quantum well lasers: initially liquid phase epitaxy
(LPE), in which thin films are grown from metallic solutions [26], was used to grow the
semiconductor samples, but while this technique was suitable for growing bulk semi-
conductor layers (on the order of 2000 A thick) it was not capable of dealing with the
narrow thicknesses required to observe electronic quantum effects (a few nanometres, on
the order of the De Broglie wavelength of electrons). Molecular beam epitaxy (MBE),
in which vaporised elements condense over a wafer reacting with each other in high
vacuum conditions [27], had been developed in 1968 [28] and by 1971 was a suitable
method for crystal growth [29], offering the possibility of growing much thinner layers

than those made by LPE. Quantum well lasers would surpass the performance of bulk
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ENERGY (eV)

Figure 1.2: Absorption spectra at 2K in GaAs layers, both bulk (4000 A) and
quantum well (210 A and 140 A). The quantized measurements feature exciton

absorption for each energy level, while only the first exciton is evident in the
bulk sample [23].

semiconductor lasers in the following years. Another technique called metal organic
chemical vapour deposition (MOCVD), in which chemical reactions are used to deposit
vaporised elements over the substrate (as opposed to physical deposition as in MBE)
[30], was used to make AlGaAs heterostructure lasers in 1977 [31], showing as good
performance as LPE grown devices. While original quantum well lasers used electrical
pumping, optical pumping (photopumped lasers) was also successfully employed with
single or multi quantum well devices [32, 33]. MBE saw a major advance by the hand
of Tsang [34] when he achieved laser thresholds similar to those offered by LPE. In the

following years even lower threshold operation would be obtained [35, 36].

Quantum well lasers were accepted to have significant advantages over bulk semiconduc-
tor lasers by the early 80s, and publications on QWs quickly increased with research on

this topic acquiring a popularity that is still maintained nowadays.
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1.1.2 Semiconductor lasers

Semiconductors have triggered a revolution in the field of electronics as well as in optics.
Their character in between conductors and insulators, together with our capability of
control over certain properties (bandgap, conductivity...), provides us with a broad
range of possibilities that have meant they are present in most of current human
technology. Alloys of different materials and compositions make it possible to engineer

the semiconductor bandgap to target specific applications.

Likewise, semiconductor lasers are the most common type of laser nowadays due to their
many advantages. They are easy and cheap to mass produce and easy to integrate with
the ubiquitous electronics. Their sub-millimetre size is also an advantage when it comes
to gadget integration. Power is supplied by electrical injection, which increases their
convenience, so metal contacts are added on top and bottom surfaces as connection
with an external circuit. Electrical injection, however, requires material doping to
favour conduction, which increases the growth complexity. Current diffusion can also
be challenging depending on the device geometry. Materials used are usually limited
to direct bandgap semiconductors; indirect bandgap materials do not exhibit efficient

light emission since de-excitation also involves phonon emission (see figure 1.3).

Semiconductor lasers can be divided in two groups depending on the direction of laser
oscillation / emission, as schematically shown in figure 1.4. Devices in which the
oscillation happens parallel to the plane of the gain region are defined as edge emitters,
while surface emitters are those in which oscillation happens perpendicular to said plane.
There are of course benefits and drawbacks for each approach, which are considered in

the following discussion.
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e e

Conduction

b —.
. Conduction
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Figure 1.3: Direct and indirect bandgaps as occur in gallium arsenide (GaAs)
and silicon (Si). Band transitions in indirect bandgap materials involve
phonons, reducing the photon emission efficiency. Illustration from Jones
[37].

Edge emitter Surface emitter

Metal contact

Active region
Electronic g

Bragg mirrofs

Substrate

Metal contact

Figure 1.4: Comparison between edge emitting and surface emitting lasers.

Edge emitters

Edge emitting lasers correspond to the original architecture. Simple to grow, oscillation
perpendicular to epitaxial growth provides gain over the longer axis of the active region,
while reflection is provided by the cleaved edges of the structure (the facets act as
end mirrors). Fresnel reflection is in this case large enough to achieve laser operation
thanks to the long active region (dimensions as those of the sample itself, of hundreds

of micrometres), that provides high gain and thus high tolerance to losses.
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This type of semiconductor laser is capable of high power operation, and large arrays
can be built for kW level output powers. Unfortunately, the emitter geometry leads to
poor beam quality, and there is usually a trade-off between beam quality and output
power: the larger the dimensions on the plane of emission the more laser emission, but
also the more spatial modes present. This elliptical and highly divergent output was

the main reason for the development of surface emitting lasers.

Surface emitters

Surface emitters appeared as early as 1979 [38], introduced in order to improve upon the
beam quality of edge emitters. Although at that time this new device was not efficient
and worked in pulsed operation at cryogenic temperatures, further development led to

vertical cavity surface emitting lasers (VCSELS) being widely used nowadays.

The short gain region, which benefits from advances in quantum wells or even quantum
dots, makes these lasers low gain devices, and Fresnel reflection is no longer enough
to achieve laser operation, and highly reflective mirrors (usually monolithically grown
distributed Bragg reflectors, DBR) are required on both ends of the cavity. Low gain and
high reflective mirrors, together with current injection requirements, mean high power
is not achievable with these devices. Beam quality is in exchange a great improvement

over edge emitters, offering a diffraction limited TEM) mode.

In an attempt to maintain the excellent beam properties of surface emitters with the

added possibility of high power operation, semiconductor disk lasers were developed.

Introduction to semiconductor disk lasers

Semiconductor disk lasers (SDLs) are closely related with VCSELs and the former

are often referred to as vertical-external cavity surface-emitting lasers (VECSELs).
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Substrate Laser cavity

Active

region
Bragg
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Figure 1.5: Schematic of a semiconductor disk laser.

The similarity of the names, together with the widespread applications of VCSELs,

commonly causes confusion; for that reason SDL is preferred in this thesis.

Broadly speaking, in order to move from a VCSEL to a SDL, one of the Bragg mirrors
is omitted from the heterostructure and is substituted by a (highly reflective) external
mirror. The semiconductor structure that once was a self-contained laser becomes a
gain mirror and the laser itself now extends beyond the semiconductor to the external
mirror (figure 1.5), creating a macro laser cavity to which we can have access, thus

allowing us to employ the huge intracavity power stored within.

Contrary to the previously described semiconductor lasers, SDL qualities are better
exploited using optical pumping instead of electrical injection. With optical pumping
the design of the gain structure must be calculated for optimum pump absorption,
but in exchange doping is not required, greatly simplifying the growth process and
therefore improving the quality of the layers. The active region is generally made of
multiple quantum wells for efficient laser operation. With appropriate longitudinal
mode control, very narrow linewidth operation may be achieved, while the broad gain
offered by this gain medium means SDLs can be broadly tuned around their central
wavelength. Beam quality, benefiting from the emission geometry, is also improved
by control over the alignment of the external resonator. Due to SDLs being low gain

devices the transmittance of the output coupling mirror is limited to just a few percent.



1.1. Historical introduction Chapter 1. Introduction

More complex setups, that make use of several highly reflective mirrors, are also possible
(and actually preferred to two mirror cavities): V, Z or bowtie cavities are common
with these devices. Complex setups allow for fine control over the beam geometry
so collimated and focused beams with desired sizes can be obtained in the different
segments of the laser cavity. These segments are large enough to place optical elements
within them (providing that the intracavity losses caused are kept to a minimum) so
different applications may be targeted. In particular, the work hereafter described will
make use of nonlinear crystals to produce intracavity frequency conversion, benefiting
from the strong intracavity fields. Further details on SDLs physics and design can be
found in Chapter 2.

Development of SDLs

The first demonstration of a surface-emitting laser operating in an external cavity came
in 1991 [39], using a multi-quantum well, InGaAs/InP semiconductor laser emitting
at 1.5um. No DBR was included in the growing process (the most common format
used now), instead reflection was provided by a gold coating of the structure surface.
The output power of this system was 60 times higher than that of previous VCSELs,
and allowed for mode-locked operation (a technique to produced pulsed output) for the
first time with a surface emitter. The following year, the first mode-locked GaAs-based
external cavity semiconductor laser was reported [40]. In 1996, continuous operation
was presented [41] with a device that included an antireflection coating grown together
with the DBR and active region. These early systems were still considered to be
types of VCSEL devices, and the pump sources used were both dye and solid state
lasers. A proposal to truly differentiate these lasers from VCSELs came in 1997 [42].
This system made use of a commercial diode laser as the pump source, achieving high
power operation with a TEMq) mode. The suitability of these lasers for nonlinear
frequency conversion was first exploited in 1999 to produce blue light at 490 nm from

a fundamental infrared wavelength of 980nm [43]. The same year, single frequency

10
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operation was also demonstrated with a linewidth of 3kHz [44]. Thermal management,
a problem commonly reported in these early experiments, was shown to be improved

by means of an optically-contacted transparent heatspreader in 2002 [45].

InGaP material for emission in the visible red (660 nm) was first achieved in 2002 [46],
although it worked in pulsed operation and high power operation was only achieved
for temperatures under —30°C. Work carried in the Institute of Photonics led to effi-
cient visible (674nm) SDLs near room temperature [47] and at ultraviolet wavelengths
(337nm) via second harmonic generation [48]. The work described in this thesis aims

to extend SDL coverage to the deep ultraviolet.

The development of SDLs has accelerated since, with new results and improved perfor-
mance been published every few months. In particular, the spectral coverage of these
lasers has greatly expanded: while the first devices were InGaAs based, emitting in the
near infrared around 1pm, nowadays fundamental operation has been demonstrated
from 640 nm to beyond 5pm [49, 50], with pioneering demonstrations at wavelengths
as short as 400nm [51]. Figure 1.6 shows SDL emission for different materials in
continuous-wave operation. Results maximizing particular aspects, such as high power
[52, 53] or pulsed operation [54], can be found in the literature over the last years.
In particular, narrow linewidth SDLs for quantum technologies are currently being
develop in the Institute of Photonics within the initiative of the UK National Quantum
Technology Hub for Sensors and Metrology [55]. Semiconductor disk lasers are also
replacing older solid state solutions in commercial products. As an example, the new
Verdi G-series from Coherent Inc. [56], based on this type of device, offers a more
compact and practical laser source than its preceding solid-state based V-series at the

same wavelength and power (532nm, over 18 W) [56, 57].

11
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Figure 1.6: Spectral coverage of CW SDLs, with circles representing fundamental emission,
triangles for harmonic generation, rhombs for Raman conversion and stars for quantum dots.
The color code represents different quantum well material compositions. [42-45, 47, 48, 52,
58-111].

1.2 Deep UV lasers

Ultraviolet (UV) lasers have been increasingly developed and improved over recent years
due to the wide range of applications in many different areas, including spectroscopy.
However, tunable, continuous-wave, UV lasers are still scarce. Most UV lasers operate
in the pulsed regime, with the disadvantage of systematic frequency shifts which can
limit the achievable precision on high resolution spectroscopic experiments [112], and
at fixed wavelengths. A good example is the HeAg gas laser, with emission at 224.3 nm

[113].

The ultraviolet region can be reached via non-linear frequency conversion as a means
to use more convenient laser sources. The most common UV laser sources include dye-
and solid-state lasers, frequency-converted to higher-energy wavelengths. Depending on
the initial (fundamental) wavelength, one or more non-linear conversion steps may be

necessary to reach the UV region of the spectrum. In general, at least two conversion

12
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Figure 1.7: Multicrystal, single-pass second harmonic generation [114]. The
multiple BBO crystals are aligned so each of them contributes to compensate
birefringent walk-off (intensity distribution drifting away from the wavevector
direction, section 3.2.7).

stages are needed in order to reach wavelengths around 200 nm. Frequency conversion
can be obtained with non-linear crystals, such as LBO, BBO, KDP...but the current
setups are rather complicated due to the fact that each conversion is done in a different
resonant cavity. Removing the external resonators in order to simplify the system
is also possible, but to deal with the reduced input power multiple passes or pulsed
operation are often needed (see figure 1.7) [114]. In general, when working with nonlinear
frequency conversion, a compromise is needed between continuous wave operation and

high power.

Dye lasers usually provide a broad bandwidth, being especially suitable as tunable and
pulsed lasers, although with many of the dyes being toxic (and of course not solid-
state) working with them is inherently impractical. These lasers are also an example
of cumbersome architecture and high cost. Another example of widely tunable, UV
sources are frequency-converted Ti:sapphire lasers, with the advantage of working with
a solid-state gain medium albeit also expensive (figure 1.8). Emission over a broad range
of wavelengths has been shown [115-117], although the lower limit of their spectral

qth sth

coverage implies conversion into higher harmonics (e.g. is required to reach
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Figure 1.8: Frequency tripled Ti:sapphire laser. Neither of the nonlinear
steps are integrated in the laser cavity resulting in a large, complex system.
An enhancing resonator is used for high efficiency SHG, while sum-frequency
mixing takes place in a single pass. Figure reproduced from [115].

deep UV emission. Similarly to dye lasers, Ti:Sapphire lasers often work in pulsed

operation, for which they are especially suited given their very broad gain bandwidth.

Continuous wave, deep UV laser systems have already been reported, and we can find
examples such as single frequency operation at 213 nm via sum frequency mixing (in an
external enhancement cavity) of the outputs of an amplified 1064 nm Nd:YAG laser and
an externally-quadrupled Nd:YVO4 laser to reach the fifth harmonic [118] (figure 1.9a),
and the generation of over 2mW at 194 nm via sum-frequency mixing of the amplified
output of a 792nm diode laser with the second harmonic of a 514 nm argon ion laser
(frequency-doubled in an external enhancement cavity, see figure 1.9b) [119]. Both
examples make use of actively stabilised external enhancement cavities (two and three
cavities respectively) to maximise the optical fields inside the nonlinear crystals. This
widely used technique gives very good results, but at the same time means dealing
with very complex setups. Of particular note is the recent result by Ruhnke et al. of
16 pW CW at 222.5nm via frequency doubling of a high power, single frequency GaN

external cavity diode laser [120]. In contrast to previous examples, no enhancement

14
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Figure 1.9: Sum-frequency setups using complex enhancing external resonators to produce emission in
the deep UV. Figures reproduced from [118, 119].

cavity is used in this system, resulting in pW level output power. Starting with the
short emission of GaN at 445 nm reduces to one the nonlinear conversion steps required
to reach deep UV emission, simplifying systems based on infrared lasers that often need

4 or 5 conversion stages.

Kaneda et al. have demonstrated single frequency deep UV emission using an infrared
SDL with multi-Watt output, making use of the already discussed external enhancing
cavities to achieve efficient second and fourth harmonic generation in successive stages
[88, 89]. This approach avoids introducing losses to the SDL at the expense of adding
complexity to the setup, as can be seen in figure 1.10. The external cavity of SDLs
with the strong intracavity fields stored within, together with the low optimum output
coupling close to frequency conversion typical levels, has proven to be a very simple yet

efficient design as long as the intracavity losses can be controlled [49, 121].

The intracavity tripling approach has been considered since at least the early 80s,
especially with Nd: lasers [122-125]. The infrared starting wavelength means only the
near ultraviolet can be reached in this manner, now competing with frequency doubling
from visible SDLs, quickly improving nowadays [48, 126]. To the author’s knowledge,

there is only one demonstration of a tripled (infrared) SDL [127]. As with the previous
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Figure 1.10: This SDL takes advantage of the strong intracavity fields for the
first nonlinear step, requiring an enhancing external resonator to carry out the
second nonlinear step. Figure reproduced from [88].

examples, the infrared fundamental wavelength means the wavelength achieved is in the
near UV (355nm) and, moreover, a full analysis of the optimisation of the nonlinear
conversion is not reported. This previous work in frequency tripling certainly provides
an encouraging precedent for our work but, as will be described in the following chapters,

extending towards higher photon energies presents additional challenges.
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1.3 Applications

As described in the previous sections, SDLs are not micro devices due to their optical
pump and external cavity; akin to more conventional solid-state lasers. The straight-
forward conclusion is that these lasers cannot easily be part of integrated systems for
mass produced consumer devices. SDLs are much more specialised devices that can
provide solutions for scientific and industrial applications offering great capabilities such
as excellent beam quality, both at low and high power, with surface emitting geometry
satisfying the requirements for power scaling. The broad gain of the quantum well active
region enables wide tunability, which together with engineered emission wavelength,

ensures excellent wavelength flexibility.

This work is focused on extending the spectral coverage of SDLs into the deep ultraviolet
region by means of intracavity nonlinear frequency conversion. Previous research has
already shown excellent results converting the emission of SDLs from the infrared into
the visible region and even the near ultraviolet. We aim to extend this capability to
produce higher energy photons with two intracavity conversion stages, such that the
visible red field of the SDL at 675 nm is transformed into emission at 225 nm, in the

deep ultraviolet region of the electromagnetic spectrum.

Numerous applications can make use of lasers targeting electronic transitions over 4.5
eV, a region where electronic transitions of small molecules start to happen (e.g. organic
compounds and nitrogen and oxygen reactive species). Spectroscopy in particular would
benefit from a continuous-wave and tunable laser source in the deep UV, and the all-solid-
state character and compact design make SDLs suitable for in-field measurements, given
that current laser sources are costly and large enough to make in-field measurements

cumbersome (eg. dye lasers pumped by harmonics of solid-state lasers) [128, 129].

Atmospheric and combustion spectroscopy, together with environmental sensing, are

suggested as potential beneficiaries of this system, with important transitions occurring
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Figure 1.11: Some examples of current laser sources used in spectroscopy [131,
132, 134].

at the targeted wavelengths: nitric oxide (NO), a major pollutant in combustion pro-
cesses [130], or two-photon resonance of atomic oxygen (O9) present transitions around
225nm [131, 132]. Study of metallic compounds is also possible at these wavelengths,
with gold, for example, requiring probe photons over 5.1 eV [133]. Gas, excimer and
dye lasers are typically employed (or a combination of them), which results in complex
and expensive setups (figure 1.11). At the same time, most deep UV wavelengths are

limited to pulsed operation.

Non-line of sight communications (NLOS) could also benefit from a compact and low
power UVC laser source. Earth is naturally protected against incoming ultraviolet radia-
tion from space by the atmosphere, minimizing interference (the region between 200 nm
and 280 nm is called solar-blind), and atmospheric scattering provides a mechanism for
NLOS transmission of information at such wavelengths [135]. Underwater communi-
cations may also consider this kind of laser source, also benefiting from its solar-blind
wavelength [136, 137]. Research in this area, however, also requires significant effort on

the development of suitable detectors given the required sensitivity [136].
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1.4 Introduction to the work in this thesis

Using a semiconductor disk laser we propose a compact solution to reach wavelengths
around 225nm. A tunable, continuous-wave laser with potential for power scaling is
developed. In addition to the broad gain that allows tuning over several nanometres,
the wavelength-engineered semiconductor gain region means it will be possible to access

an even wider range of wavelengths with a similar setup.

The following chapters will review the background and general theory required for
this work, with Chapter 2 focused on semiconductor disk lasers. Semiconductor gain
structure design is described, including strain and thermal management, together with
a review of the characteristics that make these lasers so versatile. A preliminary

characterization of the SDL in fundamental operation is also reported.

Chapter 3 delineates nonlinear frequency conversion theory. Starting with a brief
description of nonlinear optics history and basics, and a review of the most important
nonlinear optical processes, the mathematical description of second harmonic generation
(SHG) and sum-frequency generation (SFG) is summarised. Both processes will be
employed in our experiments and full understanding of them is crucial for optimum

implementation.

Chapter 4 describes the design of the laser system, considerations and compromises, ex-
periments and results. The design of the laser cavity is challenging for an all intracavity
set-up, and a new software tool for laser design was developed in the process (described
in Appendix A). The choice of nonlinear crystals is discussed, with options restricted by
the limited availability for deep UV wavelengths. Two experimental setups were built
to achieve intracavity tripling, and both are described and compared with the achieved

results. Some improvements are also suggested at the end of the chapter.
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Chapter 5 takes a closer look into the theoretical details of intracavity tripling and
describes simulations carried out to understand the complex processes taking place and
suggests further improvements to the system. Apart from the inherent limitations of the
nonlinear processes at such short wavelengths, beam propagation and overlap were also
of concern and both are analysed here, with the first part focusing on beam propagation
and the second part, on limitations of the nonlinear process within our system. The
process analysis becomes very complex due to the vast number of variables involved,
and we tried to weight the effect of the most important ones on the third harmonic

output power. Conclusions on system improvements are given at the end.

Finally, Chapter 6 concludes with an overview of the work and results described in this
thesis and considers the future direction of the work. The main achievement is the
creation of a tunable and continuous wave, all-solid-state laser source that can emit
coherent radiation around 225 nm, which led to a publication in a peer-reviewed journal
[80] (a List of Publications is included at the end). The output power is 78 tW, and
the tuning range is almost 2nm. The emission wavelength is potentially extendable
to a wider range given the broad visible emission of SDLs. This is, to the best of our
knowledge, the first implementation of intracavity tripling in a visible SDL and the

shortest wavelength emitted from an SDL to date.
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Semiconductor Disk Lasers

2.1 Introduction

A semiconductor disk laser (SDL) consists of a semiconductor gain mirror and an
external laser cavity. The semiconductor gain mirror is composed of a highly reflective
Bragg mirror and an active region, usually based on quantum wells. The external laser
cavity can be designed to target various operating regimes, e.g. single frequency or
passively-modelocked short pulse operation, but must be high finesse: SDLs are low
gain devices and as such do not tolerate high losses. Having the laser cavity external
to the semiconductor structure allows for laser customisation via cavity distances,
mirrors and intracavity elements, which greatly increases the flexibility of this device.
SDLs are usually optically pumped, not requiring any doping of the semiconductor
materials. Both pumping and laser oscillation happen perpendicular to the plane of
the semiconductor layers, referred to as the vertical direction with respect to epitaxial
growth. Another name for this device that reflects the aforementioned characteristics

is vertical-external-cavity surface-emitting laser, or VECSEL.
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2.2 Design

SDL gain structures are epitaxially grown on a suitable semiconductor substrate by mi-
crofabrication techniques such as metal organic chemical vapour deposition or molecular-
beam epitaxy. The general laser architecture is shown in figure 2.1. The DBR and
active region are grown using material compositions matching the lattice constant of
the substrate (although a small amount of strain may be desired in the gain region as
will be explained later on). A layer to confine the electrons within the gain region is
needed and, depending on its composition (e.g. aluminium may be used to increase the

bandgap), a capping layer will be added to prevent oxidation.

The order in which the DBR and gain region are grown over the substrate usually
depends on the technique to be used for thermal management (see section 2.2.4). For
example, our samples are grown with the DBR deposited on the substrate first and the
gain region on top. With this distribution, if the DBR material is not a good thermal
conductor, or its required thickness results in a significant thermal resistance, heat can
be extracted directly from the gain region using a transparent bonded heatspreader
on top of the structure. Since the route for heat extraction is through the top of the
structure this growth order eliminates the need for sample post processing, as removal

of the substrate is not required.

Substrate Laser cavity

Active
region
Bragg
mirror

Pump laser

Figure 2.1: Schematic of a semiconductor disk laser.
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Figure 2.2: Semiconductor bandgap diagram of a typical SDL gain structure
featuring the different layers described in the text (DBR, active region and
capping). Pump absorption occurs in the barriers and laser emission happens
from quantum wells. The quantum wells are positioned at the antinodes of
the standing wave, in RPG configuration, as described in the text. Illustration
from Jones [5].

2.2.1 Active region

The active region of an SDL (figure 2.2) consists of several quantum wells, separated
by barriers, with a total thickness enough to absorb most of the pump power [1, 2].
The emitted light is totally reflected at the DBR and partially reflected at the air
interface, effectively creating a subcavity within the gain region and giving rise to a
standing wave. In order to maximize laser gain, the active region should be designed
so the quantum wells are positioned at the antinodes of such standing wave, in what
is known as resonant periodic gain configuration (RPG) [3]. The confinement window,
transparent for the pump and laser wavelengths, acts as an electronic barrier to confine
the carriers and prevents their loss through the surface via non-radiative recombination

[4].
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The thickness of this confinement window can be chosen so the Fabry-Perot subcavity
between the semiconductor surface and the DBR matches a resonant design for increased
gain and reduced threshold, but an anti-resonant configuration (subcavity odd multiple
of »/4) may be preferred for increased gain bandwidth, e.g. for short pulse modelocking
[4, 6]. These designs correspond to the chip surface at, respectively, an antinode or a
node of the optical field. Resonant configuration increases the effective gain, which in
turn increases tolerance to losses, allowing for higher output couplers or more intracavity
elements. At the same time, this configuration narrows the gain bandwidth, reducing the
tuning range of the laser. Anti-resonant configuration, on the other hand, maximizes the
tuning range, but with no gain enhancement the threshold is higher and loss tolerance
decreases. The field node at the chip surface reduces scattering losses caused by on-
surface dust deposition, while this scattering is maximized with resonant configuration.

Further details can be found here [6] and here [7].

Generally SDLs are designed so pump absorption occurs in the barriers. Since the
energy difference between the quantum wells and the barriers must be enough to
confine the electrons, this sets a lower limit to the minimum quantum defect possible
(i.e. the difference between pump and emission photon energies). During laser operation,
this energy difference is translated into heat and must be taken into account when
designing the SDL. In order to minimise the quantum defect (and thus the pump-
induced temperature increase), in-well absorption devices have also been demonstrated
[8—-10]. Given the short length of the quantum wells, in-well absorption requires multi-
pass systems to achieve efficient pump absorption. This would set another condition
for the DBR, now required to reflect the pump wavelength as well as the emission
wavelength [9], adding complexity to the design and manufacture of this part of the
structure. Barrier pumping therefore simplifies the design, while the extra heat is still
controllable. When designing the SDL structure care must be taken to ensure nearly all
the pump will be absorbed by the barriers, making use of all the available power and

minimising the pump that reaches the DBR (where it is absorbed, depositing heat).
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Figure 2.3: Pump absorption and laser emission energy diagram. The photon
~vp (with energy Ep) is absorbed at the barrier, promoting an electron from
the valence band to the conduction band. Said electron falls into the quantum
well, losing some energy non-radiatively. When the electron then falls back to
the valence band, a photon (v ) is emitted, with energy Fr.

The laser process in terms of photon — electron interaction is described in figure 2.3.
The carriers produced in the barriers when pump photons are absorbed diffuse to the
lower energy quantum wells. The electrons trapped in a quantum well are distributed
in quantized energy levels that can be obtained by solving Schrodinger’s equation
for a finite quantum well. The composition of the quantum wells has to be chosen
so the bandgap energy matches closely the energy of the emission we would like to
achieve, although temperature effects also have to be taken into account when designing
the device. As fermions, electrons in the conduction band (and holes in the valence
band) follow the Fermi-Dirac distribution which, together with the density of available
states, gives a range of possible transition energies that correspond to a broad range
of wavelengths. It is this carrier distribution that gives SDLs the capability of wide
wavelength tuning. As explained before, the tuning range can be enhanced by means

of an antiresonant design of the chip microcavity.

43



2.2. Design Chapter 2. Semiconductor Disk Lasers

Since gain occurs in the quantum wells, and a typical SDL will only have around a
dozen of nanometre-thick quantum wells, the actual length over which gain takes place
is generally on the order of a hundred nanometres. SDLs are thus low gain devices,
which tolerate very few intracavity losses. For this reason optimum output coupling is
usually under 10 %. As a result, the intracavity fields are on the order of tens, if not
hundreds or even thousands of Watts. The strong magnitude of the intracavity fields
suits the requirement of several nonlinear processes, in particular frequency conversion
(either second or third order). The low optimum output coupling corresponds to easily
achievable nonlinear conversion factors. SDLs have proven to be excellent devices for

nonlinear frequency conversion [11-13].

2.2.2 Quantum wells as gain medium

As introduced in Chapter 1, quantum wells present many improvements over bulk
semiconductors as laser gain media, such that semiconductor LEDs and lasers are now
almost entirely QW-based devices (with even increased confinement, e.g. quantum dots,

also now very common —e.g. [14]-). These advantages are:

e The quantum confinement inside the quantum wells keeps the density of states
of electrons and holes localized near the band edges. At the same time, the
degeneracy between the valence band states (heavy hole band and light hole
band [15]) is removed and the probability of non-radiative transitions (such as
Auger recombination) is reduced [16]. This lowers the carrier density required for

population inversion, lowering the laser threshold.

e Confining the electrons favours certain optical transitions, increasing the gain and
allowing polarization sensitive devices [17]. Quantum wells also trap electrons

better than bulk semiconductors, reducing leakage currents.
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e The transition energy between conduction and valence band can be fine-tuned by
adjusting the width of the quantum wells, providing a method to tailor specific
wavelength ranges maintaining the same semiconductor material. This is on
top of the straightforward modification of the energy bandgap by modifying the

semiconductor components, also possible in bulk devices.

o Since the thickness of the quantum wells is so small (<10 nm) strain can be easily
accommodated by the structure, maintaining good growth quality [18]. This
allows for a wider range of semiconductor alloys to be used and, in addition,
modification of the valence band structure, that can make the heavy hole band
symmetrical to the conduction band, thus further reducing the threshold. At the

same time the separation between heavy hole and light hole bands increases [19].

Strain

During epitaxial growth, each layer deposited must match the lattice spacing of the
substrate. If the intrinsic lattice constant of the deposited material, a, is different from
the substrate lattice constant, ag, the new layer will be under strain; compressive strain
for a > ag, tensile strain for a < ag. Small amounts of strain can be accommodated
elastically; however, once the strained layer reaches a critical thickness, as defined
by Matthews and Blakeslee [18], misfit dislocations start to form and crystal break
becomes more probable. Some amount of controlled strain may however be desirable,
as suggested by Adams [16] and Yablonovitch and Kane [20]. Small amounts of strain
can produce several advantages, such as reducing the effective mass in the valence band
and polarising the gain to match the orientation of the laser cavity. Where strained
layers must be incorporated in a heterostructure, strain compensation may be used to
minimise the stress over the whole structure [21] by balancing tensile and compressive

strain layers.
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Figure 2.4: Simplified band geometry in a quantum well semiconductor, fea-
turing the heavy hole and light hole bands distortion caused by tensile and
compressive strain, compared to the unstrained case.

The band structure of a bulk semiconductor is usually very complex, but around the
(direct) bandgap there are three bands especially relevant, as depicted in figure 2.4. One
is the conduction band, made of s orbitals, that gets populated by excited electrons.
The valence band, made of p orbitals, is composed by the so called heavy hole and
light hole sub-bands, degenerated at the Brillouin zone centre for bulk semiconductors.
This degeneracy is lifted by the carrier confinement in a quantum well. A third valence
sub-band, called the split-off band, will not be considered here. As shown in figure 2.4,
for unstrained quantum wells the heavy hole band is the ground state and, as the carrier
dispersion depends on effective mass, does not match the conduction band. At lower
energy, the light hole band does, on the other hand, present close symmetry to the
conduction band. Compressive strain can modify the band geometry to achieve close

symmetry between the conduction band and the heavy hole band near the band edge.

Conduction and valence band symmetry is of paramount importance for laser threshold.
Since the density of states in QWs is proportional to the carriers’ effective mass, the
density of states at the top of the valence band will be in general much higher than
at the bottom of the conduction band, thus more carriers must be injected to achieve
population inversion. Strain modifies the valence band geometry (i.e. the effective
mass of the holes) so the heavy hole band can be taken closer to symmetry with the
conduction band, thus reducing the number of carriers required to achieve population

inversion and thus lowering laser threshold.
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Figure 2.5: TE and TM emission as a result of conduction band electrons re-
combining with valence band holes in p-orbitals for unstrained (a), compressive
(b) and tensile (c) strain. Adapted from Adams [17].

Since carrier distribution in quantum wells is not symmetric in k-space, selection rules
favour some optical transitions over others. In particular, stimulated absorption /
emission between the conduction band and the heavy hole band is only allowed if the
electric field has a component in the plane of the quantum well (transverse electric field,
TE). In the same way, transitions to the light hole band are allowed for both transverse
electric and transverse magnetic (TM) modes, with TM transitions being stronger than
TE transitions. Strain can modify the band structure to favour transitions to a certain
band allowing, together with selection rules, for devices to be designed to work for
a certain polarization of the light, as represented in figure 2.5 [17]. Since SDLs are

vertically-emitting lasers, TE transitions result in unpolarised emission.

In particular, our compressive strained samples favour electronic transitions from con-
duction band to heavy hole band, increasing the gain at TE mode. The emission
polarisation is however not defined by this design, since both X and Y polarisations

contribute to the emission in the Z direction (part (b) of figure 2.5).
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2.2.3 DBR

A distributed Bragg reflector is a dielectric mirror capable of very high reflectivity (over
99.9 %) for a narrow range around a central wavelength (Ao £ 5%Xg) [22]. The mirror is
made of several layers of two alternating dielectric materials, transparent for the desired
wavelength and with different refractive indices (e.g. AlAs/AlGaAs), as depicted in
figure 2.6. Each layer has a thickness of a quarter wavelength so, considering that
reflections occurring at the interface between lower and higher refractive index (and
not in reverse order) suffer a m phase shift, the reflections from all layers add up in
phase. Designing a high quality DBR requires finding the correct material composition
so the index contrast over a particular number of layers provides near perfect reflection
of the laser wavelength. At the same time, the lattice constant must match that of the

substrate to avoid strain tensions.

As can be seen in figure 2.7, alternating for example AlAs / GaAs layers provides a large
refractive index contrast while the lattice constant remains practically unchanged. These
two materials, or their compounds, are probably the most common choices for visible
and near infrared SDLs. The materials available for deeper IR emission (e.g. ~2pum)

present larger lattice constants, and antimony compounds usually take predominance.

Given the low gain of SDL devices (due to the nanometre-thick gain length), close to
100 % reflectivity is necessary for every non output coupler mirror in order to achieve
threshold. DBRs thus provide the required high reflectivity, and its monolithic growth
embedded into the semiconductor structure implies no post-processing (such as adding
HR coatings) is needed in this respect. With this geometry, the structure will commonly
be positioned as an end mirror of the laser cavity, although other schemes have also
been demonstrated [25, 26]. Overall, DBR design is a challenging process that has often
limited the development of SDLs in a broader range of materials (e.g. [27]).
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Figure 2.6: DBR alternating layers (a) and corresponding reflectivity (b). Images from [5, 23].
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Figure 2.7: Bandgap energies and lattice constants of various I1I-V semicon-
ductors at room temperature. Image from [24].

2.2.4 Thermal management

As in other solid state lasers, the pump-induced temperature rise limits the efficiency
of SDLs, and therefore heat extraction is critical in these devices. As one increases

the pump power, the temperature increases inside the active region and reduces the
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Figure 2.8: Comparison of different thermal management techniques. Consid-
ering the high thermal resistivity of our DBR, heat extraction from top by
means of a heatspreader is preferred [28].

quantum well emission efficiency (carrier leakage increases with temperature). At the
same time the bandgap is reduced, shifting the emission to longer wavelengths. Finally,
the RPG wavelength and subcavity resonance are also shifted to longer wavelengths due
to the change in the optical path. Since the mechanisms that govern the wavelength
shift in the resonances and quantum well emission are different, it is no surprise that the
shifting rate with temperature is different for both effects. It has already been described
how a RPG design for a particular wavelength reduces threshold at that wavelength,
which ideally matches the quantum well peak emission. Given the wavelength shift,
SDLs have to be designed with temperature effects in mind, so the wavelength of the

quantum well peak gain and the RPG will match at the desired pump power.

SDL gain structures are typically clamped in an actively cooled mount, but the ex-
traction of the heat from the active region has being tackled in several ways, shown in
figure 2.8. Simply clamping the chip in a mount means heat extraction occurs after
passing through the DBR (and maybe the substrate depending on the growth order),
which can present high thermal resistivity, thus reducing the efficiency of the cooling.
For this reason the chip is sometimes treated to remove the substrate [29] so the active
region is as close as possible to the heatsink. The main alternative to this method is

using a transparent heatspreader with high thermal conductivity (e.g. sapphire, dia-
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mond...) bonded to the chip surface [30, 31] so the heat is extracted from the top
rather than from the bottom of the structure. This approach has proven to be very
efficient at any wavelength, since it bypasses the thermal impedance of the DBR, while

making post-processing unnecessary [28] and it is the preferred method in this work.

2.3 Characteristics of SDLs

2.3.1 Pump flexibility

SDLs are usually optically pumped, unlike other types of semiconductor lasers and sim-
ilarly to conventional diode-pumped solid-state lasers. However, SDLs do not present
the strict requirements of conventional lasers. The absorption length of a SDL can be
shorter than a micrometre, effectively a single plane, thus reducing the requirements
on the spatial brightness of the pump laser. Moreover, absorption takes place for pump
energies above barrier bandgap energy, as opposed to the excitation of a particular
electronic transition. Hence, SDLs do not require a pump with high spectral brightness
either. Therefore the quality of the pump laser is not an important factor, and never-
theless the output of an SDL output can still offer high beam quality. In this respect,
optically pumped SDLs convert poor quality pump lasers into a high quality output

laser, in what can be thought as an effective mode converter [32].

2.3.2 Power scaling

SDL optical pumping simplifies power scaling: an increase in pump power should be
accompanied by an increase in the pumped surface area of the semiconductor chip [33].
The external cavity can be adjusted for a larger beam spot at the SDL while maintaining

excellent beam quality. At the same time optical intensity is never too high to induce
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damage on the semiconductor chip. With this method heat is also distributed over a

larger area for high pump powers, easing sample cooling.

Nevertheless, thermal effects on very large pump areas are still the main limitation
towards higher output powers [28]: too large an increase of the temperature will detune
the quantum wells and the RPG, causing a drop in the laser output in what is known
as thermal rollover. The active region should therefore be designed with the maximum
pump power in mind, so the subcavity resonance wavelength matches the quantum well
peak emission avoiding this effect. Recent research has targeted thermal management
and power scaling [34, 35], and over 100 W of output power in CW operation have

previously been demonstrated [36].

2.3.3 Beam quality

One of the main advantages of SDLs is the high beam quality of the output, which
can be achieved relatively simply thanks to the external optics and negligible thermal
lensing inside the semiconductor [37]. The optics can be aligned to produce a circularly
symmetric TEM()) mode, with near-diffraction-limited divergence. Beam quality factor
(M2) lower than 1.3 is a common standard for SDL builds. As this parameter is a
measure of the similarity to a Gaussian beam, SDLs can be considered to produce
a Gaussian profile under most approximations, which greatly simplifies any required
calculation (starting from cavity design). When high power is preferred over beam

quality, a trade-off is possible.

2.3.4 Wavelength flexibility

SDLs feature impressive wavelength flexibility: a single chip can generally be tuned
over a range of > 300cm~! (~9THz) [38-40]. SDL design can also be adjusted to

target different wavelengths with the same materials, via quantum well width, material
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strain and composition. If on top of that we consider the different materials available
for semiconductor emission, the actual coverage of SDLs by means of direct emission is
impressive. To date, emission has been shown from 640 nm and extending through the
near infrared [4, 41] (see figure 1.6), with pioneering demonstrations at wavelengths as
short as 400 nm [42]. Nonlinear frequency up- and down-conversion, for which SDLs
are particularly well suited, extends the fundamental coverage into the ultraviolet and

far-infrared.

2.3.5 Pulsed operation

Due to the semiconductor character of the active region electron lifetimes in the excited
states are very short (order of nanoseconds), making SDLs poor at energy storage in the
gain region and not really suitable for Q-switching. An alternative method, however, is
to store the energy in the laser cavity and achieve high power pulses via cavity dumping
[43]. The wide bandwidth means SDLs are good candidates for modelocking [44, 45].
In order to reduce losses caused by spontaneous emission between pulses, the external
cavities in these setups are usually designed to be as short as possible. While pulsed
operation can be achieved by means of a pulsed pump (active modelocking), passive
modelocking has also been carried out by means of a semiconductor saturable absorber
mirror (SESAM) [46, 47], and recently a device integrating the active region and the
saturable absorber, as well as the DBR, has been presented (MIXSEL) [48, 49]. Work in
this topic has been extensive for the last 15 years and performance is rapidly increasing
[50], showing so far pulses as short as ~100 fs [51], repetition rates ~50 GHz or 100
GHz with a MIXSEL [52, 53] and peak powers over 4 kW [54].

2.3.6 Narrow linewidth

Narrow linewidth single frequency operation in SDLs is almost as old as the device

itself, having been demonstrated for the first time by Holm et al. in 1999 [55], where
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rms frequency noise of 3kHz over 3.5s at 870 nm was demonstrated, achieved with
active stabilization and making use of the external cavity to insert filtering optics (Lyot
filter and etalon) to narrow the operating wavelength. The high-Q external cavity is
very suitable for narrow, single frequency operation, and free-running laser linewidths
down to 21 kHz have been demonstrated [56]. Active stabilization can be used to
further narrow the linewidth while extending the sampling time, locking the laser
frequency to an external reference, such as a stable Fabry-Perot cavity or spectroscopic
feature. Several electronic stabilisation techniques are available (e.g. [57, 58]); the most
common implementation for SDLs is to generate an error signal that can be applied
to a piezoelectric cavity mounted mirror to provide fast feedback to the laser cavity.
Moreover, high precision wavelength tuning has also been demonstrated, with tune
steps on the order of picometres, together with narrow linewidth (11 kHz at 690 nm)

operation [59].

2.3.7 Intracavity operation

Another advantage derived from the external cavity is ease of access to the intracavity
beam (as opposed to common semiconductor monolithic lasers). It has already been
mentioned how, being low gain devices due to the extremely short gain region, SDLs
require high reflective mirrors, allowing only for a few percent transmission through
the output coupler. A consequence is that optical power inside the cavity is generally
very high, typically over 100 W, and specially with high pump power one can reach the
kilowatt level [36].

We can make use of this intense intracavity field for several applications. In particular
this thesis is focused on frequency conversion processes, which show a strong dependence
on the intensity of the input fields (as will be described in the next chapter). This means
higher input fields produce higher efficiency in the frequency conversion process. Often
this is achieved by using pulsed lasers, but frequency conversion in continuous-wave

operation requires complex setups to increase the otherwise low efficiency. By building
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the system so the frequency conversion process takes place inside the laser cavity we
can boost the conversion efficiency thanks to the enormous amounts of circulating
optical power. Moreover, the conversion efficiency commonly takes values close to the
optimum output coupling of the SDL systems, further extending the qualities of SDLs

for intracavity frequency conversion.

As already mentioned, the external cavity also allows for saturable absorbers, absorption
cells, or, very interestingly, intracavity optics such as birefringent filters (BRFs), etalons,
gratings, etc., that increase the control we have over the longitudinal modes of the laser
and its spectral frequency. For example, a BRF will be used in our system to narrow
and tune the operating wavelength, while intracavity nonlinear crystals will produce

frequency conversion.

2.3.8 Noise

SDLs are inherently low noise devices. Other solid-state lasers with long resonating
cavities present dynamic fluctuations in the longitudinal mode structure, the so called
green noise. This noise is accentuated in the presence of nonlinear harmonic generation
due to direct dynamic interaction between different longitudinal modes in the nonlinear
crystal. This problem appears in particular in the very common frequency doubling
process from infrared laser output at 1064 nm to green emission at 532 nm, from which
the name comes. The poor gain storage of SDLs due to the very short upper state
lifetime (nanoseconds, opposed to the microseconds of other solid-state lasers) fixes the

longitudinal modes, effectively removing the source of the problem [60].
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2.4 Introduction to the experimental work

2.4.1 AlGaInP-based SDL for red emission

The samples used during this work are red emitting, GalnP-based SDL gain structures,
designed in the Institute of Photonics at the University of Strathclyde and grown via
MOCVD by Andrey Krysa at the EPSRC National Centre for I1I1I-V Semiconductors at
the University of Sheffield. The design aimed to keep the structure as simple as possible,
and no strain compensation was incorporated. They feature a resonant subcavity for

improved effective gain.

The structure is grown on a GaAs substrate, which fixes the lattice constant just over
5.65A. The DBR structure that follows, maintaining this lattice constant, features
40 layers of alternating AlAs / Aly 45Gaq 55As (with refractive indices of 3.07 and
3.5 respectively) for a total thickness of 4.2pm. A simpler AlAs / GaAs design is not
possible since the smaller GaAs bandgap (~1.4eV) means the laser photons would be
absorbed by this material. This DBR structure presents high reflectivity for over 20 nm

around a central wavelength of ~675nm at operational temperature.

The gain region consists of ten pairs of quantum wells, positioned at the antinodes of
the optical field in RPG configuration as depicted in figure 2.9. The quantum wells
are made of 6-nm-thick Gag 46Ing 54P layers (bandgap ~1.8€eV), sandwiched between
(Alg 6Gag.4)0.51In0.49P layers that act as barriers (bandgap ~2.3eV). The QW pairs
are separated from each other by 82.5nm thick barriers, plus 7-nm-thick separation
between in-pair QWs. While the lattice constant of the barriers matches that of the
substrate and DBR, it is marginally larger in the case of the QW layers, causing the

quantum wells to be under compressive strain, favouring vertical TE emission.

The total thickness of the gain region is calculated to absorb all of the incident pump

photons at 532nm. As described in section 2.2.1, this approach makes use of the full
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Figure 2.9: Structure of the gain region of our SDL showing the variation in
refractive index with distance.

pump power while keeping the DBR design as simple as possible (no need to reflect
the pump and no temperature increase caused by pump absorption). The absorption
of the pump photons generates carriers in the conduction band that relax into the
quantum wells. The QW thickness is chosen for emission at the design wavelength of
around 675nm at operating temperature. The pump is absorbed in the barriers, for
an absorption length of ~1 pm, while laser gain, which happens in the quantum wells,

takes place within a total gain length of only 120 nm.

Lastly, an extra 86 nm barrier prevents non-radiative electronic recombination, and a
10nm cap layer protects the active region from oxidation. The total thickness of the

wafer is under 6 pm, most of which corresponds to the DBR.

The heatspreader used for thermal control, a 500-pm-thick diamond disk in our case,
is bonded on top of the semiconductor structure, meaning it will be inside the laser
cavity. The Fresnel losses the pump beam suffers when entering the semiconductor
region are lowered by the inclusion of a diamond block given the lower refractive index
(Ndiamond ~ 2.4, Ncap ~ 3.5). The block can also act as a Fabry-Perot microcavity
affecting the free spectral range of the laser if its surfaces are plano-parallel instead
of wedged. Anti-reflection coatings have previously been used, but different diamonds
with different coatings are needed for the various wavelengths we work with, greatly
reducing the flexibility and increasing the costs of re-using the heatspreaders for other

experimental set-ups.
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Figure 2.10: Schematic of the green-pumped AlGalnP SDL. The pump beam
is steered around the SDL cavity folding mirror (angle exaggerated to stress
the reflection loss).

2.4.2 Pump setup

The pump light is provided by a commercial Verdi laser that operates at 532 nm, offering
up to 5.5 W of power working in continuous-wave. It consists of a diode pumped solid
state laser (Nd:YVOy,) emitting at 1064 nm, frequency doubled to its second harmonic
[61]. This pump source is nowadays being replaced by SDL based solutions [62], an

example of the commercial applications of these multifaceted devices.

Considering the limitation that the pump beam (and its reflection) has to pass around
the folding mirror of the SDL cavity, the angle of incidence is kept as small as possible.
Due to the uncoated diamond heatspreader, approximately 18 % of the pump is reflected
away from the SDL and lost, as seen in figure 2.10. This loss could be minimised via
anti-reflection coating, but would mean each diamond would only suit one operational
wavelength (inconvenient since our group works with different wavelengths); therefore,
in order to present the performance of the SDL with respect to input power, future
references to pump power take this loss into account, yielding a maximum input power

of 4.51 W instead of the original 5.50 W.

58



2.4. Introduction to the experimental work Chapter 2. Semiconductor Disk Lasers

100 . : : :

® Horizontal
A  Vertical

80 |-

(@]
o
T

Beam radius (Jum)
5
—

Plot

20 H{wo

z0

M2

| | Reduced Chi-Sqr
R-Square(COD)
Adj. R-Square

Vertical
41.58294 + 0.47486
264330.82456 + 181.41287
1.13106 +0.01349
1.87243
0.99985
0.99982

Reduced Chi-Sqr
R-Square(COD)
Adj. R-Square

Horizontal
43.89053 + 0.65748
266722.14761 + 255.61041
1.14827 £ 0.01676
3.67083
0.99964
0.99958

0 : 1 . 1 :
240 260 280

Distance from lens (mm)

300

Figure 2.11: Pump focusing. The SDL sample will be positioned at the waist
of the pump beam, ~270 mm away from the focusing lens. The pump beam is
focused to ~44 pm (horizontal axis) and ~42pm (vertical axis).

The output of this pump laser is focused to a size of ~43 pm radius by means of a
300 mm focusing lens. The M2 fitting presented in figure 2.11 shows the measured
beam radius for the horizontal and vertical axes. Both horizontal and vertical M2
values are < 1.2, although there is a small separation in the longitudinal axis between
both waists. As described earlier in this chapter, this is not a problem that would
significantly affect the SDL beam quality since these semiconductor devices are not
volume absorbers. The particular pump spot size is chosen so the SDL thermal rollover
point roughly matches the maximum available pump power: a smaller size would result
in reaching thermal rollover with lower pump powers (thus not being able to use all
power available) while a larger size would mean higher threshold and lower maximum

output power.
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Figure 2.12: Calculated fundamental beam size at the SDL gain structure as
a function of the length of the second arm of the laser cavity. The different
horizontal and vertical components are caused by the angle in the folding
mirror.

2.4.3 Three mirror cavity

The SDL sample has been characterised in a three mirror cavity, as previously sketched
in figure 2.10, in order to investigate optimum mode-matching for the future tripling
cavity design. This cavity has been designed so that altering distance ds modifies
the intracavity beam size at the SDL (as seen in figure 2.12), since good agreement
between pump spot size and laser intracavity mode size is mandatory for optimum laser

operation (mode matching).

Measurement of the power leakage through an HR mirror for increasing distance ds
shows that maximum power is achieved with a laser mode size of ~41 pm (figure 2.13),
which is just smaller than the pump beam size. This beam size ratio of ~1 helps
optimise both output power and beam quality. Pump sizes larger than the TEM
mode size can trigger higher order transverse mode oscillation, with subsequent beam
quality degradation; smaller pump sizes, on the other hand, ensure high beam quality

with only fundamental mode oscillation, but cause higher threshold and lower maximum
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Figure 2.13: Fundamental power from HR leakage as a function of the pump
/ cavity mode ratio at the SDL gain structure. The pump size is ~43 um, as
shown in figure 2.11. The maximum output power was achieved for a beam
size of ~41 pm.

output power. A detailed investigation of the cavity mode versus pump mode effects
has been carried out by Maclean et al. [28]. This measurement was taken at a pump
power of 4 W (input power of 3.28 W) on a 3-mirror cavity with high reflective mirrors
and distance di = 61 mm. Distance dy varied from 175 mm to 220 mm. The heatsink

temperature was kept constant at 2 °C.

A more detailed look at this issue is shown in figure 2.14, where power transfers for
different mode size have been taken with a HR mirror (7" = 0.086 %). In particular
measurements for mode sizes of ~46 pm and ~41 pm, larger and smaller than the pump
spot size, have been carried out, obtaining higher efficiency and output power with a
mode size of ~41 pm. While the threshold power is 12 % higher for the smaller mode

size, the slope efficiency is almost 50 % higher, with a 33 % increase in the output power.
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Figure 2.14: Fundamental output power as a function of input power for
different beam sizes. As before, wo ~41 um offers higher power.

It can also be noted the reduction in the slope for values of input power over 4 W,

caused by thermal rollover as described in section 2.4.2.

We design the laser cavities to have a mode size at the SDL gain structure of ~41pm
from this point forward, but we will face some constraints, mostly regarding space, that
will limit the cavity design. It should be taken into account that we are working with an
experimental setup with standard off-the-shelf opto-mechanical mounts for the purpose
of a proof of concept. Problems caused by space limitation could be solved in a future

system with custom designed, compact components.

In order to further characterize our SDL sample we have carried out power transfer
measurements of the output power with several output couplers, shown in figure 2.15.
The maximum output power, achieved with a 3% output coupler, was 0.87 W with

4.5 W of input power; featuring a slope efficiency of 25 %, similar to, and arguably a
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Figure 2.15: Power transfer measurements for different output couplers.

small improvement over, previous results [63, 64]. The strange shape of the HR curve

was probably caused by a jump in the cavity mode.

The slope efficiencies (79) obtained with the power transfer can be used, together with
the output coupler values, to conduct a Caird analysis [65] so the contribution of the
parasitic losses of the cavity can be found, together with the internal quantum efficiency.
A relationship exists between the inverses of the slope efficiency (1, 1) and the cavity

output coupling (OC™1):

1 1 L 1
_ . £t 1 2.1
Tlo Thim Tim oC ( )

In this equation, L describes the cavity losses and OC' corresponds to the output
coupling value of the output mirror. The limiting slope efficiency (7y,) corresponds to

the slope efficiency that can be achieved in the absence of passive losses, as described
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in [65]. From the linear fit the limiting slope can be extracted as the inverse of the
vertical intercept. Knowing this quantity, the cavity parasitic losses can be found from

the slope of the line.

Caird analysis is preferred over Findlay-Clay analysis [66] when characterising SDLs
due to the strong dependence of the Findlay-Clay analysis on threshold pump powers.
SDL performance and threshold power heavily depends on the pump power at which
the cavity was optimized. Caird analysis, based on slope efficiency and output coupler
transmittance, is more reliable for this type of laser. Although this method may
not be applicable for high output coupling values (for which SDL performance drops
dramatically) we restrict our measurements to HR, 1%, 2% and 3 % output couplers,

well below the output coupling limits of the SDL [67].

From the linear fit in figure 2.16, and using equation (2.1), we can calculate the losses
of this cavity to be ~ 0.4 %. The folding mirror reflection of > 99.96 % must be taken
into account (twice) and therefore the parasitic losses, only contributed from the losses

in the semiconductor structure, are ~ 0.3 %.

From this result we can calculate the output coupling efficiency (1yut) of the laser cavity,

which depends on the output coupler as well as the parasitic losses:

ocC

Nout = OC —f—iL (2.2)

The laser slope efficiency can be expressed as the multiplication of a number of different

factors that quantify the various stages of the photon — electron — photon conversion:

710 = Tabs * Tlquant * TJout * 7}int (23)
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Figure 2.16: Caird analysis of the 3-mirror cavity. The calculated parasitic
losses are ~0.3 %.

The pump photon absorption efficiency (7.ps), based on previous results [68], is ~ 0.98.
The quantum defect (7quant) corresponds to the ratio between pump and laser wave-
lengths, ~ 0.79. The internal quantum efficiency (nin¢) of the semiconductor can now be
calculated to be ~ 0.35. It describes the probability of useful lasing recombination, and
takes into account the different effects that may occur, such as recombination to the
barrier valence band, Auger recombination or surface recombination (electrons escaping

the confinement region). The efficiency values are summarized in table 2.1.

Table 2.1: Values of the different efficiency factors.

ocC Mo Nabs Nquant Nout Tin

HR 0.051 0.98 0.788 0.185 0.357
1% 0.158 0.98 0.788 0.638 0.321
2% 0.226 0.98 0.788 0.798 0.367
3% 0.250 0.98 0.788 0.864 0.375
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2.5 Conclusion

Semiconductor disk lasers are relatively new devices that bring together advantages
from semiconductor and solid state lasers. This chapter has reviewed the principle of
operation and design in order to illustrate how the impressive characteristics of this

special kind of semiconductor laser arise.

In summary, SDLs combine high power, tunability, narrow linewidth, good beam quality
and continuous-wave operation; and are particularly well suited for intracavity nonlinear
conversion, the main topic of this work, thanks to the external, high-finesse cavity, strong

intracavity fields and low optimum output coupling.

A preliminary characterization of the SDL structure has been carried out in a 3-mirror
cavity in order to provide information on the expected optimum mode-matching and
output coupling to be used when designing the more complex 4-, 5-, and 6-mirror cavities
that will be built during the doubling and tripling experiments. The semiconductor
sample has shown good performance with peer-comparable slope efficiencies and low
parasitic losses. The fundamental emission at 675 nm (visible red radiation) provides a
convenient base to reach near ultraviolet wavelengths in a single frequency conversion

stage and deep-UV in a second, tripling stage.
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Nonlinear Optics

3.1 Introduction

Nonlinear optics plays a crucial role in this work. Our main target is to design and build
a semiconductor disk laser emitting at deep ultraviolet wavelengths, for which current
semiconductor technology is unable to produce direct emission. The field of nonlinear
optics opens the door to frequency conversion processes by which our fundamental, red,
laser beam can generate laser emission at higher frequencies (i.e. shorter wavelengths)
under appropriate conditions. As we will see throughout this chapter, these conditions
require the use of particular nonlinear media, together with observing the conditions
set by the laws of conservation (energy and momentum) and optimization of the system

for efficient frequency conversion.

Since nonlinear optics is a challenging field and has been the subject of decades of
theoretical and experimental work, we shall first review the basic concepts with the
intention of building an intuitive vision of the mechanics taking place, complemented
with a formal description of the field and of the equations ruling the processes of interest

for this study.
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3.1.1 Historical introduction

Some nonlinear effects, induced by strong electric or magnetic fields, were known for
a long time before the advent of the laser (e.g. the Kerr effect was discovered in 1875
[1, 2]. Electric permittivity and magnetic permeability nonlinearity were also known
in advance. Lasers, however, provided access to the strongest photon densities ever
achieved, easily an order of magnitude greater than those required to observe nonlinear
effects (the amplitude of the external field being of the order of the atomic electric field
[3]). The first maser (a device operating on the same principle as lasers but in the
microwave range) was produced in 1954 by Townes, Gordon and Zeiger [4, 5]. The first
laser, based on a ruby crystal and emitting red light at 694 nm, was built in 1960 by
Maiman [6]. Soon after this breakthrough, in 1961, Franken et al. used a similar device

to generate optical harmonics [7]. The field of nonlinear optics was thus established.

3.1.2 Definition

Nonlinear optics is the field of physics that studies the effects caused by the nonlinear
response of a material to the electromagnetic fields travelling through it. For this
nonlinear response to be observable, the electromagnetic fields must be intense, such

as those found in a laser beam.

Light — matter interactions can be divided into three groups:

e Charge oscillation and photon scattering: electromagnetic fields induce oscillation
of charges and every accelerated charge emits electromagnetic radiation. This is
the most common type of interaction, explaining reflection and refraction processes

and harmonic generation, and therefore it is our main interest.

o Absorption (and emission) of photons by electrons: confined electrons (also nuclei

or molecules) have discrete values of energy, or energy levels. Any change in the
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energy level of one of these particles requires absorption or emission of energy,
commonly in the form of a photon. Laser emission falls within this group, as

explained in the previous chapter.

e Pair production and annihilation: under certain circumstances, a photon with
enough energy can produce a particle — antiparticle pair. Similarly, a particle —
antiparticle collision can produce photon emission. Electron — positron creation
and annihilation is a common example of this group. Unfortunately, and despite
the inherent appeal of particle physics, this type of interaction is outwith the

scope of this work.

The first type of light — matter interaction described is the most commonly observed.
The reason for this is that it does not require any particular condition to be fulfilled
(such as photons having certain energy for discrete absorption from electrons). The
most powerful classical model to study this interaction is the Lorentz model, from the
beginning of the 20th century [8]. By considering the atom as a harmonic oscillator, this
model successfully describes the linear optical properties of non-metallic solids. This

model was later used by Rayleigh to explain nonlinearities in acoustic resonators [9].

When light travels through a system, its oscillating electric field will necessarily induce
oscillations on the charges of which such a system is composed. Most commonly, this
oscillation can be thought of simply in terms of electrons oscillating within their energy
level (or in a more modern approach, a change in the shape of the electronic distribution).
The effect this electromagnetic radiation has on the system is converting the neutral
components to oscillating dipoles. These dipoles will emit new radiation, as described
by Larmor in 1897 [10]. Macroscopically, the refractive index of a material is the most
straightforward observation: this photon — dipole interaction gives rise to refraction,

photon scattering, etc.

If the intensity of the input (or pump) fields is low (e.g. lightbulb light) the dipoles

oscillate harmonically, and they emit electromagnetic radiation with the same frequency
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as the oscillation (which is the same as the original light). However, when the pump
amplitude becomes large enough (e.g. laser light) the dipole oscillation becomes anhar-
monic and additional frequencies start to appear. As a result, emission with twice, three
times. .. the frequency of the input light (fundamental frequency) is produced. These
terms with frequencies that are multiples of the fundamental are called harmonics, and
under some circumstances can become intense enough to overcome the fundamental
emission. In fact, since the energy we gain as harmonics is energy being lost from the
fundamental, we could theoretically convert our entire fundamental light to its second
harmonic (with twice the frequency), keeping the total amount of energy constant (but

reducing the number of photons by half).

The process just described is known as (second) harmonic generation, and it is only one
of the many effects that nonlinear light — matter interactions can produce. This process
does not transfer energy into the system, whose initial and final quantum states are
unchanged. This type of process is described as parametric. Since photons interact with
electrons, thinking about it in terms of electronic energy levels is very inviting. One
should avoid this temptation, since no transfer of energy (neither of linear momentum
or angular momentum) takes place. It is nevertheless common to describe the process

in terms of virtual states, as depicted in figures 3.1a and 3.1b.

3.1.3 Nonlinear processes

Nonlinear optics can produce a number of different effects, both in the electromagnetic
fields involved or in the materials used as nonlinear media. Modifications of the fre-
quency of the light field or of the phase, self-focusing, variations of the refractive index
of the materials, signal amplification or multiphoton absorption are only a few examples
of the astonishing results observable in the field of nonlinear optics. The work described
in this thesis revolves around frequency conversion, in particular up-conversion, or
converting to higher frequencies, extending the emitting range of lasers further into

the ultraviolet. Down-conversion processes, or converting to lower frequencies, are the
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Figure 3.1: (a) Second harmonic generation described in terms of virtual energy levels. Two photons
of the same frequency are combined into a new photon with twice the original frequency. (b) Sum-
frequency generation. Two photons with energy wi and w2 are combined to create a new photon with
frequency ws = wi 4+ w2. In the case depicted, w2 = 2w; and therefore ws = 3wi. Third harmonic
generation achieved by SFG is usually more efficient than direct THG (since the latter is a third order
process).

other ‘half of the equation’, extending the range of similar lasers into the infrared. Both
techniques can be used to cover gaps in laser emission caused by material limitations
(e.g. the semiconductor ‘green gap’, usually covered by SHG from IR emission). Among

the most common frequency conversion processes we can find the following:

SHG

Obtaining a frequency twice that of the fundamental beam used is probably the
most common frequency conversion, and also the first one experimentally achieved,
by Franken et al. in 1961 [7]. In this process two identical photons mix to generate
a third photon with twice the energy. It is, in fact, a special case of sum-frequency

generation.
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SFG

This process mixes two photons of different energies to generate another photon with
the combined energy of the two. Unlike in the special case of SHG, two input beams are
required, making this process more complicated than the previous one since it means

aligning the system with one more beam.

DFG/ OPOs

The reverse of SFG, in this process a higher energy photon splits into two photons of
lower energy. This process is mainly used in parametric amplification, where the highest
frequency beam, called the pump, transfers energy to a second beam, called the signal,
thus amplifying it. A third beam is generated in the process (idler). Optical parametric
oscillators make use of this process in a resonant cavity for the signal (or, less usually,

for both signal and idler) to generate laser gain.

3.2 Mathematical description

3.2.1 Lorentz oscillator model

Let’s consider again the Lorentz oscillator model [3, 8, 11]. The electrons are bound to
the atom nucleus obeying Hooke’s law. A damping term must also be used to account
for collisions and emitted radiation. Finally, a quadratic term is added to the restoring
force to account for the nonlinearity of the system. The equation of motion of the

electron position x can then be written as:

T+Tz+ ng' + CL-T2 = %Fexternal (31)
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where the electron (of mass m) is affected by a damping force of the form I't and a
restoring force of the form wix + az?. The external force in this case will be that caused
by an optical field E(t), which will correspond to a monochromatic beam (to follow the

previous example about SHG):

F = qB(t) = —ey (e 71 + etit) (3.2)

Note that a wavevector contribution (e.g. €**%) is not relevant for the present study and

would actually vanish in the following argument.

If the external force of equation (3.1) is of the form of equation (3.2), the equation of
movement does not have an analytic solution. However, it is solved by considering that
the nonlinear term of the restoring force is sufficiently small compared with the linear
term. The Rayleigh — Schrodinger perturbation theory is used to obtain the nonlinear

corrections to the exact, linear solution.

If we add a parameter A (with a value between 0 and 1) to the external force so
equation (3.1) reduces to that of an anharmonic oscillator with no external forces for
A = 0 (giving a solution z), increasing A will add perturbative terms to this solution,

which can be expressed as an expansion in powers of \:

T = A\r1+ )\23;2 + )\3.%'3 + ... (3.3)

If we introduce this solution in equation (3.1), the summand terms are obtained as
functions of powers of A. The summands should satisfy the equation for each order of
A independently in order for equation (3.3) to be a solution. We obtain a number of

equations of the form:
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A x1 + T2y + w%xl = _ﬁeEO (e_i‘*’lt + e+iw1t)
A2 Ty + 'ty + wgzcg + (m% =0
(3.4)
A 3+ Iz + ngg +arixo =0

Since this work is focused around second order nonlinearities we will not study the
terms beyond quadratic. The first equation corresponds to the damped oscillator driven
by an external force. The steady state solution in this case is known, and corresponds

to:

z1(wi,t) = Aje™ 1" 4 Byt (3.5)
(§] E()
p——
! m C(w1)
e EO
By=-2_T0
! m C(—w1)

C(w1) = wg —w? —iTwy

If we now include this solution into the second order equation of equation (3.4) we
obtain an analogous equation to the first order solution, with the nonlinear restoring

term effectively being a new driving force:

. 99
ari =a [Ale*“’“t + Bert
‘ ‘ (3.6)
= aAfe 2t 4 B2 1 920 A1 By

We can observe how terms depending on twice the frequency (second harmonic fre-

quency) appear, together with a non-oscillating term. The solutions for each will be:
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X9 (wg = 2wy, t) = Age_lgwlt + Bgeﬂwlt

24, B, (3.7)
552(07t) =
wg
*a[g]QEg —i2w1t *G[Q]ZE(% 2wt
— 2 t — m 14W1 m 1aW1
xo(wy = 2wr, t) —C’(wl)?C(le)e + C(—w1)20(—2w1)6 .
~2a[2]2 |
x2(0) =

C(0)C(w1)C(—w1)

The time-independent solution x2(0) corresponds to the optical rectification. The
solution xo(wy = 2wq) is describing an oscillation of the dipole with frequency twice the
optical field, which will likewise emit electromagnetic radiation with frequency 2w;: the

second harmonic of the fundamental field.

This method can be generalised to an input optical field comprising two different
frequencies w; and wo, obtaining solutions depending on wi + wo and w1 — ws, as well as

2w1, 2wy and 0. The new terms account for sum and difference-frequency generation.

Stronger fields will produce stronger perturbations, and higher order terms become
relevant, giving rise to a large range of different effects, from higher harmonics generation

to Raman emission.

3.2.2 Polarization

The electric polarization of a material (or polarization density) quantifies how materials
react to external fields. It expresses the induced dipole moment in said materials, and

can be written in terms of the dipole moments of its components as:

P = —Nex (3.9)
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where N is the number density of dipoles.

We can substitute our solution of z (equations (3.5) and (3.7)) to obtain the linear and

nonlinear contributions Pp,(w), Py, (2w)...

Since P represents the reaction to an external field, it is usual to express it in terms of

such a field:

P =¢xE (3.10)

In this last equation we find the constant of proportionality ¥, called electric suscep-
tibility, which tells us the strength of the material response to the external field, and
the vacuum permittivity ¢g. When the external field is strong enough to produce a
nonlinear response from the material, we generalise this expression by means of a power

series expansion:

P= on(l)E + eox(g)EZ + on(g)E3 + ... (3.11)

If we focus, for example, on the quadratic term for an input composed of two different

beams, we can express it as:

E(t) = Bre ™' + Bye ™2 4 c.c. (3.12)

P)ISIQI? — EOX(2) [E%€_i2w1t + E226—i2(.U2t + 2E1E2e—i(w1+WQ)t+

. (3.13)
1+ 2B Eje w12t L o] 4 2¢0x?) [EL\EF + EyE})

We can observe again terms with frequency harmonics, as well as the optical rectification

term.
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Susceptibility

As just mentioned, the electric susceptibility defines how responsive the material dipoles
(the material polarization) are to external fields, acting as a constant of proportionality
between these two quantities (as seen in equation (3.9)). Since E and P are actually
three-dimensional vector fields, x will in general be a tensor. Nevertheless, given a prop-
agation direction and a fixed polarization (i.e. for a fixed geometry), the susceptibility

can be expressed as a scalar quantity.

An expression for this quantity can be obtained by relating equations (3.9) and (3.10).

In particular in the case of linear susceptibility:

Ne?
W) = "%
X (wi) eomC'(w;) (3.14)

While in the case of second order susceptibility we find:

Nae?
60mQC(W3)C(WQ)C(W1)

X (ws, we,wi) = (3.15)

Which can be written in terms of the susceptibilities of the different frequency compo-

nents:

2
. eoma (1)

X(Q)(W?nw%wl) = NTeg,X (WB)X(l)(W2)X(1)(W1) (3.16)

Given reasonable values (N = 102em™3, d = 3A, wy = 10%rad/s, a ~ wi/d) we
obtain that the linear susceptibility is of the order of unity. The second order nonlinear

susceptibility presents a value around 102 m/V. The second order contribution will be
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comparable to the linear response when the external fields are of the order of magnitude

of the characteristic atomic electric field (Eq = 5.14 x 101 V/m).

Centrosymmetric vs Non-centrosymmetric

The restoring force proposed in the equation of motion of the anharmonic oscillator
(equations (3.1) and (3.2)) was defined as F' o< x4 x? which corresponds to the potential
U(z) o< 22 + 2%. While a non-centrosymmetric material can be accurately described
with this kind of potential, centrosymmetric materials cannot. Due to the symmetry of
such materials, inversion symmetry is required ( U(x) = U(—x) ) and the potential will
be of the form U(z) o #2 + . In these materials the second-order nonlinear processes

vanish, and the first observable nonlinear effects are directly third-order.

3.2.3 Second order vs third order processes

The strength of the nonlinearity induced in a material is quantified by the optical
susceptibility. As explained in section 3.2.2, the order of magnitude of the nonlinear

susceptibility X(i) values can be approximated to:

NORNG

Eu E2,

at

(3.17)

Higher order nonlinearities are therefore more difficult to see than low order ones.
Second harmonic generation is a good example of an easily seen nonlinear effect: it can
be observed from a single pass with a CW laser, and SDLs with intracavity SHG are
relatively simple to build. Since the process efficiency increases with the intensity of the
fundamental fields, higher nonlinear effects are difficult to produce in CW operation;

pulsed lasers are the common solution [12, 13].
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As noted in section 3.2.2, centrosymmetric materials do not exhibit second order non-
linear processes due to the symmetry of their atomic structure. This conveniently
separates second order and third order processes, avoiding competition when the third

order process is desired.

3.2.4 Energy conservation

It is a fundamental law of physics that energy can neither be created nor destroyed.
As stated by the first law of thermodynamics every closed system must satisfy energy

conservation, which means energy is always transformed from one form to another.

AE =0 (3.18)

We can think of our “input beam — crystal — output beam” system as being a closed
system. Moreover, sum-frequency generation (and by extension second harmonic gener-
ation) is a parametric process, which means it does not change the quantum state of
the crystal. Let’s assume the crystal does not absorb our wavelengths (as in the case
of LBO or BBO at 675 nm — 337 nm) and that no other processes are present. This
is a sensible assumption, since it is what we observe in the laboratory. The energy is
then never stored in the crystal. The energy simply transforms from input photons, at
frequencies w; and ws, to output photons, at frequency ws. Second order, frequency
up-conversion is therefore a three photon process. In the particular case of second
harmonic generation, two input photons must be annihilated so an output photon with

twice their energy is created. Mathematically this is expressed:

AFE = hws — (ﬁwl + EWQ) (319)
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Since this expression equals 0 by means of energy conservation, we see that ws = w1 +ws.

3.2.5 Momentum conservation

Another conservation law, this time related to Newton’s first law of motion, is that the

momentum of a system remains constant in the absence of external forces.

Ap=0 (3.20)

Applied to our closed system of converting photons, we express this conservation law

as:

Ak = k:3 - (kl + k2) =0 (3.21)

Where we have defined the wavevector modulus as:

k=" (3.22)

It is important to notice the implications of the presence of the refractive index n in
the last equation: dispersion plays a key role in frequency conversion. To illustrate
this, let’s focus again on the simple SHG process, in which Ao = A\ and A3 = %)\1 (by

definition). From here we obtain, simplifying equation (3.21):

ns n
-9 = 2
N N = ng=m (3.23)
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Setting both refractive indices equal implies both beams will travel with the same speed
inside the nonlinear material. This has profound implications regarding the phase of
each beam. For this reason, equation (3.21) is most commonly known as the phase

matching condition.

Phase matching

When the fundamental beam propagates through a nonlinear medium generating second
harmonic, the second harmonic photons are produced from the beginning to the end
of the crystal. We can imagine the crystal composed of very thin slices, all of which
generate second harmonic. The output beam we observe at the exit of the crystal is
the result of the interference of all these small contributions. Because the fundamental
beam is of course in phase with itself, the second harmonic fields generated will keep the
fundamental phase. However, due to dispersion, when the several second harmonic fields
propagate along the crystal the phase will, in general, not be maintained (figure 3.2a).
Indeed, the phase difference between two beams propagating through a medium with
different refractive indices is not constant. This could effectively mean destructive

interference at the end of the crystal and second harmonic would not be observed.

(a) (b)
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Figure 3.2: Representation of fundamental and SHG fields in phase-mismatching (a) and phase matching
(b) configurations. Phase matching is required for constructive interference of the multiple SHG
components.
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If both beams travel with the same refractive index, however, the phase of all second
harmonic contributions will be preserved over the whole crystal length and all the SHG
contributions will interfere constructively, adding up to the total SHG output power

(figure 3.2b).

A total phase mismatch does not occur instantly, but rather it happens over an extended
length. If the nonlinear crystal is shorter than the coherence length there is no need
for phase matching considerations, as said crystal length would be within the coherent

build-up length of the interaction.

lo= — (3.24)

However this distance is relatively short (I, < mm, typically I, ~ 10s of pm): longer
crystal lengths are required to produce sufficient output power. In general, due to
dispersion, the refractive index is wavelength dependent and phase matching will not
naturally occur. To be able to set the conditions for momentum conservation we make

use of a property of certain materials: birefringence.

Phase matching conditions in crystals are different for every wavelength involved and
the materials used. Only certain materials will offer phase matching for a set of given
wavelengths, and those materials do not necessarily offer the highest nonlinear coefficient.
Ultraviolet wavelengths are especially challenging in terms of crystal availability, for
phase matching, performance and transmission limitations. For this reason, there is an
enormous amount of research worldwide dedicated to the design and development of

better nonlinear materials.
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3.2.6 Birefringence

Birefringence means that the refractive index depends on the direction of polarization
of the light. This is not a nonlinear effect, but a well-known part of linear optics
and a characteristic of the structure of the material. Birefringence is not present in
isotropic materials, such as those with cubic structure. The simplest case corresponds
to uniaxial materials, which present a single anisotropy axis. Biaxial materials present
three characteristic refractive indices, corresponding to the three principal axes of such
materials. In our experiments all crystals used are, or can be considered, uniaxial (LBO
is a biaxial crystal, which in this case is cut so the direction of propagation matches

one of the crystal axes, making it uniaxial in effect).

For a uniaxial crystal two principal axes can be defined: the ordinary and extraordinary
axis. When the light is linearly polarized in those directions, it will exhibit different
refractive indices n, and n.. More interestingly, if the polarization happens to be at an
angle between these two axes the refractive index takes an intermediate value defined

as:

1 cos?(f)  sin%(9)
@2~ n2 + n2 (3.25)

Where 6 is the angle of propagation with respect to the extraordinary axis.

We therefore find here a powerful mechanism to avoid phase mismatch over any crystal
length. Going back to the example of second harmonic generation, if the fundamental
beam travels with ordinary polarization, it is generally possible to find an angle at
which the second harmonic beam can travel with extraordinary polarization exhibiting

the same refractive index. This idea is depicted in figures 3.3 and 3.4.
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0
no
n©

Figure 3.3: Refractive indices for fundamental (ordinary) and second harmonic
(extraordinary) in phase-matched SHG. The arrow marks the wavevector direc-
tion. Second harmonic polarization is vertical while fundamental polarization
is perpendicular to the screen.

This phase matching technique is called critical phase matching, alluding to the sensitiv-
ity to crystal misalignment. Moreover, when light travels with an angle from the optic
axis in birefringent materials it suffers an effect called walk-off, negatively affecting
beam quality, focusing limit, frequency conversion, etc. as explained in the following

section.

Depending on the particular characteristics of each material, it is possible to find two

different configurations for the polarization of the beams:

o Type-I phase matching, when the input beams have the same polarization (typ-
ically ordinary polarization). The generated beam would have perpendicular

polarization.

e Type-1I phase matching, when the input beams have perpendicular polarizations
(one ordinary, one extraordinary). The polarization of the generated beam would

depend on the material.

An alternative technique is non-critical phase matching, which uses the temperature
dependence of the refractive index to match the refractive index of the ordinary and
extraordinary axis. This technique avoids the walk-off effect since propagation occurs on

axis. The drawback is that the temperature required may be significantly higher than
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Refractive index

2W w

Frequency

Figure 3.4: Critical phase matching. Extraordinary refractive index of second
harmonic and ordinary refractive index of fundamental take the same value
under particular circumstances.

room temperature so that crystal ovens are often needed. The temperature difference
from room temperature is proportional to the separation from axis required in critical
phase matching, thus having little to no effect in some cases. For example, SHG in
LBO at 675nm requires a phase matching angle of ¢ = 47°. An increase of 200K in

the crystal temperature barely changes ¢ by one degree.

3.2.7 Walk-off

When the wavevector k propagates with extraordinary polarization at an angle 6 from
the optic axis, the Poynting vector will not be parallel to k. On the contrary, the energy

flux will drift from the k direction with an angle p that can be expressed as:

(3.26)
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Figure 3.5: Wavevector and Poynting vector featuring walk-off effect inside
a birefringent material, with crystal axis defined by x and z (y axis would
be perpendicular to the drawing) (left). Walk-off affecting the extraordinary
polarization component of the beam (right).

As a result, at the exit of the material, light with extraordinary polarization will be
separated from light with ordinary polarization, as can be seen in figure 3.5. We can
immediately see that this would cause separation between fundamental and frequency

converted beams.

Beam separation, however, is not the only effect walk-off has, especially when considering
frequency conversion. Beam focusing is also affected, being more limited in the walk-off
direction. This causes asymmetry between sagittal and tangential components and
different divergence angles (assuming they were equal at the beginning), diminishing
the beam quality. Moreover, walk-off is closely linked to frequency conversion, with the
total output power strongly depending on the walk-off angle. We shall see the precise

effect walk-off has on our system in the following chapters.

3.3 Frequency conversion

During this chapter we have reviewed nonlinear optics and the broad range of different
processes that arise from it. We have reviewed its origin and the effects that can affect
nonlinear beams. We shall now look more in detail at the two processes that we use in
our experiment to generate third harmonic emission. As described in Chapter 4, we will

produce second harmonic generation from a fundamental beam at 674 nm, obtaining
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Table 3.1: Comparison of different intracavity frequency tripling setups with the main characteristics
of the nonlinear crystals used.

Author Ao SHG defr ) SFG doft P
nm crysta pm mra crysta pm mra
1 A% d 1 \Y d
Wu [15] 1064 LBO 0.83 6.88 BBO 2.02 72.31
(ooe) (ooe)
Roissé 1064 KTP 3.58 3.16 / LBO 0.72 18.18
[16] (eoe) 4.13 (ooe)
LBO 5.33 / LBO
Sun [17] 1319 (cco) 0.81 533 non-critical 0.69 -
LBO BBO 71.49 /
Shu [14] 1064 (00e) 0.83 6.88 (coe) 1.29 77 96
This work 674 LBO 0.61 18.93 BBO 1.55 82.60
(ooe) (ooe)

a laser beam at 337 nm. These two beams can then be mixed via sum-frequency
generation, to produce third harmonic emission at 224 nm. Both processes occur inside
the SDL external cavity, thus providing a large amount of fundamental power, very
much needed in any nonlinear process as explained in section 3.1.2. This technique
has been successfully employed previously, both using SDLs [14] or other gain material
[15-17]. These previous demonstrations have been carried out at longer wavelengths,
and the relevant data are summarized in table 3.1. This table also shows how working

with shorter wavelengths is more challenging.

As compared with conversion from a fundamental wavelength of 1064 nm, when starting
from 674 nm the nonlinear coefficient of the SHG process decreases by 25 %, while the
walk-off angle is three times larger. In other crystals often used, such as KTP, a
fundamental visible wavelength is out of the range of phase matching. The larger
walk-off angle produces a larger separation between fundamental and second harmonic

beams (negligible in previous examples). While LBO for SFG offers a low nonlinear
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coefficient as compared with BBO, walk-off in the latter is always large, decreasing the

maximum achievable power as described in Chapter 5.

3.3.1 Second harmonic generation

We already mentioned second harmonic generation at the beginning of this chapter.
This process converts light of a given fundamental frequency into its second harmonic
(doubling that fundamental frequency). It is the most common nonlinear optical process
of all, in particular it is used for conversion from the omnipresent laser emission at
1064 nm to the visible green emission at 532 nm. The superior performance of 1064 lasers
together with simple SHG has provided a magnificent workaround for the semiconductor
green gap for many applications (notably common green laser pointers). This section

will look at the process in more detail.

Phase matching condition

Phase matching is a sine qua non condition, and the first calculation that needs to be
done if this process is to be implemented. In the case of type-I SHG the phase matching

condition is quickly transformed into a neat equality.

a2
BuopZW1 _ gln™l e, = T, (3.27)

C C

Ak’:k‘Q—lezo =

We can then cut a birefringent crystal so that the fundamental and second harmonic
beams, travelling through it with different polarizations, will show equal values of their

respective refractive indices.

97



3.3. Frequency conversion Chapter 3. Nonlinear Optics

Output power

Starting with the publication of the first observation of second harmonic generation by
Franken et al. in 1961 [7], a number of papers were dedicated to study the interaction
between light waves in nonlinear dielectrics, from particular cases to the general solution
[18-24]. Thanks to those efforts, we can now describe the output power of SHG with

the equation:

167r2d§ff

P =
eoc)\:fnlng

e L P{Lh(a, B, 5, &, 1) (3.28)

Here, the universal constants ¢y and c take the expected values (in S.I. units), n; and
ng are the refractive indices of the material for the involved wavelengths, Ay is the
fundamental wavelength and deg is the effective nonlinear coefficient of the material. «
takes into consideration the fundamental and second harmonic losses. The exponential
equals 1 if the light is not absorbed by the material. The h function accounts for the
walk-off effect, phase matching, focusing... produced in the nonlinear conversion, and
takes a value between 0 and 1. This function will be studied in detail in Chapter 5 for
our particular system, and is described in the following section. The derivation of this
equation will not be explained in this thesis, since it can be found in its original form

here [23]. A modern derivation can be also found elsewhere ([25]).

It is important to note that for loose focusing (i.e. L << b) the value of h tends to L/b.
The confocal parameter is defined as twice the Rayleigh length (b = 22p). In this case
the output power of the conversion would be proportional to L?. This is not the case

for tight focusing, in particular for large values of the walk-off angle.
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Optimum focusing / crystal length

It could be expected that the optimum focusing, in the absence of walk-off, occurs when
the crystal length is approximately twice the Rayleigh length (equal to the confocal
parameter b = 2zp). Actually, it was proved by Boyd and Kleinman [23] that the
optimum condition happens for a phase-mismatch of Ak = 3.2/L, which they calculated
to be L = 2.8b; although this value decreases to L = 7b/2 for perfect phase matching, as
calculated by Bjorkholm [21]. Nevertheless, if the walk-off angle is large, the optimum
phase matching tends towards 0 and its curve becomes flatter, making it less critical to

achieve the perfect condition.

3.3.2 Sum-frequency generation

Sum frequency generation is in fact the general case of SHG: two photons of different
energies interact with the material to produce photons of a third energy (while in SHG
the input photons have all the same energy). In both cases, each conversion that takes

place involves three photons.

Phase matching

The phase matching condition in sum-frequency conversion differs from the special case
of type-I SHG. Since three different wavelengths must be phase-matched, there is no
configuration offering the same refractive index for each of the beams. In the case of

SFG the solution would be:
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Ak =ks—ki —ko=0

Mag W1 _ Maop 201 Ty @1 (3.29)
c c c '

- 2Ny + Ny,
3

= Nws

While in some particular cases the desired wavelengths (or the crystal) will force us
to use a particular type of phase matching, in general several configurations will be
available, and the preferred one must be chosen to favour the nonlinear coefficient or

the desired configuration of the polarization of the different beams.

Output power

The output power from this process is calculated in the same manner as the SHG output
power, obtaining a very similar equation. Again, the reader can refer to the paper of

Boyd and Kleinman from 1968 [23] to see the original derivation.

Py 32n%d2y

—alL
T e s Mo Nan2 PP, Lh 3.30
eoc)\l/\Q)\snge Py Lh(o, 8, K, &, 1) (3.30)

As in equation (3.28), the universal constants are in S.I. units, n; are the refractive
indices for the corresponding wavelengths \; and the exponential term takes into account
the absorption of the material at every wavelength. We find again the h function (already
mentioned in the SHG process) accounting for walk-off, focusing and phase matching
effects. This function is described in the next section, and the parameters will be defined

in Chapter 5.
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Boyd and Kleinman h function

Nonlinear frequency conversion effects take place all along the nonlinear crystal. Pro-
viding the necessary conditions are fulfilled, frequency mixing will occur from beginning
to end of the given crystal, thus generating output fields at each point along the prop-
agation axis. We have already described how phase matching is needed so the output
fields interfere constructively with each other, but despite the importance of accurate
phase matching, the fields’ interference is much more complex. The input beams are
usually focused inside the crystal, since the conversion efficiency is proportional to the
photon density, and the output fields will also follow the focusing geometry (for the
particular wavelength). Moreover, walk-off is generally present, in the case of type-I
SFG affecting the output beam, effectively displacing the output fields from the optical
axis. The h function comes from calculating the coherent interference by integrating

the generated fields over the crystal length.

Boyd and Kleinman’s study, however, is limited to the mixing of Gaussian beams with
the same confocal parameter. Of course that is the ideal case, and when dealing with
separated input lasers one should aim to build the system so both beams have the same
confocal parameter, maximizing the beam overlap. In some systems, such as the one
described in this work, one input depends on the other (e.g. second harmonic, generated
by the fundamental, is directly used as input), which makes it unviable to focus them
both with the same confocal parameter. An extension of the theory of parametric
interaction of focusing Gaussian beams is therefore needed. Fortunately Guha and Falk
addressed this issue in 1980 [26], generalizing Boyd and Kleinman’s h function to input
beams with different confocal parameters. The value of h they calculated reduces to

that of Boyd and Kleinman when both beams have the same confocal parameter.

An extended description of this equation and parameters involved will be given in

Chapter 5, however we present it here for completeness. Of particular importance are
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the focusing parameters £; and &2, and the walk-off parameter B. This equation has to

be solved numerically for each set of input parameters.

_ 1
48,4

1 1
I :/ / le d22
0 JO

exp [iAKL (21 — 22)] exp | = (48%5) (21 — 22)” |
(21 — Al) (2:2 - AT) + Cl

h I (3.31a)

(3.31b)

X

While a number of plots are given in the original paper, we have implemented the
numerical calculation of the h function to be able to produce detailed estimations for
our experimental conditions, allowing for a more accurate study of the process as can

be seen in Chapter 5.

3.3.3 Optimum efficiency

Any given laser has an optimum value of output power as a result of optimum output
coupling. For this optimum output coupling the gain medium is able to handle the
output (useful) losses, giving the maximum output power possible (for a given pump
power). Considering nonlinear conversion, there should then be an optimum conversion
efficiency based on the optimum output coupling of the laser. This optimum conversion
efficiency may not be achievable in every setup, in particular in CW lasers, but it is still
interesting to calculate and keep in mind for further optimization. Considering small
conversion efficiencies and no depletion of the fundamental beam for either process, we

can relate them with the optimum output coupling as:

OC =~ n12 + n13 (3.32)
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Where OC is the optimum output coupling and 7;; the conversion efficiencies for fun-
damental to second and to third harmonic. For the fundamental intracavity laser, all
frequency conversion steps (both to second and to third harmonic) are seen as losses.
Third harmonic output is in our case the desired output, the useful loss. We can express
the conversion efficiency from fundamental to second and to third harmonic in terms
of photon energy (F;). If n; is the number of photons at wavelength \; the conversion

efficiency can be calculated as:

n2E2 2712
= === 3.33
2 n1E1 ni ( )

ng kb3 3ng
p— — — 3.34
ms == (3.34)

Since we are not interested in having second harmonic output, ideally we would like to
convert all second harmonic photons into third harmonic photons: ng = ny. Therefore

we can express equation (3.34) as:

ms = ;M2 (3.35)

Substituting in equation (3.32), we find the following ratios:

ma ~ -0C (3.36)

3
ms =~ 5OC (3.37)

Given that our laser presents an optimum output coupling close to 3 %, the optimum

conversion efficiencies for SHG and SFG can be calculated to be approximately 1.2 %
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and 1.8 % respectively. These values are far from the conversion efficiencies achievable
with an intracavity cascaded tripling system such as the one presented in this work,

especially when working in continuous-wave operation, as we will see in the next chapter.

3.4 Conclusion

Atomic oscillation of crystals and fundamental conservation laws can be exploited, by
means of birefringence, to achieve the classical impossibility of photon frequency con-
version. In this chapter we have reviewed the theory behind frequency conversion, with
particular focus on second harmonic generation (SHG) and sum-frequency generation

(SFG), the nonlinear processes used in this work.

The basic dependence of these nonlinear processes with input power, crystal nonlinear
coefficient or crystal length is readily appreciated from this introduction. However, the
amount of variables involved in frequency conversion is vast (walk-off angle, beam size,
focusing... to name a few). Their effect can be quantified in Boyd and Kleinman’s h
function and a closer look will be presented in Chapter 5, in relation to the experimental

results shown in the following chapter.
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THG results

4.1 Introduction

The quest to reach laser wavelengths outside the common emission bands of materials
began almost immediately after the first demonstration of the laser, using both non-
linear crystals and gas media to achieve frequency conversion [1-5]. Second harmonic
generation in these early days provided an efficient means to obtain visible radiation,
and doubling the 1064 nm output from a Nd:YAG crystal to achieve green emission
is still probably the most common frequency conversion process carried out nowadays.
Shorter wavelengths required further conversion, either from the second harmonic out-
put of a previous process or making use of higher (i.e. single-step third, fourth...)
harmonic generation. However the efficiency of the direct methods decreases rapidly

since they are higher order processes, as explained in Chapter 3.

Third harmonic generation (THG) by means of two consecutive nonlinear frequency
conversion steps — instead of making use of the direct, single-step, third-order process
just mentioned — was soon reported as an efficient method to achieve ultraviolet wave-

lengths [6, 7]: the third harmonic of neodymium lasers emitting at 1064 nm, 355 nm,
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fell within the near ultraviolet region, and conversion efficiency up to 30 % was reported.
A more theoretical approach was devised by Craxton [8, 9], with demonstrated higher
efficiency [10] of up to 80 %. These first implementations of THG were made outside of
the laser cavities, although sometimes making use of external resonators, with pulsed
fundamental lasers. Pulsed lasers are capable of high frequency conversion efficiencies
thanks to the high intensity pulses, well over MW /cm?, and so any kind of resonator is
not necessarily needed. Continuous-wave lasers, however, do need resonators to increase
the photon density inside the nonlinear crystal at any given time. External resonators
work well in this regard, and provide flexibility to align the input beams as required,

making it possible to greatly optimize the system.

The use of the SHG 4 SFG implementation for intracavity tripling was first shown by
Wu in 1993 [11]. The advantage of this method is the greatly reduced complexity of
the system since, apart from building external resonators, these need to be stabilized
(sketched in figure 4.1). Moreover, precise configuration is needed if the external
resonator is to confine the laser power. If we consider the single cavity system, the
intracavity power of the fundamental laser is usually very high (our system can reach over
100 W of intracavity power using only 5 W of pump power so long as intracavity losses
are kept to a minimum). Since both second harmonic generation and sum-frequency
generation can take place inside the same fundamental cavity, the simplification of the
experimental setup is considerable. Intermediate solutions have also being proposed,
as described by the theoretical study developed by Koch and Moore [12]. Despite the
high intracavity fields possible in continuous-wave operation, most of the work has been
developed with pulsed lasers [13-15], with the enormous intensities achieved simplifying
the process. Intracavity tripling in a continuous wave SDL was first demonstrated by
Shu et al. [16] with remarkable results: the authors achieved 450 mW of third harmonic

output power (A = 355nm) with 18 W of pump power.

In this chapter, a frequency tripling experiment will be described, using a red SDL

(A = 675nm) as the fundamental laser, and thus reaching deep ultraviolet emission
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Figure 4.1: Intracavity tripling vs external resonators schema. Tripling inside
the fundamental cavity greatly simplifies the optical resonator system and
makes it compact. External resonators require precise cavity length control in
order to minimize transmission losses. Stabilization loops (locking loops) are
complex systems requiring e.g. reference cavity, amplifiers or further electronics.
Required optical elements apart from gain element and nonlinear crystals are
omitted since they are usually needed in both set-ups.

as laser output, at a wavelength of 224.5nm. This is, to the authors’ knowledge, the
shortest wavelength emitted from an SDL to date, and the first implementation of

intracavity tripling in a visible SDL.

While all the aforementioned previous work provides an excellent basis from which to
build upon, we faced several difficulties caused by working with shorter wavelengths,
such as beam separation or reduced conversion efficiency, due to higher walk-off pa-
rameters or even absorption. The cavity design is of paramount importance, and far
from trivial due to the large number of factors to take into account. The nonlinear
crystals have to be carefully chosen, although the choices are very limited. Mirror and
intracavity element alignment can be a long process until the cavity is fully optimized.
Finally, the relatively low power third harmonic beam must be efficiently coupled out

of the cavity and detected.

There are a number of acronyms and abbreviations used within this chapter that will

be clarified here:
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e ‘Pump beam’, or ‘pump power’ refers to the pump laser used as the power
source for the whole experiment. It is a commercially available frequency-doubled
Nd:YVOy laser (Coherent Verdi) emitting at 532nm with a maximum pump
power of 5.5 W. This laser is focused onto the SDL gain medium to produce
population inversion. Since an uncoated diamond heatspreader is being used on
top of the SDL sample for improved cooling, the pump power reaching the sample,

which we refer to as ‘input power’, is 82 % of the pump.

e ‘Fundamental beam’ refers to the SDL oscillating wavelength of around 674 nm.
We may also refer to it, mostly when talking about beam power, as the intracavity
power. It is the only beam resonating in the cavity, and since all the mirrors are
highly reflective at this wavelength, its output power is small, on the order of a

few milliwatts.

e ‘SHG’ stands for second harmonic generation. However, we may use this acronym
to refer to the resulting beam of this process. This is a common practice in the

field.

e ‘THG’ refers to third harmonic generation, and it really refers to a particular
nonlinear process where three fundamental photons mix to produce another photon
with three times the fundamental photon energy. However, this process is usually
highly inefficient due to the small nonlinearity of the crystals available. THG
may also be used to refer to the more efficient SHG plus SFG process, resulting
in third harmonic generation as well, which is the meaning we will use here. As
with SHG, we may use THG to refer to the third harmonic beam resulting from

the process.

e ‘SFG’ stands for sum-frequency generation, and in our particular case it consists
of mixing the fundamental photons with the second harmonic (SHG) photons to

produce third harmonic (THG) photons.
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4.2 Cavity design

As previously said, the design of an SDL cavity for third harmonic generation is not a
trivial problem, since there are many factors that play a role in the particular require-

ments that the cavity needs to fulfil.

The main requirements are the three beam waists needed for the gain region and both

nonlinear process regions:

e The SDL gain structure requires a beam size of ~45 pm radius. This size provides
a good photon density while avoiding thermal roll-over for pump power up to

5.5 W, as described in Chapter 2.

e SHG requires a beam waist of ~20pm radius. This size would be the optimum
considering the size of our crystal and the fundamental wavelength, as defined by

equation (5.10).

e SFG also requires a tight focus. While the optimum beam waist is ~18 pm, this
assumes the beam size of the second harmonic can also be precisely controlled.
This, however, is not the case, since the second harmonic will be produced by
the fundamental beam in the first nonlinear crystal and will then propagate
through the cavity to reach the second nonlinear crystal. Its geometry is therefore
defined by the existing cavity, and the waist at the SFG crystal will be larger
than the optimum size. Since the second harmonic waist will be larger than
desired, the fundamental waist has to be larger as well to improve the overlap.
The calculations described in Chapter 5 suggest a beam size over 40 pm radius to

be optimal, considering the divergence of the SHG beam.
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While three beam waists may be achievable in a 4 mirror cavity, using 5 mirrors (or
even 6) gives much more flexibility to the design, allowing for more customizable beam

sizes and mirror distances.

The set-up has to accommodate the limitations that arise from working with standard
optical equipment, in particular mounting arrangements, for a proof of concept experi-
ment. A future system using custom engineered compact components will benefit from
extended flexibility for the cavity design. For the current work there are some space
constraints (as can be observed in figures 4.2 and 4.3 that need to be taken into account

when designing the cavity, such as:

e The water-cooled SDL mount is relatively bulky and no other element can coincide
in that space. The second arm of the cavity (My to Ms3) needs to be at least
~100 mm longer than the first arm (SDL to Ma).

e The dual waveplate, being in a rotational mount, needs some clearance around
the beam, making it difficult to fit in the region defined by the mirrors My — Mj.
The fourth arm (My to Ms) of the cavity should therefore be longer than the

third arm.

e While the folding angles of the mirrors are always kept as small as possible, the
SHG crystal, with beams passing on either side (it is placed in the third arm) sets

a relatively large minimum angle, narrowing the stability region of the cavity.

As described below, both frequency conversion processes use type-I phase matching,
requiring the polarization of the second harmonic to be rotated between them. This
is achieved with a dual waveplate: its effect on the second harmonic beam will be
that of a half waveplate, rotating its polarization by 90°. The fundamental beam, also
travelling through this waveplate, is not affected since the waveplate is designed as a

full waveplate at this wavelength. This intracavity element is antireflection coated for
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Figure 4.2: Schematic of a 6-mirror cavity with the required optics for intra-
cavity tripling. Mounts holding the optics would occupy extra space.
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Figure 4.3: Picture of the 6-mirror setup during intracavity tripling. SDL, M2
and BRF are at the left of the picture and not appearing in view.

both the fundamental and the second harmonic wavelengths. The schematic of this

behaviour is depicted in figure 4.4.
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Type I SHG Type I SFG

Dual wavéplate

Figure 4.4: Schematic of the function of the dual waveplate.

The third harmonic beam is extracted from the cavity by means of an intracavity
dichroic mirror. This eliminates absorption effects that would occur under transmission
through one of the cavity mirrors and it has the added advantage of simplifying the
coatings needed: placed at Brewster’s angle, the loss for the fundamental beam is low

even with no AR coatings.

4.3 Nonlinear crystals

The choice of the nonlinear crystals is critical for efficient frequency conversion processes.
Unfortunately, at ultraviolet wavelengths, the available crystals are few. The most
common ones are beta-barium borate (BaB9O4, BBO), lithium triborate (LiB3Osp,
LBO), and caesium lithium borate (CsLiBgO7p, CLBO). The nonlinear properties
of these three materials are far superior to any other available alternatives in this

wavelength range.

4.3.1 SHG

Intracavity second harmonic generation, particularly in an SDL cavity (low loss toler-
ance), is usually achieved with type-I phase matching. Type-II phase matching (eoe
configuration, due to the crystals being negative uniaxial) would add walk-off effects to

the fundamental beam, without providing any particular advantage in this case.
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Table 4.1: Nonlinear properties of the most suitable materials for SHG at 675 nm — 337 nm.

Crystal degr (pm/V)  p (mrad)
BBO 1.95 76.81
LBO 0.61 19.01
CLBO 0.58 38.07

Second harmonic generation, from a fundamental wavelength of 675 nm to 337 nm, can
be achieved in any of the aforementioned crystals. However, CLBO offers the lowest
nonlinear coefficient and a significant walk-off angle and will therefore not be considered

for this process (see table 4.1).

BBO offers a high nonlinear coefficient, allowing for stronger conversion, and it is
usually the first choice when aiming for high output power at the second harmonic.
The drawback of using this crystal is its walk-off angle, of over 76 mrad. This high
walk-off forces a compromise between tight focusing and beam quality. At the same
time it separates the fundamental and second harmonic beams (SHG beam would exit
the crystal around 300 pm apart from the fundamental beam for a 7mm BBO), which

is not ideal for SFG downstream.

For this reason we believe that LBO is the most appropriate crystal for SHG in our
particular experiment. The low walk-off angle keeps the beams closer together, while
its nonlinear coefficient, being almost four times smaller than that of the BBO, is still

one of the highest at these wavelengths.

We have chosen a 7mm long crystal: long enough to produce tens of milliwatts of

output power while not separating the beams more than a hundred of micrometres.
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4.3.2 SFG

The crystal choice for sum-frequency generation, mixing 674 nm and 337 nm to produce
224.5 nm, is very limited: BBO stands out from any other material, despite its large
walk-off, due to its high nonlinear coefficient. LBO and CLBO do not have phase-
matching at such short wavelengths, and other possible materials, such as CBBF or
RBBF, present nonlinear coefficients at least five times smaller, yet with large walk-off

angles.

It is still possible to choose the phase-matching desired (data summarised in table 4.2):

¢ Type-I phase-matching presents the largest nonlinear coefficient and a large walk-
off affecting only the third harmonic beam. It is necessary to rotate the po-
larization of the second harmonic beam, so it matches the polarization of the
fundamental (in type-I SHG it is produced with polarization perpendicular to

that of the fundamental).

e Type-1I phase-matching offers a nonlinear coefficient that is over 25 times smaller
than that of type-I phase-matching (deoe = 0.039do0e). This alone filters out
type-1I phase-matching as an option for SFG, despite the walk-off angle suffered
by the third harmonic beam in this case being considerably smaller than in the
previous case (although it adds walk-off effect to the fundamental beam). The
polarization of the input beams would not need to be modified prior to this
nonlinear process, reducing one intracavity element. However, all the advantages
that this configuration presents are not capable of compensating for the lower
nonlinear coefficient, since the dependence of output power is quadratic with the
nonlinear coefficient ( Py d2). Moreover, as we will see in Chapter 5, the walk-
off affecting the fundamental would cause a reduction of 5 times the maximum
value, while the losses in the intracavity power produced by the waveplate are

negligible in comparison.
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Table 4.2: Comparison of type-I and type-II SFG tripling from 675 nm in BBO.

Crystal deg (pm/V) p (mrad)
BBO: type-1 PM 1.55 82.60
BBO: type-1I PM 0.06 22.33 (w) — 28.83 (3w)

It is important to realise that BBO presents some absorption at 224.5 nm, the absorption
coefficient being (o = 0.12cm™!). This produces absorption of 6 % over the length of
our crystal (5mm). The crystal length of 5mm was chosen as a compromise between

beam absorption, conversion efficiency and beam interaction length.

4.4 Optical elements characterization

Every optical element placed intracavity will cause losses to the fundamental intracavity
power, and great attention should be given to antireflection coatings on each surface.
Our system includes a birefringent filter, two nonlinear crystals, a waveplate and a

dichroic mirror; all inside the cavity resonator.

Some elements, as in the case of the birefringent filter and the dichroic mirror, are
placed at Brewster’s angle, which minimizes the reflection losses for horizontal polar-
ization. The SDL sample has been positioned for optimum performance for horizontal
polarization (the SDL gain is nominally unpolarized; however, small effects due to
slight birefringence in the clamped semiconductor/diamond composite can result in
an optimal rotation angle). The Brewster elements therefore actively force the laser
polarization to be horizontal by causing intolerable losses to any other polarization.
The rest of the optical elements rely on the quality of the antireflection coatings to

minimize the losses caused to the laser.

We have carried out several power transfer measurements and a Caird analysis [17],

described already in Chapter 2, to evaluate the losses added by both auxiliary elements
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Table 4.3: Mirror measured output coupling values and its inverse.

Nominal OC Measured OC 1/0C
1% 0.667 % 141.443
2% 1.498 % 65.020
3% 2.398 % 41.017

No extra elements
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Figure 4.5: Power transfer for an empty 3 mirror cavity. This is the base cavity
for the following measurements.

(dichroic mirror and dual waveplate), together with an analysis of the empty cavity
(no extra elements) for comparison. Figures 4.5 to 4.7 show the effect of adding the
dichroic mirror and the dual waveplate to a 3 mirror cavity, using the output couplers
enumerated in table 4.3. The final OC value (or its inverse) takes into account a 0.04 %

T folding mirror.

We can use these data to carry out the Caird analysis (figure 4.8), using the absorbed
power slope efficiency and the output coupling of the cavity to find out the intrinsic slope
efficiency and the round-trip cavity loss. The resulting data, summarized in table 4.4,

show similar cavity losses in the empty cavity and when introducing the dichroic mirror.
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Figure 4.6: Power transfer for the 3 mirror cavity with the dichroic mirror
placed inside.
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Figure 4.7: Power transfer for the 3 mirror cavity with the dual waveplate
placed inside.
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Figure 4.8: Caird plot: inverse of the slope efficiency (eff) as a function of the
inverse of the output coupling (OC).

Table 4.4: Summary of data from figure 4.8 and calculation of the parasitic losses.

Setup o Loss
No extra elements 0.213 0.01
+ DM 0.199 0.01
+ DW 0.330 0.03

The dual waveplate, however, triples the losses. This will of course have an impact
on the maximum intracavity power that we will be able to achieve, thus reducing the

conversion efficiency of the nonlinear processes.

4.5 Experimental setup

The laser cavity will have some fixed features not dependent on its particular geometry,
mostly described at the beginning of this chapter. We enumerate them here as a

reminder and refer the reader to figure 4.9:
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HT@675 Waveplate
[ HT@337 ~ | HTI@675 Dichroic mirror
HT@337 HT@675
SHG crystal SFG cyrstal HE%%%
_ ]
Mirror M3 Mirror M, HT@675 Mirror Mg
HR@675 HR@675 — HT@337 HR@675
HT@337 HR@337 HT@337 — HT@337

Figure 4.9: Intracavity tripling scheme: black lines correspond to mirrors.
The mirror reflectivity and transmittance minimum requirements are explicitly
described. The fundamental beam resonates inside the cavity, which produces
SHG in both directions. Resonating the SHG beam is not trivial, and will
be discussed in section 4.5.6. This drawing omits laser gain, in our system
happening in the same cavity. For simplicity a 5-mirror cavity is considered
here, refer to figure 4.14 for a full cavity drawing.

SHG is achieved inside a 7-mm long LBO crystal, producing a beam at 337 nm propagat-
ing forward, nearly collinear with the fundamental beam. The faces of this crystal are
anti-reflection coated for fundamental and second harmonic. While all cavity mirrors
are high reflective for the fundamental beam, mirrors between SHG crystal and SFG
crystal need to reflect both fundamental and second harmonic beams, and therefore are

also high reflective for SHG wavelength (R > 99 %).

Due to the resonance of the fundamental beam, SHG beam is produced in both forward
and backwards directions. In the current set-up, the backwards propagating SHG is

coupled out from the cavity via Mg, coated for high transmission at this wavelength.

As mentioned above, SHG occurs with type-I phase matching and, since SFG also utilises
type-I phase matching, a dual waveplate is placed after the SHG crystal to rotate the
polarization of the second harmonic beam parallel with that of the fundamental (90°
rotation). It also acts as a full waveplate for the fundamental beam, leaving it unaffected.

This element is highly transmissive for the fundamental and SHG beams.

SFG is achieved inside a 5-mm long BBO crystal, producing a beam at 224.5 nm prop-
agating forward. The limitations of current coating technology mean that it is not

feasible to coat the crystal for simultaneous antireflection at all three short wavelengths.
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For this reason, the input face of the crystal is AR coated for the input beams, funda-
mental and second harmonic, but not for the third harmonic beam (it will not travel
through this face, in principle). The output face of the crystal is AR coated for the

fundamental and the third harmonic.

The third harmonic beam is extracted from the cavity using a dichroic mirror, positioned
at Brewster’s angle, antireflection coated for the second harmonic and highly reflective
for the third harmonic (R > 99.9%). Its placement at Brewster’s angle ensures high
transmission for the fundamental beam, removing the need for AR coating at this

wavelength.

4.5.1 O6-mirror cavity setup

The particular conditions required by this experiment to work, as described at the
beginning of this chapter — together with the limitations in the available cavity designing
software (WinLase), which makes finding a good cavity a ‘trial and error’ search —
provided the motivation to look for a simple-to-find cavity design with 6 mirrors, so the
beam geometry would alternate between focused and collimated in the different cavity
arms. In parallel, a script was developed that would automatize the design of laser

cavities in order to overcome the limitations of the previous cavity designing software.

The 6-mirror cavity, sketched in figure 4.10, provides two segments with a nearly
collimated beam, in which we will position the BRF and the waveplate. SHG occurs
between Mg and My, with My and Mg being highly reflective for UVA. SFG occurs
between M5 and Mg. The last mirror is highly transmissive for UVA, since the second
harmonic should not go back through the cavity to avoid unwanted conversion: since
both fundamental and SHG beams would be traveling backwards through the SFG
crystal, frequency conversion would take place producing a non-useful THG beam
(considering that another dichroic mirror would be needed for extraction of this other

beam), thus increasing losses for the fundamental and SHG. The beam size at the
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Figure 4.10: Schematic diagram of the 6M SDL frequency-tripling cavity. All
abbreviations are defined in the main text.

gain structure is ~40 pm radius, while in the nonlinear crystals is ~15pm and ~40 pm

respectively.

A solarization-resistant optical fiber, suitable for deep-UV operation, has been used
together with an Avantes CCD spectrometer to measure the spectrum of the extracted

beam.

4.5.2 6-mirror cavity results

Figure 4.11 shows the first measurement of the emission spectrum of the laser radiating
in the deep UV, with the third harmonic centred at 224.5 nm. This is the shortest
wavelength emitted from an SDL to date via the first implementation of intracavity
frequency tripling in a visible SDL. It is also possible to observe the second harmonic
peak at 337 nm, together with some noise produced by the fundamental beam (due to
saturation of the CCD camera). This spectrum was measured using an Avantes CCD

spectrometer with resolution of 0.4 nm.
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Figure 4.11: First spectrum showing generation of the third harmonic from a
visible SDL.
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Figure 4.12: Spectrum showing generation of the third harmonic from a visible
SDL. The noise has been reduced by careful isolation of the THG beam.

It is difficult to measure the third harmonic power due to the low efficiency of the

process. Even extracting it with a dichroic mirror, the fundamental beam reflected
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here (a very small percentage of the intracavity power) is still much larger than the
THG power. Using a pinhole, together with a set of dichroic mirrors filtering out the
fundamental and careful optimization of the system, we were able to greatly reduce the
fundamental light overlapping the third harmonic and increase the signal to noise ratio,
allowing for a cleaner spectrum (figure 4.12). The linewidth of the third harmonic peak

is ~1 nm.

The wavelength can be tuned between 224.0 nm and 225.8 nm, as shown in figure 4.13,
by rotating the BRF and adjusting the phase matching angle of both crystals to the new
optimum position. The realignment of the crystals to match the BRF wavelength is
complicated and usually causing the output power to be greatly reduced when moving
away from the maximum. The dual waveplate also contributes to the diminishing of
the power since it is designed to work at a fundamental wavelength of 674 nm, which
yields a third harmonic wavelength of 224.5nm. We can see that the tuning range is
centred on this particular wavelength. As will be shown in section 4.5.4, in the 5-mirror

cavity the tuning range is still centred on 224.5nm, but is slightly broader.
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Figure 4.13: Normalised UVC output power of the laser as the wavelength

is tuned by rotation of the birefringent filter. The tuning range is 350 cm™*.
Power quickly drops away from the central wavelength.
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4.5.3 5-mirror cavity setup

At this point, our script for automatizing the cavity search was ready and we were able
to find stable solutions for a 5-mirror configuration with close-to-desired beam sizes.
Further development has led to a ready to use program called SimCav, described in

Appendix A.

The new laser setup consists of a 5-mirror cavity designed with 3 beam waists: at the
SDL (43 pm radius), LBO crystal (~15 pm radius) and at the BBO crystal (~40 pm
radius) respectively. Tight waists have been chosen to ensure high power densities
and thus favour higher conversion efficiencies. All mirrors have high reflectivity at the
fundamental wavelength (R > 99.9 %). Mirror My is again HR coated for the second
harmonic. My is this time HT for this wavelength, as is Mg.

Pump
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Figure 4.14: Schematic diagram of the 5M SDL frequency-tripling cavity (SFG setup). All abbreviations
are defined in the main text.
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Npg=Npg(W)

Figure 4.15: Pellin Broca prism effect in two coaxial beams incident at Brew-
ster’s angle. At the exit of the prism both beams are spatially separated and
travelling with a different angle.

Pellin Broca prism

We overcame the previous issue of overlapping fundamental and UV output beams
using a Pellin Broca prism to separate the beams reflected by the dichroic mirror. The
difference in the angle of deviation is enough to achieve centimetre-separation between
the beams. Separating the beams also allows for observation of the THG beam, by
means of using a fluorescent card, thus easing the alignment of optical elements. As can
be seen in figure 4.15, a beam travelling through the prism will undergo refraction and
reflection until it exits with a 90° angle from the initial direction. Different wavelengths

will present different refraction angles, thus modifying the final direction.

The drawbacks of this method are two-fold:

o The material of the prism is fused silica, which presents some (little) absorption

at 225 nm.
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o It is designed to work at Brewster’s angle (so the output direction is perpendicular

to the input direction).

Regarding the material, fused silica absorbs in the UVC band, so the prism has a
transmittance of 98.8 % for 10 mm at 224 nm (excluding Fresnel loss), with an absorption
coefficient of oy = 0.01165cm~!. The distance the light travels inside the prism has
been estimated as 38.6 mm, and so the transmittance of the prism for our beam will be

approximately 95.6 %.

However this takes us to the second drawback: the prism is designed to be positioned
at Brewster’s angle for horizontal polarization, while the polarization of our THG beam
is vertical. The Brewster’s angle is 56.66°. Since the prism facets are not antireflection
coated, according to Fresnel equations this causes 15.8 % reflection loss for the input
THG beam. Considering the angle evolution as depicted in figure 4.15, the angle of
incidence when exiting the prism is 34.14°, and this causes an extra 17.5% reflection

loss.

The final transmission will therefore be Tprism = (1 — Rg;)Tp(1 — Rs,) = 0.66. We are
also using a lens of the same material to keep the laser focused, which has a calculated
transmission of Tiens = 0.91. The total transmittance of the imaging system is then

Tsystem = Llens - Tprism = 0.60, or 60 % of the produced THG.

4.5.4 5-mirror cavity results

This cavity has proven to be more reliable than the previous one given the larger
stability range that permits better mirror positioning and alignment, also improving
the beam quality (TEM() is desired for optimal conversion efficiency in the nonlinear
processes). This helps to achieve higher intracavity power, thus improving all the

nonlinear processes and obtaining higher output powers.
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Figure 4.16: Schematic diagram of the 5M cavity set for SHG operation (SHG
setup).

SHG setup

The SHG performance must be fully optimized before moving to the next step. Good
conversion efficiency for this process ensures higher input power available for conversion
in the SFG process. While the cavity will be modified with the inclusion of the second
nonlinear crystal (also, to a lesser extent, by the dual waveplate and dichroic mirror)
this modification affects mostly the positioning of My and beam size in the last arm of

the cavity, leaving the SHG segment unaffected (figure 4.16).

Thanks to the optimized design of the cavity and precise alignment of the cavity
elements, we have managed to obtain a total SHG output power over 120 mW and 0.2 %
conversion efficiency from intracavity power. This result has been obtained with LBO,
whose nonlinear coefficient is 4 times smaller than that of BBO at these wavelengths,
for which the maximum conversion efficiency previously reported is under 0.6 % for a
similar configuration [18]. As can be observed in figure 4.17a, the intracavity power
reaches over 60 W. While not as high as that achieved in the 3-mirror cavity with
fundamental-only operation, it is still a high fundamental power that allows for a high

SHG output power. Since the performance of the SDL with nonlinear output coupling
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Figure 4.17: Intracavity power (a) and SHG power (b) as a function of the input power. The SHG
power measured is in a single beam, representing half the total SHG produced.
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Figure 4.18: SHG power versus fundamental intracavity power, showing the
expected quadratic behaviour.

does not follow a linear increase with pump power, the SHG power with respect to
this same pump power does not follow a quadratic evolution. Plotting the SHG output
power as a function of the intracavity power shows the expected quadratic behaviour,

in accordance with the theory (figure 4.18).
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Figure 4.19: Intracavity power (a) and SHG power (b) as a function of the input power. The SHG
power is single beam, meaning half the total SHG power. The two different curves correspond to the
SHG setup (analysed in the previous section, shown for comparison) and SFG setup of the cavity, as
described in the text.

SFG setup

Once the dual waveplate, the SFG crystal and the dichroic mirror are inserted, we can
see in figure 4.19a how the intracavity power has now decreased by 60 %. Note that
in this particular case the SFG crystal is purposely aligned for no phase matching so
no frequency mixing process takes place, thus avoiding any possible depletion. The
new SHG output power has also decreased to 60 % figure 4.19b of the previous value,
which is not as much as expected given the quadratic dependence of the SHG with the

fundamental intracavity power.

As we can see from figure 4.20, the conversion efficiency from intracavity power to SHG
power is slightly increased, perhaps indicating better alignment of the crystal in terms
of phase matching and/or positioning at the waist. Note that the inclusion of the new

intracavity elements modified the geometry of the cavity, thus changing the beam sizes.

Unfortunately, and as clearly shown in figures 4.19a and 4.19b and figure 4.20, the
dramatic drop of the intracavity power greatly reduces the overall (pump to SHG)
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Figure 4.20: SHG total power as a function of the intracavity power for the

SHG and SFG setups. Although the intracavity power is reduced in the SFG
setup, the SHG conversion efficiency has been further improved.

efficiency of the SHG process, which has changed from almost 3% to close to 1%, as
shown in figure 4.21. The reduced intracavity and SHG power available will have a
negative impact in the conversion efficiency of the following SFG process, whose output

power is directly proportional to the power of the input beams.

In conclusion, even if there is not much we can do to deal with the losses caused by
all the intracavity elements required, it is important that we carefully design and align
the cavity to maximize its potential. This will help to maintain an optimal conversion
efficiency and therefore increase the fundamental and SHG power available for sum-

frequency mixing.

We now move on to the next step, and align the SFG crystal at the correct phase

matching angle so the sum-frequency generation process takes place.
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Figure 4.21: Input power to SHG power conversion efficiency. The decrease of
this efficiency is caused by the decrease of the intracavity power.

Results

The new spectrum of the laser output shows that this time the third harmonic is the
only beam coupled into the fibre (figure 4.22), thanks to the separation introduced
by the Pellin Broca prism. The linewidth of the third harmonic beam is again ~1
nm. Also, this separation of the THG beam from the fundamental or unwanted SHG
reflections makes it easier to recognize when SFG is actually taking place, by means
of using a fluorescent card that allows direct eye detection over a threshold. The new
cavity provided enough THG output power for this threshold to be easily reached.
This allowed for better alignment of optical elements. The output beam was carefully
isolated from other light sources, such as the fundamental beam reflections or the pump

scattered light (very bright in comparison).

The THG power was now high enough to be measured with an optical power meter,
and we were able to produce a power transfer curve. In figure 4.23 we have plotted the

THG output power vs the input power. As can be seen in equation (5.12) the THG
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Figure 4.22: THG output spectrum, with linewidth of ~1 nm. SHG signal is

no longer present due to the use of the Pellin Broca prism (see inset). The
resolution of the spectrometer is 0.4 nm.

power is proportional to the power of the fundamental and the power of the second
harmonic. Since the SHG power is proportional to the square of the fundamental power,
the THG should be proportional to the cube of the fundamental intracavity power.
This intracavity power is usually proportional to the input power, so the dependence
of the THG power with the input power should be cubic as well. This is no longer true
when the intracavity power deviates from linear behaviour, as, for example, that caused

by thermal roll over.

781nW of THG output power were produced with 4.5 W of input power, as shown
in figure 4.23. The intracavity power for maximum input is estimated to be under
30 W. The SHG power is estimated to be between 20 and 30 mW per beam, although
only the forward propagating beam is contributing to the SFG process in the current
configuration. The laser threshold (for the fundamental wavelength) is at 1.1 W of input
power. However the THG is not detectable below 1.6 W of input power. The SHG to

THG efficiency is calculated to be 0.5%. This conversion efficiency is limited mainly
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Figure 4.23: THG output power as a function of the input power. Almost
80 W of power is obtained at 224.5 nm.
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Figure 4.24: Normalised UVC output power of the laser as the wavelength
is tuned by rotation of the birefringent filter. The tuning range is 350 cm™!.
Contrary to the 6-mirror cavity tuning curve, the power is much more stable
around the central peak.

by the divergence of the beams and by the walk-off induced by the nonlinear materials,

and will be studied in detail in Chapter 5.
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Figure 4.25: Change in polarization of fundamental (red) and SHG (blue)
beams when the dual waveplate is rotated out of the central position.

As in the 6-mirror cavity, we can tune the output wavelength of this laser by rotating
the BRF and reorienting both nonlinear crystals for good phase matching alignment.
The tuning range in this case is 223.8 nm to 225.6 nm (figure 4.24), corresponding to a
fundamental wavelength range of 5.4 nm. This particular SDL is capable of a tuning
range of 10 nm without nonlinear conversion. Nevertheless, 1.8 nm tuning in the UVC

1

corresponds to a tuning range of 350 cm™", comparable with typical tuning ranges of

SDLs at other wavelengths [18-22].

The dual waveplate is designed to work at 674nm / 337nm, and its performance
is reduced when the wavelength is tuned away from these values (as can be seen
in figure 4.25). While it works within a region around the central wavelength, the
polarization mismatch caused seems to be limiting the tuning of the laser. A tunable
dual waveplate, e.g. featuring variable thickness, should allow for an extended tuning

range, potentially over 3nm (around 600 cm~1).
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Figure 4.26: Power transfers on the 6M cavity (a) and 5M cavity (b) showing the effect the addition of
intracavity elements has on the intracavity power. Blue and pink curves depict the same intracavity
elements in both graphs.

4.5.5 Comparison of 5- and 6-mirror cavity set-ups

Figures 4.26a and 4.26b show the intracavity powers achieved in the 6 mirror cavity
and the 5 mirror cavity with the inclusion of the intracavity elements. In both cases,
this addition produces a dramatic loss of intracavity power. We should note that the
pump power used for the 6 mirror cavity was not yet as high as it could be, since this
was the first time using such amount of power on the sample. The optimization of the
cavity is therefore different from optimization at high power, obtaining lower threshold
powers. From the evolution of the slopes of the linear curves we can appreciate the
effect of the added losses to the cavities. As seen from the most relevant blue and pink
data, the slopes are similar, suggesting that the conversion efficiency should be similar
in both cases (for equal pump power). If this was the case we should have been able to
measure THG power over 20 pW in the 6 mirror cavity. We suspect that this difference
may be caused by the way the beams overlap within the crystal, discussed in detail in

Chapter 5.

138



4.5. Experimental setup Chapter 4. THG results

SDL

Fundamental M,
M; BRF A=674 nm HR@674
movs g
External mirror  HT@337 M
4

HR@337 HR@674

HR@337

Dichroic mirror
HT@674
HT@337
HR@225

Second harmonic

A=337nm
Waveplate

HR@337

Third harmonic
A=224.5nm

Figure 4.27: 5-mirror cavity with an added external mirror after M3, reflecting
back into the cavity the previously lost SHG backwards beam.

4.5.6 Further improvements

All the aforementioned experiments make use of the forward-propagating SHG beam
to produce frequency conversion but, since the SHG process is produced in a resonant
cavity, a second, backwards-propagating SHG beam is also generated. In the previous
experiments, said backwards-propagating beam is not used, effectively meaning a loss
of 50 % of the available SHG power. New mounts for the optical elements will allow the
use of an external mirror (positioned behind M3, as shown in figure 4.27) to reflect this
previously wasted SHG beam back into the cavity, with mirror steering for optimum
adjust. With this simple setup we can easily block the external mirror to revert to the
original system, and unblock it to retroreflect the secondary SHG beam. The effect of

this new configuration, reflecting back the second SHG beam, can be seen in figure 4.28.

Unfortunately, the bmm-long BBO crystal had undergone degradation before the im-
plementation of this experiment. We note that the intracavity power is nearly half
that of the previous results. The conversion efficiency has also dropped, since this
laser previously achieved roughly eight times more output power for such a level of

intracavity power. Nevertheless, we can observe how the THG power achievable with
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Figure 4.28: THG output power as a function of the intracavity power com-
paring the system with (red circles) and without (black squares) an external
SHG reflecting mirror. Use of both SHG beams doubles the achievable THG
power.

the retroreflection setup (with the external mirror sending back the other SHG beam
that was previously lost) is twice the power obtained with the single beam setup. Due
to the degradation in the BBO crystal we cannot compare this result with that reported

in section 4.5.4, but the available data is promising.

Previous systems [16] have reversed the order of the crystals in the cavity, producing
SHG near the last mirror of the cavity and directly reflecting it (together with the
fundamental). While this is the ideal method (see figure 4.29), it is difficult to implement
when large values of the walk-off angle are present. The second SHG beam suffers
deviation from the optical axis twice, as it passes back and forth through the SHG
crystal, and the reflecting mirror, being part of the cavity resonant for the fundamental,

cannot independently compensate for this. Having the SHG reflecting mirror separated
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Figure 4.29: Tripling cavity in reversed order. The location of the SHG crystal
at the end of the cavity allows for easy reflection of the forward propagating
SHG beam, so the total SHG is directed into the SFG crystal. Since M5 is
part of the cavity, correction on the SHG beam alone is not possible, thus
presenting an issue if large walk-off values are present on the second harmonic
stage.

from the cavity allows for beam steering, compensating the walk-off drift and optimizing

the path for improved mixing.

4.6 Conclusion

This result is, to the authors’ knowledge, the shortest wavelength ever achieved with an
SDL, and the first implementation of intracavity tripling from a visible SDL. The system
offers continuous wave laser operation in the deep UV region of the electromagnetic
spectrum, with an output power of 78 ptW at 224.5nm and tunable over a range of
350cm~!. The setup is compact, as compared with other systems offering CW, UVC
laser emission (e.g. [23, 24]), thanks to the short fundamental wavelength and the

intracavity scheme used for frequency conversion.

AlGalnP-based (red) SDLs are a relatively immature laser technology, with efficiency

improvements still regularly reported (see e.g. 2.5 W output power reported by Mateo et
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al. [25]), meaning a significant increase of the fundamental power is potentially available
with an associated increase in frequency conversion efficiency. Given the cubic depen-
dence of the third harmonic output power on the fundamental intracavity power, deep
UV on the order of several milli-Watts is feasible. In addition, semiconductor bandgap
engineering has shown that AlGalnP-based SDLs can offer fundamental emission over a
50 nm range around 665 nm, thus offering access to the 213 — 230 nm range with similar

set-ups.

Chapter 5 describes an investigation of the power limitations of the current set-up,
presenting a study of the evolution of the beams inside the cavity and their overlap
within the SFG crystal, and using the available nonlinear frequency conversion theory

to calculate the expected performance of this system.
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Interpretation / modelling

5.1 Introduction

This chapter aims to study certain theoretical aspects of the THG experiment discussed
in the previous chapter, acting as a complement and helping us to increase our un-
derstanding of the limitations of the conversion processes taking place. The chapter
is divided in two main sections: beam propagation and power estimation; with a last

section suggesting alternatives to optimize the system based on what we have learned.

5.2 Beam propagation

Calculating the beam geometry inside a laser resonator is essentially straightforward
when dealing with a single, fundamental beam inside a laser cavity: any resonator
software may be used to calculate the beam profile at every point within the cavity.
Accurate estimation of the beam profile within complex cavities with narrow stability

regions is, however, more difficult since a small variation in the distance between mirrors

147



5.2. Beam propagation Chapter 5. Interpretation / modelling

(e.g. 1 mm) can lead to a large variation in the beam waist of the laser beam (e.g. tens of
micrometres). This is of paramount importance when carrying out frequency conversion
experiments, since the conversion efficiency is inversely proportional to the square of

the beam waist, highlighting the importance of careful optimization of the process.

Intracavity tripling via SHG plus SFG adds complexity when trying to ascertain the
beam sizes, since the second harmonic beam, output of the SHG process and input of
the SFG process, cannot be calculated with the aforesaid method. Its initial geometry
will be determined by the geometry of the fundamental beam inside the SHG crystal
and the conversion process, while its evolution obeys beam propagation rules through
the cavity mirrors (aligned for optimum fundamental operation). This section will cover
the generation and propagation (in terms of geometry) of the second harmonic beam,
study the beam geometry in our experimental cavities and try to describe the resulting

alignment challenges for intracavity tripling.

5.2.1 Initial state of the second harmonic beam

An intuitive way of visualizing the SHG process is the fundamental, Gaussian beam
generating second harmonic Gaussians at every point of its beam path inside the
crystal. These second harmonic waves will interfere with each other, constructively
in the optimum case, to produce the final second harmonic beam we observe outside
the nonlinear crystal. If the second harmonic polarization is extraordinary all the
components will suffer walk-off, deviating from the optical axis depending on the length
of the crystal they have to travel through. The interference results in a distorted
Gaussian beam at the exit of the nonlinear crystal. This process was extensively
studied by Kleinman et al. [1], obtaining an expression for the external harmonic field

that we reproduce in the modern form proposed here [2]:
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In this equation, the «a; coefficients correspond to the absorption suffered by each beam
inside the nonlinear crystal, p is the walk-off angle, n the refractive index (equal for
both wavelength for phase-matched SHG), deg is the nonlinear coefficient and L, the
length of said crystal. The coordinates z, y define the position with respect to the
optical axis and z is the coordinate along the optical axis, with z = 0 at the beginning
of the crystal. Ak corresponds to the phase mismatch, while k; are the wavevectors.
Finally, Ey is the amplitude of the fundamental field, wy the beam waist radius and b

the confocal parameter.

Applied to our experimental setup, where the fundamental beam has a beam waist of
14 pm radius at the centre of the SHG crystal, we can calculate the resulting beam
profile at the exit of said crystal. The fundamental profile is calculated by Gaussian
propagation, while the profile of the second harmonic is calculated with equation (5.1).

Both beam profiles at the exit of the SHG crystal are plotted in figure 5.1.

The profile of the second harmonic is a distorted Gaussian: the distortion occurs on
the side affected by walk-off; the right side of the second harmonic profile is Gaussian.
The Gaussian fit is utilised as the theory used in the following section is developed for

Gaussian beams.
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Figure 5.1: Beam profiles at the exit of the SHG crystal. A Gaussian profile
has been fitted to the SHG beam, in order to define the beam size. The beam
profiles correspond to the vertical section, which is the direction of effect of
the walk-off. The zero corresponds to the optical axis of the cavity, on which
the fundamental beam is centred.

5.2.2 Ray transfer matrix analysis

Ray transfer matrix analysis, also known as ABCD formalism, is a simple yet powerful
technique to propagate light rays (off axis) or Gaussian beams (on axis) through an
optical system. A detailed analysis can be found in the literature [3]. The Gaussian
beams are defined at any given point z by a complex beam parameter ¢(z), expressed

as:

11 i)
Q(Z) B R(Z) 7an2(z) (5.3)

R corresponds to the radius of curvature of the beam wavefront at the given distance z,
g is the vacuum wavelength, n the refractive index of the medium and w the beam waist

(radius). It can be also defined in terms of the Rayleigh length and cavity distances:
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q(z) = (2 — 20) + izR (5.4)

Where zj is the position of the beam waist and zp the Rayleigh length.

The matrices of the optical elements are two dimensional (having four components,
hence the ABCD name), and the most common are shown in table 5.1. Matrices of
several optical elements can be multiplied to obtain the matrix of the total system.
In fact, resonator stabilities are usually calculated with this method. The evolution
of a given beam characterized by its complex beam parameter (¢q;) can be studied by

applying the system matrix to it:

Aqi + B
©Q=AF """ (5.5)
Cq1+D
Table 5.1: Most common ABCD matrices [3].
Propagation in a medium of Refraction at a flat Reflection from a flat
constant refractive index interface mirror
1 d 1 0 10
01 0 1% 0 1
. Refraction at a curved Reflection from a curved
Thin lens . .
interface mirror

1 0 1 0
=1 1 ni—nz ni
f Rno na

While this method deals exclusively with on-axis beams, it can be generalized to work
with off-axis beams, as in our case, by means of order 3 matrices [4]. The drawback of
this approach is, of course, an increased complexity of the method. It is for this reason
that we instead make use of a different and indeed useful analytical tool for optical

processes: Fourier analysis.
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5.2.3 Fourier optics

Fourier analysis has been successfully applied to many different physical problems
with excellent results, and the field of optics is no exception. This method, based on
the fundamental concept of representing a general function as the integral of simpler
trigonometric functions, offers an excellent approach to beam propagation (among other
problems), in particular in the case of off-axis beams. The propagation of a (Gaussian)
beam within an optical system becomes significantly simpler in our case, comprising
nothing more than free space and mirrors (an interface between two media has to be
considered as well for evaluating the propagation inside the SFG crystal). Fourier
analysis is described in detail elsewhere (see e.g. [5]), thus this section is limited to

articulating the objects of interest to this work.

An optical wave can be expressed in the Fourier domain by means of its Fourier trans-
form. Changing the domain can simplify certain operations. In particular, the Fourier
transform of a beam displaced in space equals the Fourier transform of the original

beam multiplied by the propagator function H(z,o, \):

2
H(z,0,)) = exp (i;z\/l - )\202> (5.6)

In this equation z is the propagation distance and o the spatial frequency in the Fourier

domain. The wavelength is defined as A = A\g/n.

The focussing effect of the curved mirror is taken into account by applying a spherical

phase:
imra?
T(x,\) = exp ()\R> (5.7)
2
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Here, the focusing distance has been substituted by half of the mirror radius, as described

by the paraxial approximation (f = R/2).

5.2.4 General propagation

Both methods mentioned give similar results when applied to our system. The Fourier
approach was used because its treatment of off-axis beams is more straightforward than
that of the matrix method. The Gaussian beams plotted in figure 5.1 are now the input
for the Fourier algorithm, and will be propagated through both 6-mirror and 5-mirror
cavities to obtain their geometry inside the BBO crystal, where the SFG process takes

place.

The propagation process itself is similar in both 6-mirror and 5-mirror cavities:

1. We take the output beams from the SHG crystal and propagate them using

equation (5.6) through distance ds until we reach mirror Mj.

2. Equation (5.7) is then used to compute the reflection on mirror Mjy.

3. As in the first step, the beams are propagated through distance dy.

4. In the 6-mirror cavity, propagation through one more mirror and distance has
to be considered before arriving at the SFG crystal, while in the 5-mirror cavity
the SFG crystal is after distance d4, as can be seen in figures 4.10 and 4.14. In
both cases the BBO crystal for SFG is positioned at the waist of the fundamental
beam. The SHG beam focuses at a different distance from the mirror due to the
different angle of divergence. This would not be the case if both beams had the
same confocal parameter, but the walk-off suffered by the SHG beam modifies it,

as the output beam will be composed by a superposition of Gaussian components.
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Figure 5.2: Beam profiles at the centre of SFG crystal in the 5-mirror cavity.

SHG beam has separated from the cavity axis during the propagation from
the SHG crystal.

5. We now calculate the geometry of both beams for every point inside the SFG
crystal, so we can observe the evolution of the beam sizes, position and overlap

within said crystal.

As seen in figure 5.1, the maximum intensity of the SHG beam starts located 40 pm
away from the optical axis of the cavity, where the fundamental beam is centred. The
effect of walk-off on the beam shape is visible on the left side of this profile, which is
wider and exhibits additional features. At the exit of the crystal the fundamental beam

size is 35 pm radius, while the beam size of a Gaussian fit of the SHG is 50 pm radius.

Propagation through the 5-mirror cavity

Propagating the beams over our 5-mirror cavity yields a detailed vision of the beam

geometry inside the SFG crystal. We have depicted in figure 5.2 the fundamental and
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Figure 5.3: Fundamental and SHG beam paths inside SFG crystal in 5-mirror
cavity configuration.

SHG beams (together with a Gaussian fit of the SHG beam) at the centre of the SFG

crystal.

The propagation of the fundamental beam shows a beam waist of 40 pm radius, in
agreement with the value obtained when designing the cavity, as described in the
previous chapter. The Gaussian fit of the SHG beam has a beam waist of 91 pm radius.
While the focusing size of this second beam should ideally be tighter, the limitations
in the cavity design make it difficult to improve it. In exchange, both beams are, if
not collinear, at least close to parallel (with the SHG optical path presenting an angle
of only 0.4mrad), as can be seen in figure 5.3, where the optical path (defined by the
position of the peak of each beam) has been plotted.

This parallelism is crucial since we have chosen our crystal to be cut for SFG with parallel
beams. It is worth mentioning that, although there are a number of publications dealing
with noncollinear phase matching, they refer to crossing beams, rather than noncollinear,

parallel beams. We have not been able to find any study on noncollinear parallel beams,
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probably because type-I phase matching for SHG at longer wavelengths, typically 1064
nm to 532nm or longer, offers a much smaller walk-off angle (especially in LBO: p <
10 mrad) between the fundamental and the second harmonic beam. With such small
walk-off angles the separation between these beams, which are the input for the SFG

process, is negligible.

Propagation through the 6-mirror cavity

The first thing we notice when examining the beam profiles inside the BBO crystal in
the 6-mirror cavity configuration (figure 5.4) is that both peaks are separated a shorter
distance than in the 5-mirror cavity: 45 um. The beam size of the fundamental beam is
again 40 pm, while the SHG beam presents a much tighter focus as compared with the
previous cavity configuration (36 pm). The extra optical arm and mirror in this cavity
(as compared with the 5-mirror cavity) allow for more control over the geometry of the
beams. It is then possible to make the SHG beam to cross the fundamental beam closer

to the point where they focus.

The drawback of this approach is that the angle between these beams is large (6 mrad
in our case) as can be seen in figure 5.5. Having a large angle between the beams
is far from ideal, given that our SFG crystal is cut for type-I phase matching with
parallel beams. This noncollinearity can be taken into account [6], obtaining a phase-
mismatching Ak - L ~ 9 and thus dramatically reducing the SFG process efficiency (for
the previous case of 0.4 mrad in the 5 mirror cavity Ak - L < 1, with a much smaller
effect on the conversion efficiency). How the SFG process is affected by phase matching

can be found in figure 5.12.
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Figure 5.4: Beam profiles at the centre of SFG crystal in the 6-mirror cavity.
The beams are much closer in this configuration as compared with the 5-mirror
cavity.
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Figure 5.5: Fundamental and SHG beam paths inside SFG crystal in 6-mirror
cavity configuration.
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Vertical axis

>
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Figure 5.6: Overlapping beams decomposed in horizontal and vertical compo-

nents. This drawing shows that the overlap mismatch happens in the vertical
axis, while the beams superpose well in the horizontal axis.

5.2.5 Beam overlap

Seeing that the beams are not collinear, but present a lateral separation in the SFG
crystal, we attempt to quantify the overlap between the fields to get an idea of the
effect this lateral displacement may have on the conversion efficiency of the process.
The overlap is calculated considering the fields, rather than the intensities, using the

equation:

2
’ / EfE,dA
A

/|E1|2dA/ |Es|2dA
A A
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Although this equation considers a two-dimensional overlap, we can separately consider
the horizontal and vertical components of our beams as depicted in figure 5.6, effectively
simplifying the calculations by removing the need of calculating the X-axis overlap, since

it is already taken into account by the theory (see next paragraph).

Theory of harmonic generation, which we will introduce in section 5.3.1, later on this
chapter, considers collinear beams, but allows for different beam size. This means that
if we use only equation (5.8) to calculate the absolute overlap, we would be taking the
different beam size twice into account. We will therefore calculate also the overlap of
the same beams as if they were collinear, and use this value as a normalization to obtain

the effective overlap of the input beams.

n
Tlcentred

Tleft =

Overlap in 5-mirror cavity

The fundamental and SHG overlapping fields are plotted in figure 5.7, as a cross section

of the vertical axis (the walk-off direction in our experiment).

The overlap between these fields can be calculated at each point in the SFG crystal
(figure 5.8). The overlap is affected by the spatial positioning of the beam as well as the
focusing, and therefore it changes throughout the crystal length. In the 5-mirror cavity

configuration, the overlap is rather constant, around 15 % over the whole crystal.

While the Gaussian fit is accurate on the overlapping side of the beam, the extra area
on the other side produces a small deviation in the overlapping values considering the
real SHG field or the Gaussian fit. Figure 5.7 shows that the values obtained using
either field do not differ more than a few units. The Gaussian fit of the SHG field

comprises almost 70 % of the SHG power.
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Figure 5.7: Electric fields of fundamental and second harmonic beams in 5-
mirror cavity configuration.
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Figure 5.8: Calculated overlap inside SFG crystal in 5-mirror cavity configura-
tion.
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Overlap in 6-mirror cavity

The 6-mirror cavity configuration, as described above, offers a tighter SHG focus and
closer beams, since they cross near the focus. For this reason the overlap is higher
than in the 5-mirror configuration, although this result does not take into account the
fact that the beams are not parallel anymore, but traveling with an angle of 6 mrad

(figures 5.9 and 5.10).

The maximum overlap seems to happen after the crystal, where both beams cross. One
could think that placing the crystal at that point would increase the conversion efficiency
of the process, however since the beam size will be larger at that point, offering a low
photon density, the generated output power would be extremely low even with perfect
overlap. Experimentally, the crystal is positioned at the point that maximizes the
process, at (or near) the focusing point of the fundamental beam: the large intensity
of this beam is hardly comparable with any other variable of the system, and any

configuration that diminishes its effect necessarily decreases the conversion efficiency.
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Figure 5.9: Electric fields of fundamental and second harmonic beams in 6-
mirror cavity configuration.
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Figure 5.10: Calculated overlap inside SFG crystal in 6-mirror cavity configu-
ration.

5.2.6 Overlap compensation by crystal orientation

The calculation of the overlap for the 5-mirror cavity offers a low value that does not
match very well with the calculated output power of the SFG process (see next part
of the chapter). The output power estimations are, of course, nothing more than that:
their main purpose is to give us an idea of the order of magnitude of the expected
output, rather than a precise value. Nevertheless we considered the possibility that
the crystal orientation (in the case of non-normal incidence) could modify the beam
path to provide some improved overlap (figure 5.11). We must remember that being a
tunable laser, the fundamental (and thus SHG) wavelength can change, and the crystal
orientation needs to be such that fulfils the phase matching condition for the three
beams involved. Therefore, crystal orientation always depends on the exact wavelength
of the beams. On the other hand, and as shown in figure 5.12, zero phase-mismatch is
not always the optimum solution, or there may be some flexibility around the optimum

value (loose focus does not require as precise phase matching values as tight focus). In
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Figure 5.11: Vertical position of the SHG maximum at the end of the SFG
crystal. The beam enters the crystal at 100 pm from the fundamental beam
(centred at 0). The angle of the SFG crystal can be varied to take advantage
of refraction to rejoin both beams. A particular wavelength can be assigned
to each crystal angle so the phase matching is maximized.

the figure we use the walk-off parameter B, defined in section 5.3 and equation (5.16),

as a measurement of the walk-off angle.

We have calculated the possible modification to the beam path of the SHG with respect
to the fundamental beam when the crystal is tilted from normal incidence orientation
to the phase matching angle, finding that the refraction suffered by the beams could
bring them closer together as much as 30 pm pm (in normal incidence configuration

they are separated almost 100 pm.

In addition to this result, further tilting of the crystal (taking advantage of the wide
phase matching region, showed in figure 5.12 compared to a zero walk-off system) could
reduce this distance even more. The drawback this refraction would have is a reduced

conversion efficiency due to the increased angle between the input beams. Quantifying
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Figure 5.12: Effect of phase matching in the SFG process. For B = 14 curve

the peak is centred at Ak = 0. For B = 0 curve the optimum phase matching
value is greater than 0. The walk-off parameter B is described in section 5.3.

the gain or loss obtained with this overlap compensation by evaluating proximity versus
collinearity is an arduous task already, but it becomes so even more when noticing that

probably noncollinear phase matching should also be taken into account.

5.2.7 Summary of the section

The main (and most accurate result) we have obtained from this section are the beam
sizes inside the SFG crystal. We have used both Fourier propagation and ray transfer
matrix analysis to obtain the evolution of the beam geometry inside our 5-mirror and
6-mirror cavity, from the SHG crystal to the SFG crystal. Now that we know how the
beams behave inside the SFG crystal, we are prepared to calculate an estimation of the

achievable power with this process.
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5.3 Theoretical study of SFG

Output power from nonlinear processes has been studied in detail since the early 60s,
when the invention of the laser gave access to the field of nonlinear optics. Franken
et al. [7] showed the first experimental result on harmonic generation from a ruby
optical maser in 1961. Harmonic generation has been since extensively studied [1, 8-11].
The paper published by Boyd and Kleinman in 1968 is probably the most complete
[12], summing up previous results and offering an in-depth study of several frequency
conversion processes. While this is probably the most comprehensive study on the
topic, the study of the SFG process is limited to Gaussian beams with equal confocal

parameter. Such confocal parameter is defined as:

9 2
b= 2z = 7;“’0 (5.10)

This limitation means the beam waists of the input beams follow the relation:

wo,1

w =
0,2 \/5

(5.11)

Guha and Falk ([13]) extended the theory of the SFG process to describe the mixing
of focused beams with different confocal parameters. Their result reduces to that of
([12]) when using equal confocal parameters. The output power of the SFG beam, third

harmonic in our case, would be:

3272 d> 1
Py — eff p pe3zlaitaztas)lyy 5.12
3 60671%)\1)\2)\3 152¢ ( )

165



5.3. Theoretical study of SFG Chapter 5. Interpretation / modelling

Where the h function, analogous to that of [12], can be expressed as:

1

h=—I 5.13a
16 (5.13a)
1 1
I :/ / dzl dZQ
o (5.13b)
exp [1AKL (21 — 2z2)] exp [— (4B%/) (21 — 23)* f} '
X
(2’1 — Al) (2’2 — AT) + 01
The parameters used in this equation are defined as follows:
L L
- = — .14
b=4 =1 (5.14)
ook 5325152(14—k:)
]{32 52 + kfl
¢ :£1+k£2 8= §1 + k&2
Y 1+ k) &1
. ) (5.15)
e T A
2 4\&E & 16 \& &
1 (21 — #3) (22 — 2%")
25 ==+ -—— — 3 3
P2 24 ! (21 — A1) (22 — A7) + C1
1/2
B=" {L(’ﬁ;@)} (5.16)

We can then consider different parameters as variables, modifying them to investigate
how each of them affects the output of this nonlinear process, gaining a deeper un-
derstanding on how sum-frequency generation works. Some of these parameters are
mainly for physical or mathematical simplification and little attention will be paid to
them (Aq, C1, &3, &4, 25, f). However the focusing parameters (&1, £&2) and the walk-off

parameter (B) are of particular importance, and we will refer to them often in this
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Figure 5.13: Representation of the different parameters involved in the fol-
lowing calculations. Beam geometry (in particular beam waist) is strongly
dependent on cavity geometry and beam wavelength. The focusing factor
represents the amount of focusing inside the crystal (and so it is inversely

proportional to the beam waist). The walk-off parameter accounts for the
walk-off of a beam of given wavelength in a crystal of length L.

section. As described before, b is the confocal parameter, L is the crystal length and
k; are the wavevectors. Figure 5.13 represents a simplified cavity, depicting how the

aforementioned parameters are varied.

5.3.1 Power estimation

Equation (5.12) can be used to estimate output power from the SFG process as long
as we know every parameter involved. While some of those refer to the basics of the
system (wavelength, crystal length or properties...) others depend on the particular
characteristics of our experiment and have to be measured. However, we suffer from
limitations on what we can measure in our experiment, the beam waist inside the

crystals being the obvious example.

We have seen in the first part of this chapter how beam propagation can be studied to
obtain the waists of both beams (fundamental and SHG) in the SFG crystal based on

the beam size of the fundamental beam inside the SHG crystal. Of course this value of
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the fundamental beam waist in the SHG crystal is also theoretical, but being based on
the geometrical properties of the cavity, and given the narrow stability region, we can

be certain it is a reasonable value.

Another source of uncertainty is the actual beam powers. Due to experimental limi-
tations, initially we were unable to simultaneously measure the fundamental leaking
power, the SHG output power and the THG output power. While this was solved at
a later stage of the process, degradation on the SDL sample was already limiting the
efficiency of the process. The fundamental output power, measured from the leak of
one of the HR mirrors, is a direct measurement of the intracavity power, with an error
of no more than a couple of watts (caused by the accuracy on determining the mirror
transmittance). The SHG output power was measured directly at every stage of the
setup building process, except when third harmonic generation was achieved. Of course
measuring the THG power was a priority. The SHG power is therefore estimated from

previous measurements, assuming similar process efficiency.

Once we know every variable needed, as shown in table 5.2, we are finally ready to
begin with the calculations. Equation (5.12) gives an output power centred around
100 pW at the third harmonic wavelength of 224.5nm. This value, an approximation
due to the strong dependence to variations in the input powers P,, and Ps,, is on the
same order of magnitude of our experimental result, suggesting that both mirror and
crystal alignment was successful, maximizing the output power for the current system

configuration.

This result itself does not give much insight on the process apart from providing
reassurance that our experiment is well-optimised within the current set-up. However
we are now able to study how the THG output power behaves as a function of several
of the variables involved. The following sections will deal with these calculations,
considering different crystal lengths, beam sizes and variation of the B parameter itself;

for an in-depth study of this complex nonlinear process.

168



5.3. Theoretical study of SFG Chapter 5. Interpretation / modelling

Table 5.2: Experimental parameters.

Aw Ao wg wgw
674nm 337nm 39 pm 90 pm
P, Py, L deff
26 4 W 26 £ 5 mW 5 mm 1.55 pm/V
N naw Nn3w P
1.665 1.712 1.696 82.60 mrad

5.3.2 Effect of crystal length

Crystal length is probably one of the main decisions to make when designing the laser
system. While sometimes there is an optimum crystal length, it is common that longer
crystals offer better results, and it is then necessary to find a balance between crystal
length and crystal price. Moreover, depending on the crystal it may happen that the

current technology only allows for a limited-length growth/fabrication.

1.0 T T T T T T T T
p =0 mrad _
——p =20 mrad
0.8 |- p =80 mrad 7]
3
So6}
—
o
2
o)
o
0 04
I
|_
0.2
0.0
0

Crystal length (mm)

Figure 5.14: Evolution of the THG output power for different values of walk-off.
Quadratic dependence is limited to systems with small values of the walk-off

angle.

169



5.3. Theoretical study of SFG Chapter 5. Interpretation / modelling

In the particular case of nonlinear frequency up-conversion, it is often thought that
the output power is a function of the square of the crystal length; however this is only
true when walk-off is not taken into account. For a given walk-off angle, the walk-off
parameter equation (5.16) increases as the crystal is made longer, effectively decreasing

the output power (if compared with the no-walk-off result). This is shown in figure 5.14.

We can observe how the THG output power shows a quadratic dependence with the
crystal length for the case p = 0. This dependence drifts towards linear already for
a walk-off angle of 20mrad. For the case p = 80mrad, close to our experimental
conditions, we observe a linear dependence with a reduced slope, as compared with the

p = 20 mrad case.

Since the walk-off parameter depends on the crystal length (apart from the walk-off
angle and wave vector), it becomes larger as the crystal length increases, as shown in

figure 5.15, effectively decreasing the conversion efficiency of the process.

20 : : : : : : : : :
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Figure 5.15: Walk-off parameter variation with increasing crystal length for

SFG in BBO. A rapid rise is observed at the beginning (e.g. for the first
2mm).
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Crystal length also has an effect on the optimum beam sizes for the given crystal. In
general, we can consider that the optimum beam sizes are those which make the confocal
parameter equal to the crystal length (see discussion after figure 5.16). This definition
still holds for intracavity frequency conversion as long as the conversion efficiency is

much smaller than the optimum output coupling value of the cavity.

b=L  wy=4]"2 (5.17)

Therefore, the optimum beam sizes can be defined as:

AL

Wo,fun = 27;”1 (518)
Ao L

Wo,SHG = 2;@ (5.19)

In figure 5.16, we can see the importance of choosing the optimum beam sizes for each
particular crystal length has in the output power of the SFG process, compared with the
output power for the estimated beam sizes of our system. Our system is very limiting
in terms of beam size choice due to the narrow stability region and all the conditions to
fulfil (size in SDL and both crystals specially). At the same time the SHG beam size is
not independently set, but depends on the fundamental beam size in the SHG crystal

and the geometry of the laser cavity.

The given definition for optimum beam sizes is a good approximation for small walk-off
conditions (in the particular case of SHG, Boyd and Kleinman calculated the optimum
value to be 2.84 [12]), but the larger the walk-off angle is, the more the optimum beam
waist drifts towards looser focus. Figure 5.16 is therefore showing a suboptimum result,

as will be seen in the following section.
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Figure 5.16: THG output power dependence for increasing crystal length
comparing optimum beam sizes with the estimated beam sizes of our system.

5.3.3 Effect of beam sizes

In order to study the dependence of the SFG process with the beam sizes, or beam
waists since one factor sets the other, it is sometimes convenient to think in terms
of the focusing parameter (£; and & in equation (5.13)). This parameter, defined as
crystal length over confocal parameter (£ = L/b), equals 1 when both quantities have
the same value (corresponding to the condition described in the previous section for
optimum beam sizes in the crystal). We can see in the figure 5.17 how the THG power is
maximized around a focusing parameter of 1 (red line). Since both & and &; affect the
output power, & is on the horizontal axis while different curves correspond to different

&1. A walk-off value of 82 mrad has been used in this calculation.

Figure 5.17 shows how every curve is maximized for similar values of both focusing
parameters. It is also noticeable how the maximum efficiency would be found near
&1 = & =1 (indeed implying confocal parameters being close to crystal size), although

from this graph we cannot tell where exactly (next section expands this information).
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Figure 5.17: Calculated THG output power for different values of the focusing
parameters of fundamental and SHG beams.

The effect space constraints caused by the laser cavity have on the conversion efficiency
of the system can be inferred from this figure: if the beam sizes cannot be freely adjusted
to the optimum values, a decrease of more than 50 % on the performance of the laser

system is a reality.

If we calculate the direct dependence of the THG output power with the beam waists
in the SFG crystal (figure 5.18), we can see how the optimum case occurs for both
beams focusing to a 20 pm waist (black curve). Larger waists of the fundamental beam
(different curves) demand larger waists of the SHG beam. Since in our system the
beam size of the SHG beam depends on the beam size of the fundamental, and it
is probably not possible to design a cavity to make the SHG waist smaller than the
fundamental waist (the non-Gaussian shape of the SHG implies larger divergence), we
have dashed the “unreachable” regions of the curves. For a SHG beam waist of ~90 pm
(as calculated for our laser setup) we can observe the output power to offer similar

values for the different fundamental beam waists (except for the 20 pm curve). Since
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Figure 5.18: Direct comparison between calculated THG output power and
beam waists. Since intracavity propagation of SHG produces a looser focus in

the SFG crystal (around 90 pm), fundamental waist should not be too tight
(over 40 pm).

the cavity is designed for a fundamental beam size of ~40pm in the SFG crystal, our

system is represented by the red curve.

5.3.4 Effect of B parameter

As previously described, the walk-off angle is taken into account by means of the walk-off
parameter (equation (5.16)), with a linear dependence between them (as opposed to the
crystal length and wavevector, inside a square root). The evolution of the output power
with varying walk-off angle can therefore be equally visualized considering the walk-off
parameter. Figure 5.19 depicts said behaviour for an increasing walk-off parameter,
with all other variables being set to the experimental values. The red dot corresponds to
our experimental result, occurring at B = 14 (corresponding to p = 82.60 mrad). The
effect the walk-off angle has on the SFG process is clearly shown here, as it decreases

the output power of the system dramatically.
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Figure 5.19: Effect of walk-off parameter on the SFG process, calculated using
the parameters in table 5.2. B = 14 is the walk-off parameter value in our
experiment.

It is important to notice that the maximum value suggested by this plot (at B = 0) is
defined by the values set for all the variables involved, and could potentially increase

in a different configuration.

In relation to the optimum configuration, we can look at how the optimum beam sizes
are affected by the walk-off angle of the crystal. We have already seen how the optimum
values are usually found around £ = 1, and in particular ¢ = 2.84 for SHG with 0
walk-off. However, the optimum focusing is heavily affected by the walk-off suffered
by the beams, and so a tight waist (which maximizes photon density, increasing the
efficiency of the process) is not ideal in systems with a high walk-off angle. We have
calculated the output power of our process as a function of the focusing parameters for
different values of the walk-off parameter. Since we are mixing two beams, on each plot

one occupies the horizontal axis, while the other is fixed at our experimental value.

We observe how the optimum £ parameter shifts towards looser focus in both cases.

While the peak for B = 0 is always near & = 1, it drifts an order of magnitude for

175



5.3. Theoretical study of SFG Chapter 5. Interpretation / modelling

THG power (mW)
THG power (mW)

g, (6,=0.019) &, (&,=0.201)

Figure 5.20: THG output power with respect to the focusing parameters of the fundamental (£1) and
SHG (&2) beams for different values of the walk-off parameter. a) Varying & and fixed &. b) Varying
& and fixed &;.

values of B = 14, such as in our system. The plots, especially figure 5.20a, show as well
how, in SFG, the optimum focusing parameter of one of the beams is also affected by
the focusing of the second beam, trying to also maximize the overlap between them:
while in figure 5.20b the fixed &, being larger, allows for & to be around the unit; in
figure 5.20a the low value of & forces & values under the unit even at B = 0. From
figure 5.20b we can see how a focusing parameter £ ~ 0.2 in our setup would be ideal
considering the size of the fundamental beam, offering output powers around 0.25 mW.
Unfortunately, finding a compromise between all the factors involved (space, waists in
SDL and LBO, cavity length and stability. ..) only allowed for values roughly an order
of magnitude smaller, negatively affecting the THG output power. The divergence of
the SHG beam, which did not permit a tight focus in our cavity configuration, together
with its low power are currently limiting the output power of the laser, but this problems
are by no means irresoluble, and overcoming them will help unleash the potential of

this type of laser.
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5.4 Optimizing the system

As we have seen in the previous sections, most of the problems, or limitations faced when
building an intracavity tripled laser (other than intracavity losses caused by the optical
elements) can be blamed on the walk-off angle of the crystal, especially high in BBO at
deep UV wavelengths. The walk-off suffered in LBO in the SHG process is much smaller,
but is also a limitation as we showed in section 5.2.5. Since non-critical phase matching
is not possible at the wavelengths of interest (at a glance, the critical phase matching
angle is close to 60°, relatively equidistant from ordinary and extraordinary axes), we
have briefly investigated other possible solutions, namely walk-off compensation and

quasi-phase matching in periodically poled crystals.

5.4.1 Walk-off compensation

Walk-off compensation consists of the use of several nonlinear crystals (several pieces
of the same crystal), oriented such that the walk-off suffered inside each part occurs
in the opposite direction in the following, thus being effectively compensated. This
method has been extensively studied (see e.g. [14, 15]) and has been proved to offer
improvements in output power as well as beam quality [16-18]. Walk-off compensation

addresses both beam separation and frequency conversion efficiency.

Beam separation is solved in walk-off compensating crystals when using an even number
of stages. If in the first stage the walk-off affected beam drifts away from the optical
axis, in the second stage it drifts back due to the walk-off occurring in the opposite
direction. While this of course does not work with an odd number of nonlinear stages,
the beam separation is still reduced since only the last, odd part is not compensated.
A system with half-length parts at the beginning and end of the walk-off compensating

structure has been suggested to increase the process efficiency even further [19].
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The efficiency of the nonlinear process is also improved by walk-off compensating
crystals. This can be explained in terms of the walk-off parameter: B is defined by
the walk-off angle and the crystal length (wavevector is not relevant in this case) and
while the crystal material determines the walk-off angle and thus it cannot be easily
modified (temperature-assisted phase matching does not produce a significant change
at the required wavelengths in BBO), the crystal length can usually be chosen over a
broad range. As seen in figure 5.15, shorter crystal length produces smaller B values,
thus increasing the efficiency of the process (per unit length at least). The drawback
of short crystals is that, in general, reducing the interaction length greatly reduces
the output power. Walk-off compensating crystals, however, can be as large as non-
compensated crystals, at least in the scale of our current crystal sizes (around 5 mm),
and therefore the frequency conversion process extends through the same length as
in ordinary crystals. But because the walk-off compensating structure is composed of
much shorter pieces that reverse the walk-off with respect to the previous component,
the walk-off parameter is defined by the length of each part, rather than the length of
the whole structure. As an example, a 5-mm-long BBO crystal as in our setup exhibits
a walk-off parameter of B = 14, while a walk-off compensating structure of the same
total length, made of 1-mm-long BBO components, presents a value of B = 6. If we
consider this looking at figure 5.19, we can see that this structure would actually double

the THG output power achievable in this system.

The drawback of these walk-off compensating structures is that they are not widely
commercially available, and the prices are still very high as compared with their bulk
counterparts. Since their fabrication is a highly specialised process, requiring for exam-
ple crystal poling and vacuum bonding as described in [19], their implementation was

outwith the scope of this work.
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5.4.2 Quasi-phase matching

QPM is a technique that completely removes the walk-off effects by propagating all
beams along a crystal axis. An added advantage of this method is that the polarization
states of the beams can all be the same, so the dual waveplate we use to rotate the SHG
polarization would not be needed. While phase matching over the whole crystal length
cannot be achieved with this configuration, this method makes use of the coherence
length to produce conversion over small periods. After one period, the axes are reversed
to account for the phase mismatch. Advantages of this technique are a zero walk-off
angle, and therefore potentially long crystals, and the possibility to use the highest
nonlinear coefficient of the crystal. However, the conversion efficiency is reduced by a
factor 2/(mm), where m is the order of the QPM. Periodical poling (PP) is currently
the most common technique to achieve QPM, being necessary to calculate the poling
period. While QPM is widely used in infrared lasers, providing large conversion efficiency
without any walk-off side effects, in the UV region the manufacturing process is still
in development, as the small poling periods required are very challenging to fabricate.
As a result, it is common that at such short wavelengths the order of QPM is higher
than one, thus reducing the effective nonlinear coefficient and the conversion efficiency

of the process and even limiting the growing process to shorter lengths.

We considered QPM SHG for our particular case, which can solve the problems with
beam overlap mismatch and improve the SHG beam quality, potentially increasing
the subsequent SF'G process. The solution offered as optimum was a 314 order QPM,
pp-LBGO crystal, too short to produce enough SHG power for an efficient SFG process
to be achievable. Absorption is also to be taken into account, since crystals such as pp-
MgSLT, which offer a high nonlinear coefficient (as compared with other bulk crystals

at our wavelength of interest), present it at the SHG wavelength of our system.
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5.4.3 Optimum case

Considering the pace at which technology advances, the described manufacturing limita-
tions may be overcome in the near future, thus allowing for a more efficient intracavity
frequency tripling. In particular the use of a periodically poled crystal to achieve QPM
SHG, removing any walk-off effect and the need of an intracavity dual waveplate, would
be desirable for the first nonlinear step if the crystals allow for efficient conversion.
Reducing the number of intracavity elements decreases the intracavity losses, allowing
for higher intracavity power and therefore increasing the conversion efficiency of both
nonlinear processes. As an added advantage, removing the rather bulky mount required
by the waveplate (a rotational mount is needed in order to adjust the angle) would
provide more flexibility in terms of cavity design. A walk-off compensating structure
would possibly be the best option for the second nonlinear step, with potential to at
least double the conversion efficiency of the SFG process. The given reasons could allow
this system to reach the millwatt level while maintaining its simplicity and compact

design.
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Conclusion

The work carried out and presented in this thesis has led to the development of a new
UVC laser source based on a semiconductor disk laser. The approach exploits the inher-
ent characteristics of SDLs for efficient intracavity frequency conversion to produce a
simple and compact solution, removing the need for separate external enhancement cav-
ities often used in frequency conversion systems and their associated cavity stabilization
implementations. The whole tripling process takes place in continuous-wave operation,
highlighting the potential of SDLs for intracavity applications (here represented by
nonlinear frequency conversion). The emission of this laser, with a tunable wavelength
around 225nm, brings new (laser) light to a region characterised by its inaccessibility,
with current options mostly limited to pulsed operation, fixed wavelength sources or

complex setups difficult to develop outside the laboratory.

6.1 Semiconductor disk lasers

As summarised in Chapter 2, semiconductor disk lasers have seen major growth since

first being implemented 20 years ago [1]. Their characteristics, namely high beam
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quality, tunable wavelength with pump flexibility, power scaling, and capability for
short pulse or single frequency operation [2], have expanded and improved to the point
that mature, well-established, laser solutions are now being superseded in favour of
these XXI century devices. Current advances in novel semiconductor materials also
benefit this family of lasers, even more readily since no modifications or improvements
for efficient carrier transport are needed thanks to the optical pump approach. At the
same time, ongoing development in gain structure simulation and matching high quality
material growth and fabrication translates into better performance of the semiconductor
structures. And fabrication is indeed an active area of development nowadays, with
advances as seemingly disparate as MIXSELs, semiconductor devices integrating the
gain region and a SESAM mirror in the same structure [3, 4]; or thin film devices,
in which the DBR is excluded, thus increasing the semiconductor materials SDLs can
employ [5-7]. From scientific to commercial applications, SDLs are replacing well-
established solutions. Considering the increasingly pace of advances in this field, we can
only forecast a bright future for these lasers over a broad range of the electromagnetic

spectrum.

6.2 Intracavity frequency tripling

Nonlinear optics, in particular nonlinear frequency conversion, played a major role
over the course of this work, and careful study of the literature was needed to help
understand all relevant processes. Control and optimization of each stage was a difficult
yet important challenge that we needed to address. Since both the doubling and
tripling processes deplete the fundamental intracavity power, considering that the
power converted is actually extracted from the cavity, and taking into account that
the laser presents an optimum output coupling value, it can be seen that an optimum
conversion efficiency ratio should exist for each nonlinear conversion step that maximizes
the final THG output power. These values were estimated to be 1.2 % and 1.8 % for our

particular laser, well above current conversion efficiencies for similar AlGaInP SDLs [8].

185



6.2. Intracavity frequency tripling Chapter 6. Conclusion

There is still room for improvement in this respect, but further development of nonlinear
crystals, e.g. very high resolution periodic poling, is probably needed to reach such high
values. While intracavity losses are not considered in this estimate, maintaining them
at minimun levels (e.g. high quality mirrors and coatings) is also required for efficient

performance.

Although the general idea behind intracavity tripling is relatively simple (one nonlinear
crystal for SHG and then a second for tripling via SFG) several implementations are
possible with options regarding the order of the nonlinear stages, type-I or type-II
conversion, crystal orientation, etc. Inverse crystal order to that used in this work, in
which the tripling crystal is positioned between the gain structure and the doubling
crystal, that has been successfully used [9] as a convenient means for taking advantage
of both second harmonic beams, would not work efficiently here due to the large walk-
off angles suffered at the short wavelengths involved. The properties of the nonlinear
crystals used favoured type-I on both conversion steps, and a dual waveplate was used

to maintain the correct polarization at all stages.

The tripling laser was built using 6-mirror and 5-mirror configurations, which offered
different beam geometries in particular regarding the relative position of the mixing
fields (fundamental and second harmonic). The results showed that this relative position
critically affects the mixing process, with parallelism between both beams being an

important factor.

While the 6-mirror cavity was only capable of producing no more than a few pW,
it proved an easy cavity to align that worked as a first proof of concept, providing
an intermediate step before setting up a more challenging laser cavity. The shorter
but more alignment-sensitive 5-mirror cavity proved superior in performance to the
6-mirror cavity, giving a clear UVC signal around 225 nm and reaching up to 78 pW of

continuous-wave deep-UV emission and over 350 cm ™! of tuning range.
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Further optimisation of the system was investigated, paying especial attention to util-
ising both SHG beams in the mixing stage. The original setup only uses the forward
propagating beam so the available SHG power for frequency tripling is only 50 % of
the total. Preliminary testing suggests that adding an external mirror to reflect the
backwards propagating SHG beam back into the cavity with additional directional
steering (and thus some walk-off compensation) can double the performance of the
last conversion stage without adding undue complexity to the setup. This should be

considered in any future implementations or similar systems.

6.3 Beam walk-off

The complexity of the nonlinear processes involved in this work has made necessary a
detailed look into the theory of nonlinear interactions, in an attempt to fully understand
the underlying physics and find improvements that could be implemented in the laser,

in particular to achieve greater efficiency and thus higher output powers.

Beam propagation was a concern from the beginning given the large walk-off angles
suffered at the short wavelengths involved in this work. Type-I frequency conversion
produces the output beam with extraordinary polarization, thus separating from the
fundamental beam a distance proportional to the walk-off angle and the crystal length.
Since the fundamental and SHG beams have to propagate through the same cavity,
this separation can be increased to the point that the beams cannot interact for a
subsequent SFG process. The effects of such beam separation in both of our cavities
were studied, finding that while the 6-mirror cavity leads to closer beams (~50 %) the
relative angle between them is an order of magnitude larger than in the 5-mirror cavity.
The greater separation in the 5-mirror cavity seems to be less critical than the relative
angle, probably due to the beam size of the beams, allowing them to interact even when

not collinear.

187



6.3. Beam walk-off Chapter 6. Conclusion

The information about beam geometry found in the beam propagation study allowed for
more accurate predictions when calculating models of sum-frequency generation, since
beam size is critical to the conversion process. Other parameters, such as input beam
powers, crystal length walk-off angle and nonlinear coefficient, also play an important
role in the conversion efficiency [10, 11], but beam sizes (and their derived focusing
factor) are the most sensitive to change. While this makes them easy to alter in order
to optimise a given system, they are also difficult to measure and can be the cause
of large errors in the estimations. Moreover, in this kind of system where one of the
SFG input beams (SHG) is generated in the same cavity by the other (fundamental),

de-coupled modification of such beam geometry becomes extremely difficult.

The estimated THG output power was calculated as a function of the different pa-
rameters under our control, showing how the large walk-off angle (and consequently
large walk-off parameter) causes approximately a 5x reduction in the maximum possible
conversion efficiency. While every effort was made to experimentally meet the estimated
optimum values, walk-off is a formidable adversary difficult to defeat. It seems that a
reduction of the walk-off parameter would provide a fair chance for improvement in this
type of system, for which quasi-phase matching [12] and walk-off compensation [13, 14]
are the preferred solutions. With manufacturing methods for these particular builds of
crystals quickly improving and production costs becoming more and more affordable,
suitable solutions could be available in the near future. Further to this, the system
would benefit from increased intracavity power especially by means of higher efficiency
SDL gain structures and intracavity loss reduction. Given the suitability of SDLs for
power scaling, higher input power would of course lead to higher output power (a great
work in this direction with GalnP-based SDLs is being carried out in the University of
Stuttgart [8, 15, 16]), but reducing losses and optimizing the total conversion efficiency,
aiming to match the optimum output coupling of the laser, should certainly be the

priority for any future efforts to increase the UV power.
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6.4 Competing technology

Deep ultraviolet has proven to be an elusive region for laser coverage given the high
photon energies involved, with most of the available sources being excimer lasers. These
lasers, however, are limited to pulsed operation at a fixed wavelength, albeit normally
with Watt-level output power. Tunable emission at these short wavelengths is currently
dominated by harmonic generation from dye lasers, but these systems present some
serious drawbacks (e.g. cumbersome architecture, toxicity and high cost). The most
common solid-state alternative are Ti:Sapphire lasers frequency converted to higher

harmonics, showing a broad range of emission although usually in pulsed operation.

Emerging semiconductor lasers offer continuous-wave or pulsed operation with tunable
output, standing out as a bright and economical alternative. Deep UV emission with
these lasers is also achieved by means of harmonic generation, and while established
materials emitting in the near infrared can be converted through several stages to reach
such short wavelengths, newer materials allowing visible fundamental emission imply

fewer conversion stages are required to reach the UVC region.

Kaneda et al. [17, 18] have shown deep UV operation from a fundamental emission just
under 1 pm, generating the 40 harmonic by means of several nonlinear stages. Their
approach, however, does not benefit from the SDL external cavity, rather making use
of enhancing resonators that avoid introducing losses in the fundamental wavelength at

the cost of a more complex setup.

Semiconductor disk lasers based on Gallium Nitrides (GaN) with fundamental emission
in the blue region could provide a simpler, single nonlinear conversion step system to
reach the deep UV. Nevertheless, fundamental emission itself already presents challenges
that limit its performance [19], in particular finding suitable DBR materials (lattice

mismatch between AIN and GaN is too large) [20].
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Commercial semiconductor devices (laser diode based, not SDLs) emitting in the 220 nm
— 230 nm region have already been announced [21], albeit working at fixed wavelengths,
in pulsed or CW operation. Other diode-based laser solutions that make use of multiple
external resonators to achieve deep UV output are currently further developed and offer

output power in the mW range [22].

6.5 Summary

In summary, we have demonstrated intracavity third harmonic generation, or tripling,
in a visible SDL, building a continuous-wave, tunable, deep ultraviolet laser source and
producing the shortest wavelength to date from an SDL. The emission of 78 ptW of deep
UV output power and tuning over 350 cm™! is produced from a simple and relatively
compact setup that benefits from the short fundamental wavelength and high intracavity
fields available in this type of laser. As described in Chapter 1, many applications (e.g.
in atmospheric or combustion spectroscopy) may benefit from such a compact UVC
laser source, with potential for in-field operations and capable of being engineered to
target specifics. With dense populated cities reaching dangerous level of air pollution,
detection of NO, an important result of combustion that is related to ozone depletion
and smog formation, could serve as a first proof of concept of the utility of this system.
While further work and optimisation is needed before semiconductor lasers conquer the

<250 nm region, this approach shows SDLs are up for the task.
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SimCav

A.1 Introduction

Designing compact, optimised laser resonators can be a complex task, and the difficulty
quickly escalates when 4, 5 or even more mirrors are required, as for the work presented
in this thesis. Moreover, aside from resonator stability, particular beam sizes are usually

desired at certain optical elements.

Software for designing cavity resonators is, however, relatively scarce. Many existing
programs are now outdated, made for outdated operating systems, or are very expensive.
Often the software being used is simply no more than an elaborate calculator, without
the capacity to automatically resolve cavities, offering limited assistance in the search
for the optimum resonator. Moreover, most of the available software is propietary,
restricting the freedom of the users to a predefined schema that commonly lacks the
flexibility often required in such a rapidly evolving field, with further limitations on the

choice of operating system.
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SimCayv is a multiplatform software, developed during this work for advanced design of
laser cavities. Indeed it maintains the common functionality of quickly drawing user
made resonators, but SimCav also offers design calculations previously done by trial
and error or cumbersome calculations. The user can trigger this advance feature simply
by defining variations over multiple parameters and setting the required conditions the

cavity must fulfil.

The program features a simple mouse-based interface for ease of use, such that advanced
knowledge of computers or programming languages is not required. In addition, ‘power
users’ can modify and adapt the program to their particular needs thanks to its release
under the GNU General Public License (GPL). SimCav is written in Python, a power-
ful, high-level programming language that emphasizes code readability and simplicity
(simple is better than complex, complex is better than complicated; as expressed in the

Zen of Python [1]).

SimCav can run in any system that has Python (and a few of its most common modules)
installed, and native applications are available for Linux, Windows and Mac. No
installation is required, so using it is as simple as ‘click and run’. The designs can be

saved for future use and can be used over multiple platforms.

A.2 Mathematical background

SimCav makes use of ray transfer matrix analysis (also called ABCD formalism) for its
core calculations. In this formalism (that can be found in detail in the literature, e.g.

[2]), any optical element can be described by a 2x2 matrix:

A B
Melement = (A 1)

C D
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Mirror Mirror
Distance Block Distance

Figure A.1: A simple cavity for analysis. The optical elements are defined as
in equation (A.2).

The four matrix elements that give name to the formalism will appear hereinafter.

A cavity can then be described by the product of the matrices of its components. In a
resonator, this should be done considering the light round trip within, as expressed in

figure A.1 (starting in element My).

Mroundtrip = M2 X M3 X M4 X M5 X M4 X M3 X M2 X M1 (AQ)

The beam inside the cavity can be described by means of the complex beam parameter:

- (A.3)

Where z is the distance, R(z) and w(z) are respectively beam radius and beam size at
position z, n is the refractive index and g is the vacuum wavelength. The value of ¢
at z = 0 can be obtained from the round trip condition (the beam must be unchanged

after a round trip):
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q(0)) q(0) _ Aq(0)+ B
1 - Mroundtrip X 1 = Q(O) - W <A4)
2(0) = (D —A)+/(D_AZ 1 4BC A5

2C

Once the complex beam parameter ¢(z = 0) has been found, the characteristics of the

beam at any given point of the cavity can be calculated simply by propagating it:

q(2) = q(0) + 2 (A.6)

And recalculating it at the other side of an interface (which is an optical element with

matrix Mipterface):

Qafter = Minterface X (before (A7)

The stability of the resonator can also be obtained from the round trip matrix. The

cavity will be stable if:

’A+D
2

‘ <1 (A.8)
In the SimCav interface it is more convenient to normalize the stability, therefore it
varies between not stable (0) and very stable (1). This simplifies the plotting and
empties the negative vertical axis: since the calculations are done separately for the
tangential and saggital planes, they can be plotted simultaneously in the positive and

negative regions, respectively, of the vertical axis.
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A.3 Conclusion

The original version of SimCav consisted in a simple yet powerful command line tool,
but considering the lack of suitable cavity analysis software available, an effort was

made to convert it to a program with a user-friendly graphical interface (figure A.2).

Currently, SimCav is available online [3], with applications for Linux, Windows and
Mac ready to download. While the interface is intuitive, a short manual is also offered
for reference. The source code is also available, hosted in GitLab [4] to simplify and

encourage collaboration.

Finally, SimCav releases are published in Zenodo [5] and assigned a digital object

identifier (DOI) making its management or citation effortless and straightforward.
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Figure A.2: SimCav features a modern and user-friendly graphical interface.
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