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We have explored several methods of generating Laguerre-Gaussian dough-
nut modes with the eventual application of laser processing directing our re-
search. These modes have potential in this field due to their increasing mode
steepness with azimuthal phase and their potential for carrying orbital angular
momentum (OAM). A key research goal has been to obtain such modes with
high purity and the ability to select the handedness of the OAM, in a system
with robust potential for power scaling. All of which are key in order to fully

understand the impact of these modes on laser processing.

Initially we explored intra-cavity, gain shaping methods in Nd:YAG to
achieve these goals. This maintains all the advantages of power scaling nor-
mally associated with solid state lasers, and has the potential for excellent
beam quality. To the best of our knowledge, however, no concrete method has
been presented for selecting the handedness within the cavity. We have selec-
tively excited doughnut modes by coupling multi-modal laser diode pump light
into capillary fibres and re-imaging the fibre end into a Nd:YAG gain medium.
By using a fibre with a 0.8 aspect ratio between its inner and outer radius,
we would be able to select higher order doughnut modes that have a steeper
intensity profile and more OAM per photon. Through this we have generated
Laguerre-Gaussian ‘petal’ modes up to an azimuthal order of 23. These high
order modes exhibit greater intensity steepness but no OAM. These modes

have little practical application.

In order to better investigate what governs the selection of the OAM
handedness we moved to a ring laser design pumped using a capillary fibre with
a 0.5 aspect ratio. This, whilst operating unidirectionally at a single frequency,

produces a doughnut mode with an azimuthal order of one and a clear pres-
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ence of the helical phase and therefore OAM. This has allowed us to examine
such a mode in isolation. Through this we observed that reversing beam prop-
agation direction in the ring cavity also reversed the handedness of the helical
phase. We found this effect associated with the Faraday Rotator as it is the
only known non-reciprocal effect in the cavity. We also found a similar effect
in the highly chiral material, tellurium dioxide. The effects were replicated
in a slightly multi-modal ring laser but were not observed in a standing wave
laser. Tests in free space were unable to detect this effect, so either another

mechanism is responsible or the effect was too weak for our detection methods.

We therefore moved to external methods for creating doughnut modes.
We chose to focus on astigmatic mode converters as these can produce per-
fectly pure beams unlike methods using spiral phase plates or spatial light
modulators. We have developed on the previous design by Beijersbergen et
al. by replacing the cylindrical lenses with off-axis spherical mirrors. We have
also expanded the theory of mode converters to apply to off-axis spherical mir-
rors. The mirrors allow for greater power scaling and wavelength flexibility.
The key to this is producing high purity HGg; modes. Initially these were pro-
duced by placing a slit in a cavity that naturally oscillated on the LGg; mode.
However there was a significant fundamental mode impurity. We improved
this by developing a Nd:YVOy4 laser cavity pumped by two separate circular
pump beams. This greatly improved the output power to 175mW as well as
the mode quality. This method allows for control of the OAM by rotating the
HGg; though 90°. Feeding this through the converter produced a high purity
LG mode with negligible loss.

We also developed a diagnostic technique for analysing the purity of
modes generated by a mode converter. As the most likely impurity is a HGgy
mode from misaligning the converter this can be picked up by measuring the
azimuthal symmetry of the Mach-Zehnder spiral interference pattern. A pure
mode will generate a spiral with an even azimuthal intensity distribution. A
HGyg; impurity will disrupt this. This can be measured with a virtual rotating
slit. Our theoretical predictions of the amount of azimuthal variation a given
level of impurity will cause matched extremely well when this method was

tested with a real system.

The need for high purity modes has led us to develop further diagnostic

techniques to more quantitatively assess the quality of HGg; and LGg; modes.



For both modes this involves analysing its intensity profile as recorded on a
CCD camera. It provides quantitative analysis of key properties of the inten-
sity profile in order to identify impurities. For the HGp; mode it compares
the evenness of the two intensity maxima and how close to zero the central
node is. For the LGg; it again measures how close to zero the central null
is, the circularity of the beam, and the azimuthal symmetry. Further analysis
generates a matching theoretical mode to the image and subtracts it to look
at the residual power distribution. This allows us to identify specific modal
impurities incoherently combined with the beam and quantify them. Further
work is needed to take into account of distortions created by the CCD camera

itself as well as general noise.

Finally we Q switched the HG(; seed laser. This allowed for greater
output power of 460mW without losing mode purity. It produced 24ns pulses
with a 147kHz repetition rate. The pulses could be shortened further simply
by shortening the cavity. Passing this through a double-pass bounce geometry
Nd:YVOy4 slab amplifier; pumped with up to 55W of power we obtained an
maximum amplified power of 17W. However some significant mode impurity
was added as well as large amount of astigmatism. It was noticed there was
damage on the amplifier crystal that may have been the cause of some of this.
However amplification is clearly possible, whether by amplifying the HGg; or
LGgp1 mode.
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Chapter 1

Introduction

1.1 Laser Fundamentals

Laser stands for light amplification by stimulated emission of radiation. The fundamen-
tals of laser operation are well explained by both Siegman and Svelto in their respective
books [1, 2]. Lasers output light that in general is of a narrow range of frequencies, and
is both spatially and temporally coherent. This leads to highly directional light that will
generally follow the rules of Gaussian optics. Lasers can now be created that operate on
wavelengths from the mid-IR to the near-UV. The main wavelength bands being around
10pum for C'Oq lasers, 2um for sources based around thulium and holmium, 1.5um for
erbium and erbium/ytterbium and 1um for neodymium and ytterbium lasers. There are
also diode lasers that operate from the mid-IR [3] through the visible spectrum to the
near-UV [4]. Each wavelength band has different characteristics that make them suitable

for various applications.

There are several distinct classes of lasers. They broadly are: diode lasers, solid-state
lasers (of which fibre lasers are a distinct sub group), gas lasers and dye lasers. Dye lasers
are generally less common and gas lasers, other than C'Os lasers, have fallen out of favour
due to their poor efficiency, despite high beam quality. Diode lasers represent the most
efficient form of laser in terms of electrical to optical power conversion. Nevertheless, to
reach high power they need to be stacked into arrays. This allows them to reach stag-
gering peak powers in the multi MW level [5], but compromises beam quality. They are
therefore often utilised to pump solid-state lasers, effectively making the solid-state laser
a brightness converter, by improving beam quality and changing the characteristics such
as wavelength and pulse duration, in exchange for power. Diode lasers have been steadily
replacing flash lamps as a pump source for solid-state lasers due to the improved efficiency
and beam quality they provide. Solid-state lasers are used very broadly in manufacturing,

communications, sensing and many other applications. The recent advent of fibre lasers
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has greatly increased the robustness and beam quality of high power laser sources. Solid-

state lasers make excellent pulsed sources due to their high levels of energy storage [6].

This thesis is primarily concerned with solid-state lasers that are pumped by diode
lasers. Fig. 1.1 depicts a typical blueprint for such a system. Many variations on this are

possible for any given application, however this serves as a good basis.

IC is the input coupler, it is a highly transmissive mirror at the pump wavelength
and highly reflective to the lasing wavelength. This is sometimes replaced by an optical
coating grown directly on the gain medium. For side pumping or other non end-pumping
geometries this will simply be a highly reflective mirror. OC is the output coupler, a mir-
ror that is partially transmissive at the lasing wavelength. The lens is needed to provide
cavity stability so that a mode will be self replicating about the cavity. Sometimes the
lens is combined with the IC or OC as a spherical mirror; alternatively the thermal lens of
the gain medium can be used to stabilise the cavity. These optics form the cavity; which
is the feedback mechanism for the amplification. The final part is the gain medium. This
will generally either be crystal or glass, doped with a rare earth or heavy metal ion that
has an energy band structure suitable for lasing. This medium can take many different ge-
ometries which have dramatic impact on the laser’s performance. Note that when the gain
medium is an optical fibre, both the OC and IC are often, though not always, replaced by
either fibre Bragg gratings, or the Fresnel reflections at the ends of the fibre. The cavity
stabilisation lens is replaced by the guiding properties of the fibre. There may be many
more optics added to a cavity for a variety of purposes; such as frequency, polarisation or
transverse mode selection. They may also be added for greater control of the cavity mode

size or to enable pulsed operation.

I1C
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Output

Lens

Figure 1.1: A general schematic for a solid-state laser. Sometimes these optics can be combined
or more optics may be added. The pump can be transferred to the gain medium in a variety of

ways depending on the laser geometry.
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For a material to behave as a laser gain medium it needs to create a population
inversion. This is where there are more electrons in a higher energy state in an atom
compared to lower one. This is thermodynamically impossible between two energy levels
when taken in isolation. This is because the rate of absorption per electron in the ground
state, and stimulated emission per electron in the excited state is always the same. A
population inversion can be made to arise, however, when more than two energy states
are considered. There are two main categories where this occurs: 4-level and 3-level
gain media. Most of the lasers we consider in this thesis are 4-level systems, we show a
diagram of this in Fig. 1.2. Initially an electron is excited by incoming pump energy to
an excited, unstable energy level. This can be done by either an electron (typically in a
diode laser), or a photon of the correct energy. This decays non-radiatively to a meta-
stable energy level, n2. n2 has a radiative decay to another unstable energy level, nl.
This second unstable state decays non-radiatively back to the ground state. As electrons
build up in n2 a population inversion occurs between n2 and nl, meaning that stimulated
emission between this and the second unstable level out-paces absorption. This makes the
gain medium an amplifier for the energy of light equivalent to the energy gap between
two levels. By providing a feedback mechanism that allows for this energy of light to
exactly retrace its path through the gain medium we can create a laser. The wavelength
of the light must also be equal to an integer multiple of the distance the light travelled
to return to its starting point. A 3-level laser is identical to the 4-level except that the
second unstable energy level is replaced by the ground state. This gives 3-level lasers
higher thresholds before lasing will occur as half the electrons in the ground state need to
be excited simultaneously before a population inversion will occur. A third hybrid gain
medium known as a quasi-3-level system is also common. This is a system where the
lower lasing energy level lies so close to the ground state that thermal effects at room
temperature must be taken into account. This means that it and the ground state cannot
be treated separately as in a 4-level system, but nor does this state have to be 50% depleted

for lasing to occur as in a 3-level system.

1.2 Background on Lasers Applications

Lasers are widespread and thoroughly integrated in modern society. They are key to many
aspects of the modern world including manufacturing, remote sensing, communications,
scientific research and many more [7, 8,9, 10]. This thesis will focus on the development of
lasers with non-Gaussian spatial distributions, with the ultimate application of materials
processing in mind. However, there may be many other potential applications in the fields

of communications, optical tweezers and exotic plasma interaction.
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Figure 1.2: This demonstrates the energy levels present in a four level laser material, e.g.
Nd:YAG. Pump light excites electrons from the ground state to the ‘unstable higher energy level’
which quickly decays to no. This is quasi-stable and builds up the population inversion over ny

which is unstable and non-radiatively decays to the ground state.

The laser processing of materials now stands as a multi-billion dollar industry [8]. The
laser’s potential in this area was clear from its first demonstration in 1960 [11, 12] and
has developed successfully ever since. Lasers are effective in many processing areas includ-
ing welding; drilling; cutting; deposition; surface treatment; annealing; and many more
[13]. They are attractive for machining as they can have a small cutting kerf (width of
cut) compared to mechanical methods, are simple to automate and can have high pre-
cision allowing for more complex cutting profiles and smaller features. They have also
given rise to many forms of 3D printing [14, 15]. The use of ultra-short pulses allows
material to be removed through ablation, a non-thermal process that can have significant
advantages such as not detonating explosive material, removing material transparent to
the wavelength being used, or a reduction in the heat affected zone (HAZ) that weakens
the material being processed. [16, 17]. Brittle ceramics can also be machined with lasers
without the fractures often caused by mechanical shock in conventional processes [18, 19].
This has allowed for both the supplanting of old techniques for machining as well as the

development of new and novel ones.

This broad range of benefits can be attributed primarily to the equally broad range of
laser designs possible. Wavelength, polarisation, spot size, pulse length and power are all
readily customisable and have a dramatic effect on a lasers interaction with materials [20].
Historically the two main classes of laser used for machining have been C'O, gas lasers
and neodymium doped yttrium aluminium garnet (Nd:YAG) solid-state lasers. However,
recently many more lasers have been utilised. This includes Ti:Sapphire ultra-fast pulsed
lasers used for micro-machining [21, 22, 23]. This offers high precision and the ability
to employ 3D internal structuring due to the highly localised ablation delivered by the
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ultra-short pulse. It can also allow for machining without the need for post-processing
[24]. 2um lasers, primarily based on thulium gain sources or optical parametric amplifiers,
have seen substantial interest in recent years [25, 26, 27]. The main focus has been in
machining semi-conductors, which are transparent at such wavelengths allowing for ‘back-
side’ machining. Furthermore, there has been a general trend away from bulk solid-state
lasers towards fibre lasers [28, 29, 30]. The main advantage of this architecture has been
the ease of achieving high quality single mode output at high power. This has removed
much of the compromise between laser power and beam quality, typically associated with
solid-state lasers. In addition they exhibit greater energy efficiency, are more compact

and, in an all fibre design, require minimal alignment.

As the cost and efficiency of lasers has improved, so has the specialisation of ma-
chining applications. This has led to interest in lasers with more niche attributes. This
thesis seeks to investigate the potential for generating two of these attributes at machining
powers. The transverse distribution of the light intensity in the form of doughnut modes
(DMs) and the presence of orbital angular momentum (OAM) within the beam. Both of

these have potential in the application of laser processing, as well as several other domains.

1.3 An Overview of Higher Order Transverse Modes

Modes represent a waveform that is stable over time. In the case of laser cavities these are
distributions of electromagnetic waves that are self repeating upon one round trip of the
cavity. As these form a complete set, all laser outputs can be described as a superposition
of these modes. In general, each mode (unless they are degenerate with another mode)
is a unique longitudinal mode. A longitudinal mode is defined by its wavelength, which
must be an integer multiple of the round trip length of the cavity. If this is not the case
the mode will be out of phase with itself after one round trip and destructively interfere.
The frequency spacing of modes within a cavity is defined by the free spectral range of
the cavity.
c

Avpsp = — (1.1)

Avpgp is the free spectral range of the cavity in terms of frequency, ¢ is the speed of light
in a vacuum, n is the average refractive index of the medium within the cavity and L is the
round trip length of the cavity. Each longitudianl mode will also be an allowed transverse
mode of the cavity. These are often all the same transverse mode (e.g. every longitudinal
mode being in the same fundamental transverse mode) however each longitudinal mode
will select its transverse mode independantly and can therefore be different. The trans-

verse mode defines the beam’s electric field distribution in the plane orthogonal to the
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modes propagation. This gives each transverse mode a different cross sectional intensity.
They come broadly in three sets for free space lasers: Hermite-Gaussian (HG) for systems
that have rectangular symmetry, Laguerre-Gaussian (LG) for those with cylindrical sym-
metry, and Ince-Gaussian for elliptical symmetry. This thesis is primarily concerned with
HG and LG modes and will ignore Ince-Gaussians. Each set is a solution to Maxwell’s
equations when applied with the boundary conditions of a laser cavity (for a full derivation
see [1]). HG and LG modes both form an infinite set of solutions, with each transverse

intensity profile being denoted by two discrete parameters.

For HG modes their defining parameters are denoted m and n and represent how many
nodes (points of zero intensity) there are along the x and y axis respectively. HG modes
occur in systems with rectangular symmetry. LG modes occur when cylindrical symmetry
is present and are denoted by p, which is one less than the number of bands of radial
intensity, and [, which denotes how many times there is a full 27 phase shift about the
central axis [31]. This is written as HG,,,, and LGy, respectively. See Fig. 1.3 for images

of the lowest few orders of these beams.
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Figure 1.3: (a) The transverse intensity distributions of the nine lowest order HG modes. The
first number is the order in « (m) and the second in y (n). (b) The transverse intensity
distributions of the nine lowest order LG modes. The first number is radial order (p) and the
second is the azimuthal order (I). All images are for the same wavelength, and are imaged from
the same distance at from the beam waist. Notice that with increasing mode order you get
increasing beam diameter and how the lowest order for both Hermite and Laguerre-Gaussian

beams are identical. It is therefore often referred to simply as the fundamental mode.
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We can define the total mode order, N, of a beam as
N=m+n=2p+I (1.2)

N is related to the beam propagation factor, M?, in that for and ideal beam the M?
will equal N +1. The M? is a dimensionless value that is invariant upon propagation and

relates the beam’s half-angle divergence, 0, to its beam radius at a waist, wq.

A

TW,

0= M?

(1.3)

where \ is the wavelength. The smallest M? value possible is 1 which corresponds to
the M? of the lowest order Gaussian beam (for a full description of Gaussian beams see

[1]). For pure higher order modes the M? is given by

M?*=N+1 (1.4)

For a given wavelength and beam waist, the M? denotes how fast a beam will diverge
relative to the fundamental mode. Beams can have different M?s along different transverse
axes, particularly in the case of HG,,, modes which have a minimum M? along the  and
y axis of 2m + 1 and 2n + 1 respectively. True LG modes have an even M? about all axes

due to their cylindrical symmetry.

1.4 Review of the Literature

1.4.1 Angular Momentum Within Light

Vortex modes are a subset of LG modes that carry innate Angular Momentum (AM). This
is due to their helical phase pattern creating orbital angular momentum (OAM) [32]. In
a pure vortex mode, the amount of OAM is equal to [A per photon. The electric field
of the vortex mode resembles a helix; its handedness corresponding to the handedness of
the OAM. Their are however other forms of LG modes that do not contain OAM, some
of which will be discussed later in this thesis. OAM is contrary to the spin AM found in
circularly polarised beams that is due to the accumulated spin of individual photons, as
demonstrated by Beth et al. [33]. OAM, unlike spin AM, can be extrinsic rather than
intrinsic to the beam [34]. This means that for AM associated with the polarisation of
the beam its value is independent of what axis the AM is measured along, i.e. it is only
dependent on the intensity of the beam. Phase generated AM however, will vary depend-
ing on the axis of measurement. For example, if one part of the beam is apertured out
compared to another, a different AM vector will be measured. The cylindrical symmetry

of LG modes mean that the value obtained is only dependent on the radius from the beam
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centre and the beam intensity. Practically, this means that when spin AM is transferred
to an object it will rotate about its own centre of rotation. In contrast, transfer of OAM
will rotate an object about the centre of the beam, provided the object is smaller than
the beam itself. A larger object will rotate about its own axis in both cases. It is in this

situation that OAM could also be said to be intrinsic [35].

A key additional point to consider is that not all doughnut shaped intensity distribu-
tions are vortex modes. It is possible to construct an identical intensity distribution from
either a coherent or incoherent superposition of several different modes [36]. If we take the
first order LG mode as an example, the LGp; mode, we find that it can be de-constructed
into two orthogonal first order HG modes, the HGy1 and HG1g modes, see Section 5.2.
Depending on the polarisation state and phase delay between these we get different first
order LG modes. This is illustrated in Fig. 1.4 Summing these modes with aligned po-
larisation and no phase delay gives a HG(; mode at 45° to the principle axes. Summing
them with a 7/2 phase shift give a vortex mode. If they have exotic polarisation states
with each lobe having opposing polarisation they can be summed to form either a radial
or azimuthal mode. These contain no OAM. Finally, two first order vortex modes with
opposite handedness, but the same polarisation, can be summed to make a ‘petal’ mode.
See Fig. 1.5 for examples of these at higher orders. If two of these, where the two pairs
of vortex modes are 7 out of phase with each other to form petal modes rotated by 7/2,
are summed, either coherently or incoherently, we obtain a first order LG mode with no
OAM and the polarisation of the original vortex modes [36]. This list is not exhaustive,
but we can already see that there are many modes with vastly different properties that
have identical intensity distributions. This highlights the need for careful diagnoses of
any given LG mode produced in order to identify its true nature. It also requires careful
definition of what exactly constitutes an LG mode. Here we will use ‘LG mode’ as a
broard term that encompasses all modes with a doughnut shaped profile, and then spec-

ify whether we are talking about, for example, a vortex or radial DM, when this is relevant.

1.4.2 Doughnut Modes and their Applications

LG modes with an p = 0 and [ > 1 form a ring-shaped cross-sectional intensity (see the first
row of Figure 1.3b). They are commonly referred to as Doughnut Modes or DMs. They
are of interest for a variety of applications including machining, optical trapping, driving
micro-machines, quantum information processing, communications and plasma interac-
tions [15, 35, 37, 38]. Optical trapping with a typical Gaussian beam traps a transparent
particle in the peak intensity region using the gradient force. However, for absorbing par-

ticles, the scattering force can destabilise these traps. Therefore DMs are useful as they
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Figure 1.4: Shows how HGy; and HG19 modes can be summed coherently to form different first
order doughnut modes depending on their phase relation and polarisation. The white arrows
indicate polarisation direction. The ‘+’ and ‘minus’ indicate the first order LG mode has OAM
and its handedness, a ‘0’ shows the mode has no OAM. We also show how vortex modes can be
summed to form first order HG modes, and then how these can be summed to form an LG mode
with no OAM.

can hold absorbing particles more stably in the central intensity null. Here the scattering
force is used to trap the particle, as the higher intensity around the central null pusehes in-
wardly on the object [39]. Furthermore the OAM and spin AM of DMs can be transferred
to small particles [40]. It was in this discovery that the transfer of OAM to matter was
first accurately measured [35]. OAM and spin AM can transfer separately, with birefrin-
gent materials only interacting with spin AM, whereas absorbing particles can also have
OAM transferred to them [34]. This transfer of AM has several applications including
driving micro-rotors. These are useful for measuring viscosity in fluids or as a pump or
mixer in microfluidics [37]. The hollow core of DMs has been theorised to both trap and
compress particles when interacting with plasma [15]. The steeper intensity profile of DMs
has also been theorised to increase the efficiency of second harmonic conversion in plasma
[41]. There are also many applications to communications, mostly concerned with using
the OAM of a beam as method to encode data. This has potential in both the fibre and
freespace domains [42, 43, 44]. There have also been indications that OAM beams may be
more resistant to turbulence. This is of particular interest to free space communications

[45].

The interest in DMs for machining comes from three areas: their potential to be radi-
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ally or azimuthally polarised due to their intensity null in the centre, their ability to carry
OAM as well as benefits from their annular intensity profile.. We also hypothesise that the
steeper intensity profile of DMs might reduce the extent of the heat effected zone (HAZ).
Radially and azimuthally polarised beams, as well as hybrids between them, form a set of
modes often known as ‘cylindrical vector modes’. It should be noted that any method of
creating a radially polarised mode (henceforth referred to as a radial mode for brevity) can
easily be converted to another cylindrical vector mode with the use of an optical rotator
[46]. Tt is important to note that, in general, radial modes and those containing OAM
are distinct. Most ways of producing a radial mode will not create the helical phase of a
vortex mode and most ways of generating a vortex mode will have a spatially invariant
polarisation. The recent development of S-waveplates, however, imparts both a phase de-
lay and alters the polarisation state of an input fundamental Gaussian mode from circular
to radial [47]. One should note that this does produce a pure LGy; mode. Finally, a mode
with a doughnut shaped profile may not exhibit either cylindrical vector polarisation or
OAM.

The annular shape of DMs has several advantages for machining. The annular shape
spreads the region of peak power over a larger area for the same beam size compared to
a Gaussian beam. The central intensity null also reduces the thermal stress in the centre
of the irradiated area [17]. This has application in glass bending [48]. This more even
heating can also be useful when working with materials which have a narrow processing
temperature band (i.e. too high a temperature will cause damage and too low will fail to
enact the desired process) [49]. Hnatovsky et.al. have demonstrated a novel machining
technique using ultra-short pulses of DMs in order to create micron sized rings in silica.
These modes exhibited OAM, though it is unclear if this had an effect upon the machining

process.

Polarisation has recently been gaining attention as a property that is important to
materials processing, due to the different absorption coefficients of S (perpendicular to
the plane of incidence) and P (parallel to the plane of incidence) polarised light on an
angled surface. In general, this means P-polarised light is absorbed more strongly during
laser processing [50, 51]. One might expect linearly polarised light to be favoured for
processing, however this is sub-optimal if the cut is multi-directional. Therefore circular
polarisation is favoured for its cylindrical symmetry to maintain an even cutting speed.
Niziev and Nesterov have theoretically demonstrated that radial polarisation holds signif-
icant advantages in the laser processing of metals [52, 53]. Radial polarisation maintains
the cylindrical symmetry of circular polarisation, but with the leading edge of the cut

always being P-polarised. They theorised that radial polarisation would provide a 1.5 — 2
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factor improvement in cutting efficiency, defined as the product of cut depth and velocity,
compared to circular polarisation. This was then confirmed by Ahmed et al. who demon-
strated a 50% improvement in efficiency using a radially polarised COs laser [54, 55].
Allegre et al. also showed an improvement using a femotosecond laser [56]. Furthermore
radial polarisation has shown to be more efficient at shallow bore drilling [50], whilst az-
imuthal polarisation, due to its lower absorption in the bore side-walls, is better for deeper
drilling [24].

There have also been some interesting preliminary studies on the effects of OAM on
machining. A vortex mode, with a one micron wavelength, was compared with an equiva-
lent doughnut shaped beam without OAM in the ablation of tantalum [57]. The non vortex
beam was not a true mode, being produced by a crude free space diffraction technique.
However, it had a similar intensity profile to a true vortex mode and is a valid substitute.
It has been shown that both the ablation threshold was lowered and the surface quality
was improved when the vortex beam was used in comparison with the non-vortex mode.
As the presence of OAM is the greatest difference between these modes, it is assumed to
cause these improvements. The smoothing in particular is thought to be from the OAM

transferring to the ablated material.

Studies on the ablation effects of picosecond vortex pulses on silicon found that a nano-
structure needle formed. This was located within the intensity null of the pulse [58, 59].
The needle reached a height of approximately 40um when a region was hit with multiple
pulses. Furthermore, the needle appeared to inherit a chirality linked with the OAM of
the beam. With more research this could be an effective method of producing novel silicon
structures. This could potentially provide needle tips applicable to microscopy that would
allow for nano-scale measurements of the chirality and optical activity of molecules. A
similar structure had previously been generated in tantalum using the same method. [60].
The needles produced exceed 10um in height and were reproducible into a 5 x 6 array of
needles. Chirality linked with the OAM was demonstrated in a later paper [61]. Similar
structures were also generated in thin silver films on a glass substrate with nanosecond
pulses at 512nm [62]. By using a unique property of the S-waveplate used to generate
their vortex modes, in which two optical vortices with opposite handedness are created,

they were also able to simultaneously generate two needles with opposite chirality.

A recent study has shown the writing of sub-diffraction limited features with vortex
modes in silver containing glass [63]. It was shown that the size of these features was min-
imised when the OAM and spin AM were aligned (i.e. the mode is circularly polarised in

the same direction as its helical electric field distribution). This is thought to be because,
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when focused beyond the paraxial limit, the aligned spins maintain the central intensity
null as compared to other polarisations. Whether this is only the case when vortex modes
are generated impurely by spatial light modulators (see Section 1.4.3) or is more general,

is unclear.

In all the above examples a spiral phase plate, spatial light modulator or S-waveplate
were used to produce the vortex mode. These are all impure methods, meaning the beam
did not contain the maximum [ per photon of OAM. With better mode quality these

effects may be enhanced.

1.4.3 Generating Doughnut Modes External to the Laser Cavity

The main hurdle in developing a technology using DMs for machining is obtaining high
enough power. Traditionally DMs have been made external to the laser cavity by convert-
ing another laser mode, normally the fundamental or HGg; mode, into a vortex mode.
This can be done via a spatial light modulator (SLM) [34, 36, 37, 40, 56, 64, 65, 64],
a spiral phase plate (SPP) [57, 66, 67, 68, 69] or an astigmatic mode converter (AMC)
[58, 70, 71, 72, 73, 74, 75]. The former two have limited efficiency as they cannot create
an analytically pure vortex mode as they only act upon the phase of the beam, not the
amplitude. A simplified way to look at how an SPP works is that they take the electric

field of a fundamental mode and multiply it with a 27 azimuthal phase shift.

E?JOG(Ta ¢7 Z) X €i7r¢ = ESPP (15)

Here EgGY(r, ¢, 2) is the electric field the fundamental mode in cylindrical coordi-
nates: radial displacement r, azimuthal angle ¢ and z. Clearly, if we assume the SPP to
be ‘thin’, the beam’s intensity immediately after the SPP must be close to a fundamental
mode. The central intensity null is then created by destructive interference in the centre
of the beam [76]. This beam can be a reasonable approximation of the LGy; vortex mode
in some planes but will change upon propagation. This can mean a degradation of the
mode in the far field as it scatter into higher order LGy, modes [75]. A similar process is
undergone when vortex modes are created via SLMs. As LG modes form a complete set of
helical modes we can describe the outputs of SPPs and SLMs as a superposition of them.
In this view, SPPs have a maximal theoretical power transfer to the LGy vortex mode
of 78.5% [66, 67, 77]. Another analysis suggests by having the beam waists of the input
the output mode be different sizes, one could yield a conversion efficiency of 97.3% [78].
How this would be physically possible to manifest in a real system though is not stated
nor experimentally demonstrated. Spatial light modulators, whilst theoretically capable of

creating more pure vortex modes, using the same analysis with LG, modes as complete
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a set of helical modes, with purity up to 93% [79]. The beams presented in this paper
however do not appear to have this level of purity. Futhermore, SLMs have power han-
dling and efficiency limitations which restrict their use for machining applications. They
are also high cost and produce a pixelated output. Furthermore both SPPs and SLMs are
wavelength dependent. This can lead to issues with chromatic aberration when working

with pulsed lasers, where a broad bandwidth is required [80].

AMCs extend the phase change over a protracted distance allowing for perfect mode
conversion of a HG mode to its corresponding LG mode. They are alignment-sensitive
and, to our knowledge, have yet to be applied to a laser processing application. We how-

ever believe they have great potential. AMCs will be discussed in detail in Chapter 5.

1.4.4 Generating Doughnut Modes Within a Laser Cavity

An alternative route to generating DMs is to create them directly within a free-space laser
cavity. This requires the desired mode to have the lowest threshold within a laser cavity
compared to all other modes. This can either be done through gain shaping or loss shap-
ing. In gain shaping one tries to match the spatial distribution to the gain to the shape
of the desired mode. In the case of DMs this would be a ring. As the desired mode can
spatially access more of the gain than other modes it will have a lower threshold provided
the cavity losses are equal. In loss shaping one creates additional loss for modes that
would otherwise have a lower threshold than the desired mode. A common application
of this is to use a scattering or absorbing spot in the centre of a cavity optic to suppress
the fundamental mode. Loss shaping has inherent issues in that there will be gain that
cannot be spatially accessed by the main cavity mode. This increases the possibility of
other spatial modes oscillating off this unused gain; particularly when the gain is high.

The two methods can be combined.

Gain and loss shaping to select transverse modes has been implemented via several
methods in bulk solid-state, gas and microchip lasers. DMs have been demonstrated us-
ing low-reflectivity regions in the centre of cavity mirrors to force a higher loss for the
Gaussian mode [63, 64, 81]. These are often created by simply damaging the mirror. The
cavity mode size is then adjusted so the damaged spot is similar in size to the desired
mode’s central intensity null. This has allowed for modes up to LGgs to be generated.
However, pushing for higher orders has given rise to ‘petal’ modes. These are a coherent
superposition of two vortex modes with the same mode order but opposite handedness.
Here the mode resembles a ring made of a number of lobes equal to twice the azimuthal

order, [. These modes contain no OAM provided the contribution from each handedness
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is equal. Examples are shown in Fig. 1.5. We also show a mode with unequal amounts
of each handedness producing a petal mode with wider petals. This contains a limited
amount of OAM. Losing both their OAM content and cylindrical symmetry these modes
are generally unsuitable, or give no advantage over fundamental mode, for most applica-
tions such as: laser processing, remote sensing, optical tweezing, optical communications,

etcetera.

Figure 1.5: Theoretically generated images of petal modes. The examples here are the intensity
profiles that result from superimposing both senses of azimuthal phase for the LGy, LGq2,
LGy3, and LGg1p modes; resulting in petal modes. The final image is a LGo3 vortex mode

combined with the same mode with the opposite handedness but at less power.

In general, gain shaping, rather than loss shaping, has been the more popular method
for selecting specific transverse modes. Naidoo et al. have also demonstrated DMs in
microchip lasers by shaping the pump with a © phase plate to reshape a pure Gaussian
pump beam [64]. The plate reformats the pump into a rough ring shape by creating a 7
phase shift in the centre of the collimated pump. This achieves a reasonable LGy mode.
Chen et al. have also created DMs in a microchip laser by defocusing the output from a
fibre coupled laser diode in order to produce a ring shaped pump profile [82]. This allowed

for the creation of very high order ‘petal’ modes up to LGy 23.

Shimohira et.al. have found a novel, if highly inefficient method of generating low
order LGy modes in an Yb:YAG disk laser [83]. This was done by pumping the disc
with two collimated fibre coupled diodes through the thin edge of the disc, rather than
the main face, orthognal to each other. Then by adjusting the overlap between the two
beams, i.e. changing the height of the two beams relative to the main face, they found
they could switch between exciting high order HGp,, modes and the LG, mode. Another
novel method that allows for switching between an LGy and Gaussian mode through a
double resonator has been developed by D. J. Kim and J. W. Kim [84]. A rough schematic
of their set-up is shown in Fig. 1.6. Here the cavity is split into two arms that share the
same gain medium by using a polarising beam splitter. Both cavities are designed to
support the fundamental and LGy; modes. In one arm the output coupler (OC) has a

higher reflectance giving it a lower threshold, this is the secondary arm. When an aperture
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is closed in this arm only the fundamental mode is supported. This saturates the gain
in the central region of the laser crystal, causing the other arm to oscillate on the LG
vortex mode. This was reasonably efficient with a 32% slope efficiency at 1.62W of output
power. By narrowing an aperture in the primary cavity (with lower reflectivity OC) and
closing the one in the secondary, a fundamental mode output is produced with 40% slope
efficiency and 2.21W of output. However, significant power is lost in the output of the
secondary cavity. With the secondary cavity closed off and the primary aperture open,
a multi-mode output is produced with 44% efficiency and 2.74W output. This efficiency
loss could be an issue for commercial applications. However, this may be acceptable in an

application where rapid switching between the Gaussian and LGy modes is desirable.

0oCc2

Secondary Cavity
Aperture 1

/I

Etalon

Aperture 2

Pump

Calcite
Displacer

Primary Cavity

Figure 1.6: Schematic of the laser built by Kim et al.. OC2 has a higher reflectivity, both cavities
support both the HGgy and LGy; mode. The apertures can be opened, narrowed or closed to

select between the two modes.

Finally, there have been many papers published on the use of capillary fibres to excite
DMs within solid-state lasers. Here a multi-mode laser diode is coupled into a capillary
fibre. This can be done either through a taper or by focussing the diode output into the
wall of the capillary fibre. The output from this is doughnut shaped near the fibre tip be-
fore diverging into a top hat profile. However, by using a 4f imaging system, see Fig. 1.7,
the doughnut shape can be re-imaged into a laser crystal. Kim et al. have demonstrated
this technique for producing DMs up to LGo3 [85]. No attempt was made to detect the
presence of OAM, so these modes may well be the superpositions or petal modes described
by Litvin et al. in [36] (see Section 1.4.1). More recently Dietrich et al. have used capillary
fibres to generate an LG(y; mode at up to 107W output powers in a Yb:YAG disk laser
with radial polarisation [86]. The polarisation was enforced by a mirror that had a higher

reflectivity for radial polarisation than other states. The additional interest here was an
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improvement in slope efficiency due to apparent better thermal properties. It is thought
that as the maximum intensity is spread over the ring rather than concentrated within a
central point, as with a fundamental mode, this reduces thermal lensing and makes heat
extraction more efficient. This is obviously of interest for machining applications as better
thermal efficiency will reduce running costs and limit long term damage to the laser from

thermal stress.
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Figure 1.7: Schematic of a 4f lens system. This re-images light from the focal plane of f1 to the
focal plane of f2. Copying the image exactly but with a magnification factor of M = f2/f1.

One common problem with all methods of generating vortex modes within a cavity is
that though no control of the handedness is possible. Often a mode with a measurable
sense of handedness is produced but why this was selected over the other handedness is
unclear. Furthermore it is possible both handednesses are present in different amounts
and are incoherently superimposed. This means the selection of handedness in the system
is likely due to small loss differentials of unknown origin. This is evidenced by the ability

to alter the apparent balance of handedness by misaligning mirrors [63].

This method of misaligning mirrors has been extended by Kim et al. by inserting a
tilted etalon into the cavity [87]. They constructed a simple two mirror cavity pumped by
a capillary fibre to select for the LGp; mode. Initially, they showed this to be operating
on two longitudinal modes that were unstable over time. However, the superposition of
the two appeared consistent over time. Neither of the longitudinal modes exhibited a clear
handedness so we can conclude the cavity was producing something akin to the superpo-
sition of petal modes described by Litvin [36]. They then inserted a tilted etalon into the
cavity and observed a clear handedness. Furthermore, the handedness could be switched
by tilting the etalon. As the electric field in the cavity resembles a helix, they argue that
this causes a different loss for each handedness of the helix due to its interaction with the
Poynting vector. This result has been replicated by Liu et al. [88]. We can, however, think
about taking the whole laser cavity and inverting it space (i.e. flipping it upside-down),

this is equivalent to tilting the etalon. This therefore should not change the physics of the



1.5. DOUGHNUT MODES IN THE LITERATURE 17

laser cavity and select handedness as it violates symmetry arguments. We can therefore
assume that this situation is similar to handedness selection by misaligning mirrors, in
that it changes the path of the intra-cavity mode to interact with different unknown loss

differentials that select the handedness.

The work done by Lin et al. has conclusively generated 1% order vortex modes with
controllable handedness [89]. This has been achieved through use of novel aluminium strips
as a mode selector that exploits the physical distinction between the two senses of phase
having oppositely ‘twisted’ standing wave patterns. The standing wave pattern for a LG
mode is a HGy1 mode rotating through 360° every wavelength. However, the direction of
the orbital angular momentum dictates which way, clockwise or anticlockwise, the mode
rotates. In this way by aligning two strips, that are narrow enough to fit in the intensity
null of the HG(; mode, at 45° to each other and A(n + 1/4) apart, where n is an integer,
we can create differential loss between the two modes. This works, as for one sense of the
phase, both of the strips are going through the intensity null and present minimal loss,
whilst for the other, one strip causes a loss as it lies across the two intensity maximums,
see Fig. 1.8. Whilst this technique has been successful for the lowest order DM, it is
unclear whether it will work for higher order modes. This is both because a ‘petal’ mode
has petals equal to twice its azimuthal order; and that the whole electric field distribution
rotates [ number of times per wavelength. Therefore, the angular difference between the
two nano strips will need to decrease by a factor of four per [ and the sensitivity in their
separation will double. Furthermore the standing wave will have more transverse nodes as
it will resemble a higher order HG mode. This means the strips will need to be located off
axis, more than one may be needed in each location and the strips will need to be thinner
for the same mode size. All of this would present significant engineering challenges. It

therefore seems unlikely that this will be practical outside a laboratory environment.

1.5 Doughnut Modes in the Literature

In order to highlight some of the current difficulties in generating high quality DMs we
present a selection of LGg; beams that have been published in the literature, Fig. 1.9.
These modes have been produced by different researchers, at different times by different
methods. First we can see that it is much easier to observe the quality of the beam in
the false colour images. We will therefore endeavour to present all our measured beams in
false colour for clarity (we present spiral interference patterns in grey scale as we feel this
makes their from easier to identify). The beam produced by Volyar et al. in Fig. 1.9ais of

reasonable quality, there is some interference structure in the mode and an apparent dip in
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0% &

Figure 1.8: This demonstrates the technique used in [89] to select for the handedness of an LGy
mode. The left image depicts the orientation of the first aluminium strip (white line) relative to
the standing wave pattern of the mode. The centre image is A(n + 1/4 further down the beam
path and shows the second strip relative to the handedness of the mode that is being selected for.
Whilst the right image demonstrates the same strip causing a loss for the counter-rotating

opposite handedness.

900

Figure 1.9: A selection of LG(; modes from the literature. (a) is from a paper by Volyar et al.

(a)

[90]. (b) is from a paper by Tanaka et al. [91]. (¢) is from a paper by Okamoto et al. [92]. (d) is
from a paper by Takahashi et al. [58].

the intensity in the top right [90]. More detail than this is hard to make out as it appears
the camera has saturated. The beam from Tanaka et al. in Fig. 1.9b is of significantly
worse quality, with a lopsided power distribution and a central intensity null that does
not go to zero [91]. The beam made by Okamoto et al. in Fig. 1.9c is of incredibly
poor quality, it being more triangularly shaped than round, and with additional structure
outside the main beam [92]. Furthermore, their camera is heavily saturated, possibly
obscuring key details about the beam. Finally, Takahashi et al. present a beam in Fig.
1.9d that is of reasonable quality [58]. There beam is round and with a good central
intensity null, however there is clearly an azimuthal variation to the intensity of the beam.

This indicates the beam is not a pure LGg; mode.

We can therefore see that there is a wide variety in the quality of beams being called
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DMs. A more robust way to compare the purity of these modes would help in understand-
ing the various merits of producing DMs in different ways. Furthermore, with a better
understanding of the factors that go into DM mode purity, one could improve the design
and operation of the systems one used to make these modes and, in turn, improve the

modes themselves.

1.6 Thesis Outline

The rest of this thesis deals with our own efforts to both improve old and explore new ways
to generate doughnut modes. We have primarily been concerned with generating LGy
modes with controllable OAM with both high power and purity, all with the application
of laser processing in mind. Whilst a laser was never built that reached machining powers,
we believe we have laid the groundwork for building such a laser, whilst gaining a greater

sense of both how to measure and control the purity of such beams.

Chapter 2 explores trying to make higher order DMs by using high aspect ratio cap-
illary fibres to reshape the pump for solid-state laser. This discusses the advantages of
going to higher mode orders such as greater OAM per photon and steeper intensity profile.
It also analytically proves some of the physical trends that appear as the azimuthal order
is increased. We present and test a theoretical model for estimating the thresholds at
which specific DMs will begin to oscillate. The specifics of preparing a capillary fibre for
delivering pump light are discussed, and with this we generate modes up to LGo 23 in a
2-mirror Nd:YAG laser. However, all the modes produced are petal modes that have little

application.

In Chapter 3 we sought to try to isolate a mechanism for handedness selection within a
laser cavity. We initially discuss some key diagnostics that allowed us to detect OAM and
individual longitudinal modes. We built a capillary pumped, single longitudinal mode,
vortex mode ring laser. This isolates the vortex mode from all others for study. We saw
initial promising handedness selection from an unexpected effect in a Faraday rotator. An
analogous effect was found in the highly chiral material tellurium dioxide. This effect was

not found to be measurable in either free space or in a standing wave cavity.

Chapter 4 is concerned with taking a detailed look at analysing the purity of higher
order transverse modes. We initially highlight some key problems that can arise when
mode purity is not looked at rigorously and then conduct a review of the literature on
the methods used to analyse purity. We then present two new techniques concerned with

detecting and quantifying specific impurities that can occur when making HGg; or LGy
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modes. The first expands on the technique of using a Mach-Zehnder interferometer to
check for the presence of a helical phase front. It moves this diagnostic from a binary
measurement of whether this is present to a scaled measurement that can estimate the
percentage of the beam that carries OAM. The second technique involves basic analysis
of the intensity profiles of HGg1 and LGy modes compared to their theoretical ideal.
We show this can reveal small impurities that would otherwise be qualitatively hard to
observe. In certain cases we can take this analysis further to estimate what quantity of

impurity is present in a given mode.

In order to actually generate a high quality, power scalable vortex mode we decided
to investigate using an astigmatic mode converter. Chapter 5 lays out and expands upon
the theory of mode converters and the physics underlying them. Our key innovation is to
replace the cylindrical lenses typical astigmatic mode converters with spherical mirrors.
This provides benefits in terms of power handling, design flexibility and the removal of
chromatic aberration. We then present two methods of producing the pre-requisite HGp1
mode and analyse both the purity of these and the vortex modes they produce. The latter
method involves using twin pump spots to select for a pure HGg; mode. This produced
an LGy vortex mode of high purity with controllable handedness that was suitable for

power scaling.

In chapter 6 we introduce a Q-switch to the twin pump spot laser producing a high-
quality 25ns pulsed HGg, laser. After assessing the various amplifier geometries available
and conducting a literature review on the amplification of higher order modes we construct
a bounce geometry amplifier to scale the power of our HGp;. The hope was to scale the
power to the 10s of watts whilst retaining high beam quality. Up to 17W of output was
produced but at the expense of the beam quality. The output was of too low a quality to
attempt a conversion to the LGg; mode. We therefore discuss alternative approaches to

this problem.

Finally, chapter 7 summarises the main results from this thesis. We then explain our

thoughts on how to progress in the field of high power vortex mode generation.



Chapter 2

Generating High Order

Laguerre-Gaussian Modes

Many of the desirable qualities of DMs are enhanced by increasing the azimuthal mode
order [. For a pure vortex mode the OAM scales at [h. This is probably the main attrac-
tion of high order vortex modes for various applications. Furthermore the steepness of the
intensity distribution increases with the azimuthal mode order. We derive this in Section
2.2. We believe this has potential application in reducing the undesirable HAZ during
machining, as there will be less material being illuminated by laser power that is powerful
enough to damage the material, but not to fully melt it. An LGy; mode has the a larger
cutting area than the fundamental for the same beam size. This is shown by Niziev et al.
and is stated to be better for cutting materials which have a narrow temperature band in
which effective cutting can occur, as less of the beams intensity is either wasted or causing

unwanted damage to the material [53].

This chapter describes the work done to extend intra-cavity doughnut mode generation
to as high an azimuthal order as possible. This was pursued by expanding on the technique
of generating DMs using capillary fibres detailed in Section 1.4.4. We used a higher ratio
between the inner and outer diameter of the fibre of 0.8 compared to previous work. This

will preferentially select higher order LG modes.

2.1 Selecting Doughnut Modes Within a Cavity

In order to generate a specific DM we need to ensure that it has the lowest threshold.
This requires us to have a theoretical understanding of what thresholds to expect from
all possible cavity modes. We can then design a laser to select the mode we want. First,
when using a doughnut shaped pump beam from a capillary fibre, we can assume that

only the set of LGy modes will have good overlap. HG modes will be suppressed as there

21
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is nothing to break the cylindrical symmetry. We can also largely discount LG modes with
a radial order above 0, as the pump has a only single radial null. We therefore need an
analytical solution to the pump threshold in the case of DMs. This has been discussed
in detail in [85] and will be summarised here. First we must define the cavity photon
lifetime, i.e. the rate of decay of the number of photons in the cavity, 7.. If we take the
output power of a laser at time ¢ = 0 to be Pro (0) we can ask what the output power
will be after a round trip of the cavity, ¢,, later. This assumes no more photons enter, or

are excited in the cavity, within that time.
Pro(tr) = PLo(0)(1-L)(1-T) (2.1)

where Pro (t,) is the power at time ¢,, T is the fractional transmission through the output
coupler and L is the fractional loss from all other sources. We can then extrapolate the

loss and transmission terms to get

1-L)(1-T)=exp(In((1-=L)(1—-T))) =exp <2lccnln (1-=L)(1—- T))) (2.2)

cp 21,
where [ is the cavity length (assuming a standing wave cavity) and ¢, is the average speed

of light within the cavity. By then defining ¢, = 2# we can then define 7. as the decay

n

constant for the system. i.e. the remaining terms within the exponent. This gives us

output power after a round trip as

Te

Pro (1) = Pro (0) eap (—“) (23)

where
21, 21,

T — D1 —T)) ~ en(L+ 1)
The approximate equality holds as long as both L and T are both << 1. We can then

(2.4)

Te =

substitute the simplified 7. into equation (2.4). If we then look at the threshold for a four

level laser

-1

hv, (L+T
Pth:M /So?“odv (2.5)
2lcaeTfnabs77q

cavity
where: h is Planck’s Constant; v, is the pump wavelength; o, is the emission cross
section; 7 is the fluorescence lifetime; 7445 is the fraction of the pump light absorbed; 7,
is the pumping quantum efficiency, i.e. the fraction of input pump photons that actually
cause a unit of inversion; and V is the volume being pumped. The integral is the spatial
overlap between the pump and the lasing mode. Within it we find rg, which is the
normalised pump rate density and s is the normalised photon density. We now define the

variable A.;f as
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-1

Aeff == lc / ’I“oSodV (26)

cavity
This corresponds to the effective area of gain that overlaps with a given mode. If
we assume the capillary fibre, when re-imaged into a laser crystal, produces a step index
doughnut profile with inner diameter (ID) of a and outer diameter (OD) of b ; and that
neither the pump light nor the desired mode diverge significantly over the length of the

gain region; we can derive normalised rate density, rg, of

—ozpewp(—ozpz) a<r<b
ro(r,z) = T(b* = a?)1abs (2.7)
0 otherwise

where «, is the absorption coefficient of the pump light in the laser medium [85]. The
normalised photon density for a DM of azimuthal order [ is described by Phillips and
Andrews [93] to be

0= e (wiio)l P (‘w22<2>> (28)

where w(z) is the spot size of the fundamental mode. We can now substitute (2.7) and
(2.8) into (2.6) and resolve the integral to get
7 (b? — a?)

nLp (2:9)

Aesr =

where 1 p is the dimensionless spatial overlap factor between the pumped region and the
lasing mode. Effectively the volume being pumped that can be spatially accessed by the

cavity mode, given explicitly as

. zl: (l jk)! [(jg)z—k (az(l—k) B b2(l—k)) exp (_2(‘12wgb2)>] (2.10)

k=0
this assumes that the beam waist, wg, for the lasing mode is within the pumped region.
This also assumes that neither the pump nor the cavity beam diverges much over the
pumping region. From this we work out theoretical threshold powers for any given DM
in a representative laser set-up. To excite a single specific mode we simply need to design
the laser cavity and pump architecture in such a way that the desired mode has the low-
est threshold. Then provided their are no unused regions of the pump this mode should
extract all the gain preventing other modes from oscillating. This is ensured by designing
the laser cavity such that both the radius of the cavity mode matches the radius of the

pump, and that the width of the mode’s ring is equivalent to b — a.
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2.2 The Gradient of Doughnut Mode Intensity Profiles

As the azimuthal order of DMs increases (i.e. a higher [ number) they have a steeper
intensity profile on their outside edge given the same measured mode size. It is thought
this could help with machining as this will create a ‘sharper cut’ with less area of the
beam under the intensity level needed to remove material. This may lead to a reduction
to the damage done to the surrounding material, otherwise known as the heat affected
zone, potentially leading to cleaner and more efficient cuts. DMs are ideal for this as they
are cylindrically symmetrical and so do not need to be carefully orientated with respect to
the cutting angle. The increase in steepness with [ can be proven analytically as follows.
The electric field intensity for a Laguerre-Gaussian mode in cylindrical coordinates of r,
¢ and z is [31]

I
Ey (V2 —r? o[ 2r? oor? .
E(rp2) = ) <w(2)) exp <w(2 ))LL' —w(z ) exp | —ik 2R exp (il¢p) (2.11)

exp(—ikz)exp (z (Jl]+2p + 1) C(Z))

Where Ej is a normalisation constant, w(;) is the Gaussian spot size at position z, [ is
the azimuthal mode order and p the radial, LL” is the general Laguerre polynomial of
orders p and [, k is the wavenumber, R;) is the wavefront radius at z and ((,) is the Gouy
phase shift, also at z. For a DM p = 0. From this we set ¢ to 0 for convenience as all
DMs are cylindrically symmetrical so this choice is arbitrary. We then multiply by the

complex conjugate of the electric field. This gives us |E ]%Z which is directly proportional

) 21| oo 5\ 72
P = Z0 (Y2} (20 o (22 (2.12)
W) \ Y Wiz) Wiz)

To find the maximum intensity steepness we need to know the gradient of this function in

to intensity.

the radial direction. So we differentiate it with respect to r. To make this clearer we set:

2|1 2
2 —2r? 2r?

A= (“{) B=exp ( l > c =Ll (Z)] (2.13)
Y) Y Yz

and differentiate each in turn to then recombine using the product rule.

21|
4 _ (ﬂ> 2|1|r2Il=1 (2.14)

%_ 2

®
dB —4r —2r2
(2) (2)
d
¢_ 0 (2.16)

dr
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% is zero as %Lé(x) = —L;lntll (z) and L', is always 0. Enacting the product rule we
obtain
2 2 2/l 92 2\ 12
d|E| E3 (V2 2r u [ 2r 2l Ar
i w2 (w2 ) Pz P\ )|\ e (2.17)
(2) (2) (2) (2) (2)

If we then plot this expression, Fig. 2.1b, we can find the points of maximum intensity
steepness as where the gradient of this is zero. It turns out the steepest intensity gradient
occurs between the intensity maximum and null in the centre of the doughnut. We are
interested in the outer intensity maximum as this is the section of the beam that forms the
cutting edge. Normalising to give each mode an equal spot size, where we have defined the
spot size as the point at which the intensity drops to !/e* of its maximum, and equal power
we can plot a graph of the maximum steepness against azimuthal mode order, see Fig.
2.1. This demonstrates a near linear relationship, clearly showing that higher azimuthal
mode orders have greater mode steepness. We should therefore seek to generate higher

order DMs in order to investigate their potential for laser processing.

2.3 Experimentally Generating High Order DMs

2.3.1 Theory

In order to generate higher order DMs we have chosen to use capillary fibres with a higher
aspect ratio than have previously been tested in order to favour generating higher order
modes. This works as with increasing azimuthal mode order the distance from the mode
centre to the inner edge of the ring, the intensity ‘hole’, increases. The ring thickness also
decreases. We demonstrate this in Fig. 2.2. Both the ‘hole’ and the ring thickness are
defined by the radii at which the beam intensity is 1/e* of the maximum. Higher order
modes therefore have an intensity profile that more closely matches a ring with a greater

ratio of inner and outer diameters, a and b.

By more closely matching the pump profile with the intensity distribution of higher
order modes we hope to selectively generate these modes above lower order ones. From
equation (2.10) in Section 2.1 we can see that the relative pump overlap, nyp depends
heavily on the mode size within the cavity. Therefore by adjusting the relative mode size
within the pump region to the pump size we can select a specific mode. This can be done
easily within a two mirror cavity with one plane and one curved mirror. The equation for

the spot radius at the beam waist of the fundamental mode is given by [2]
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Figure 2.1: (a) shows the intensity cross sections for DMs with azimuthal mode orders of 0, 1, 5,
10, 15 and 20. All have the same measured beam size and intensity. (b) shows the derivatives of
these. (¢) Shows the graph of azimuthal mode order vs the maximum outer intensity gradient,

demonstrating a near linear relationship.
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Figure 2.2: (a) shows the logarithmically increasing ‘hole’ radius of DMs, while (b) depicts the
logarithmically decreasing ring width. The ‘hole’ radius is defined as the radial distance from the
centre of the mode to the first point that 1/e? of the peak intensity is reached. The ring width is
defined as the radial distance from this point to the point of matching intensity on the outer edge

of the ring. All modes were normalised for both equal spot size and intensity.

ZR)\

- (2.18)

woy =

where zg is the Rayleigh length of the beam. Here, wq is the beam radius of the funda-
mental mode at the waist which is located at the plane mirror. The M? of an LGy mode

is given by

M?*=2p+1+1 (2.19)

The actual measurable radius of a LG mode, wgas, defined as the point at which the

intensity has fallen to 1/e* of the maximum, scales with that of wy as

WoM :’LU()VM2

Therefore if we keep the pump radius the same and vary wg we will change which order

(2.20)

of DM has the best overlap with the pump. In our laser cavity the radius of curvature of
the beam, R.), at a mirror must be equal to the radius of curvature of the mirror. As a
beam waist occurs when R,y = oo we know the beam waist will occur at the flat mirror.
Therefore the distance from the beam waist, z, at the curved mirror is the cavity length
lc. We can then take the formula for the radius of curvature of a Gaussian beam [2] and

rearrange for the Rayleigh length, then substitute in [, for z.

2
R(z) =z <1 + ?) = ZR = R(lc)lc — lg (2.21)
we can then take (2.21) and substitute it into equation (2.18).
A 2
wo = { <7T> (Rle —12) (2.22)
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thus we can see that by varying the cavity length of a two mirror cavity we can adjust
the mode size at the beam waist. We can therefore select a specific DM as the threshold

pump power is dependant on the cavity mode size.

2.3.2 Fibre Design and Tapering

We used a custom capillary fibre produced at the Optoelectronics Research Centre at
Southampton University by J R Hayes. It has no dedicated cladding, being a simple silica
tube with a low index polymer coating. Either the coating or the air if the coating is
stripped then acts as the cladding. We selected a fibre with an outer diameter of 210um
and an aspect ratio between the outer and inner diameters of 0.797. This was chosen as
it had the highest aspect ratio of the fibre that it was possible to mechanically cleave.
Higher aspect ratios than 0.8 were too brittle and broke when clamped in place during
the cleaving process. The fibre was also designed to have the same cross-sectional area of
glass as the multi-mode fibre output of the LUMICS™™  4W, 808nm diode laser used as
a pump source. The diode uses a conventional single-clad fibre with a cladding diameter
of 125um and core diameter of 105um. The surface area of glass was important in order

to reduce loss in splicing the capillary to the pump diode fibre.

The output from the diode laser was coupled into the capillary fibre via means of a
taper. When heated under light tension, a capillary fibre will collapse into a solid fibre.
The heating was provided by a graphite filament in a Vytran”™ GPX-3000 series glass
fibre processor. Whilst heated the fibre was put under a low tension, causing the capillary
to collapse the smoothly over approximately 10mm. Heating was then stopped so as not
to collapse the fibre further. Such a slow change should be adiabatic to the pump light,
resulting in low loss. It also, through the matched surface areas, gave us a collapsed di-
ameter of 125um matching the cladding diameter of the diode fibre. This should ensure a

low splice loss.

Cleaving the capillary fibres was achieved through propagating a crack under tension.
COs laser cleaving was found to be unsuitable as ablation dust was drawn up into the
fibre hole causing substantial scattering loss. Mechanical cleaving, however, is not ideal
as the fibre has no dedicated cladding. This means defects from the hammer blow, that
initiates the crack, may affect the beam quality. It was also found that a small notch was
blown out of the surface opposite to the hammer blow. This is thought to be the result of
the two shock-waves propagating either side of the ring colliding. Fig. 2.3 shows both an
image of the cleaved fibre and its output after the diode laser was spliced to it. The notch

from the hammer blow and the opposing crack are both clearly visible in the cleave image.
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However only the crack is visible in the fibre output. This will probably cause a higher
than predicted threshold for our modes as it is not accurately modelled in the theory, and
represents a mismatch between the pump and laser mode. Furthermore it may encourage
non cylindrically symmetric modes to oscillate as the symmetry is now broken. This ring

shape is only maintained near the focal plane, trending towards a top hat away from this.

(a) (b)

Figure 2.3: (a) Image of the fibre end after mechanically cleaving. The hammer blow and crack
where the shockwaves met are both clearly visible. (b) Focal image of pump light output. The
notch from mechanical cleaving is clearly visible in the top left. The ID, a, and OD, b, are

marked.

2.3.3 Laser Design and Modelling

We chose to use a simple two mirror Nd:YAG laser as the basis for our experiments.
Nd:YAG has excellent thermal properties and is a well understood solid state gain medium
with extensive established use in laser processing [20]. The gain crystal was cylindrical
with a 3mm diameter and 10mm length, doped at latm%. The LUMICS™™ fibre coupled
diode source had an M? of 21.66 in both axes. The diode was temperature tuned to 31.0°C
in order to match the 808nm absorption peak of the laser crystal. This gave a maximum
output power of 3.95W when driven by 5A of current with 98.6% of the pump light being
absorbed within the crystal. Immediately after splicing the diode fibre to the taper, the
loss was measured at around 10%. This loss was seen to increase with time and regular use
over a period of days. It eventually settled at a much more significant loss of 35%, with the
maximum output power from the capillary being 2.35W. It is thought the increased loss
is due heating of the low index polymer coating applied to protect the splice and taper,
causing it to degrade. This reduces the guiding properties of the taper leading to greater
losses. This could potentially be improved by adding a proper cladding to the capillary

fibre. This cladding would also minimise the impact from physical cleaving defects.
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Figure 2.4: Schematic of the capillary pumped laser. LXX is a spherical lens with its focal
length, XX, in mm. IC is the input coupler and OC is the output coupler.

The output from the capillary formed a clear ring shape when re-imaged with a 4f
system of lenses (see Fig. 1.2). Bends in the fibre were added to remove higher order
modes propagating in the central air hole. The M? of the ring shaped pump increased
significantly, when compared to the top hat pump, to 111 in the x axis and 115 in y.
A 30mm focal length spherical lens was used to collimate the pump and a 150mm lens
to focus it into the crystal. This gave a beam waist radius of 525mm and formed ring
shape that was subjectively maintained over a distance of 30 = 10mm. We can therefore

reliably generate doughnut modes in gain media with absorption lengths shorter than this.

A two mirror cavity with a flat IC and a curved OC with a radius of 200mm was
constructed, see Fig. 2.4. The OC had a 4% transmission at 1064nm and a 200mm radius
of curvature. The Nd:YAG rod was placed 2 — 3mm away from the IC, that was highly
transmissive at 808nm and highly reflective at 1064nm. This was as close as possible so as
to achieve the smallest beam size in the gain region, preferentially lowering the threshold
of higher order doughnut modes. A beam’s divergence is also lowest near a beam waist.
A low divergence beam is a critical assumption in our threshold theory calculations. This
design when pumped directly by the laser diode without the capillary fibre produced a
fundamental mode output. The laser cavity was optimised for a maximum output power
of 1.21W at the maximum pump of 4W. The laser hit threshold with an absorbed pump
power of 0+ 0.02W with a slope efficiency of 31%. The diameter of the pump profile was
approximately 263um.

With the capillary fibre, the focus of the pump was placed towards the front of the
laser crystal, where the most of the absorption would take place. This ensured the ma-

jority of the gain was in the desired thin ring shape. This gave a pump diameter of 525um.

We used this information to model our system using equations (2.5), (2.9) and (2.10).
The Nd:YAG used for these experiments was produced by CLaser who quote the emis-
sion cross section, o., to be 28 x 107?*m? and the upper-state lifetime, 7r, to be 230us

[94]. The quantum efficiency for Nd:YAG, n,, is given as 0.85 by [95]. The absorption
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efficiency, 745, was measured to be 0.986. We estimated the cavity loss to be 1% per
round trip. Then inputting the values for the pump size, transmission and wavelengths
we can simulate the expected thresholds for each mode order for any given cavity mode
size. Fig. 2.5 shows this model for mode orders up to [ = 25. Pump thresholds above
2.5W are not plotted for clarity. Here we have scaled the cavity mode’s beam waist within
the laser cavity, wg, relative to the outer-diameter of the pump ring, b. This theoretical
model makes several implicit assumtions. First that the themal lens is both negligible and
unchanging at different pumping levels. That neither the pump nor the laser mode diverge
significantly over the pumped region. Furthermore, that the gain is being transfered into
a singal transverse mode. And finally, that the mode being selected is a pure LGy mode.
All these are approximations not neccessarily true in our laser system, however we felt
that any deviations from this in our system would be small and not significantly effect the

results.

Looking at our theoretical predictions, we can see that a larger fundamental cavity
mode size favours a lower order mode. We also see that the lowest thresholds are reserved
for the higher order modes. This makes intuitive sense as lower order modes have thicker
rings for the same measured mode size, wgps. So with our thin pump ring more of their
intensity profile will be outside the pump region. This is illustrated in Fig. 2.6, where we
can see the same size pump distribution in two laser cavities with different fundamental
beam sizes, wp. In the first image the lower order mode (blue) is the same size as the pump
but much of the mode is outside the pump region. As the cavity mode size decreases the
mode’s radii decrease the higher order mode (red) aligns with the pump. Its thinner ring

profile better matches the pump distribution giving it a lower threshold.

In order to select a specific mode we need to find a point where the threshold for the
desired mode is the lowest of all the modes. We can see from the structure in Fig. 2.5 the
graph that we only need to consider the modes adjacent in mode order to the one we wish
to operate on. This is because modes more different from the desired one have significantly
greater thresholds than those adjacent to it. We should therefore find the mode size at
which the two adjacent modes have a threshold equally higher than the target mode. This

should minimize the risk of more than one mode oscillating.

2.3.4 Experimental Results

Upon varying the cavity length from 104mm down to 25.5mm we produced modes from
LGo,14 through to LGg23. These were not however pure DMs. Instead being what are

known as ‘petal’ modes, see Fig. 1.5. These are superpositions between the two handed-



32 CHAPTER 2. GENERATING HIGH ORDER LAGUERRE-GAUSSIAN MODES

25
2.2
% i 2 %
O i o
g
S 15} 18 @
= g
= 16 ¢
S0t £
2 14 5
‘N 5| g
< 1o F
0 ‘ . . . . 1
0.3 0.4 0.5 0.6 0.7
wolb

Figure 2.5: A plot of the threshold of a DM within a cavity pumped by a capillary fibre as
function of the azimuthal mode order and the cavity mode size, wq, relative to the outer radius of
the pump, b. This plot has assumed 1% loss in the cavity though the true value of this is
unknown. Only thresholds up to 2.5W have been displayed for clarity.
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Figure 2.6: Nlustration of how changing the cavity fundamental mode radius selects which order
of DM attains a lower threshold and preferentially lases. Also why higher-order modes can access
lower thresholds due to their thinner ring profile. The green region is the ring shaped pump
distribution, the blue a lower order DM and the red a higher order DM. (a) shows the situation
where the modes have a higher fundamental mode size, and (b) when the mode size is reduced.

The pump spot size remains constant.
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Figure 2.7: Focal images, running from left to right, for the LG}, LG{6, LG8, LG3° and LGE?

petal modes. The petals are distinct enough say with reasonable certainty which mode is

dominant in each image. However they do not appear to be pure modes.

ness states of a given LGy mode. The [ = 14, 16, 18, 20 and 23 modes are depicted in
Fig. 2.7. Whilst clearly petal modes, some of the petals are indistinct, indicating there
may be more than one petal mode present. This is not unexpected as there is a small
difference between the threshold of adjacent DMs according to our model. There is also
some structure within the ring of petals indicating there may be non LGq; impurities. If
only a petal mode were to oscillate there would be unused gain in the nulls between the
petals. This could provide enough gain for secondary modes to lase and may be the cause
of our impure beams. These high order modes have little practical application as they
lose two of the key properties of DMs, cylindrical symmetry and OAM. They do however

retain the increased intensity gradient.

The thresholds obtained for these example modes were significantly higher than theory
predicts for all modes. See Table 2.1. Here we show (row 1) the fundamental mode size
at the plane mirror of the cavity we expect would generate this order of mode observed, if
our theoretical model depicted in Fig. 2.5 is correct. Row 2 then shows the theoretically
predicted threshold for this mode, row 3 depicts what was actually measured. We can
then use the cavity length to estimate the true mode size at the mirror. We found it
to be consistantly larger than what we would expect from the mode orders we achieved.
Row 4 and 5 then show the expected thresholds and mode orders we should have obtained
from those mode sizes according to the theory in Fig. 2.5. Both lower order modes and
lower thresholds would have been expected, given the actual mode radii. Most notably the
threshold became higher with increasing mode order rather than lower. This demonstrates
that our theoretical model was not able to predict the thresholds and mode orders for this
laser cavity, nor was it able to explain the actual measured thresholds and mode orders

observed. There are clearly key elements missing from this theory.

One possible reason for the failure of our model is that we assumed that the laser
would act in only one transverse mode, we have made no attempt to model how the super-

position of the two senses of azimuthal phase will effect the threshold. It is likely that the
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Azimuthal Mode Order 14 | 16 18 20 | 23

Theoretically Predicted Fundamental Mode Size (pm) | 183 | 179 | 174 | 164 | 159
Theoretically Predicted Threshold (W) 1.19 | 1.14 | 1.09 | 1.05 | 1.00
Measured Threshold (W) 1.26 | 1.38 | 1.34 | 1.42 | 1.43

Expected Threshold From Measured Cavity Length (W) | 1.24 | 1.22 | 1.189 | 1.13 | 1.11
Expected Mode Order From Measured Cavity Length 13 13 14 16 17

Table 2.1: Here we compare the theoretically predicted and measured thresholds for the petal
modes with what we would expect given the size of the cavity beam waist. Note that the
predicted trend of lower thresholds for higher order modes was not true in practice and that

much higher mode orders were produced with higher than expected thresholds.

numerous intensity nulls about the petal structure cause a significant enough reduction in
the overlap to increase the threshold. Furthermore it appears that there are more modes
than a single petal mode competing for the gain. This is again absent from our model

leading to the inaccuracies.

The location of the notch in the pump beam might have been expected to be correlated
with an intensity null. This would have indicated that this may also have been the cause
favouring the production of petal modes. When tested, however, rotating the fibre left
the mode unchanged. It therefore seems that another factor has caused the selection of
petal modes. Notably, however, other attempts by various methods to produce high order
LG modes within a laser cavity have also created petal modes [64, 73, 82]. We can note
that at higher orders a petal mode more closely resembles its corresponding pure vortex
mode. This indicates that when generating higher order LGy modes within a laser cav-
ity petal modes will lase preferentially unless a method to differentiate between the two
senses of handedness is implemented. We must also therefore conclude that any losses be-

tween the two senses of handedness in a standard laser cavity are very small or not present.

2.4 Conclusions

The modes obtained are clearly super-positions of DMs. This technique could be simply
extended to develop even higher order modes. There are however, no known applications
for petal modes. This method also suffers from low mode purity, with possibly several petal
modes being produced simultaneously, along with decreasing efficiency as we approach
higher orders. For this technique of higher aspect ratio capillary fibres to be effective, a
robust method to select for only one sense of handedness with a single azimuthal order is

needed. This would hopefully also improve the efficiency of generating these modes due
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to the better inversion overlap.

35



36 CHAPTER 2. GENERATING HIGH ORDER LAGUERRE-GAUSSIAN MODES



Chapter 3

Investigating Handedness
Selection in Vortex Mode Ring

Lasers

In order to improve on the work in the previous chapter, we ideally need to generate a
pure LGy mode so we can robustly study how to control the OAM. To achieve this we
have constructed a ring laser. Ring lasers can be made to operate on a single frequency
as they can support travelling rather than standing waves. As previously discussed there
are many forms of DMs with identical intensity distributions, whereas only vortex modes
contain OAM. If one wants the vortex mode specifically, it can be challenging to have this
as the only mode operating in a normal laser cavity, as often several different DMs will
oscillate simultaneously. By creating a cavity that operates on a single longitudinal mode
we hope to isolate it for study. In so doing we hope to discover a way to select this mode
preferentially over others. Furthermore, we wish to find a way to control the handedness

of the mode within the cavity, something that has not been done robustly thus far.

3.1 Ring Lasers and Faraday Rotators

3.1.1 Ring Lasers

Ring lasers use cavities where a ray of light can return to where it started without retrac-
ing its path. Uni-directional ring lasers create a laser cavity with travelling waves rather
than standing waves as they do not reflect the intra-cavity beam back upon itself. This
eliminates the effect of spatial hole burning. Spatial hole burning occurs when there is
unused gain left in the nodes of a standing wave interference pattern. This can then lead
to modes oscillating in addition to the one with the lowest threshold. In contrast, a trav-

elling electromagnetic wave will sweep through the gain medium leaving no residual gain

37
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available for competing modes; provided good overlap between the pump and cavity mode.
This can lead to single longitudinal mode operation within ring lasers as the first mode
to reach threshold can spatially access all the available gain. This is dependant on there
only being one direction a cavity mode can travel about the laser: Clockwise (CW) or
Anticlockwise (ACW). If the laser operates in both directions these create standing waves
which will lead to spatial hole burning and multi-mode operation. Uni-directionality can

be solved with the use of a Faraday Rotator (FR).

3.1.2 Faraday Rotators

A FR utilises the magneto-optic effect commonly called the Faraday effect. This is ex-
hibited when a material is in the presence of a magnetic field. By applying such a field,
a different phase delay is applied to the two senses of circular polarisation of any light
traversing the material that is parallel to the field. As linearly polarised light can be
considered as a superposition of the two senses of circular polarisation, this causes the
direction of the polarisation to rotate. The direction of this rotation is only dependent on
the direction of the magnetic field and not on the direction the light is travelling [96, 97].
This creates one of the few non-reciprocal effects in optics [98, 99]. When combined with
either two linear polarisers, or a linearly polarising device along with two half waveplates,
an optical isolator can be created. This requires that 45° of phase rotation is provided
by the Faraday effect and leads to light being only able propagate one way through the

device. See Fig. 3.1. The polarisation is rotated by an amount given in [100]

0:V/Bw (3.1)

where: 6 is the phase rotation in radians; V is the Verdet constant of the material; B
is the magnetic field strength and [ is the length of the Faraday material along the axis
of beam propagation. A full isolator is not necessary for uni-directionality within a ring
laser. Only a loss differential is needed for one direction of beam propagation to reach
threshold first and become the only output. This can be achieved with less rotation of
the polarisation, so long as one direction of light sees more loss at the polarising element.
We can quantify the level of uni-directionality, i.e. how close we are to having all of the
photons in the cavity traversing one particular direction, as the ratio of powers in the two

outputs.

3.1.3 Scanning Fabry-Perot Etalons

Later in this chapter we will be examining the frequency spectrum of laser outputs using

a scanning Fabry-Perot etalon. These devices can give very accurate frequency spectra as
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Figure 3.1: Diagram of a Faraday isolator. This forms an optical device similar to a diode in

electronics.

they rely on interference properties. They are constructed using two partially transmitting
mirrors parallel to each other, into which the light to be studied is inserted at normal inci-
dence (see Figure 3.2a). This sets up a standing wave pattern between the two mirrors. If
the mirror separation is an integer or half integer multiple of the wavelength, constructive
interference occurs, greatly boosting the transmission through the mirrors [101, 102]. If the
mirror separation is varied and the transmission monitored on a fast photo-detector con-

nected to an oscilloscope, it is possible to construct a frequency spectrum of the incoming
light; Fig. 3.2b shows an example. This makes Fabry-Perot interferometers particularly
useful for monitoring the frequency spectrum of monochromatic, or near monochromatic

lasers, whose frequency separation between longitudinal modes can be easily sub-GHz.
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Figure 3.2: (a) depicts a conventional plane-plane scanning Fabry-Perot interferometer. (b)
shows a typical oscilloscope trace, plotting the variation in separation against the intensity

transmitted through the etalon.

Two important properties of a scanning Fabry-Perot interferometer are its free spectral

range (FSR) and finesse. The FSR is frequency spacing between its resonant modes;
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effectively the bandwidth over which it can scan before the same wavelength will become
resonant again [103].
c

Avpsg = L (3-2)
gtm

where Avpgpg is the FSR of the etalon, c is the speed of light in a vacuum, ng4 is the group
refractive index and L,, is the average mirror separation. The finesse is the FSR of the
cavity divided by the bandwidth (as defined by the full width half maximum (FWHM))
of its resonance peaks. The finesse is independent of the mirror separation and is instead
dependent only on the reflectivity of the mirrors. The resolution of a scanning Fabry-Perot
etalon is its FSR over its finesse. To have a high resolution a high FSR and therefore a
large mirror separation is needed. This comes at the cost of the frequency bandwidth that

can be analysed simultaneously by the device.

3.1.4 Mach-Zender Interferometers

Mach-Zehnder interferometers are a simple instrument for comparing a light source with a
modified version of itself. It employs two beam splitters to separate and then recombine a
beam [104]. This allows for one beam to be modified in some way, before being combined
back with its other half. It is then possible to look at the resultant interference pattern.
The difference in length between the arms should be less than the coherence length of
the light being analysed. In our case we will use this to confirm both the existence and
direction of helical phase within DMs. By aperturing part of one beam with a pinhole
we can create a spherical wave of the same wavelength. Interfering this with the original
beam will produce the images seen in Fig. 3.3b. We see either a CW, or an ACW, spiral in
alignment with the direction of the helical phase fronts. If the beam is a DM with no OAM
we will observe concentric circles, see Fig. 3.3. Examples of these include superpositions
of petal modes. Radially and azimuthally polarised modes will give unusual interference
patterns as the small section of beam sampled will not have a polarisation state that
matches that of the whole beam. More information on Mach-Zehnder interferometers and

their use with vortex modes can be found in Section 4.2

3.2 First Order Laguerre-Gaussian Ring Laser

3.2.1 Experimental Design

For simplicity we are aiming to generate the LGp; mode. To facilitate this we are using
a capillary fibre with a 200um outer diameter and a 100um inner diameter. This fibre’s
lower ratio of outer to innder diameter will favour the generation of the lowest order DM,
as it more closely resembles that mode’s intensity profile. This is mechanically cleaved by

the same method outlined in Section 2.3.2. The cleave was of similar quality to that of
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Figure 3.3: (a) is a typical Mach-Zehnder interferometer for detecting the presence of beam
helicity and therefore OAM. BS are non-polarising beam splitters, M are highly reflective mirrors
and L a short focal length lens. (b) shows theoretical interference patterns observed from a
Mach-Zehnder interferometer for the LGy mode. The left image is for a beam with ACW phase
fronts, the right for CW and the centre for a DM that does not contain OAM; such as a
superposition of petal modes. Thus the interferometer can detect the presence and handedness of
OAM.
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Figure 3.4: (a) shows the output from the 200/100 capillary fibre imaged in the focal plane. (b)

shows the radius profile of the taper produced by Gooch and Housego?™ . We can see the taper

occurs over two distinct regions: the first initial collapse until the hole closes, and then a slower
taper until the radius matches that of the diode fibre.

the higher aspect ratio fibre used in Chapter 2, with the same crack opposite the ham-
mer strike. We will assume this has little impact on the quality of DM capable of being
produced from the ring laser, as there was no evidence of this defect having much impact
previously. An image from the output of this is given in Fig. 3.4a. The output from
the capillary had an M? of 43. The same laser diode from Section 2.3.3 is used however
we have a different taper produced by Gooch and Housego?™ to connect the capillary to
the diode’s fibre output. This provided near perfect transmission and therefore an output
that was stable over time. Upon examining the tapers, only one substantial difference
was found. A different collapse profile has been used, see Fig. 3.4b. The taper initially
collapses quickly and then finishes its narrowing more slowly. Why this has improved the

transmission is unclear.

For the ring laser itself we have used lenses for cavity stability, as although these incur
additional losses, they avoid beam astigmatism from off axis reflections on curved mirrors.
This is important to achieve a pure LGp; without breaking its cylindrical symmetry which
would have unknown effects on the beam quality. Furthermore it will cause the mode
to shift towards a HG(y; mode, due to the Gouy phase shift (see Chapter 5). The loss
difference between S and P polarised light upon reflection of the cavity mirrors provided
the polarisation selection needed for unidirectional operation in combination with the FR.
The rotator itself consists of two half waveplates and a 10mm rod of terbium gallium
garnet (TGG) as the Faraday material. The half waveplates here replace the linear po-
larisers in a typical faraday rotator. They’re orientated so as to ensure the electic field of
light travelling in one direction is aligned with the axis of minimum loss on the mirrors,

whilst maximising the loss for the other direction. The TGG was anti-reflection coated for
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Figure 8.5: Schematic of the uni-directional ring laser. The lenses are positioned so there is a
waist within the gain medium in order to match the cavity mode to the pump spot size. We can

rotate one of the half waveplates in order to reverse the direction of the cavity mode.

1064nm. The magnetic field was produced by two ring shaped neodymium magnets, the
poles on the opposing flat faces, surrounding the TGG crystal, providing a magnetic field
of approximately 0.297'. This provided an approximate polarisation rotation of 7 for lin-
early polarised 1064nm light. A full schematic is in Fig. 3.5. The diode could provide up
to 3.7W of pump at the 10mm long, 1% doping concentration cylindrical, Nd:YAG laser
crystal. A 5% transmission at 1064nm, output coupler was used and the cavity length
was 520 £ 20mm.

When operated without the FR, bi-directional, multi-mode operation is observed. The
modes travelling in opposite directions compete for the gain and when we optimise for the
maximum total power we observe the outputs in Fig. 3.6. This was taken at 3.7W of
pump power producing 510mW of output with a 22.6% slope efficiency. We can see that
these beams are not stable with propagation, looking closer to a true LG in one location
but with clear HG; features in another. This could be due to astigmatism and the results
of the Gouy phase shift. Astigmatism could have arisen from transmission throug off-axis
lenses external to the cavity. On the other hand, we also notice that the orientation of the
high power lobes is orthogonal between the beams. This intensity distribution could arise
from an incoherent superposition of the lowest order petal mode and a doughnut mode.
With the petal modes rotated by 90° to each other, each exploiting a different region of
gain. The total intensity profile of the two beams propagating opposite ways about the
cavity would then resemble the lowest order DM. Even though individually they do not
match it. This could alternatively explain the lobed appearence of the modes, though not
the change in appearence with propagation. Furthermore, the beam depicted in Fig. 3.6b

seems to have a larger intensity null compared to the beam size, indicating some higher
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(a) (b) (c) (d)

Figure 3.6: (a) and (b) the CW beam in at the focus and in the far field. (¢) and (d) the ACW

beam at the focus and in the far field.

order LGy content. By inserting the FR, we should be able to enforce single longitudinal

mode operation and remove the superposition of modes we may be observing.

3.2.2 Handedness Selection

After inserting the FR, the cavity alignment was optimised for both an LGg; mode and
single frequency operation. We found the beam to exhibit a clear handedness. Single
frequency was confirmed using the scanning Fabry-Perot interferometer, see Fig. 3.7a.
The beam quality has significantly improved, with better cylindrical symmetry and a
profile that does not change upon propagation. This handedness was time invariant and
robust to small cavity misalignments, even when single frequency operation was broken or
mode hopping was observed. This was all observed at the 3.7W of pump power, providing
290mW of output with 18.8% slope efficiency. This drop in power and efficiency is to be
expected due to the additional losses from the three extra intra-cavity elements. It was
found that by adjusting the orientation of the extroadinary axis of one of the waveplates
to reverse the direction of propagation about the laser cavity, the handedness of the mode
was reversed, Fig. 3.8. Reversing the direction of the cavity had no significant impact on
the efficiency or mode quality. A CW spiral was observed when the beam traversed the
cavity in a CW direction and vice versa. This demonstrates that there is some form of
loss or gain differential breaking the degeneracy between the senses of phase. This result
was consistent upon multiple repetitions, as long as optimal alignment was maintained.
It was also observed to remain true when the cavity design was changed slightly in order
to reduce the path length of the cavity. Large misalignments of the cavity mirrors would
however, break both the single longitudinal mode operation and the clarity of the spiral

in the interference pattern.

We can be certain of the presence of a pure LG mode from the scanning Fabry-Perot

spectrum as only one mode is operating, provided the assumtion that each longitudianl
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Figure 3.7: Output of scanning Fabry-Perot interferometer for LGy, mode ring laser. (a) shows
the spectrum when properly aligned. We see clear single longitudinal mode operation. (b) depicts

the spectrum when the mirrors are misaligned, showing clear multi-mode operation.
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Figure 3.8: (a) depicts the output beam of the ring laser during single longitudinal mode
operation. (b) Depicts the interference pattern observed after the Mach-Zehnder interferometer
from when the beam is running CW about the cavity. It shows a clear CW spiral indicating CW
helicity. (¢) shows the beam when running ACW about the cavity depicting clear ACW helicity.

mode can only operate on a single transverse mode is correct. The scanning Fabry-Perot
interferometer had a mirror spacing was 30.9mm and both mirrors had a reflectivity of
95%. This gives a free spectral range of 4.8GHz and a finesse of 31. This means we
can resolve modes that are separated by greater than 0.15GHz. The spectrum contains
clear single peaks so we can conclude the laser is operating on a single longitudinal mode
with bandwidth less than 0.15GHz. The cavity length is approximately 0.54m giving a
frequency separation of the cavity modes of 0.54GH z so we would expect any secondary

longitudinal mode to clearly show up between the resonance peaks shown.

The physical mechanism behind the change in handedness is currently not understood.
However, its non-reciprocal nature suggested a non-reciprocal effect is causing the loss dif-
ferential. The only two such things within the cavity are the magnetic field and the

Faraday effect itself. Further investigation was therefore warranted in order to determine
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if these were selecting for the handedness of the beam. We also note that, to the best of
our knowledge, this is the first demonstration of the handeness selection of vortex modes

within a solid state ring laser.

Following this we reversed the direction of the magnetic field by inverting the rotator.
This isolated the change in the magnetic field from all variables except any defect within
the rotator. This reversed the handedness with respect to the direction the beam was
travelling round the cavity. i.e. an ACW spiral is now observed for a CW travelling
mode and vice versa. Slight misalignment of the rotator, without inverting the magnetic
field, was found not to reverse the handedness. It would occasionally break the single
longitudinal mode operation but this could be corrected by re-aligning the cavity mirrors.
We can therefore conclude that the handedness selection is linked to either the magnetic
field or the Faraday effect, thus confirming a method of handedness selection within a

uni-directional ring laser cavity.

3.3 Retro-Reflection Ring Laser

3.3.1 Theory and Literature

In order to further investigate this, we need to separate the mechanism for handedness
control from the mechanism for uni-directionality. As we know no other mechanism for
selecting handedness, we must find another for enforcing uni-directionality and single longi-
tudinal mode operation. Enforcing uni-directionality is done by creating a loss differential
between the two counter-propagating travelling waves [105]. One method of doing this is
to retro-reflect one of the outputs back into the gain medium. This is done by simply using
a mirror to reflect the output of one direction back through the OC. This suppresses the
mode that is being fed into the feedback arm. This method was initially explored early in
laser development [1, 105, 106], but was generally discarded in favour of FRs due to poor
uni-directionality. It has been explored more recently as it removes intra-cavity optics and
thus reduces loss within the laser [107, 108]. However no account of the uni-directionality
is given. Shardlow et al. have, however, reported excellent, 2500:1, uni-directionality using
this method [109]. They attribute this to the high gain in their Nd:YVOy4 bounce geometry
laser. An interesting point is that when aligned correctly there is almost no observable
power in the feedback arm. Shardlow et al. posit that therefore one of the directions
has been completely suppressed and the feedback is coming from amplified spontaneous
emission (ASE).
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Figure 3.9: Schematic for the ring laser using retro-reflection to enforce uni-directionality. The
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external mirror creates feedback for the ACW mode, suppressing it.

3.3.2 Experiment

We constructed the laser shown in Fig. 3.9. We measured the uni-directionality by opti-
mising the power in the ACW direction and then measuring the total power output from
the laser travelling in each direction separately. We found there to be 50 times the power
travelling in the ACW direction compared to the other, giving reasonable though not per-
fect uni-directionality. The mode was still shown to posses CW helicity, however single
longitudinal mode operation was not achieved as shown in the frequency spectra in Fig.
8.10a. Re-aligning the cavity could, however, reverse the handedness or remove a clear
helicity, Fig. 3.11. We believe the spiral interference patterns to be degraded compared
to the ring laser utilising the FR due to the multi-modal output. This highlights that
without a helicity selecting mechanism, clear helicity is possible, but neither stable, nor
guaranteed. It also suggests that a spiral interference pattern may not be sufficient to
give full information about the OAM content of a mode. We explore this issue further in
Section 4.2.

We then re-introduced the FR as a helicity selecting device. No half wave plates were
added in order to retain the retro-reflector as the dominant force for uni-directionality.
The cavity operated in the ACW direction as before, regardless of the orientation of the
FR. However, in both directions the frequency spectrum became more multi-modal, par-
ticularly when the magnetic field was pointed against the cavity mode’s direction of travel.
Though in this case it may have been caused by a retro-reflection from the etalon of the
Fabry-Perot interferometer interfering with the gain in the laser. The reason the multi-
modal output in the other cases is, however, unclear, but suggests that there are several

competing mechanisms occurring within the laser cavity, destabilising it. Nevertheless the
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Figure 3.10: Fabry-Perot spectra for the retro-reflection ring laser. (a) is the spectrum with no
FR, (b) with the magnetic field of the FR orientated against the cavity mode’s direction of travel
and (c¢) with the field orientated with the mode.

(a) (b) (d)

Figure 3.11: (a) is an image of the typical output from the retro-reflected ring laser. (b), (c)
and(d) are three spiral interference patterns generated from this. The handedness was changed

via minor cavity re-alignments.
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Figure 8.12: Spiral interference patterns from the retro-reflected ring laser. i and ii show clear
CW handedness when the laser contains no FR. iii and iv show relatively weak CW and ACW
spirals when the FR’s magnetic field opposes the cavity mode’s propagation. v and vi show ACW

and no handedness when the magnetic field co-propagated with the mode.

intensity profile of the laser output remained constant as measured by a camera with a

frame rate of 25fps. Again the handedness was not robust to cavity misalignment.

The cavity was aligned without the rotator for clear CW handedness and then the
FR was introduced. Both clear CW and ACW handedness was obtainable with the mag-
netic field pointing with the beam propagation. With the beam counter-propagating,
either ACW or no handedness was obtainable, examples given in Fig. 3.12. In general
however, it was found that the co-propagating magnetic field favoured a CW and counter-
propagating ACW handedness. No realignment of the cavity was done upon introducing
the rotator. The FR was removed between each measurement and aligned so as to min-
imise translation of the output beam. The variance in the handedness demonstrates that
the selection mechanism was relatively weak and is not robust when subjected to a multi-

mode laser.

We do not propose a clear mechanism for the handedness selection provided by the FR.
We do note however that the Faraday effect has a similar physicals effect to optical activity,
a phenomenon only found in microscopically chiral materials [110]. As the physical origin
of handedness in vortex modes is their chiral phase pattern, we ask the question: do other

chiral structures induce the same effect?. If it is found that structures that are chiral on
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a microscopic level do cause a loss differential between the two senses of orbital phase, we

can name this orbital activity.

3.4 Tellurium Dioxide as a Handedness Selector

We have chosen to study a-Tellurium Dioxide (TeOz2) as a candidate for handedness selec-
tion, due to its unusually high optical activity [111]. It is also highly suitable as an optical
material as it has high transparency and good thermal properties. We therefore obtained
a 10mm thick crystal of TeOs, coated to be anti-reflective at 1064nm. This had previously
been designed for use within an acoustic Q-switch, so was of high optical quality. This

was then inserted into the retro-reflective ring laser.

3.4.1 Tellurium Dioxide as a Handedness Selector Within a Ring Laser

The same retro-reflecting ring laser as depicted in Fig. 3.9 was used to test out the TeO»
as a handedness selector. The crystal was placed between the two 45° mirrors opposite the
Nd:YAG crystal. The laser was initially aligned to operate with CW handedness without
the TeOs crystal. Images of the Mach-Zehnder interference patters from this are shown
in Fig. 3.13. The transverse intensity profile of the mode remained consistent with earlier
results. When the TeO, crystal was inserted a clear reversal of the handedness, to ACW,
was observed. This was independent of the orientation of the TeOs crystal as expected
with chirality being reciprocal. The output remained multi-mode. We also inserted the
FR, in addition to the TeOs, in both directions into the cavity. The handedness remained
ACW in all cases. Unexpectedly having the FR’s magnetic field co-propagating with the
mode qualitatively improved the spiral interference pattern. This is especially unusual as
previously the aligned rotator had favoured a CW handedness. Opposing the magnetic
field with the beam propagation had minimal effect on the spiral quality. With the TeO2
in the cavity the handedness was much more stable. The handedness could only be re-
versed or removed by a level misalignment that also ruined the intensity distribution. The
scanning Fabry-Perot readings in all these situations showed heavily multi-mode output.
Even the spectrum from the laser operating with both the TeOs and the opposing FR

with excellent spiral interference pattern was severely multi-mode. See Fig. 3.14.

We have shown that a chiral material can select a preferred handedness within a laser.
This laser was operating multi-mode however, it was likely operating on less modes than
a typical standing wave laser. This was also a low gain system. It is possible with more
gain the other sense of handedness may still reach threshold and find gain from which to

oscillate. We have also shown that the selecting factor from the TeOs crystal appears to
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Figure 3.13: Spiral interference patterns for the retro-reflecting ring laser containing the TeOq
crystal and/or the FR. i and ii show clear ACW handedness when contains the TeOy but not the
FR. iii and iv show much stronger ACW spirals when the FR’s magnetic field aligned with the
cavity mode’s propagation. v and vi similar quality ACW spirals to those with no FR when the

magnetic field counter-propagated with the mode.
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Figure 3.14: Fabry-Perot spectra for the retro-reflecting ring laser utilising TeO5 as a handedness
selector. (a) is the spectrum with no FR. (b) the spectrum with the magnetic field of the FR
orientated with the cavity mode’s direction of travel and (c¢) with the field orientated against the

mode.
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Figure 3.15: Schematic for the standing wave laser used to investigate handedness selection in
higher gain systems. IC is the plane input coupler, OC200 the 5% transmission output coupler
with a 200mm radius of curvature. The TeOs could be easily removed in order to test the

handedness.

be stronger than that for the FR as it was able to more robustly select a handedness in
the multi-mode ring laser. When both were used in tandem we also consistently observed
the handedness preferred by the TeOs. We still do not have a precise mechanism behind
this observed orbital activity. The next steps are to attempt to measure its effect and test

its efficacy within a standing wave cavity.

3.4.2 Tellurium Dioxide as a Handedness Selector Within a Standing
Wave Cavity

We tested if orbital activity would work within a laser that is more multi-mode and has
higher output power. To this end we constructed the laser seen in Fig. 5.15. This is a
simple two mirror cavity using a 5% output coupler (the same transmission as the ring
laser) with a 200mm radius of curvature. It was pumped using the same diode, taper
and capillary fibre as the ring laser from this chapter. The same Nd:YAG crystal was also
used. The additional output power comes from the large reduction in the number of cavity
optics, greatly reducing the loss. The cavity length was adjusted to 132mm, without the
TeOy crystal for optimal matching of the LGy mode with the ring shaped pump. We
present the beams and spiral interference patterns from this system in Fig. 3.16. Here
each beam is presented above its interference pattern. We can see we obtained reasonably
high quality LGo; modes. i and iii are beams produced with no TeOs in the cavity. We
can see i exhibits no clear sense of handedness and iii has a weak spiral indicating CW
handedness. It was also possible to obtain ACW handedness with slight adjustments to
the cavity alignments. This indicated there is no clear loss differential naturally in the

two mirror cavity.

Inserting the TeOg crystal we found much the same result as without it. The cavity
length was slightly shortened in order to maintain proper pump overlap. We see in v and
vii of Fig. 3.16 that the beam quality remained comparable, as did the spiral interference

patterns. vi and viii show that both CW and ACW handedness were obtainable though
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Figure 3.16: i and iii are examples of the transverse intensity profiles of the laser operating
without the TeOs. ii and iv are their corresponding Mach-Zehnder interference patterns. v and

vii are beam examples with the TeOy and vi and viii are their interference patterns.

neither spiral is strongly convincing of a robust helical phase front. This indicates that in
a more highly multi-mode and high power system, a 10mm length of TeOs is not a credible
handedness selector. Similar experiments were done with the Faraday rotator described

in Section 3.5, and again this was found not the be a viable handedness selector.

An interesting additional note is that the TeOy crystal’s faces were likely parallel
enough to each other for it to function as a weak etalon. This makes this experiment
analogous to those done by Kim et al., where they use the angle of an etalon within a
cavity to select the handedness of a vortex mode [87]. We therefore altered the angle of
the TeOq crystal in the cavity to see if we could enact a change in handedness. Whilst our
experiments confirm that the handedness can be influenced by this it was never a robust
change. We feel this effect is more closely linked to the misalignment of the cavity, like
that which is achievable by re-aligning the cavity mirrors. We therefore do not feel our
experiments support the claim that an etalon’s interaction with the Poynting vector acts

as a handedness selector.

3.5 Orbital Activity Measurement

Our hypothesis to explain the handedness selection in the ring laser involves FRs and
TeO, having a property that causes a differential loss between the two senses of hand-
edness of vortex modes. We have termed this orbital activity. In order to attempt to
directly measure this we used the output from the ring laser with the FR to enforce uni-

directionality detailed in Section 3.2. This provided 290mW of near pure LGy; mode with
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a clear sense of handedness. The purity was assessed using the methods detailed in Section
4.4, as well as the implicit assumption that a single longitudinal mode beam will be of
a single transverse mode. The beam was then split into two beam paths with an equal
amount of power. This was ensured by inserting a linear polariser into one arm, and then
using a half waveplate to re-orientate the polarisation in line with the other beam path.
These beams were then fed into a amplified balanced detector. We used the PDB210A
Si Photodetector from THORLABS™™ . This is a specialised photo-detector that receives
two separate inputs, subtracts them from each other, then amplifies the subtracted signal.
In this way it reveals any small differences between the two signals with high resolution.
By using two arms of the same beam they will have the same pattern of noise from the
laser. Any detected differences will therefore come from differences that arrise during their
traversal of free space. In order to minimise any phase delay between the two signals it
is important to keep the distance between the source and the detector equal in each arm.
In one arm we can then introduce our orbitally active material and measure the difference
in power detected. This measurement is unsuitable for the TeOy as we would need to be
able to distinguish the loss incurred from traversing the crystal’s two optical boundaries
from that of the orbital activity. Whereas for the FR we can compansate for the losses
incurred by the optical boundries in one arm by adjusting the balance of power in each
arm with the polariser. The magnetic field can then be introduced to isolate the detection
of any losses from orbital activity. We therefore initially measured the orbital activity of

a FR. A schematic of this experiment is given in Fig. 3.17.

For this experiment we used a larger FR in order to try to increase the orbital activity,
making it easier to detect. A TGG crystal 100mm in length was used in combination
with a stack of ring magnets producing approximately 0.187 of uniform magnetic field
over the length of the crystal. This should cause a 142° rotation of the linear polarisa-
tion. In the arm without the polariser we inserted the TGG without the magnets then
rotated the polariser until an even amount of power was registered in both arms of the
detector, accounting for any loss caused by the optical surface of the TGG. The noise on
the amplified signal was found to be 0.2V, from a measured input signal of 1.25V. As
the gain factor on the amplifier in the detector at 1064nm was approximately 10,000 this
means we should have been able to detect a difference in power between the two arms of
0.001%. The magnet was then slowly translated over the TGG. If our theory is correct
this will slowly increase the level of orbital activity. This was done with the magnetic
field orientated in both directions. We expected to see a greater drop in transmission in
one direction compared to the other. However no such drop was detected upon multiple
repeats of the experiment. This could either be because we are mistaken by the cause of

the handedness selection within the laser. Or alternatively the effect is too small to be
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Figure 3.17: Schematic for the orbital activity measurements. NPBS is a 60:40 non-polarising
beam splitter; the lower power beam goes towards the TGG. HR is a highly reflective mirror and
PBS is a polarising beam splitter. This can be rotated to control the power in this arm. A/2WP

is a zero-order half waveplate. The ring magnet can be translated to vary the strength of the

Faraday effect.
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detected. Detection sensitivity was limited due to the difficulty in moving a strong magnet
close to metallic objects. A rig was created to attach the magnets to a translation stage
to minimise this problem. Despite this, it was still challenging to introduce the magnet
without misaligning the FR. Nevertheless enough measurements were made that we feel
reasonably confident that if orbital activity is present in FRs, it is not detectable in our

system.

There are several improvements that could be made to this experiment. A more
powerful vortex mode beam could be used to improve the signal to noise ratio. A FR
offering more rotation might make the orbital activity effect stronger, increasing the size
of the loss we are trying to detect. We should also attempt to test the TeOq for orbital
activity. This would most easily be achieved with a source that could be reliably switched
between either the two senses of handedness or a vortex mode and a Gaussian. It would
need to do this whilst keeping the power in each arm of the detector exactly equal. This
would be a challenging source to operate, however the best candidate might be to use a
SLM to modify a Gaussian beam as described in Section 1.4.3. We have not undertaken

these experiments to date.

3.6 Conclusions

In this chapter we sought to investigate a method for selecting the handedness of first-
order vortex modes within a laser cavity. We built a single-vortex-mode ring laser in order
to remove ambiguity from the system. In doing this, we discovered a link between the
handedness of the vortex mode and the direction it traversed a Faraday Rotator within the
cavity. It appeared the FR caused a loss differential between the two senses of handedness
depending on whether the beam was either co-propagating or counter-propagating with
the magnetic field. We named this effect orbital activity. It may be possible to amplify
this beam up to machining powers, however the seed laser has very poor efficiency and is

alignment sensitive, so this may not be practical.

This effect was shown to exist within a multi-mode, but still approximately unidirec-
tional ring laser. However, the effect was less pronounced. We believe this was due to
the loss differential being very small, allowing modes with the opposite or no handedness
to access some of the gain. We introduced a crystal of o — T'eOs in order to investigate
whether a chiral material would cause a similar effect. This was found to be true and

appeared to give much more stable handedness selection in the multi-mode laser.

Both a FR and the TeOs were inserted into a standing wave laser operating on a
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LGy mode. Neither were found to have any impact on the handedness of the output. An
attempt was made to measure the scale of orbital activity in these materials using a highly
sensitive balanced detector. However, no loss differential between opposite senses of phase
was uncovered. This leaves doubt as to the source of the handedness selection found in
our ring laser. It is possible that it is due to another effect within the laser cavity or that
it was interacting with another mechanism in the laser that was not found in free space. It
also appears that this effect is unlikely to be strong enough to be practical in multi-mode
lasers. More research is needed in order to understand these preliminary results, as well
as a theoretical explanation for the source of the loss differential selecting the handedness.
We must conclude that this is not a viable route for generating high power vortex modes

with controllable handedness.
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Chapter 4

Higher-Order Transverse Mode
Purity

As we have seen there are many ways to generate vortex modes with varying advantages
and disadvantages. One key metric that is often overlooked is the purity of the mode
produced. This is important as any experiment or application involving a vortex mode
is likely to be investigating or utilising one of the unique properties of the mode. Most
impurities in a mode will not have the desired properties. This will limit the efficiency of
a given application and obscure the results of a scientific investigation. Quantifying this

purity more carefully is therefore critical to further development in this field.

In this chapter we will be discussing how to detect and identify impurities in higher-
order transverse modes. We therefore need to state clearly what we mean by impurity.
Impurities are the result of any phenomenon that causes the electric field of our beam to
deviate from that of the mode we desire. These come in two broad categories, non-modal
impurities and modal ones. Non-modal impurities primarily come from scattering effects
and optical aberrations. Examples include scattering from particles smaller than the beam,
spherical aberrations incurred from focussing and chromatic aberrations from interactions
with matter that are wavelength dependant. Modal impurities are laser modes, other than
our desired one, that are co-propagating or near co-propagating with the beam. We need
not be concerned by modal-impurities that are not co-propagating with the beam as they
will leave the beam path as it travels. An example of a beam with a modal impurity
would have 80% of its power associated with the fundamental mode but 20% with an
LGo1. Assuming it is the fundamental mode that is wanted for the application this would

be a beam with a 20% modal impurity.

In reality, due to fourier theory, any non-modal impurity can be considered a modal

99
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impurity; as any distibution of light can be constructed out of an infinite sum of HG or
LG modes. One can therefore view, for example, scattering effects as changing the modal
content of the beam. For our purposes however, the disctiction between modal and non
modal is useful. It distiguishes between situations where the impurities are in a few dis-
tinct modes that individually cause enough distirtion to the beam that it can be relatively
simply measured and quantified; and those where the distortion is the result of a poten-

tially infinite sum of undesirable modes, each at a power level that is near undetectable.

We should also distinguish impurities from noise. We define noise as any phenomenon
that, upon measurement, makes our beam appear less pure than it actually is. An ex-
ample being background light picked up by a CCD camera. Whilst minimising noise is
important to gain an accurate understanding of the purity of a given beam, it does not
contribute as an impurity. In this chapter we will use the term impurity as an umbrella
term for both modal and non-modal impurities. When quantifying purity we will state
the percentage of the power in a given laser beam that is related to the desired mode. We
will generally give the lower estimate of this value, as our methods will have measured the
level of a specific impurity. This assumes all other impurities are minimal, however our
methods cannot guarentee that there is not some portion of the power in impurities that

are not quantified; hence using the lower estimate.

In order to gain a complete understanding of the purity of a mode it would be nec-
cessary to know both the beams entire intensity and phase distribution. Detecting both
simultaneously is exceptionally challenging and beyond the scope of this thesis. We will
instead be looking either at a limited measurement of the phase and intensity or just the
intensity profile. We will then combine this information with knowledge about how the
beam was produced to predict what impurities might be present. We can then analyse the
data to attempt to confirm this and in some cases quantify the level of impurity, provided

are assumptions are correct.

4.1 Literature On Higher-Order Mode Purity

There have been many approaches to measuring higher-order mode purity. One of the most
common is to quote the beam propagation factor of the beam, its M? [87, 88, 112, 113].
This is the most common way of stating the purity of the fundamental mode. The M? is
defined so that it is 1 for a pure HGgo mode. Any M? larger than this is a clear sign of
impurity and is correlated with its scale. A pure LG mode has M? = 1 + 2p + [ where
p and [ are the radial and azimuthal mode orders respectively [114]. For a HG mode the

M? is often different in the two axes and given by 1 4 2n where n is the order in the
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Figure 4.1: The three beams are all theoretically generated on the same scale, and propagated
over three Rayleigh lengths either side of the focus of the the pure LGy mode. The M? was
determined by the beams second moment of intensity at 50 locations along this path. The left
beam is a pure LGy, mode, the middle has both a LGog and LGy2 mode impurity at 20% the
intensity of the main mode, while the right has the same impurities at 50%. They all have an
identical M? of 2.

given axis. When considering modal-impurities in higher order modes it is possible for
the impurities to have both higher and lower M? values. This makes the use of the beam
propagation factor as a purity measurement limiting as impurities could be masked by

both the presence of a higher and lower order impurity.

We demonstrate a theoretical example of this in Fig. 4.1. Here we have simulated an
LGo1 mode with various levels of modal impurity passing through a focus. The left image
has no impurity, the middle both a LGy and LGy impurity. Both being 20% the power
of the main mode, meaning only 71.4% of the total power is in the LGy; mode. The right
image takes this to the extreme with the same LGy and LG impurities being 50% of the
total power. The right image is clearly impure losing its central intensity null. However
the middle is less impure. In both cases the presence of the LG g2 mode is unreadable from
the image alone. We calculated the M? of these beams by taking the second moment of
intensity at 50 points along the beam, up to three Rayleigh ranges either side of a focus
with a 100um radius. All the beams have an M? of 2, meaning that, for any given M2,
many combinations of modes are possible and it gives no clear indication of either the
amount or kind of impurity present. Therefore, other methods must be used in addition

to this.

One way to extract more information from an M? measurement was shown by Chard et
al. [115]. They looked more closely at the radii of a LGy; beam as it propagated through
a focus. They examined its evolution along two orthogonal axes and noted that the radii

in each axis were nearly identical to each other along the beam’s whole propagation. This
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demonstrated their mode had high circularity, a key feature of a DM.

A more detailed method involves analysing the one-dimensional intensity profile [73,
116, 117]. This is generally done by either taking the intensity profile along one axis of a
HG mode or the average radial profile of an LG mode. A numerical fit of the appropriate
theoretical intensity distribution is then done. One can then compare the difference be-
tween the measured and theoretical beam. This has several uses, including highlighting
any peaks with either excess or missing power as well as additional power in what should
be intensity nulls. This comparison with theory makes such discrepancies much clearer
than looking purely at the intensity profile in isolation. However it suffers from ignoring
much of the data captured in an intensity profile. It also takes no consideration of the

phase, for example whether the beam is changing as it propagates.

By only looking along one transverse axis of of the beam, one ignores all the informa-
tion in the other axis. For example: if examining a HGg; mode that happened to have
a HG11 mode impurity, its profile would be identical to a pure mode in one axis, but
different in the other one. In the LG case averaging azimuthally about the beam can hide
azimuthal asymmetry in the beam, a common sign of HG impurities. Furthermore, this
technique does little to say what kind of impurity is present, other than that additional
power in the centre of a mode is often an indication of the fundamental mode as an im-

purity.

A more powerful technique, is to use a SLM for modal decomposition [77, 118, 119].
This involves displaying a phase pattern that will reflect the power of given mode and
scatter all others. One can then measure the power distribution between each mode. This
can reveal both the kind and amount of each mode in a given beam. It is, however,
cumbersome, with SLMs being both expensive and sensitive to damage from high inci-
dent powers. It also requires careful alignment and the foresight to test for what modes
might arise as impurities in a given system. For example it may be that a HG mode is
the major impurity in a predominantly LG beam. If one only scans for LG impurities
this will be missed, the missing power likely attributed to additional loss in the diagnos-
tic system. It is also not a single shot system, with time needed to record the data for
each mode reflected by the SLM It also requires careful measurement of the power re-
flected for each change of the pattern on the SLM. This system can give a very accurate
reading of modal-impurities but requires a significant investment of time and resources to

implement. A less thorough but simpler diagnostic may be more useful in many situations.

A recent paper by Sroor et. al. has also done a thorough analysis on the purity of
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cylindrical vector modes (i.e. radial, azimuthal and other exotic polarisation states of
DMs) [120]. They analyse these states in a manner analogous to quantum entanglement.
This allows, with the help of modal decomposition by an SLM, for any given LGg; mode’s
complete polarisation state to be broken down into a set of base states. This can then
be compared to the desired state of the mode. This method whilst complex in theory, is
only capable of distinguishing one kind of DM from another. Which, whilst important, is
insufficient in the case where more than one order of transverse mode is present, which is

often the case.

Therefore we seek to find an easily implemented yet powerful diagnostic for higher-
order mode purity. This will improve the ability to compare the relative merits of various
methods for creating higher-order modes. Furthermore it will help guide research in im-

proving existing techniques in terms of mode purity.

4.2 Estimating Vortex Mode Purity By Analysing its Mach-

Zehnder Interference Pattern

Several methods can be used to detect the presence of OAM within a beam. The two
most common involve interfering the beam with a spherical wave generated from itself
[81, 87, 88, 90, 121, 122]. This is generally done using a Mach-Zehnder interferometer see
(3.1.4). If the beam is co-propagating with the spherical wave a spiral is formed with the
handedness of the spiral corresponding with the handedness of the beam and the number
of spirals the azimuthal order of the vortex mode. If the beam and wave are misaligned a
pattern of fringes is observed. A fork in the fringes indicates the presence of OAM and the
number of forks the azimuthal order. Images of these two patterns are given in Fig. 4.2. A
third way to detect OAM is to astigmatically focus a vortex mode. Due to the Gouy phase
shift (see Section 5.1) the mode will be converted to a corresponding HG mode at 45° to
the axis of astigmatism. A non pure-vortex mode will not result in a HG mode and simply
show a ‘squashed’ doughnut profile. All of these methods are a binary measurement of
whether OAM is present or not. In the case of a vortex mode with impurities they cannot

by themselves tell us what percentage of the power carries OAM.

We have found it is possible to still observe spirals in an impure beam as Fig. 4.3
demonstrates. Here three beams have been simulated that all have an identical intensity
distribution to the LG, vortex mode. They are in fact: a pure vortex mode; an incoherent
superposition of the vortex mode and a DM containing no OAM, with the DM having half
the power of the vortex mode; and another incoherent superposition of the vortex mode

with a vortex mode of the opposite handedness, again at half the power of the main vortex
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Splitting

(a) (b)

Figure 4.2: (a) shows a typical fork interference pattern for the LGo1 vortex mode. (b) shows a

typical spiral interference pattern for the same mode.

(a) (b) (©) (d)

Figure 4.83: Simulated spiral interference patterns of DMs containing various amounts of OAM.
(a) is the intensity profile of all the modes. (b) is the interference pattern of a pure vortex mode.
(c) the interference pattern of an incoherent superposition of a vortex and a DM containing no
OAM. (d) is the interference pattern for an incoherent superposition of two vortex modes with

opposite handedness.

mode. This first superposition of modes only contains 2/3”15, and the second, half the OAM
of the pure mode. All the beams are interfered with the same, coherent, spherical wave
to get the three spirals. The interference pattern of the vortex and the no OAM mode
has less contrast in the spiral due to the impurity. However, without the pure comparison
this would easily be missed. The interference of the opposing vortex modes again has less
contrast and a distorted spiral. Similar patterns to these, i.e. unlear spirals, have been
observed experimentally in work throughout this thesis. Particularly in Chapter 3, with
regards to the retro-reflecting ring laser in Section 3.9. This clearly shows the limits of a

Mach-Zehnder interference pattern to detect OAM.

We consider a method to more quantitatively analyse these spiral patterns. Whilst it
will not detect the impurities demonstrated in Fig. 4.3, it will detect another common

impurity, HG modes. This method can give an indication of what fraction of the maximal
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IR of OAM a vortex mode can contain, as well as the level of impurity in LG modes created

by methods likely to cause H Gy impurities.

4.2.1 Relation Between HG and LG Modes

An LGarl/ ~ mode can be de-constructed into two orthogonal HGp; modes that are 7/2
out of phase [70]. Therefore we know that any laser cavity capable of supporting a LG
mode can support these as well. It follows that these are likely impurities to arise when
generating doughnut modes via any method internal to a cavity. Furthermore, in an
AMC (see Chapter 5), if the input HGp; mode is not perfectly orientated at 45°, or the
converter is misaligned, some residual HGy; mode content will be left in the output. We
should examine what happens to the Mach-Zehnder interference pattern in the presence

of additional HGgy; mode content.

4.2.2 Simulating a Mach-Zehnder Interferometer

By making the z value in the equation for the electric field of a HG mode, equation (4.1),
A/4 greater for the HGp; mode than the HG1op mode we can simulate a 7/2 phase shift.

If these are of equal field strength and we take the sum of them, we create a LGg; vortex

s (2} (2
- -y exn | x’ +y (4.1)
exp< w(z)g > P( )

—i92
exp( z)\wz) exp(i(n+m+1)((z)).

mode.
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If we then reduce the total electric field strength of one mode, we add a controllable

HG1o impurity whilst retaining a pure vortex mode of decreased power.

E}})G(:L'v Y, Z) + 1/2E?{1G(x7y¢ z+ )\/4) = EiOG + 1/2E11'{()G(x7y7 Z) (43)

If we then multiply the summed electric fields by their complex conjugates, we can see
their intensity profiles. This accurately simulates a vortex mode with a HGgy; impurity.
The first row of Fig. 4.4 clearly shows how the mode evolves from a pure LG(')F1 to a

predominantly HG1g mode, as the power in the HGy; mode is reduced.

To simulate a Mach-Zehnder interferometer we need to sum the mode fields with a

coherent a spherical wave. The electric field of a spherical wave is given in cylindrical
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coordinates r, § and z, by
1
Egpn = <7"> exp (ikr). (4.4)

The second row of Fig. 4.4 depicts the interference patterns produced. In contrast to the
beams, the spirals are less obviously impure and hold a clear sense of handedness even
with a 40% HGop impurity. Whilst these impure beams do contain some amount of OAM

it is not the maximal [h per photon present in a pure vortex mode. In a given experiment

that is reliant on OAM, a more robust measurement of its presence is needed to quantify

the amount present.

Figure 4.4: Theoretical intensity profiles generated by summing the electric fields of a HG1g
mode with varying amounts of HGg;. All intensities are normalised. The top row is the intensity
profile of the beam while the bottom is their corresponding Mach-Zehnder interference patterns.

From left to right the HGy; impurity is 0%, 20%, 40%, 60% and 80% of the beam’s total electric

field strength. The spiral pattern is retained even for a highly impure beam.

4.2.3 Theoretically Measuring The Azimuthal Intensity Variation

If we look at the interference pattern created by the pure first-order vortex mode we can
qualitatively see it is more azimuthally symmetric than those with the impurity. We can
quantify this by taking a narrow slit the length of the pattern diameter and placing it in
the centre of the image to sample only a small segment of the intensity. If we then rotate
this through 180° and sample the intensity at a number of angles we can plot the azimuthal
dependence of the intensity. We have done this digitally though it could in principle be
done physically. Doing this for our different levels of impurity we get the plots in Fig. 4.5.
We can see that as the HG1p impurity increases the azimuthal intensity variation increases
as well. This demonstrates a clear positive correlation between azimuthal symmetry and
purity, certifying a clear diagnostic for detecting the presence of HG1g impurity, as well as
other non azimuthally symmetric impurities. It is important to note this will not detect

undesirable HGgg or non OAM LGy mode content as these impurities are azimuthally
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symmetric. Therefore, its application is limited to systems where HGp; mode impurities

are the most likely, such as with AMCs.
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Figure 4.5: (a) Plot of the azimuthal intensity distribution measured through a slit for the
interference patterns in Fig. 4.4. The legend denotes the percentage of the power contained in
the vortex mode. (b) A plot of the difference between the maximum and minimum intensity
transmitted through the rotated slit.

4.2.4 Experimental Test of Azimuthal Intensity Variation

In order to confirm our theoretical results we generated LGg; vortex modes with con-
trollable amounts of HGg; impurity. This was done using the twin pump spot laser and
astigmatic mode converter outlined in 5.7. A HGp; mode was generated from a laser and
passed through a dove prism to control its rotation. This prism was rotated through 40° in
2.5? increments, corresponding to an 80° beam rotation in 5° increments. Passing a HGp
mode not at 45° through an AMC will generate a mode that can be seen as a coherent
superposition of a HGy; and LGy; mode. This allows us to introduce a known amount of
HGy; impurity. The percentage purity of the converted mode for a given rotation of the
beam is shown in Fig. 4.6a. We measured the angle of the HGp; to the horizontal for each
rotation allowing us to accurately estimate the vortex mode content after the converter.
Example converted beam images and interference patterns are in Fig. 4.6b. The modes
depicted correspond, from left to right, to approximately 100%, 85%, 50%, 30% and 0%
vortex mode content. We can see that experimentally the spiral pattern is discernible, if
degraded, even when only 50% of the power theoretically contains OAM. Therefore it is
much more difficult to qualitatively evaluate a real spiral pattern. However, when we use

the rotating slit analysis the azimuthal asymmetry is clearly apparent.

Fig. 4.7a shows that, as we decrease the purity, the greater the variance in trans-



68 CHAPTER 4. HIGHER-ORDER TRANSVERSE MODE PURITY

100

8or

60

40F

20F

Percentage of Vortex Mode

0
0 10 20 30 40 50
Input Angle of HG (x°)

(a)

Figure 4.6: (a) shows the relation between the input angle of the HGp; mode and the expected
percentage of LG& contained in the converted modes. The top row of (b) depicts the LGar1
modes converted from input HGy; modes at, from left to right, 45°, 39°, 25°, 15° and 1°. The

bottom row shows their corresponding Mach-Zehnder interference patterns.

mitted power we see. When we plot the difference in the maximum and minimum power
transmitted against the rotation of the HGy; mode input, we get the curve in Fig. 4.7b.
The transmitted power was normalised so the maximum power when a pure HGg; mode
was fed into the analysis is set to 1. The measurement is sensitive to other impurities in
either the beam or the coherent spherical wave, such as scattering from small particulates.
Positioning the rotation point of the digital slit on the true centre of the spiral is also
critical for an accurate measurement. This centering unfortunately had to be done by eye
as we were not able to find a consistent computational way of determining the centre. This
adds some error to our method and may explain the slight variations in the ‘pure’ beam.
Alternatively it may be revealing that our beam is imperfect. The contrast between pure
and impure beams was also found to be enhanced by limiting the power of the spherical
wave interference pattern. This is because the amount of power in the spherical wave

forms the background intensity of the image.

This method clearly differentiates between a virtually pure beam and one with more
significant HGop impurity. Furthermore, it is possible to estimate the percentage of the
beam power that is a vortex mode by fitting the transmission variance to theory, as dis-
played in Fig. 4.7c. This demonstrates that a measurement of the intensity variance can
be matched to a theoretical spiral pattern with a known impurity. This then allows one
to estimate the percentage of power that is in the vortex mode, and therefore the amount
of OAM contained in the beam. The accuracy of this will be strongly affected by other
impurities in the beam, particularly azimuthally symmetric ones, that will not be detected
by this method. Through this method, we can state that the laser and converter detailed
in Section 5.7 is capable of producing modes where 94% of the power is in the LGy vor-

tex mode. The true value is probably slightly higher than this due to alignment errors in
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Figure 4.7: While not as even as the theoretical values, (a) shows the clear sine squared pattern
emerging as we increase the beam impurity. (b) plots the difference between the maximum and
minimum transmission through the slit for each rotation of the HGg; mode. We can see this fits
the theoretical values very well. The theoretical values were normalised to the average intensity
and image size of the measured results. The background level from the spherical wave was also

subtracted. (¢) Can then be used as a calibration curve to estimate the level of mode impurity.
the Mach-Zehnder diagnostic and extra asymmetries introduced by scattering at the CCD.

This technique means that vortex modes produced by an AMC can be of high purity
and that a quantifiable measurement of this is possible. It also will have application in
any other method of producing vortex modes that is liable to producing HGo1, or other
non-azimuthally symmetric impurities. An additional advantage is that as this can be
performed digitally, it applies retroactively on past work; provided a reasonable quality
Mach-Zehnder interferometer pattern was recorded. Finally it has demonstrated that a
spiral pattern from such an interferometer on its own is not sufficient evidence of significant
OAM content. Any experiment reliant on OAM requires a more careful confirmation of

its presence than has often previously been done.

4.3 Direct Measurement of Beam Purity from its Intensity

Distribution

Whilst the rotating slit technique is powerful for determining the purity of a LGg; vortex
modes, it is limited in scope to detecting primarily HGg; impurities. It also requires the
assembly of a Mach-Zehnder interferometer which, while common practice in the field of
vortex modes, can be cumbersome. Here we consider a broader more easily applicable set

of techniques based on examining a beam’s intensity profile.

First, we must acknowledge that for a diagnostic technique to be worthwhile it must be

simple to implement. We, therefore, limit ourselves to analysing the intensity distribution
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of the mode in a single plane using a CCD camera. Whilst this limits the available infor-
mation, removing all data on polarisation, spatial and temporal coherence, these all have
reliable diagnostic techniques already and are complemented by this analysis. Information
on phase is also not assessed, though this technique could be complemented with the anal-
ysis in the previous section, for detecting OAM. A quantitative one-dimensional analysis
of the intensity profile has been conducted by many authors in the past [83, 116, 117, 123],
and a few have undertaken limited quantitative analysis of higher-order modes in two di-
mensions [68, 73]. The limitations of 1D analysis are discussed earlier in this chapter,
whilst the two papers incorporating 2D analysis either compare the beam qualitatively
with simulated beams, or only analyse the azimuthal variance of the beam. Our analysis
seeks to investigate the purity more thoroughly. We do limit our analysis however, to the
HGy1 and LGg; modes, these being the modes of primary interest of this thesis. Many of

these techniques would be applicable to other higher-order modes, with minor adjustments.

By limiting ourselves to analysing the intensity distribution in a single plane, we limit
the situations in which our analysis will be applicable. Firstly, coherent modal-impurities
will cause a change in the beams intensity profile as it propagates. To extract this infor-
mation from an intensity profile we would need a minimum of two images of the beam and
probably more. We will therefore largely ignore trying to detect coherent impurities. We
are also primarily concerned with modal-impurities that are propagating on the same axis
as the main mode, again because non coaxial impurities will cause the intensity profile to
change as it propagates. These are also less of a concern with these impurities as they will
eventually diverge from the beam path and can be spatially filtered. We are also limiting
ourselves to beams that have majority of their power either in the HGy; or LGy mode.
This is because the analysis relies on calibrating itself on key features of these modes. Fi-
nally, our analysis involves comparing the measured beam with a theoretically generated
pure mode. This simulated mode is assumed to be non-astigmatic. Therefore our analysis

is only meaningful on stigmatic beams.

The following analysis is therefore only applicable to beams which have a stable in-
tensity profile upon propagation, are predominantly either the HGgy; or LG mode, are
produced in a cylindrically symmetric system and can reasonably expected to have most
of their modal impurities be incoherent. Looking at these constraints we can now predict
what systems our analysis will be most applicable to. Generally HGy1 modes have only
been intentionally generated for mode conversion or coherent combination into vortex or
radial modes. This has largely been done using cylindrically symmetric bulk solid-state or
fibre lasers [32, 72, 73]. Understanding the cause of modal purities in fibres is beyond the

scope of this thesis, however we know that a major cause of impurities in bulk systems is
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unused regions of gain [85]. These regions cannot be spatially accessed by the main cavity
mode but can by modal impurities. These will generally be of a different frequency to the
main mode to also access gain left by spatial hole burning, and will therefore be incoherent
with the main mode. They will also be coaxial with the main mode as they need to be
stable within the laser cavity. LGp; modes are created in a broader variety of ways. We
know both SPPs and SLMs create other modes besides the desired L(G; mode but these
will be coherent with main mode as they are created from the same HGgy source. Our
analysis is therefore less suitable than, for example, using a SLM to separate the modes.
AMCs when aligned properly will create a pure, stigmatic, vortex mode. However, any
impurity in the seed HGy; mode will carry though. We have seen that these are likely to
be incoherent and coaxial so our analysis should apply provided the beam has been left
free from astigmatism. Intracavity methods of generating L(Gp; modes are again mostly
done in either cylindrically symmetric bulk solid-state or hybrid fibre/bulk lasers. For
the same reasons we can therefore reasonably expect any impurities to be coaxial and

incoherent, making our following analysis relevant.

With these limitations in place, we must identify features in the intensity profiles that
we can reasonably associate with impurity. Looking first at the HGy; mode profile, we
know for a pure mode, the line central between the two peaks should have zero intensity
and the peaks should be symmetric and of equal height. Any deviation from this will
indicate impurity. Furthermore, our beam should match a theoretically generated beam
with the same beam radius and peak intensity. Therefore, subtracting such a theoretical
intensity profile from our measured beam will resolve such impurities. As for a LGy
mode, the central point should be an intensity null and the ring of peak intensity should
be even, as stated in [68]. The beam should also be circular. Again the same subtraction

of a matching theoretical beam should reveal the spatial nature of any impurities.

To measure these in a consistent and repeatable manner it is useful to automate the
process into an algorithm. This also necessitates the standardisation of any images used.
As we will be simulating a matching theoretical mode to our measured beams, it simplifies
the process to centre the beam in the image. The raw camera image is therefore cropped
into a square, using an algorithm, with the beam centre. After this, the methods for
analysing the two modes diverge. We will describe the techniques for the HGy; mode
first.
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4.4 Measuring the Purity of a HG(y; Mode from its Intensity

Distribution

4.4.1 Outline of techniques for Analysing a HGy; Mode

In order to analyse the beam we need to know both its size and centre. Initially we can do
this by taking a weighted centroid for the beam centre. We can then initially define the
beam width as the the average radial distance from this centre of every point that has 1/e?
of the maximum intensity reading of the image. These measurements are both somewhat
inaccurate. The standard definition of beam radius is based on the second moment of the
intensity distribution. For a fundamental mode this simplifies to measuring the distance
from the beam axis to where the intensity falls to !/e* of the intensity on the beam axis.
For higher order Gaussian modes this value can then be scaled by the root of the M?
factor. As the HGp1 mode is a fundamental Gaussian distribution in one axis, we can
measure the 1/e? points in this axis to get a more accurate size measurement for the beam.
A centre defined by a weighted centroid will give a rough centre of the beam for a HGg
mode, but it is sensitive to the symmetry of the two peaks. As this is one of the variables
we a trying to measure, we cannot assume they are symmetric. Therefore, for a HG;
mode we define the centre as the midpoint between the two peaks. This is only sensitive
to the position of the peaks not their relative heights and is a more stable definition. For

a pure HG(; these definitions yield the same result.

To derive the true beam width we now need to define the position of the two peaks in
the image. We cannot simply take the two points of maximum intensity as these will likely
sample the same peak twice. We therefore define a minimum separation of these points as
a quarter of the initial beam radius. This measurement is also sensitive to noise spikes so
we use a 2D smoothing algorithm to average this out. We can now find the location of the
two peaks. This information is also used to rotate the image so its axes of symmetry lie
in the horizontal and vertical axes of the image. We will define the axis of symmetry that
crosses both the peaks as the ‘long’ axis and the axis that follows the central intensity null
as the ‘short’ axis. The rotation simplifies the simulation of theoretical modes done later
in this analysis. We can now accurately measure the centre point as the position between

these two peaks.

We can now measure the relative height difference between the two peaks defined as

|Hy — H|

Hy=100————F—
d Oomaac(Hl,Hg)

(4.5)

where Hy is the relative difference in the height of the two peaks as a percentage, and
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H; and Hs are the heights of each respectively. Hy should be 0 if the beam is pure. Though
the exact cause of a mismatch in peak heights may be different in any given system, one
potential cause would be a coherent Gaussian impurity, illustrated in Fig.4/.8. We clearly
see a large disparity in the peak heights caused by a minor coherent Gaussian impurity,
1/8th the power. Interestingly, there is no increase in the central minima, just a slight
lateral displacement. This situation seems plausible when generating HGp; modes within
a cavity. If there is less gain in the region corresponding to one peak than the other, it is
feasible a coherent combination could be the mode with the lowest threshold. This should

be easily avoided however by correct alignment of the cavity.
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Figure 4.8: Depicts in 1D the coherent interference of a HGp; mode and a HGyg mode with
1/8!" the intensity. We clearly see that the central minima remains zero but shifted laterally

slightly, however the two peak heights are substantially mismatched.

Further analysis of the mode requires generating a matching theoretical pure mode for
comparison. The first step in this is working out a more accurate beam radius. This is
done by taking a 1D intensity sample through the peaks parallel to the short axis of the
beam. This gives us two Gaussian distributions from which we take the beam radii as
defined above. We then take the average of these. This is demonstrated in Fig. 4.9. This
measurement is sensitive to higher-order modal impurities that have the same mode order
in the long axis; i.e. the HG11 mode. However, these modes do not seem likely to appear
in most methods of generating H Gy modes, and this definition of the beam radius has

been sufficient for all the modes we have analysed.

Now we know the beam size we can work out its Rayleigh range and Gouy phase shift

using equations (4.6) and (4.7). We take z in these equations to be 0 as we are dealing
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Figure 4.9: These images demonstrate the beam widths of the HGy; mode as we define them for
our intensity distribution analysis. (a) shows where we take the intensity cross sections from the
beam in the short axis (the shorter lines), the longer line defines the long axis, and the central
box is the region within which we measure the intensity of the central null. (b) and shows where

the 1/e? intensity point ideally lies defining the beam radius.

with a single image, and most stable laser modes hold their intensity distribution with
displacement in z. This also allows us to take w(z) in equation to be wy as defined by
the the short axis radius. (Note: the beam image does not actually need to be taken at
the focus.) We now plot a matching theoretical mode to the measured beam on the same
axis. We define the origin of the plot to be the beam centre. We then use equation (4.1)
to plot the electric field, setting m and n to 0 and 1. Multiplying this field by its complex
conjugate we get a matching theoretical intensity distribution for our beam. This is then
scaled to have the same peak intensity by taking the average height of the two measured
peaks, oy, and multiplying the normalised theoretical intensity field by this value. See

equation (4.8). We can now compare between the measured and theoretical beams.

TWwQ
R = gy (4.6)
((z) = arctan(i) (4.7)
ZR
01 01 _ 01
EO EHG’(x7 Y, Z) X EO EHG(xa Y, Z) - IOm IHG(xv Y, Z) (48)

We compare the intensity null down the centre of our measured beam to a theoretical
one. We know it should be zero, however simply measuring the intensity of the centre
point of the beam is sensitive to noise and any misalignment in determining its position.
To compensate for this, we define an area, centred on the mode, that is the width of the

beam in the short axis and 1/20%" the beam width in the long. See Fig. 4.9. We can then
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Figure 4.10: One dimensional depictions of the sum of intensity profiles of a HGp; mode with
HGoy and HGoo impurities. Impurities are 20% the power of the main mode. Note that the

increase in the central intensity null is equal to the peak intensity of the impurity.

take the average pixel (intensity) value in this area for both the measured and theoretical
mode. Subtracting the theoretical average from the measured, gives us how much more
power there is in the centre than we expect. We can compare this to the average peak

height to get a normalised measure for the excess power in the central null.

4.4.2 Identifying Specific Impurities

The final and most powerful diagnostic technique is to subtract the matching pure inten-
sity profile from the measured one. In so doing we are left with the residual intensity
distribution which we will call the residuals. It is useful here to examine what the residual
will look like for certain modal impurities. The two most likely impurities to arise from
generating H(Gp; modes are the adjacent HG modes, HGgy and HGge. It is easier to
analyse this residuals in one dimension. We simulate three modes: a HGg1, fundamental
and HGg2. The latter two have 20% the power of the HGo1 mode. We then combine
these into three impure beams: the HGp; plus the fundamental, the HGy1 plus the HGgo
and finally the sum off all three. These are displayed in Fig. 4.10.

We can see the fundamental impurity slightly contracts the position of the peaks,
and adds power where the central null should be. Interestingly the height of this excess
power matches the height of the Gaussian. The HGgy mode impurity slightly increases
the spacing of the peaks and also adds to the central minima in the same manner as the
fundamental. An even combination of the two keeps the peak separation the same but

adds power to the centre and generally broadens the beam.

We continue our simulation by plotting a matching H Gy mode for our simulated im-

pure beams in the same manner as described in the previous section. i.e. we have a pure
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Figure 4.11: The 1D residuals for a HGo; mode combined with: (a) a fundamental mode
impurity at 20% of the power of the HGy1 mode, (b) a HGo2 impurity at 20% of the power, and

(¢) both impurities. Each exhibits a distinct structure.

HGp; mode with the same beam radius and peak intensity. Subtracting this from the sum
we get the residuals in Fig. 4.11. When talking about residuals a ‘peak’ will be a positive
region of residual intensity, whilst a ‘valley’ a negative one. We can see for a fundamental
mode impurity we get a large peak surrounded by two valleys as a residual, whilst for
HGys impurity we get three peaks interspersed with smaller valleys. Combining the two
equally reduces the size of the valleys and concentrates the power in the central peak.
Following this procedure on real beams will allow us to examine the structure of their
residuals in order to identify what impurities are prevalent in the beam. Furthermore we

can estimate how much of a given impurity there is from this residual.

4.4.3 Identifying and Quantifying HGgyo Impurities

The analysis in the following two sections, whilst powerful, is limited in scope. It allows
us to identify and quantify the amount of incoherent fundamental or HGgo modal im-
purity there is in a given HGg; beam only under certain conditions. This includes all
the conditions stated in Section 4.3, as well as the condition that the modal impurity is
the only significant impurity in the beam. Small amounts of non-modal impurities can
be tolerated; however if, for example, there is a significant coherent as well as incoherent
HGyg mode impurity this method would not be able to successfully extract the quantity
of HGop impurity. This is also true if both significant incoherent HGyy and H Gy modal
impurities are present; as we cannot easily distinguish how much of the central peak is
from each impurity. In the case where only one coaxial, stigmatic, incoherent modal im-
purity is present however, we believe this technique provides an accurate estimation of the

fraction of the power the impurity holds.

We have already see that for a beam with an incoherent HGgg impurity the height of
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the central peak of the residual is equivalent to the impurities maximum intensity. As a
HGy1 mode will contribute no power along the axis of the impurities peak we can assume
the width of the residuals central peak in the short axis is equivalent to width of the im-
purity. Therefore to quantify a HGyg mode impurity we measure the width of the central
peak in the residual and use this with equation (4.1), where n and m both equal 0, to plot
a matching theoretical mode to the HGpy impurity. This is then scaled to be the same
peak intensity as the central peak of the residual. We can now calculate the total power
of this impurity in relation to the total power of the measured beam. This will give us the
total fraction of power associated with the impurity. This figure is an estimate but is still

very useful for comparing between different measured beams.

In order to check if this estimation of the impurity was correct we can sum the theoret-
ical impurity with a theoretical HGp; scaled to account for the power not in the impurity.
See equation (4.9). Here Pty is the power in the fundamental mode impurity we have
derived from the residual, Ptgp; is the power in the theoretical HGy; mode it is being
combined with and Pm is the measured power of the beam. We can now subtract this
new theoretical match mode from the measured beam. We should see that most of the
structure in the residual has gone and we are only left with patterns caused by non-modal
impurities. We should also see a reduction in the total power left in the residual. To
measure this we need to take an absolute sum (i.e. taking the modulus of each pixel and
then summing them) due to the negative intensity values in the residual. The total power
of the residual on its own means little as much of the power in it is from noise. However
subtracting our theoretical match modes has no impact on the noise structure. This means
a comparison of the absolute sum of residuals that result from subtracting two different
theoretical match modes can tell us which was a better fit for the measured beam. In this
context we can therefore see if by adding a fundamental mode impurity to our theoretical
match, we more closely approximated the true beam. If this is the case the absolute sum
of the residual will decrease and we obtain good evidence that our suggested type and

level of impurity is present in the measured beam.

Ptgo + Ptoy = Pm (4.9)

4.4.4 Identifying and Quantifying HGg; Impurities

Similar analysis for estimating the amount of HGpz mode impurity can also be performed.
The identifying residual pattern for an incoherent HGpe mode impurity is three peaks
interspersed by two valleys. Assuming the impurity is coaxial, we can again use the height
of the central peak to estimate the peak height of the impurity. Analysing a pure HGgs

mode we see that the width of the central peak is equal to its beam width in the short
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axis and that this peak height is 76.14% of the height of the outer lobes. We can again use
this information in conjunction with equation (4.1) to generate a theoretical model of the
impurity. The total power of this gives us an estimation for the percentage of the beam
associated with the impurity. We can then simulate a HGy; mode that accounts for the
remainder of the power and sum this with the impurity to create a new theoretical match
mode. When this is subtracted from the measured beam we should again see a residual

with little to no structure left. The same limitations as for estimating a HGyy impurity

apply.

4.4.5 Analysing Real HGy; Modes

To investigate the validity of the analysis described in the last four sections we apply it to
three predominantly HGp; modes generated using the apparatus described in Section 5.7.
In brief this involves using two adjacent pump spots to better overlap with the HGg; mode
in a solid state laser. The impurities are generated by varying the separation between the
spots by translating one of them. This should increase the overlap with either the HGqg
or HGo2 modes. Furthermore this moves one of the pump spots further away from the
central axis of the laser cavity, slightly misaligning it. The measured intensity profiles,
matching theoretical modes, peak height difference and excess central power of the modes
are displayed in Fig. 4.12. (a) has a 128 um separation between the centres of the pump
fibres (which have a 105um core radius), (b) a 187um separtion, and (¢) a 215um. Many

more beams were analysed than these three, however these serve as illustrative examples.

The Relative Peak Height Difference is 0.02% The Relative Peak Height Difference is 6.81% The Relative Peak Height Difference is 22.2%

The Centre has Points More Power The Centre has 5.8% Points More Power The Centre has 21.1% Points More Power

() (b) (c)

Figure 4.12: Three predominantly HGg; modes with their peak and centre locations marked by
white ‘xs’, peak height difference, excess central power both written at the top and bottom of the

images respectively), and matching theoretical mode (white contour lines) displayed.

We can see that our basic analysis yields powerful results. Whilst Fig. 4.12c is clearly

impure, with different intensities in each lobe and lots of excess power between them; the
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difference between Fig. 4.12a and Fig. 4.12b is less obvious. However, looking at our
measurements for peak height difference and excess central power, we can see that (a) has
near perfect peak symmetry but significant excess central power. This possibly indicates
an incoherent modal impurity as we have seen that coherent modal impurites tend to not
add power to the central null and give unequal powers in the peaks.. As with this beam
the pump spots were placed closer together than in Fig. 4.12b, we might expect this to be
a HGgy mode. This tells us we should experiment with increasing the separation between
the pump spots. (b) has much less excess central power, but a 6.8% peak height mis-
match. This probably indicates that either the laser needs to be re-aligned so the cavity
mode sees equal gain from each pump spot, or the power in each pump spot is uneven.
These different impurities and their subsequent remedies would be hard to pick up from
the image alone. Our analysis however clearly reveals this. Determining how to take (c)
to a purer mode is, however, more tricky as there are clearly several issues. There is a
significant peak height discrepancy, large excess central power, and we can visually assess

its peak spacing is much larger than a true HGg; mode.

600 400 200 0 200 400 60O 800 400 200 0 200 400 400 200 a 200 400 600 800
Relative Intensity

Relative Intensity Relative Intensity
(« (®) (c)

Figure 4.13: Plots of the residual power remaining after matching theoretical HGg; modes are

subtracted from the beams in Fig. 4.12. Note the smaller scale in (b).

Fig. 4.13 depicts the residuals for each mode. They each exhibit a distinct structure.
Fig. 4.13a shows a central peak with two adjacent smaller valleys. Fig. 4.13b is mostly
general noise and Airy rings created by scattering from small particulates, with a slight
central peak. Fig. 4.13c shows three clear peaks interspersed by two valleys. We can
therefore infer that Fig. 4.13a has a HGy impurity, Fig. 4.13b no significant modal
impurity and Fig. 4.13c a HGps impurity.
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We can now attempt to quantify the suspected HGpo impurity in the beam from Fig.
4.12a. We measure the peak height and width of the central peak in the residual and
generate a simulation of it. Measuring the total power of this we find that accounts for
approximately 38% of the power of the measured beam. This is much higher than one
might expect from an initial look at the image. Even if this is an overestimation of the
significance of the impurity it still shows that careful analysis of the mode purity is war-
ranted. When we take the HGgy impurity into account for the matching theoretical mode
we get a better match for the measured beam. The new residual is shown in Fig. 4.14a.
It has significantly less structure as well as a reduced scale. What is left appears to mostly
be from non-modal impurities such as the airy rings from scattering. Furthermore, when
we compare the absolute sum of the power left in the residuals we find the remaining
power has reduced. In this case the initial residual contains 24.6% of the power in the
measured beam, while the second residual, created from subtracting the theoretical match
mode that includes the HGgg impurity from the measured beam, contains only 16.3% of
the power, a 33.7% reduction. This improvement is a strong validation that a significant
portion of the beam’s power is contained in an incoherent HGgy modal impurity. The
measured beam, both theoretical match modes, residuals and the estimated impurity are

all shown in three dimensions in Fig. 4.15.

We can perform the same analysis on the beam in Fig. 4.12b. The 3D plots are in
Fig. 4.16. Here the beam is much closer to pure, with only an estimated 0.8% of the
power in the HGyg impurity. This is small enough that it could be attributed to noise
or to CCD blooming. This is a phenomenon where charge leaks from one pixel to others
near it if they are under strong illumination for a sustained period. As a CCD conducts
more easily in one axis than another, this leads to streaking in one dimension [124]. This
may also explain the slight broadening of the peaks compared to the theoretical model, as
power detected in the peaks leaks out. This shows the current limit of our analysis where
it will struggle to accurately detect small impurities. However, looking at the 2D plot of
the improved residual, we can see the central peak has diminished and there has been a

9.2% reduction in the absolute power of the residuals.

The analysis to estimate the quantity of the HGp2 modal impurity in the beam from
Fig. 4.12c was trialled. However, it proved unsuccessful in generating a better matching
theoretical mode. It is suspected this was due to there being both HGyy and HGp2 im-
purity present in this beam. More work is needed to find a useful metric to determine the
ratio of these before this analysis can deal with multiple significant impurities. Another
mode generated by the twin pump spot system outlined in Section 6.5 however, was found

to have an impurity that appeared to be pure HGqo, see Fig. 4.17. This system used
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Figure 4.14: The residuals for the beams in Fig. 4.12a and Fig. 4.12b after the estimated

Gaussian impurity has been taken into account in the theoretically matching beam.

the same twin pump spot technique to select for the HGp; mode as that for the modes
analysed above, but used a shorter laser cavity. We therefore used this, amongst other
modes produced by this system, to test our ability to detect and quantify HGgo impurities.
Looking at the residual left after a matching HGg; mode is subtracted from the measured
beam, Fig. 4.17b, we see the clear three peaks interspersed with valleys pattern we expect
from a HGgo impurity. To identify the scale of this impurity we again measure the height
and width of the central peak of the residual. We found that measurements of the width
of the central peak of the residual gave an inaccurate beam width for the theoretical H G2
mode, in that it gave an impurity much larger than that of the main HGy; mode and did
not qualitively match what was observed in the measured beam. We therefore used the
width of the measured beam in the short axis to estimate the spot size of the impurity.
The peak intensity of the theoretical was then scaled to be 1.313 times the height of the
central peak in the residual, as this is the ratio between the heights of the central and outer
peaks of a pure HGg2 mode. The total power of the imputityas then measured to estimate
how much of the total measured power the impurity is responsible for. We can then gen-

erate a matching theoretical mode that is a combination of the HGg, and HGp2 modes
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Figure 4.15: 3D plots of the beam from Fig. 4.12a. All images are on the same scale; (a) is the
measured beam, (b) the initial matching theoretical HGp; mode, (¢) the residuals. (d) is the

estimated HG(y mode impurity, it is 38% of the total measure power. (e) is the new matching

theoretical beam which is the estimated HGgy impurity summed with a HGy; at 72% of the

total power. (f) is the new residual, its absolute intensity is reduced by 33.7%.
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Figure 4.16: 3D plots of the beam from Fig. 4.12b. All images are on the same scale. (a) is the
raw beam, (b) the initial matching theoretical HGp; mode, (¢) the residuals. (d) is the estimated
HGyp mode impurity, it is 0.8% of the total measured power. (e) is the new matching theoretical
beam which is the estimated HGog summed with a HGg1 at 99.2% of the total power. (f) is the

new residual, its absolute intensity is reduced by 4.5%.
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and subtract this from the measured mode to see if there’s an improvement in the residual.

We estimate that the HGgo impurity is 31.7% of the total beam power. Combining
this with a theoretical HGp; mode and subtracting it from the measured beam we get the
residual in Fig. 4.17c. We see a dramatic improvement from the previous residual. There
is 54.7% less power in the new residual and also significantly less structure. The peaks and
valleys are still there, though inverted, but have significantly less intensity. This suggests
that we may have overestimated the amount of power in our impurity or it could be due
to how the impurity is interacting with what is causing the peak height mismatch. It is
also possible that there is some small amount of Gaussian impurity that is causing this
discrepancy. Despite this we feel this is an accurate model of the beam. It indicates that
a smaller gap between the pump spots is needed, or that the cavity mode size is too small
for optimal gain matching. The accuracy of this model is highlighted in the 3D plots in
Fig. 4.18. We can see the second theoretical mode is visually a much better fit for the

measured beam and the subsequent reduction in structure of the residual.

4.4.6 Conclusions

We have found that we can analyse any given predominantly HGg; mode and identify
some common impurities. If these are either a incoherent HGyy or HGge mode we can
make a reasonable estimate of their percentage power within the beam. However, if mul-
tiple impurities are present we cannot extract this information. A possible solution would
be to iterate through various ratios of suspected impurity and find which is the best fit.
This would be reasonably easy to implement but we were constrained by both time and

computing power; so this is not presented here.

As we can see this analysis of a HGy; mode’s intensity profile is powerful. Being
able to identify several key signs of mode impurity. We can detect peak height difference
which is a possible indication of coherent mode impurity. We can also measure excess
central power, a sign of incoherent mode impurity. Furthermore by creating a matching
theoretical HGgp mode and subtracting it from the measured beam we can gain important
information on the types of impurities present in a beam. This can greatly inform how to
improve the beam quality in a given system. Furthermore if the impurity is Gaussian or
H Gy we can obtain a decent estimation of its fractional contributions though more work is
needed to confirm this. With more work it should be possible to expand this estimation to
other forms of impurity. Furthermore the accuracy of this method could be improved with
better understanding of typical noise profiles from CCD cameras, particularly blooming.
Being able to identify and compensate for this in a given beam image would improve our

ability to detect small impurities.



84 CHAPTER 4. HIGHER-ORDER TRANSVERSE MODE PURITY

s z ? 5 ; )
The Relative Peak Height Difference is 1.04% 24.7% Power left in Residual 11.2% Power left in Residual

The Centre has 11.9% Points More Power _:_

600 <400 200 ] 200 400 600
Relative Intesity 600 400 -200 0 200

Relative Intesity

(a) (b)
(c)
Figure 4.17: (a) displays a beam produced by the twin pump spot system. () is the residual
after a matching HGo; mode has been subtracted from the beam. (¢) is the residual when 31.7%

of the power in the matching theoretical mode is HGps.
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Figure 4.18: 3D plots of the beam from Fig. 4.17a. All images are on the same scale. (a) is the
raw beam, (b) the initial matching theoretical HGo; mode, (¢) the residual. (d) is the estimated
HGpy mode impurity, it is 31.7% of the total measured power. (e) is the new matching
theoretical beam which is the estimated HGgo summed with a HGqo; at 68.3% of the total power.
(f) is the new residual.
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4.5 Measuring the Purity of a Ly, Mode from its Intensity

Distribution

4.5.1 Outline of techniques for Analysing an LGy; Mode

We can follow much of the same methodology as in the last section to assess the purity of
LGy modes. As cylindrical symmetry is generally required in order to create LGg; modes,
we can expect any modal impurities to be cylindrically symmetric. We can therefore ex-
pect the most common impurities to be the HGgy and LGg2 mode. The one exception to
this is vortex modes made by an AMC. In this case combining the following techniques
with the analysis of the spiral interference pattern outlined in Section 4.2 will prove more
powerful at identifying and quantfying the impurities in the beam. The key metrics we
are seeking to analyse here are the beams circular symmetry, both in terms of beam width
and the evenness of the peak intensity ring, how close to zero the central intensity null is,

and finally the beam’s similarity to a matching theoretical mode.

After the beam has been centred on the image there is one key difference in the method-
ology of analysing LGy, modes. We still define the beam radius using the point at which
the intensity has fallen to 1/e* of its maximum value, however there is no axis in an LG
mode along which the intensity follows a Gaussin distribution. To measure the beam width
we first use a weighted centroid to define the centre of the beam. This is appropriate as the
symmetry of both the mode and its likely impurities helps stabilise the central position.
To measure the beam width we take a 1D cross section of the beam through the centre
and then identify the points of 1/e? intensity measured against the average height of the
two peaks. This should give a beam width v/ M2 larger than the fundamental beam width
defined in (4.6). The key difference is to measure this along multiple axes in order to build
a picture of how the beam width varies azimuthally. Taking an average of these will give
a good measure for the beam size needed to make a matching theoretical mode. A pure
LGo; mode’s beam width does not vary about its circumference. A mismatch in beam
width along two transverse axes can be a sign of astigmatism. We can take an estimate
of the astigmatism by taking the minimum and maximum beam widths. Rather than
just taking the minimum and maximum values as is, we averaged them with the values of
beam width adjacent to them about the circumference in order to minimise the impact of
noise. For a more accurate measurement of the astigmatism readings, of the beam’s width
should be taken as it passes through a focus, as with an M? measurement. A severely
astigmatic beam will break the conditions we set out at the start for when our analysis is
applicable. Reducing astigmatism in vortex modes is critical as astigmatic focussing can

convert them into a corresponding HG mode. This is a phenomenon caused by the Gouy
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phase shift and is explained thoroughly in Section 5.1.

Next we wish to measure the azimuthal symmetry of the intensity. This should provide
complementary information to that obtained by doing the analysis on a spiral interference
pattern outlined in Section 4.2. Here we have to compromise between two factors. We
want to include as much of the beam as possible so not to miss information. However
we also want to avoid looking at regions of the beam with low intensity, as this is highly
susceptible to noise. We also want to identify the peak intensity of the mode for scaling
the theoretical match mode. For this we want to average the power in the peak intensity
ring. In the latter case we want to minimise the thickness of this ring, so that we measure
the peak intensity as accurately as possible. However, we also want to average enough
data to minimise the effect of noise spikes. To achieve this we measure the intensity vari-
ance of two ring shaped cross sections of the beam. The first cross section has a width of
half the beam width, and is positioned so it includes the maximal intensity of the beam.
This includes the majority of the beam’s intensity whilst avoiding the edges of the beam
that are most sensitive to noise. It is skewed to the outer edge of the beam as there is
a greater percentage of the total intensity further from the centre. We use this region to
measure the general azimuthal intensity distribution of the beam. The second cross section
is 5% of the beam width and is positioned to include the maximum power per unit area.
This finds an accurate measure of the peak intensity, Iprqg, of the mode and also informs
us of the azimuthal symmetry of the peak region. This is the most critical part of the

beam for many machining applications [49]. We can see these regions outlined in Fig. 4.19.

We measure the intensity variance by setting the pixel values of the beam outside each
region of interest to zero. This image is then divided up into even angular sections. The
mean intensity of each section is then taken. We can then plot this against the angle from
the vertical to examine the variation. Subtracting the mean value from this and taking
the modulus gives us the azimuthal intensity variation. The mean of this variation is a

useful single number indication of the azimuthal symmetry.

From here we again need to simulate a matching theoretical mode. This time we use
the electric field formula of an LG mode, (4.10), setting p to 0 and [ to 1. We set w;) to
be the average beam width measured earlier, divided by /2 so that it is egivalent to the
fundamental mode beam width wy as used in (4.10). We can set z to 0 as the beam profile
should be stable under propagation so this is arbitrary. We position the centre of our
measured beam and the central phase singularity in the theoretical mode to the origin of
our plots. We also set the phase of the central point of the LG(y; modes electric field to be
zero even though technically it is undefined. We multiply this electric field by its complex
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Figure 4.19: Here we can see our definitions for the two beam cross sections used to measure the
azimuthal intensity variance, as well as the definition of the beam width. The centre point as
measured by the weighted centroid is also marked. In (@) the solid ring shows the 1/e? point that
defines the beam width, v/2wg. The dashed lines show the boundary of the first cross section that
includes most of the beam’s intensity. The dashed and dotted line is the peak intensity ring. The
white box is an example of an angle slice taken for the first cross section. In reality this would be
much thinner. The red area in (b) demonstrates the region for the wider cross section; we can see
this is skewed to the outer edge of the beam. The green section shows where the peak intensity

region is defined.
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conjugate to get a theoretical LGy vortex mode, see equation(4.11). We then scale the
theoretical mode to have a maximum intensity equal to the average peak intensity Iprg.

This is our matching theoretical mode.

I
o EO T\/§ —7’2 I 2T2 . T2 .
E(r,qﬁ,z) - w(Qz) <w(z)> exXp (11)(22)> Lp @ exp _szR(Z) exp (Zl¢) (410)

EO EglG(x’ya Z) X EO EglG(xaya Z) = IpLG IglG’(xa Y, Z) (411)

We measure any excess power in the central null using a similar method as for the
HGyp mode. We define a box about the centre point that is 5% the average beam size in
each axis. We then take the mean intensity within this and subtract the mean intensity
of the same region in the theoretical mode. This tells us how much more power is in the

central intensity null than we would expect if the mode was a pure LGp;.

We can then subtract the theoretical mode from the measured to look at the residuals.
If we generate two theoretical LG9, modes, one with an incoherent HGyy impurity at
20% of the power of the main mode; and another with an incoherent LGy; impurity also
at 20% of the power, we get the beams in Fig. 4.20a and Fig. 4.20c. We can see the
fundamental mode impurity appears to have little impact on the look of the LGg; mode
except to significantly raise the power in the centre. The power level in the centre of the
beam is now equal to the peak power of the HGyg impurity. The LGgo impurity at first
glance appears to have made no difference, however it is has actually widened the beam
and increased the thickness of the ring slightly. If we now subtract a matching theoretical
LGg1 mode from both these beams we get the residuals in Fig. 4.20b and Fig. 4.20d. We
can see the HG(y impurity leaves a central peak surrounded by a small valley. Whilst the
LGgo impurity leaves a valley in the shape of the LGy mode with a small peak around
this. These are both distinctive patterns we can use to identify these impurities in LGy

modes.

It is more difficult to estimate the scale of these impurities. Whilst the central peak
in the residual of the HGpy impurity will give us the impurities peak intensity, we cannot
easily determine the mode’s beam radius. The opposite is true for the LGy impurity.
We have no clear feature off which to measure the peak intensity but if we knew this we
could measure the beam radius from the outside of the residual’s peak ring to the beam
centre. We might be able to quantify the level of impurity by simulating a large number

of residuals and plotting trends in the structures left behind. A real residual could then
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Figure 4.20: (a) is a theoretical LGy, modes with a HGy impurity at 20% the power and (b) its
residual. (¢) is a theoretical LGo; modes with a LGy impurity at 20% the power and (b) its

residual.

be fitted to this curve. However, this has fallen outside the scope of this thesis and we

will not attempt to quantify the level of these incoherent modal impurities in real beams.

4.5.2 Analysing Real LGg; Modes

We can now apply this analysis to real beams, see Fig. 4.21. We have selected three
beams, each produced via a different method. 4.21a is made by using an AMC to mode
convert a HGp; mode from the twin pump spot system described in Section 5.7. The
middle beam comes from applying the same converter to a HGp; mode produced using
the the intra-cavity slit method outlined in Section 5.6.2. The final beam is from the
single longitudinal mode, uni-directional, ring laser outlined in Section 3.2. The beams
made via an AMC have common sources of impurity from misalignment of the converter
itself. As discussed earlier this will produce a HGp; impurity. This should manifest as
an azimuthal intensity variance. Misalignment of the converter can also leave the beam
astigmatic. Furthermore any impurity in the input HGg; mode will carry over into the
converted mode. A HGgy impurity should remain unchained but any higher-order, or
coherent, modal impurities could behave in complex ways. In theory the beam from the
ring laser should be pure as it is operating on a single longitudinal mode, however it may
be possible for there to be coherent impurities. Furthermore the beam is not immune to

astigmatism or non-modal impurities.

We can see clearly that Fig. 4.21a and Fig. 4.21c are much more azimuthally sym-
metric than Fig. 4.21b. This is reflected in the azimuthal intensity distribution, with the
twin pump beam varying the least and the intracavity-slit beam the most. We therefore
have evidence that the twin pump beam was converted with minimal AMC misalignment.

Its lower astigmatism estimation is also a good indication of this. The intensity variance
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Astigmatism 10.6% Astigmatism 19% Astigmatism 4.97%
Peak Variance 5.19% Peak Variance 12% Peak Variance 6.56%

Extra 10% Power in Null Extra 10.4% Power in Null Extra 7.54% Power in Null

(a) (b) (c)

Figure 4.21: (a) is from the twin pump spot and AMC system described in Section 5.7. (b) is
from the wire and slit with AMC system decribed in Section5.6. (c¢) is from the ring laser
described in Section 3.2. On each beam the cross represents the centre of the beam as determined
by a weighted centroid. The solid line is the measured beam width. The dashed line is the
boundary of the cross section measuring the overall azimuthal intensity distribution and the

dotted and dashed for the peak intensity distribution.

in the beam from the ring laser is more of a mystery, however the slight astigmatism
might explain it. The beam was imaged onto a camera via a series of spherical lenses.
If these were slightly off axis they may have produced a slight astigmatism and therefore
a differential in the Gouy phase shift in the two axes. This would begin to convert the
beam towards a HGp; mode. Its also possible that scattering effects could be disrupting

the azimuthal symmetry.

Taking a more detailed look at the intensity variance, (Fig. 4.22), we can see Fig
4.21c has a relatively flat azimuthal profile with some intensity drops flanked by spikes.
This is consistent with there being some azimuthally variant scattering. (a) has a very
slight sinusoidal variance, in accordance with a minor misalignment in the AMC causing
a HGoy1 mode impurity and the associated variation in azimuthal intensity. (b) has high
variance in its azimuthal symmetry. There is no clear pattern to this, indicating that any
combination of AMC misalignment, scattering and impurity in the source mode could be

the source.

Looking more closely at the variance in the beam width, we can see a similar pattern.
These are plotted in Fig. 4.23. The beam from Fig. 4.21a has a slightly sinusoidal beam
width variation. This is again consistent with a misaligned converter, as a HGg; mode
has a smaller beam width in one axis than the other, and we would expect the measured

beam width to be an average of this impurity with the main mode. The beam from Fig.
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Figure 4.22: The angular intensity variation for the beams from Fig. 4.21. (a), (b) and (¢)
correspond between these two figures. The angles are measured from the vertical. The blue lines
are the mean intensity of each section of the wide cross-sections of the beams, and the red their
absolute variances from the mean value. The yellow lines are the mean intensity of each section
of the peak rings and the purple their variances from the mean. The y axes are scaled so that the

maximum intensity value in each beam is equal to 1.
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Figure 4.23: The angular variation in the width of the beams from Fig. 4.21. The blue lines are
the measured width of the beam, measured in pixels. The orange lines are the absolute variance

in this about the mean width.

4.21b has a more widely varying beam width with no clear pattern. This is likely a sign
of several competing impurities, such as an impure input mode and misaligned converter.
Finally the beam from Fig. 4.21c has a nearly flat beam width with two small increases.
This is probably where scattering particles have pushed power out from the peak to the
edges. This is consistent with the evidence from the azimuthal intensity variation. These

two measurements combine to give key information about the purity of the LGo; mode.

Finally we will look at the residuals when a matching theoretical LG, mode has been
subtracted from the measured beams. We can see that both the twin pump converted
mode and the ring mode have 18 — 19% of the total beam power left in the residual.
As discussed earlier this is not a good indication of the total purity of the beam as it is
exceptionally sensitive to noise. However it is useful for comparison. Here it shows that

the modes from Figures. 4.21a and Fig. 4.21c are of similar purity, while the beam from
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18.3% Power left in Residual 26.8% Power left in Residual 18.9% Power left in Residual
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Figure 4.24: The residuals for (a) the LGy mode made using the twin pump laser, (b) the

intra-cavity slit laser and (¢) the ring laser.

Fig. 4.21b is substantially worse. What is interesting to note is the colour scale on the
figures, with the ring laser’s colour bar being over a significantly smaller range, indicating
the individual deviations from an ideal L(G(; mode are much smaller. We can also see
that much of the structure of the image resembles airy rings. These two factors combine
to suggest that much of the mismatch of this beam with theory is caused by scattering.
Looking at the residuals from (a) and (b) we can see there is excess power in the centre
and missing power from around the main intensity ring. This suggests that some of the
peak intensity may be from a HGpg impurity, as it resembles the structure seen in Fig.
4.20b. The height of the central peak and the depth of the ring shaped valley are roughly
equal however, whereas in the theory the peak height is much greater in magnitude. This
suggests that this may not be only source of of impurity. It is also possible that an en-
tirely different impurity we have not considered could cause this structure in the residuals.
Furthermore, the central structure in the residual of both modes is not a single peak but
split into two regions. The outer valley in Fig. 4.24a is shallower in one axis that the
others. This is likely the result of the slight sinusoidal azimuthal intensity variation in the
beam. Fig. 4.24b has its outer valley severely fragmented which is again consistent with

its beam’s large azimuthal intensity variance.

We have therefore been able to obtain less useful information from analysing the resid-
uals of LG modes compared to those of the HGg; modes. This has largely been due to
the beams we’ve been measuring having either non-modal impurities or modal impurities

we have not been able to identify from the structure in the residual. We believe this to be
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mostly due to the additional complexities in generating LGp; modes compared to HGyj1,
leaving more areas where impurities can arise, meaning it is more likely for multiple im-
purities to be in play at once. We therefore need to improve our analysis to account for

these situations.

4.5.3 Conclusions on LGg; Intensity Analysis

More work is needed in order to be able to quantify specific impurities in a given LGy
mode purely from its intensity profile. This may require either simulating, or creating laser
beams with known amounts of different impurities. This will allow us to understand how
incoherent modal-impurities effect the intensity profile of a LGy, mode. Measurements
of the circularity of the beam and azimuthal intensity distribution do seem to correlate
well with different levels of impurities, particularly in modes generated from AMCs. This
combined with the analysis of spiral intensity profiles will help us determine the quality
of modes generated this way. Whilst this technique hasn’t given us an indication to the
absolute amount of power in the beam that corresponds to the desired mode, it does allow
us to compare different LGy; modes. This allows us to more meaningfully compare the
relative merits of differing methods to produce such modes. Within a given method, it can
also help detect errors from alignment and indicate what steps can be taken to improve

purity.

To improve this technique a better understanding of what impurities commonly afflict
LGo; laser systems and how they affect the intensity profile is needed. Using the second
moment definition of beam width may also help us improve the measurement of the beam
radius. These techniques could also be easily extended to higher-order DMs due to there
similar structure. Furthermore both the LGy, and HGq; intensity distribution analysis
could both be applied to the transmission through a polariser of radially or azimuthally
polarised DMs. This would then extend the analysis to looking at the polarisation purity

these modes.

4.6 Conclusions

We have seen how taking a more careful look at the purity of higher order mode is both
necessary and challenging. We have been able to detect the presence of HGg impurities
by analysing the azimuthal symmetry of spiral interference patterns. This is key for esti-
mating the amount of OAM is actually present in a beam. It is however mostly limited
to use with vortex modes generated via astigmatic mode converters. One improvement to

this technique would be to standardise the power and size of the spherical wave used to
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interfere with the main mode.

This can be supported by our analysis of the intensity distribution of LGy; modes. We
can again measure the azimuthal symmetry of the mode itself along with its circularity. A
discrepancy in either of these is a good sign of HG(1 impurity or a misaligned mode con-
verter. The intensity distribution has had mixed results in identifying specific impurities.
We have seen residual patterns that roughly correspond with that of an incoherent HGgg
impurity, and later in this thesis we will see beams which more exhibit this. However, we
have been unable to quantify these impurities. We should also be able to identify incoher-
ent LG impurities but we have not created a real laser beam that contains this impurity.
We can improve the analysis of these mode by moving to a second moment definition of

the beam radius.

Looking at H(Gy; beams has been more successful with us being able to identify and
quantify two different incoherent modal impurities. We can also easily detect and quan-
tify a peak height mismatch, which is a key sign of impurity. To improve this analysis
we should more carefully analyse the beam in the short axis in order to identify modal
impurities that have an order greater than 0 in this axis. We should also attempt to
understand more carefully how the beam is effected by coherent modal impurities in order

to identify when these are present.

The intensity distribution analysis will be improved in general with a better under-
standing of various noise sources. For example background noise could be sampled from
the cameras being used. We could use this information to simulate a common noise spec-
trum for the camera and take account for this in the beam image. Effort should also be
made to detect and remove the effects of CCD blooming from the images. Unfortunately

solving these issues fell outside the time scale of this thesis.



Chapter 5

Spherical Mirror Astigmatic Mode

Converters

Astigmatic mode converters (AMCs) use a surprising relation between HG and LG modes
to convert one to the other by exploiting the Gouy phase shift. They introduce a relative
phase shift between the ‘component’ modes of a HG mode at 45° to the principle axes
by astigmatically focussing them [70]. In general this converts a HG,,, mode into a
corresponding LGy, mode. Here the p and [ orders in the LG mode are related to the m

and n orders by

p=min(m, n) l=1In—m]| (5.1)

Unlike SLMs and SPPs, AMCs have the potential to produce pure LG modes. The only
requirements being correct alignment of the converter and a pure HG input. Both SLMs
and SPPs introduce an azimuthal 2n7 phase delay to a Gaussian beam which causes the
majority of the power to transform into a beam resembling the desired mode. In principle,
however, a pure mode cannot be made when only acting upon the phase in a single plane;
therefore in both systems significant portions of the power are scattered into other modes,
meaning the resultant beam is actually a modal superposition [39, 66, 77, 78]. This can
mean the appearance of the beam is changes upon propagation, only maintaining its DM
appearance in either the focal plane or the far field. This is acceptable in many applica-
tions but not all. AMCs, however, manipulate the phase over an extended region allowing

for lossless conversion into a pure LG mode.

This lossless conversion opens the potential for generating very high purity modes with
controllable OAM. This control comes from being able to rotate the input HG mode by
90° in order to change the sign on phase delay. This provides clear advantages in terms of

purity and efficiency over other external methods of generating vortex modes (See Section

95
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1.4.3), whilst also providing controllable OAM unlike most methods internal to a laser

cavity.

5.1 The Gouy Phase Shift

The Gouy phase shift, ¢, is an often overlooked part of the electric field equation of

Gaussian beams. It is mathematically given by

¢(2) = arctan (z) . (5.2)

2R

where z is the distance from the beam waist. It ultimately represents a 7 phase shift
that occurs as a Gaussian beam moves from the far-field, though a focus and back out
to the far-field. The physical explanation for this is subtle and complex [125], however
an intuitive explanation is given by Robert W. Boyd in [126]. As phase is a relative
measurement we must always state what we are measuring phase against. In the case
of Gaussian beams we can use a plane wave of the same frequency, that has zero phase
delay with the Gaussian beam where the beam’s radius of curvature is infinite, i.e. at
the beam waist. Plane waves can be treated using the geometric model of optics. As we
know Gaussian beams do not behave as described by ray optics. It is the difference in
the path length through a focus of the Gaussian beam compared to plane wave that can
be attributed as the Gouy phase shift. We see this in Fig. 5.1. Here we have plotted
the Gaussian beam path, BCD and AE, marked according to its beam width w,, with
points of equal phase, one Rayleigh length from the focus, marked as AB and DE. A
corresponding geometric ray traces AE. We find that the difference in these paths tends
to m as we move away from the focus. This holds for all focussing powers except when
the beam is exceptionally tightly focussed, however this occurs at the same point that the

Gaussian beam solution fails to satisfy the wave equation.

5.2 Mode Diagonalisation

It is possible to decompose an LGy mode into a set of HG modes of the same order N.
Here N is defined as

N=m+n=2p+1 (5.3)

where p and [ are defined as in (5.1). The initial equations were presented in the
appendix of the paper by Abramochkin and Volostnikov in [127] but are presented more
clearly in both [32] and [70]. Equation (8) from [70] is given in (5.4). It states the

decomposition of an LG mode’s electric field into an equivalent set of HG modes. However
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Figure 5.1: Here we see the difference in path length taken by a Gaussian beam, BCD, compared
to the plane wave BE. This is attributed as the Gouy phase shift.

as equation (9) from that paper contains a slight error and we present a corrected version
derived from equations (11) and (12) in [32].

N

u}ﬁlG(xﬁlﬁ Z) - szb(nvmvk) uﬁgk,k(‘waya Z) (54)
k=0

where u is the electric field and b is a real coefficient given by
_ ((2R(=DFY n m
bnm k) = (2 ) =07 00" o (55
We shall refer to the HG modes that can be summed to make a given LG mode
as component modes. Note that the i* term in (5.4) corresponds to a successive phase
difference of /2 between the components. Coincidently, a HG mode aligned at 45° to

the principal  and y axes can be broken down into the same set of constituent modes.

We shall from now on denote this diagonal HG mode as HG2 .

N
HGYS (T+HY T—Y HG
U , 2| = g b(n,m,k)un_p .(z,y, 2 5.6
n,m <\/§ \/5 > k:()( )N k,k( Y ) ( )

The key difference here is the lack of the i* term causing the phase shift between the
terms. So all the component modes are in phase. We can therefore see it is possible to
convert from a HG mode to its corresponding LG mode if we can introduce the correct
phase delays. We show the constituent modes for both HG** and LG modes with N =
1,2 & 3 in Fig. 5.2. It is interesting to note that a mode will normally be formed of N 41
constituent modes. However in the case of the LG19 mode the intensity contribution from

the HG11 mode is 0. Also of note is that for the modes with p = 0 all the coefficients from
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Figure 5.2: LG modes with N =1 to N = 3 and there corresponding decomposition into HG
modes. On the right is the HG25 mode with the same component modes. The relative intensity

and phases are given.

(5.6) are positive. This means all the component modes are phase delayed by /2 from

the previous one.

5.3 Astigmatic Mode Converter Fundamentals

One way to take advantage of this surprising relation between LG and HG modes is
to use an astigmatic mode converter. This allows the conversion of a LG mode to its
corresponding diagonal HG mode and vice versa (See Fig. 5.2). An AMC is made by
simply placing two astigmatic optics a fixed distance apart. Passing a mode matched
(i.e. mode with the correct beam diameter and radius of curvature to achieve conversion)
LG or diagonal HG mode through this will perform a perfect conversion providing the
input mode is pure. This exploits the behaviour of the Gouy phase shift discussed earlier
by creating an astigmatic focal region. The electric field for a HG,,y, mode is given in

Cartesian coordinates x, y and z as [1]

+

) (5.7)
(

exp (‘f”) eap (i (n+m+1)¢(2)).

Where Ej is a scaling factor, wg is the beam radius of the fundamental mode at the
beam waist and zp is its Rayleigh range given in (5.8). w(z) is its beam radius at z,

given in (5.9). m and n are the mode order in x and y respectively. From now on we
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Figure 5.3: Coordinate system used for the astigmatic mode converter.

will correspond the = axis with the tangential plane, T" and the y axis with the sagittal,
S. The coordinate system and planes for an AMC are displayed in Fig. 5.8. Hp is the
Hermite polynomial and A is the wavelength. R(z) is the fundamental mode’s radius of

curvature for its wavefront at z and ((z) is the Gouy phase shift.

w3
2R = TO (5.8)
2\ 2
w(z) = wot 1+ <ZR> (5.9)

Decomposing the Gouy phase shift term for a HG mode along the Cartesian axes gives

the following (see [70] for a full derivation of this),

U(2) = (n+1/2)s + (m + 1/2)(r. (5.10)

Where U(z) is the total phase delay, (s and (r are the Gouy phase delays in the
sagittal and tangential planes respectively. We can apply this to our H Gfﬁn modes. Take
the H Gé? mode as an example. As the HGy; and HG1p component modes have the same
total mode order they would normally experience the same Gouy phase shift. If we equate

their total phase shifts and simplify we get the following formula.

gCS + %CT = %Cs + gCT (5.11)
Cs = (r

We can see that if we want a different total phase shift for each component we need

(s # (p. Looking at (5.2) we can see that the phase delay is dependant on the Rayleigh
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range. If we focus the H Gé? astigmatically we will therefore create a different Gouy phase
shift in each plane and cause a relative phase delay between its component modes. By
controlling the ratio of the Rayleigh ranges in each plane we can tune this for a /2 relative

phase shift allowing us to convert from a H G’é? to a LGp; vortex mode.

A second condition for successful conversion is to ensure the LGy, vortex mode is
stigmatic after the converter. Otherwise, it will continue to experience a relative phase
shift between its component modes and will start to convert back to a HG§} mode as it
approaches the far field. One way to satisfy this condition is to make the AMC symmetric.
This involves constructing it out of two identical astigmatic optics, and then ensuring the
focal points in both the sagittal and tangential planes are coincident in the centre of the
converter, see Fig. 5.4. We can see from symmetry arguments that the output from the
AMC must be stigmatic provided the input mode is as well. This is due to the second
optic doing the exact opposite transformation upon the beam as the first optic. This sit-
uation is presented by Beijersbergen et. al. in [70]. However their analysis only holds for
cylindrical lenses. Here we expand it in principle to any given astigmatic focussing optics.

Though in reality this is most likely to be off-axis spherical mirrors.

Wo; Wos s Wor Woo
I

Figure 5.4: This clearly demonstrates that by symmetry arguments an AMC with identical
focussing optics and a centrally located beam waist in both planes will produce a non-astigmatic
output. Here the red line is the sagittal/combined beam radius as it traverses the converter. The

green is the tangential beam radius.

5.4 Mode Converter Theory

The relative phase shift between successive component modes in Egn. (5.6) created by a

symmetric AMC is given in (5.12). A full derivation can be found in [70].

AV = 2arctan <d> — 2arctan <d> (5.12)

ZRT ZRS

Where AV is the relative phase shift, d is the distance from an optic to the coinci-
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dent waists, and zr and zg are the Rayleigh ranges in the tangential and sagittal planes
respectively. To convert from HG25, to a LG mode we need to set AV to 7/2. We then
make the substitutions in (5.13) and rearrange to get (5.14).

d d
A = arctan () B = arctan () (5.13)
ZRT ZRS

tan (A) — tan (B)
1 +tan (A)tan (B)

we can now undo our substitutions and rearrange to obtain an expression for zpr in

(5.14)

terms of zrg and d.

zrs — d
zZrs +d
For the beam to be stigmatic outside the converter the spot size at the optic surfaces,

ZRT = d (515)

w(d), in both planes must be equal. From this and the formulae in (5.8) and (5.9) we

derive the relation

z%zT +d? Z%S +d?

= (5.16)
ZRT ZRS
which can be rearranged to give zgg in terms of d, and zg7:

d2
ZRS = — (5.17)

ZRT

substituting (5.15) into this we get the following two relations

2ps = d (j:\f2+ 1) (5.18)

cnr = d (iﬂ - 1) (5.19)

Our final boundary condition is that the radius of curvature of the beam in both planes
must be equal after the astigmatic optic. In practice this means that the difference of the
inverse focussing power of the optic in each plane (which we denote A f;,,,) must match
the difference in the inverse radii of curvature in each plane of the beam incident upon it.

This is shown mathematically as

1 1 1 1
frfs  Rr(d) Rs(d)
where fr and fg are the focal length of the optic in the tangential and sagittal planes

Afimy = (5.20)

respectively. Rp(d) and Rg(d) are similarly the mode’s radii of curvature at the optic and

are given in full as

d? + 22
Fr(d) = — (5.21)
B d? + zQRS -

Rs(d) 7
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substituting in (5.18), (5.19) and (5.21) into (5.20) we get the simple relation

V2
B 2Af'mv

This relates the spacing required between the optics in the converter in order to achieve

(5.22)

a 7 /2 phase change, to parameters only dependant on the optics themselves. We can then
use equations (5.18), (5.19) and (5.8) to calculate the spot sizes of the modes within the
converter. Simple Gaussian beam propagation formula can then be used to locate the
required position and size of the input beam waist wp;. It is important to note here that
we are dealing with higher order modes. Therefore when measuring the spot size of the
input mode on a camera it will be scaled by the square-root of the beam propagation

factor, M?, compared to the fundamental mode size defined in (5.9).

5.5 Spherical Mirrors in AMCs

The relation in (5.22), in the case of cylindrical lenses, simplifies to that given by Beijers-
bergen et. al.. However this extension of the theory allows us to consider off-axis spherical
mirrors. These have several advantages, including the lower losses and higher damage
thresholds of highly reflective optical coatings; compared to the anti-reflective coatings
used on lenses. This means they are potentially more suitable for high power applications.
It also allows for greater wavelength flexibility as we are not limited by the absorption
spectrum of suitable optical substrates. Furthermore the mechanical tolerances in the
manufacture of spherical optics tends to be better than for cylindrical ones. This should

reduce any aberrations in the beam by ensuring the two optics are closer to identical.

If we take a look at the focal lengths of off-axis spherical mirrors, fr and fg [1]

i

- 2cos(0) (5.23)
Reos(0)

fs=—5

fr

where R is the radius of curvature of the mirror and € is the angle of incidence upon
them. We can see the degree of focussing is dependant on the angle of incidence. Therefore
by choosing a very high angle we can increase the difference between fr and fg . This then
reduces d allowing for the construction of a compact converter. It is now trivial to design
an AMC knowing only the radii of curvature of the mirrors you are using and the desired
angle of incidence. An additional note is that a spherical mirror AMC is achromatic, as

the focal length is only dependant on the curvature and not the refractive index of the
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substrate as with lenses. This gives it additional advantages when being used with a pulsed

system or widely tunable laser.

5.6 First Order Hermite-Gaussian Laser Using an Intra-
Cavity Slit

In order to test this system experimentally, we, like most others, elected to generate the
simplest HG mode to test the system. There are additional benefits to going to higher
orders such as the resulting LG mode having greater OAM per photon, a steeper intensity
profile and greater-intensity concentration. All of which are discussed more thoroughly in

Chapter 2. The HGp; mode is however much simpler to generate than higher orders.

To generate a pure LGy vortex mode we need a pure HGy; source. If this is to have
future use for laser processing it also needs to have the potential for power scaling. Pre-
viously HGy1 modes have been generated by two main methods. The first is by inserting
a thin wire or mask into a cavity to create a central loss and suppress the Gaussian mode
[70, 72, 73]. This, however, suffers from scattering effects that can lead to mode impurities,
especially when operating in mediums with high gain. HG,,, modes can also be produced
through off-axis laser diode pumping [74, 75, 112, 128]. This however is exceedingly align-
ment and thermally sensitive and is likely to produce several H Gy, modes simultaneously.

We initially chose to try and improve on the masking technique by using an intra-cavity slit.

5.6.1 Two Mirror Capillary Pumped Laser

Most previous attempts to make a HGp; mode were based on introducing a spatial loss
to a laser operating on the fundamental mode. We have built a laser that operates on a
LGo; (but not necessarily a pure vortex) mode. This was done using the same capillary
fibre from Chapter 3, spliced using the same taper to the same fibre coupled diode laser.
This fibre had an outer diameter twice that of the inner diameter to give it a strong over-
lap with the LGg; mode. The output was re-imaged via a 4f system into a two mirror
standing wave cavity, see Fig. 5.5. The same Nd:YAG crystal was used from Section 3.2.
The cavity length was scaled for optimal LGy mode quality, indicating good overlap with
the pump. An image of the beam was put through the purity analysis detailed in Section
4.5. Results are given in Fig. 5.6. We can see the beam has very low astigmatism and
azimuthal intensity variation, with only a slight break in the symmetry due to an increase
in the peak power on the left of the beam. Substantial power remains in the centre how-

ever, there being 12.6% more power than expected. This is probably the main source of
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the large amount of remaining power in the residual. A fundamental mode impurity is the
most likely source of this. It could possibly be minimised by increasing the cavity mode
size to obtain better overlap. However this risks exciting the LGy mode. We also have
no control over the handedness of the OAM. A quick test for OAM was done by reflecting
the beam off an off-axis spherical mirror to astigmatically focus the beam, see Section 4.2.
If this was a vortex mode it would undergo a phase shift into a HG3; mode. However in
this case it simply became an elliptical ring, indicating either that fairly even amounts of
each handedness, incoherently combined, are present, or that another form of non-vortex
DM has been produced.

Taper and Splice L50 L75.6
L30

Capillary Fibre

IC

459s|it
Figure 5.5: Schematic for the HG(; slit laser. IC is an input coupler with high transmission at
808nm and > 99.5% reflectance at 1064nm. OC is the output coupler with 96% transmission at

1064nm. LXX is a spherical lens with its focal length in mm. The slit is angled to 45° from the
plane of the optical bench.

5.6.2 HGy; Intra-Cavity Slit Laser

In order to force this laser to operate on a H(Gy; mode, an adjustable slit was introduced
to the cavity. This was centred on the beam and the gap closed until the wings of the DM
were being clipped inducing a loss (See Fig. 5.7a). We know the HGg; mode is supported
by the cavity as it is a component mode of the DM. Furthermore the fundamental mode
should also be suppressed due to the lack of gain in the centre of the pump. However as
we’ve seen there is a significant amount of Gaussian in the LGg; mode which is likely to
remain as we are doing nothing additional to suppress this mode. Nevertheless a clear
HG; intensity distribution was observed. 3D depictions of the beam and its estimated

impurity are given in Fig. 5.8.

Introducing this slit at 45° to the plane of the bench generated the mode seen in Fig.
5.7. This mode is orientated to —45° to resemble a backslash. A maximum output power
of 242mW was achieved. Analysing this with the method outlined in Section 4.4 we find
a relatively pure mode, see Fig. 5.7 and Fig. 5.8. We can see that the power in the centre
of the mode has carried over. However other than this the mode quality is high with near

equal power in each peak. If we look at the residuals we can see the pattern indicating a
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Figure 5.6: Results of the mode purity analysis on the LGy; mode produced by the standing
wave cavity pumped by the 0.5 aspect ratio capillary fibre. (a) is the beam with the beam radius,
centre and regions used for azimuthal intensity measurement. (b) is a plot of the azimuthal
variation in the width of the beam, (¢) is the azimuthal intensity variance and (d) is the residual

after a matching pure LGo; mode is subtracted from the measured beam.

The Relative Peak Height Difference is 1.7%

The Centre has 20.3% Points More Power _:-

300 400 200 0 200 400 600 8OO
Relative Intesity

(a) (b)

(c)

Figure 5.7: (a) is an illustration of how the intra-cavity slit works as a mode selector. We can see

the pump ring in the background with its wings being blocked by the orange slit. This induces a

loss in these regions leaving the HG(; mode with the best overlap. (b) The resultant HGp; mode
from the laser. (¢) The residual of the mode shows a pattern consistent with a Gaussian mode

impurity.
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Figure 5.8: (a) depicts the measured HGo; beam from the slit laser. (b) is our initial matching
theoretical mode. (¢) is the initial residual with the characteristic pattern indicating a
fundamental mode impurity. (d) is our estimated HGy impurity. (e) Is our new theoretical
match mode including the impurity. (f) is the residual from the improved theoretical match

mode.

Gaussian impurity as we might expect due to its appearance in the original LGy mode.
Following the method outlined in Section 4.4.2 we identified a HGyg modal-impurity that
accounted for 37% of the total power. The results of this are found in Fig 5.8. We can see
the residual has been reduced to mostly noise with a 44.4% decrease in the total power
in the residual. This shows the mode is likely less pure than it initially appeared, as an
estimated 37% of the power in the unwanted fundamental mode impurity. This will carry
over into the LGy; mode as it passes through the AMC. This will remove the central
intensity null of the converted mode and reduce the amount of OAM per photon. This

mode was then fed into an AMC to confirm this.

5.6.3 Intra-Cavity Slit Laser Mode Conversion

For the AMC we used mirrors with a 150mm radius of curvature and a input angle of 45°
for ease of alignment. These mirrors were coated to be highly reflective at 1064nm at 45°.
A telescope was then used to re-size the beam waist of the HG%‘;’ mode to precisely 202um,
96mm away from the first mirror. These values were calculated using the method detailed
in Section 5.4. The slit was then rotated to precisely 45° to the plane of the bench. The
output was then fed through the AMC outlined in Fig. 5.9. Loss from the converter was

below the noise threshold of the thermal power meter used, less than 0.3%.
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Beam Waist 202 pm
96mm from Mirror Beam Waist

Figure 5.9: Schematic of the AMC used to conduct the experiments detailed in this paper. The
mirrors are coated to be highly reflective at 1064nm at 45°. The mirror separation and calculated
beam waist and sizes are marked. The red represents the beam in the sagittal or combined

planes, green the beam in the transverse plane.
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Figure 5.10: Results of the mode purity analysis on the LG(y; mode produced by passing the
beam from Fig. 5.7b through the AMC. It has very low astigmatism and azimuthal intensity
variation. Looking at the residual however, is substantial power remaining in the centre. This

shows the HG(o impurity has carried through the converter.

The resulting LGp; and its analysis are presented in Fig. 5.10. We can see the Gaus-
sian impurity has carried over as there is more power in the centre than we would expect.
This is confirmed in the residual. However the beam has similar astigmatism and lower
peak variance to that created directly by the cavity without the slit, showing that a very

pure mode is attainable with this method if we can remove the HGqo impurity.

We then rotated the slit through 90° so it was orientated to +45° to resemble a for-
wardslash. This switches the handedness of the vortex mode. This produced the beam
seen in Fig. 5.11a which was converted to produce the beam in Fig. 5.11b. Again the only
major impurity is from additional Gaussian content. In order to improve this we need to
find a way to generate a H(G(y; mode without this impurity. One way might be to insert a

nano-wire into the cavity as described earlier. This would induce a loss for the Gaussian.
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Figure 5.11: Here we see both the output of the intra-cavity slit laser and the resultant converted
beam after a 90° rotation of the intra-cavity slit. We can see that in both cases the beam quality

is once again high with the exception of the HGy impurity.

It does not address the fundamental cause however, as the source of this impurity is the
unused gain in the cavity. This additionally causes the system to be less efficient as not all
the available pump power is converted into laser output. This is a concern for the lasers
eventual viability in applications where cost is an important factor. A different approach

may therefore yield better results.

The output from both orientations was fed through a Mach-Zehnder interferometer
in order to confirm the change in handedness, Fig. 5.12. The handedness change was
confirmed however the spiral for the +45° beam was severely degraded. This was confirmed
with the analysis outlined in Section 4.2. Looking at Fig. 5.12c¢ we can see the azimuthal
intensity variation of both beams compared with a matching spiral generated from a pure
LGg1 and HGp; mode. We see the —45° spiral from the first beam has a nearly even
azimuthal intensity variation while the +45° has significant variation. This is surprising
as the mode quality was high. It was found this was caused because the +45° mode had
a spatially variant polarisation, Fig. 5.12d, that resembled that of a radial mode. This
caused a spatially variant loss due to the high-angle reflections in the interferometer. The
cause of this unusual polarisation is unknown. This could may be alleviated by adding a

polarisation selecting element to the cavity.

5.6.4 Conclusions and Improving the HGg; Mode Quality

We can see that the mode converter is working as expected, however improvements are
needed in the seed mode. Particularly with regards to the polarisation state and suppress-

ing the Gaussian mode. Whilst this may be achievable by adding a wire, or spot defect
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Figure 5.12: Here we see the Mach-Zehnder interference patterns for both the —45° (a) and +45°
(b). There azimuthal intensity variation is plotted agants matching patterns generated from a
pure HGo; and LGy mode. We can see there is significant intensity variation in the +45° beam.

This is caused by spatially variant polarisation depicted in (d).

mirror, to the cavity to suppress the fundamental mode, and adding a Brewster’s window
to achieve linear polarisation, this will further increase the loss in an already inefficient
cavity. Furthermore it is difficult to see how this technique could be extended to produce
higher order modes. We therefore sought a more elegant method of generating HG modes

other than loss shaping.

5.7 Twin Pump Spot HGy; Laser

5.7.1 Gain Shaping

In order to improve the purity of our HGy1 mode we explored the technique of gain shap-
ing. This allows us to more accurately target our desired mode whilst suppressing all
others. If we pump a solid state laser with a gain profile that more closely resembles a
HGg1 mode it will see the highest gain and be selectively excited. Furthermore by ensur-
ing all the gain overlaps with the HGy; mode, all other modes will be suppressed. We
have already explored this in regards to LG modes with capillary fibres (see Chapter 3
and Chapter 2) with reasonable success. One way to achieve this is to take the output of
two fibre coupled diodes and re-image them so they are adjacent in the gain medium. The
separation could then be varied to optimise the overlap with HGg; mode. We therefore

constructed the laser seen in Fig. 5.13.

Two BWTTM 41, 808nm, fibre coupled laser diodes with inbuilt thermoelectric cool-
ing units were used as the pump. The output fibres had a 105um core diameter and
125um cladding diameter and were highly multimode at the pump wavelength. These
were mounted on the same water cooled copper heat sink and connected in parallel to
the same electronic power supply for thermoelectric cooling. With a water temperature

of 15°C' the cooling current was tuned for maximum absorption in the laser crystal when
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Figure 5.13: Schematic of the twin pump HGp; laser. LXX are spherical lenses with focal

lengths, XX, in mm. IC and OC are the input and 95% reflectivity output couplers respectively.
The prism is used to re-direct the two coaxial but counter-propagating pump beams, a second
pair of lenses then re-image the two adjacent pump spots into the Nd:YVOy crystal. The spacing
between the pump spots and mode matching the cavity to them is critical to suppress both HGgq
and higher order HG,,,, modes. However once this is achieved alignment for good mode quality

is trivial.

3.5W of current was supplied to each diode. We can see in Fig. 5.14 that each diode
had an almost identical output at all powers. The thresholds were 0.85A and 0.90A with
slope efficiencies of 0.81W/A and 0.82W/A. The measurement was taken at the laser
gain crystal after the pump optics. The slight differences may be accounted for by the
different power supplies used for each diode, or slight differences in the losses of the pump
optics before the prism. Separate diode drivers were used so independent control could be
maintained for each pump spot. The outputs from the fibres diodes are aligned so they
propagate along the same optic axis but in opposite directions. The fibre tips are then re-
imaged with identical lens pairs onto the knife-edge prism which is highly reflective at the
808nm pump wavelength. By translating the prism orthogonal to the pump axis we can
then vary the separation of the pump spots to find the best overlap with the HGp; mode.
The tip of the prism is then re-imaged into a 5mm long square-rod of 1% doped Nd:YVO,
crystal. We moved from Nd:YAG to vanadate due to its short absorption length at the
pump wavelength and polarised output. The polarised output will ensure minimum loss
going through the converter when combined with a half-waveplate external to the cavity.
The waveplate is used to orientate the polarisation so it is s-polarised with respect to the
mirrors. The much higher absorption coefficient of Nd:YVO4 means we can expect an
absorption length of 22.8cm ™!, meaning 1/e2 of the power will be absorbed within the first

0.88mm of the crystal. This assists with mode selection as the pump beam only remains
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Figure 5.14: Power curves for the two BWTTM diodes as measured at the laser gain crystal. We

see they have matching thresholds and slope efficiencies.

as two distinct spots close to the focal plane. The crystal is contacted along its four,
non-optical edges to a water cooled copper heat sink via a thin sheet of pyrolytic graphite.
The laser cavity is formed of two plane mirrors and a spherical lens with a focal length of
135mm to match the cavity mode size to the pump spot. Optimal mode matching was

achieved when the calculated mode size in the Nd:YVO, was approximately 170um.

In order to optimise the pump spots we adjusted the separation between the pump
spots and analysed the output of the laser using the methods outlined in Section 4.4. We
found the highest quality mode was produced when the separation between the two pump
spot centres, is 1.6 times that of the diameter of the individual pump spot, in this case
the separation being approximately 531um and the pump spot diameter roughly 336um.
The total pump power used was approximately 1W giving a linearly polarised output
of 175mW at 1064nm. More pump was available but the HGg; mode quality appeared
reduced at higher powers when thermal effects became more prominent. Images of the

focused pump beam and laser output are in Fig. 5.15.

The beam intensity profile was assessed and found to have almost precisely even peaks
and very limited excess central power of 3.1%. Potentially within the noise of either the
camera or analysis. Some of the central power can likely be as a result of blooming. This
is reinforced as by trying to add a simulated HGqg impurity to the model of the matching
mode, we increased the percentage power in the residual rather than decreased it. We
believe the unusual, two central peaks winged by valleys structure, in the residual is due

to blooming in the camera. Removal of blooming effect from images in order to better
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Figure 5.15: CCD images of the pump beam at the focus, (a) and the resulting laser output, (b).

The residual, (¢), has an unusual structure but we expect this largely due to blooming noise.

asses beam quality is ongoing. Still, this highlights the importance of obtaining aberration

free images in order to properly assess beam quality.

5.7.2 Mode Converting the Twin Pump Spot HGy; Mode

This beam was then angled at 45° to the Cartesian axes via a dove prism. Two steering
mirrors were placed after this to correct for the beam walk caused by rotating this prism
during fine adjustments. This beam was then fed into the same AMC as in Section 5.6.3.
The conversion losses were again below our ability to detect them, giving 175mW of
vortex mode. The converted mode is presented in Fig. 5.16a. We can see it has little
variation in either beam width or azimuthal intensity, being comparable with both the
mode converted from the intra-cavity slit laser and the raw output of the two-mirror
capillary pumped laser. However the excess central power is lower, only the ring laser
output from Section 3.2 having less.This proves that with a high quality source the AMC

is capable of producing high purity vortex modes.

To confirm the presence of OAM we used the standard method of a Mach-Zehnder
interferometer described in Section 3.1.4. The interference pattern we produced is shown
and analysed in Fig. 5.16c. We can see it is a very clear spiral with less azimuthal varia-
tion than that from the slit laser source. This indicates either that the AMC was better
aligned or that there was less non- H Gg; mode content in the new source. We believe both
the power and structure left behind in the residual to be due to a combination of a small
fundemental mode impurity and noise. By rotating the dove prism by 45° (dove prisms

rotate an image by twice the angle they are rotated to) we can reorientate the input from
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Figure 5.16: The LGp; mode produced by the AMC with the seed beam in Fig. 5.15b. We can
see it has low astigmatism and peak variance and relatively low excess central power. The quality
of the beam is further assured by the azimuthal symmetry of the spiral interference pattern from

the Mach-Zehnder interferometer.

+45° to —45° angle. This changes the handedness of the mode as demonstrated in Fig.
5.17. The azimuthal symmetry has dropped slightly, this is likely due to misalignment.
This is probably caused by slight adjustments in the steering mirrors needed to compen-
sate for beam walk during rotation. This will have slightly changed the optical path length
the beam traverses before the AMC, changing the input mode size. The result will be a
minimal amount of residual HGy; mode content. There is however, less excess central
power compared to the +45° mode. The cause of this drop is unknown. Looking at the
interference pattern (Fig. 5.17c) we see a clear spiral with the opposite handedness. Again

it has excellent azimuthal symmetry.
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Figure 5.17: The LGy; mode produced after a 90° rotation of the input mode. We can see it has
low astigmatism and peak variance and relatively low excess central power. The quality of the
beam is further assured by the azimuthal symmetry of the spiral interference pattern from the

Mach-Zehnder interferometer.
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5.7.3 Summary and Future Work

We can see that this technique of gain shaping has dramatically improved our beam qual-
ity. It also increased the maximum output power and efficiency of the system. The main
limitation on the output power was the mode quality. A better match between the pump
and cavity mode is therefore desirable. this could possibly be achieved by using a ‘D’
shaped fibre output to more closely resemble the lobes of a HGy; mode. Furthermore
the introduction of a dove prism to rotate the beam has simplified handedness selection.
Taking the rotation external to the cavity maintains the quality of the source meaning
the HGoy purity does not need re-analysing. Gain shaping could be further extended to
generate higher order HG modes. Simply adding a third fibre could allow for the selec-
tion of the HGg2 mode, though the prism pump delivery system would need to be revised.
Stacking another pair of fibres above the two in our current system would select the HG11.

These could then be fed through the AMC to create a variety of higher order LG modes.

Improvements to the pump delivery system would help realise this. Currently it is
cumbersome and has a large footprint on the optical bench. A better method may be to
use fibre splitters. Provided these can split the power evenly one can imagine designing a
custom mount to align the multiple fibre ends in relation to each other. The whole system
could then be run with a single pump diode. It may also be possible to mount a large
array of fibres and then by switching the power to each one select between many different
modes in a single device. However, it would be challenging to design a cavity stable to
all these modes. A theoretical analysis of the thresholds of each transverse mode for a
given multi-pump distribution should be done in order to better understand the processes
behind the mode selection. Gain shaping is however promising as a more reliable way to

generate high-order HG modes.

5.8 Conclusions

We have developed a novel design for the generation of vortex modes with measurably
high purity. This has built on previous work using astigmatic mode converters. We have
improved its efficiency and wavelength flexibility with the use of off-axis spherical mirrors
to replace the cylindrical lenses. In addition we have expanded the theory of mode con-
verter design to spherical mirrors as well as any other possible astigmatic focussing optics.
We have also developed a new high purity HGp; source suitable for use with an AMC.
This utilises gain shaping by using two circular laser diode beams, adjacent to each other,
to pump a solid state laser. Furthermore we have the ability to select for the handedness
of the vortex mode with the simple rotation of one optic. We have also seen how both the

Mach-Zehnder, and intensity distribution purity analysis can be applied to a real system.
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This has helped direct the course of our experiments towards better purity and further-

more confirmed the quality of our results.

We believe the combination of an advanced HG laser with a spherical mirror AMC is
a strong candidate for a route to OAM beams at machining powers. Being a solid state
laser it is not dependant on specialist, expensive equipment and has a strong basis for
both power scaling and moving to a pulsed regime, which is critical for many potential
laser processing applications. Furthermore the high beam quality may provide of interest
in other areas such as optical trapping or microscopy. Moving forward the critical step is

to prove that the beam quality can be maintained upon amplification.
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Chapter 6

Amplifying First Order

Hermite-Gaussian Modes

As noted in the previous chapter, mode impurities begin to appear in the double pump
method of producing HGg; modes at higher pump powers. This limits the maximum
attainable power of HG modes and, correspondingly, vortex modes by this method. It
may be possible to improve on this with better cavity and pump profile design. An ampli-
fication stage greatly improves the theoretical maximum power attainable. The key will

be maintaining the mode purity. There are two main possible routes.

The first amplification approach would be to amplify the vortex mode after the con-
verter. This has advantages in that any distortions to the mode brought in by amplification
will not be exacerbated by the mode converter. It also means less optics are likely to be
between the amplifier output and the application; reducing the number of optics where
the damage threshold of the coatings is a factor. However modern optical coatings can
withstand damage of 10s of J/cm? from laser pulses on the order of 10ns [129, 130], equiv-
alent to several kW of instantaneous power for a spot size of 100um. Clearly a lot of work
will be needed before we can obtain vortex modes where the damage threshold of optical
coatings will be the limiting factor. The main concern with amplifying vortex modes is the
potential for scattering into the many degenerate annular intensity distributions. While
we know of no mechanism that is certain to cause this, it is still a possibility. Furthermore,
the fact that vortex modes are unstable to astigmatism is also a concern in systems likely

to contain a strong non-spherical thermal lens.

The second approach is to amplify the HG mode. This is stable to astigmatism in
its principal axes, and has no modes with similar intensity profiles to scatter into. The

main disadvantage is that any impurities gained in the amplification process may behave
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unexpectedly in the mode converter. A further consideration is the amplifier geometry.
Much like in laser design, each geometry has distinct advantages and disadvantages and
favours certain applications. It is therefore likely that an amplifier suitable for a HGg

mode, will not be for the LGy;.

6.1 Core Principles of Amplifier Design

Fundamentally, an optical amplifier is a laser without the feedback mechanism. To achieve
optical amplification one needs to create a region of gain from which stimulated emission
can occur. The key difference is that, instead of designing a cavity that provides feedback
for spontaneous emission and eventually selects for a laser mode, an amplifier requires a
seed source. This seed source sweeps through the gain region causing stimulated emission.
Ideally, the output of the amplifier is identical to the seed source, but at a higher power.
However, any impurities in the seed may also be amplified, especially if they overlap with
areas of the gain not utilised by the desired mode. Furthermore, one must be careful to
manage the thermal effects that come with higher pump powers. There must also be no
feedback to the gain region or to the seed source . Feedback to the amplifier gain medium
can instigate unwanted lasing, and feed back to the seed can distort the seed or cause

damage to the low power laser.

Feedback to the seed source is normally minimised with the use of an optical isola-
tor described in Section3.1.2. This is key to the common amplifier design of a ‘master
oscillator power amplifier’ (MOPA). Here an isolator separates the seed source and each
amplifier stage to prevent feedback, see Fig. 6.1. The seed source will be normally be
low power with high beam quality, with each amplifier stage ideally only adding power
without effecting either the beam’s modal content or pulse attributes. Each amplifier can

be of any given design depending on the application.

- Single-
requency
Seed

Figure 6.1: Schematic of a MOPA with three amplifier stages, separated by isolaters (ISO),

though any number is possible

Early amplifier designs, much like early lasers, were primarily based on a rod archi-
tectures due to the relative ease of manufacture [131]. These are limited when pushed
to high power due to thermal effects, particularly thermally induced birefringence, ther-

mal lensing and eventually thermal fracture. The advent of diode lasers as pump sources
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represented a massive improvement in both lasers and amplifiers. This allows for end
pumped geometries that have a better overlap with the cavity mode and a more uniform
pump distribution. However, the fundamental thermal effects still remain a problem.
These are especially hard to mitigate in a rod architecture as they are mostly dependent
upon the material properties of the gain crystal [131, 132]. In order to improve this dif-
ferent architectures have been developed that either increase the rate of heat removal or

mitigate these thermal distortions by compensating for the birefringence or lensing effects.

One way to increase heat removal is to reformat the gain medium into a thin disc
with an average thickness of a few hundred microns [133, 134, 135]. This is then cooled
from one of the large, flat surfaces which also serves as a mirror. This causes the temper-
ature gradient to vary linearly between the two flat faced rather than radially out from
the centre, removing most of the thermal distortion effects. The downside is a massive
reduction in the interaction length with the pump beam. In order to achieve a sufficient
population inversion, multiple passes of the pump are needed through the gain medium.
This means that whilst this architecture is capable of producing high quality beams with

average powers > 1kW, it is cumbersome and expensive to construct and operate.

Despite fibre lasers being proposed [136] not long after the invention of the laser [11]
it is only since the late 80s that fibre lasers have seen extensive improvements in output
power [137]. The basic advantages of fibre lasers are their high surface area, allowing
for greatly improved heat removal, and the fixing of the mode quality to the wave-guide
nature of the fibre. This means that the condition for single mode operation is given by

the normalised frequency or ‘V-number’ [138]

_ - 2 _ 2
V= A\ Az / Neore ncladding

(6.1)

where ) is the wavelength, a is the fibre core radius, and n is the refractive index. It
can be shown that, for a step index fibre, if V' < 2.405 it can only support the fundamental
mode. As V increases more modes are supported. As we can see, this is independent of the
pump architecture and thermal properties of the amplifier. This limits the core size and
therefore the cross section of the pump light. This problem was minimised with the use of
double clad fibres first proposed in 1974 [139]. However, it still presents limits on the total
energy storage of fibres for pulsed operation. Furthermore the long interaction lengths be-
tween the cavity mode and host material promote non-linear effects. Stimulated Brillouin
scattering (SBS) and stimulated Ramen scattering (SRS) in particular, have placed the
upper limit on power from single-mode fibre amplifiers and lasers [140, 141, 142, 143, 144].
The power limit for all fibre, near diffraction limited beam quality fibre laser recently hit

the multi-kilowatt mark [29, 144], with powers up to 10kW theorised to be possible with
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more pump power being available [145]. This makes them begin to rival the powers of
disc lasers. These lasers are however spectrally broadened at high powers by SRS. Many
applications require a narrower linewidth for which MOPA architectures are being used
[146]. As of 2017 the power limit for an all fibre single mode MOPA design is in the tens
to hundreds of watts. By moving to a hybrid fibre/free-space design, powers have been
increased further at several key wavelengths of around 1, 1.5 and 2 microns [147, 148, 149].
Further work in increasing the threshold of the non-linearities is needed to further extend

the powers of fibre lasers.

A third common amplifier geometry is the slab. This abandons cylindrical symmetry
with the gain medium being rectangular, generally with a high aspect ratio between its
width and height. A diagram of the faces of a slab gain medium is given in Fig. 6.2.
In general, one needs to focus into this gain medium with a cylindrical lens breaking the
cylindrical symmetry of the beam. For some applications this is either not an issue or a
desirable trait. Nevertheless, for many it needs correction after the amplifier/laser. Two
common ways to implement this geometry are either in a linear or zig-zag configuration.
The linear has flat end faces and the beam propagates along the z axis. It is typically both
cooled and pumped on the top faces [131]. This, much like the disc laser, sets up a thermal
gradient purely in the y direction, removing thermally induced birefringence as a problem,
provided the laser is linearly polarised along either x or y. The top surface also provides
a large area for cooling. However, the gain medium still acts as a cylindrical thermal lens
and will, in general, produce an astigmatic output. In the zig-zag configuration, shown in
the lower half of Fig. 6.2, total internal reflection off the top faces is utilised to confine the
mode. The edge faces are often at Brewster’s angle, either to enforce linear polarisation in
a laser, or to reduce Fresnel losses in an amplifier and remove the need for anti-reflection
coatings. The medium is then pumped and cooled via the top and bottom faces. This
tends to eliminate thermal distortion of the beam, as the beam’s path means the entire
beam sees the same thermal gradient [150]. Zig-zag amplifiers have recently seen interest
for applications in space based remote sensing [151, 152]. This is due to their potential for
combining high energy storage with high beam quality. One disadvantage of slab amplifiers
is they typically need two pump sources in order to pump two faces. If only one is used

the beam will see a highly uneven gain region which can lead to beam distortion.

6.2 Generation and Amplification of Vortex modes in Var-

ious Solid-State Geometries

There has only been limited research into the amplification of higher order modes in solid-

state systems. In order to assess what geometry will be most appropriate for our needs
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Side Face
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Figure 6.2: Diagrams of typical linear and zig-zag slab geometry gain media. The end face of the

zig-zag slab is often at Brewster’s angle in order to enforce linear polarisation in a laser or reduce
losses in an amplifier. For a linear slab the ends would typically be at right angles compared to

the other faces.

we now conduct a literature review of the use of these geometries as both lasers operating
on higher order modes, as well as amplifying them. Though the laser systems are not
completely analogous to how we would use them as an amplifier, it may highlight some

advantages or issues when they are used with higher order modes.

Disc lasers have been used to produce high quality DMs at powers in the 100s of watts
by utilising a mirror that selects for radial polarisation [153]. As this polarisation is only
possible for modes containing a central intensity null, the LGy mode is selected. This was
later assisted by the introduction of a capillary fibre to deliver the pump and improve the
gain overlap (see Section 2.1) [86]. These are however radial modes that do not contain
OAM. Vortex modes have been excited in a disc laser using a novel dual pump scheme but
efficiencies were poor and there is no evidence of handedness selection [83]. This method
also produced various high order HG modes at low power. To the best of our knowledge,
a disc laser has never been used to amplify a vortex mode. It is certainly possible to
amplify a vortex mode seed in this configuration, however it is not clear that this method
holds distinct advantages over an amplifier geometry that is simpler to construct, unless
multi-hundreds or kilowatts of power are required. The same holds true for amplifying the
HGp1 mode, though this would be more challenging due to the modes lack of cylindrical

Symimetry.

The transverse mode solutions that propagate in an optical fibre are not the same as
those in free space, though they are analogous. A minimum of a two mode fibre is needed
to support a vortex mode [122]. It is possible to excite second order (i.e. modes analo-
gous to either HGp; or LGy modes) in these fibres through off-axis pumping. This has

been demonstrated in several systems [91, 122, 154], but the coupling efficiency is poor,
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typically less than 30%. It is also possible to excite more than one mode at a time, so
we return to our problem of mode purity. Handedness selection in vortex modes has been
shown by exciting both the PMi;, and PMj;. (analogous to HG19 and HG(; modes)
simultaneously and controlling their phase relation with active feedback [121, 154]. This
created up to 25W of vortex mode in a Yb double clad fibre amplifier, though the mode
quality is poor. The T Moy, TEo1, HES® and HESY*" fibre modes that are analogous to
radial DMs have all been generated directly from a laser in research by Sun et al. , though
at only a few mW of power [155]. Wavelength tuning in conjunction with a few-mode

fibre Bragg grating was used to select between these modes.

Moving away from an all fibre system 36W of LGy, mode was produced by Lin et al.
by using a free-space feedback cavity in a fibre laser [156]. A linear polariser and half
waveplate are used to rotate the polarisation within the feedback arm. The LPy; (HGoo)
and LPy; (LGo1) modes interact differently with the Stokes parameters of the fibre, driv-
ing a differential loss between the two modes. Lin then developed the system to generate a
radially polarised OAM mode using an S-waveplate (see Section 1.4.2) [117]. Fibre ampli-
fiers seem promising for reaching high power vortex modes. Maintaining the mode quality
however, appears to be challenging. All the known examples are based around exciting
a higher order mode within the fibre from a fundamental mode source [121, 122, 157].
How coupling in a higher order mode directly into a fibre will perform in terms of mode

quality is unclear. We have, therefore, elected not to use a fibre amplifier for the time being.

To the best of our knowledge there has only been one demonstration of amplifying
a DM within a slab [158]. A radial seed source was constructed using a capillary fibre
to select for the LGy, mode. Thermal birefringence can then be used to select between
azimuthal and radial polarisation as they see different focussing powers in a peripherally
cooled, uniformly pumped, isotropic gain medium [159, 160]. One can then design a cavity
such that only the radial mode is stable. This radial seed was then focussed by a cylindri-
cal lens into a linear Yb:YAG slab laser. The polarisation was transformed by the Gouy
phase shift but could be easily corrected with a quarter waveplate. This produced up to
4.4dB of gain and 4W of output power. The need for cylindrical lenses means that this
style of amplifier is unsuitable for our converted vortex mode, as astigmatically focussing
it would return it to a H Gé? mode. However, it could be suitable for amplifying the mode
before the converter, as a non-circularly symmetric beam is likely less prone to error in

non-circularly symmetric amplifier.

We decided to construct an amplifier for the HGy1 mode before it is converted in a

slab amplifier. This is due to the possibility of exciting other modes in a fibre laser, the
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practical obstacles of constructing a disc laser and the thermal limitations of traditional
rod amplifiers. Mode coupling and thermal effects seem more likely to degrade the purity
of a vortex mode than the HG mode. Amplifying before the converter may allow us to
correct for any minor impurities that are incurred after amplification, such as astigmatism
or higher order mode content that can be spatially filtered. We therefore have elected to
construct a slab amplifier for the HG mode. Specifically we have decided to use a bounce

geometry design.

6.3 Bounce Geometry Lasers and Amplifiers

One variation on the zig-zag slab is the bounce geometry. This uses a trapezoidal prism
shaped gain medium, initially demonstrated by Bernard and Alcock [161]. It is side
pumped on its base, see Fig. 6.3. It is cooled on the top and bottom faces giving it a
near linear thermal gradient. The seed is fed in through an edge face, parallel or at a
small angle to the pump face. This then refracts off the angled face to then undergo total
internal reflection off the pump face at a grazing incidence. This means the seed source
is effectively stretched in one dimension, allowing for a much greater overlap with a diode
bar pump source. This removes the need to either reformat the diode output into a more
even aspect ratio or couple it into a fibre. Fast axis collimation is all that is required.
As our HGp; mode is already in a roughly 3 : 2 aspect ratio this will also help improve
pump overlap. The reflection off the face also means the entire beam sees an even gain
distribution. This is one of the main appeals of the bounce geometry. The seed is com-
monly focussed by a vertical cylindrical lens (VCL) into the gain crystal. This is to limit
the scale of the seed in the vertical direction so it sees less of the aberrated thermal lens.
The thermal lens, without dedicated compensation, is much stronger in this dimension.

The angle on the edge faces also helps to reduce parasitic lasing when used as an amplifier.

The main advantages of the bounce geometry are its high gain and potential for high
beam quality (for the fundamental mode) [162, 163, 164, 165]. Output powers in the 10s
of watts with slope efficiencies of 50 — 70% have been produced utilising a single stage
MOPA. With a mode-locked seed and a triple pass of the amplifier, pulses as short as
8.8ps have also been demonstrated with high mode quality at average powers of 44.5W
by Abe et al. [113]. The output from this was subsequently converted to an LGy vortex
mode by using a spiral phase plate. This was achieved with a 95% conversion efficiency
giving greater than 40W of vortex mode. However, the mode quality was poor with clear

azimuthal intensity variation and a changing mode profile with propagation.

Chard et al. have also demonstrated the production of a first order vortex mode within
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Figure 6.3: Basic layout of the bounce geometry laser. An amplifier is made simply by removing
the IC and OC. The pump source is typically a diode bar focussed with a VCL. The cavity
mode/seed enters an edge face then reflects off the pump face at grazing incidence. The crystal is

cooled the top and bottom faces.

a bounce geometry laser [115]. This was generated from a laser where the pump had been
defocussed and the input angle to the gain crystal adjusted until a roughly equal thermal
lens was generated in each axis. This initially produced a high quality Gaussian mode.
One arm of the cavity is then extended until the fundamental mode became more unstable.
The instability comes from the fact that the thermal lens is much stronger in the centre
of the gain crystal. As the vortex mode has a null in this region it sees a smaller lens and
is better supported by the cavity. A DM is selected over other higher order modes, due
to the cylindrical symmetry of the gain region. The handedness was found to be stable,
though no known mechanism for this is presented. The mode suffered from a substantial
Gaussian impurity and has azimuthal asymmetries in the intensity distribution. However,
it has very little astigmatism, demonstrating that such a laser can support higher order
modes. This gives further credence to the idea of amplifying a high order mode in such a

design.

6.4 Q-switching

Q-switching is a very common method of pulsing a laser cavity. Pulsing a laser allows for
significantly higher peak powers to be reached without significant additional pump power.
This is essential for processes that have particularly high power or energy requirements
such as materials processing, surgery, tattoo removal and non-linear optics [166, 167,
168, 169]. The pulse length of Q-switched lasers is largely determined by the cavity
poton lifetime; this means pulsescan be sub nanosecond [170], though pulse durations of
a few nanoseconds and higher are more typical. This allows for very accurate distance
measurements to be made by timing how long it takes for a pulse to return in LIDAR or
remote sensing applications [171, 172]. Q-switching works by alternating the attenuation
(losses) within a laser cavity. The quality, or Q-factor, of a cavity is defined as the energy

stored within the cavity divided by the the energy dissipated per cycle of the cavity.
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au,
7t
where @ is the Q-factor, f, is the resonant frequency of the cavity, Us;q is the time

averaged energy per unit volume in the gain medium, and dd({;l is the time averaged rate

Q =2nfUs (6.2)

of energy transfer per unit volume [1]. Effectively a low @ laser will have high losses for
a given cavity mode whilst a high @ cavity will have low losses. Therefore a Q-switch is
initially set to give the cavity high losses and prevent the laser from reaching threshold.
The gain will therefore rise until the maximum energy storage is reached and the cavity
is said to be gain saturated. The initial loss from the Q-switch must be high enough to
prevent lasing or parasitic lasing may occur. This loss is then rapidly removed to provide
the feedback to the gain medium and initiating stimulated emission. This will extract the
gain rapidly into a single laser pulse. The cavity losses are then dramatically increased

again to prevent the gain from recovering enough to cause a secondary pulse.

There are two ways to Q-switch a cavity: actively or passively. Active Q-switching
occurs when the cavity Q is being controlled actively by the user, generally with an elec-
trical signal. The actual Q-switch tends to be either an acousto-optic modulator or an
electro-optic device such as a Pockels or Kerr cell. Pulses from these devices tend to be
of the order of many round trips of the cavity. The optical switch needs to operate on
a similar time-scale, otherwise secondary pulses can arise. The main advantage of such
devices is a controllable pulse repetition rate. This will be linked exactly to the frequency
of the switching, provided gain never builds so high as to facilitate parasitic lasing. In

general as the repetition rate increases the pulse energy drops and the pulses lengthen.

Passive Q-switching utilises a saturable absorber. This is a material whose transmis-
sion is dependent on the intensity of light it is exposed to. At high intensities, the electrons
in the ground state are rapidly excited into the upper state. The upper state lifetime is
then long enough that the ground state becomes depleted, increasing the transmission at
a given wavelength. This means saturable absorbers are significantly wavelength depen-
dent. Under low intensity, a saturable absorber must exhibit a high loss in the cavity in
order to increase the cavity losses, but not so high that it prevents all lasing. Once high
enough gain is reached, low level lasing occurs which rapidly increases the transmission of
the absorber, until the cavity gain is extracted into a single pulse. The recovery time of
the absorber should ideally be longer than the pulse so as not to create additional losses,
but not so long that the gain recovers fast enough to lase again. The main advantage of
passive Q-switching is its simplicity, normally only requiring the addition of a single optic
to a cavity. They are also suitable for very high repetition rates, as they are not limited by

the speed at which an electrical signal can be modulated. However, the pulse energy and
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duration tend to be fixed, with the pump power only effecting the repetition rate. They

also can reduce laser efficiency as non saturable losses in the absorber tend to be high.

As we are aiming for an end application of laser processing, we should Q-switch our
laser as this will greatly broaden the potential uses for our system. This is particularly
relevant as it concentrates the photons into a short time period, increasing the instanta-
neous torque that can be applied when a vortex mode is absorbed. A laser operating on
HG modes has been passively Q-switched before by Bagdasarov et al. [72]. They used
intra-cavity masks to select for modes up to HG12 in a Nd:Phosphate glass rod laser. This
was then amplified in another Nd:Phosphate glass rod to produce pulses with energy up
to 100mJ. This mode is then passed through an astigmatic mode converter. The mode
quality for the LGp; mode is hard to assess as no spiral interference pattern is given and
the intensity pattern saturated the camera (it seems superficially reasonable however). No
image of the HGy; is provided, and the neither the repetition rate nor the average power
are given. However, this demonstrates that it is possible to Q-switch, amplify and then
mode convert a HGy; mode. Therefore we decided to passively Q-switch our double pump
HG; laser. Passive Q-switching was chosen for both its simplicity and as it would allow

for a more compact cavity.

6.5 Q-Switched H(G(; Seed Laser

In order to generate shorter pulses and, therefore, higher peak powers, we need to shorten
the double pump laser cavity. To do this we removed the cavity lens and replaced the plane
OC with a 5% transmission spherical OC with a 70mm radius of curvature. This required
a change in the telescope used to focus the pump into the crystal from Section 5.7 in order
to maintain a good overlap with the HGg; mode. The telescope now consisted of a 100mm
collimating lens after the prism and a 50mm focussing lens. This dramatically reduced the
pump spot diameter to 1052270um. These changes allowed us to shorten the cavity down
to an optical length of 74.9mm giving it a round trip time of 250ps (This includes the
passive Q-switch). We used a Cr*t:YAG passive Q-switch with 70% initial transmission
and AR coated at 1064nm to pulse the cavity. The doping concentration was not given by
the manufacturere but the sample was approximately 4mm long. This was placed 10mm
away from the rear of the Nd:YVOy crystal. It could not be placed closer due to the size
of the cooling block and the mount for the Q-switch. Better pulse operation was found
when the Q-switch was placed at this end of the cavity. We believe this is because the
smaller mode size increased the intensity incident upon it, more effectively saturating the

absorption. A schematic of the cavity is given in Fig. 6.4.
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Figure 6.4: Schematic of the double pump Q-switched HG(; laser. The optical cavity length is
74.9mm and the Cr*t:YAG passive Q-switch has an initial transmission of 70%

A pulse train and example pulses were measured with a fast photodetector and are
shown in Fig. 6.5. These were taken with 5.06W of total pump power giving a repetition
rate of 147kHz. The pulses varied between 22ns and 26ns in length. This is 96 times the
round trip time of the cavity, this is within the bounds of what we might have expected
given the higher than normal reflectivity of the output coupler used for a Q-switched laser.
This is something that could be easily improved in the next version of this laser. Occa-
sional secondary pulses were observed. This phenomenon was found to occur much more
regularly at higher pump powers, particularly above 5.42W. This is likely due to the gain
recovering quicker than the saturable absorption of the Crit:YAG, leading to a second
pulse forming. These ‘double pulses’ were typically separated by 100 — 200ns, a finding
consistent with other Cr**:YAG Q-switched solid-state lasers [173].

Unexpectedly the beam quality was maintained at much higher pump powers when
the Q-switch was included within the cavity. This may be due to the additional intensity
dependant losses from the Cr*t:YAG crystal. We propose that the regions of the cavity
mode that are solely associated with the modal impurity have a lower intensity and there-
fore never fully saturate the crystal, therefore experiencing higher losses compared to the
main mode. This suppresses the mode impurities meaning we can pump harder without
degrading the beam quality. Fig. 6.6 shows beams produced before the Q-switch was
added, with pump powers of 0.37W and 0.57W respectively. This produced 149mW and
27tmW of output. We can see the higher power beam has a significant peak mismatch
of 7% of the peak of the higher power lobe, whilst the lower has only an approximately
1% mismatch. They have 7.7% and 10.0% excess central power respectively. Looking at
their residuals we see no clear pattern for the lower power beam whilst a clear pattern
indicating H G2 impurity emerges for the higher power beam. Quantifying this using the
method outlined in Section 4.4.4, we find there to be a 22% HGgo mode impurity. This
is significant and could cause problems in the amplifier with the HGgo being amplified
alongside the HGg1. As they have different intensity distributions the HGgo may be able

to extract gain not available to the main mode, meaning the two modes may not be am-
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Figure 6.5: (a) shows a typical pulse train, exhibiting one double pulse. (b), (¢) and (d) show

individual pulses. The pulsewidth was consistently between 22ns and 26ns for the single pulses.
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Figure 6.6: Beams and residuals from the seed laser without a Q-switch. (a) is the 149mW beam
and (¢) the 277mW. (b) and (d) are their respective residuals. The higher power beam exhibits

a HGyz beam impurity as is clear from the residual.

plified equally. They might also see slightly different thermal lenses. All of this would
degrade beam quality. Furthermore, any HGgp2 mode fed into an AMC will not necessar-
ily be mode matched correctly, as it may not have exactly the same mode size (as in the
mode size of the fundamental mode, wp, used in equation (4.1)) after the amplifier. This
would lead to a HG(z impurity in a predominantly LGp; beam, leading to a reduction in
the concentration of OAM and a disturbance of the cylindrical symmetry. If we were to
amplify the output from the seed without the Q-switch, we would need to limit the output
power to less than 200mW without improving the overlap between the gain and the pump.
We see that we can obtain similar powers of H(Gy; mode as with the lens stabilised double
pumped laser from Section 5.7. Lower pump was needed due to the lower cavity losses.

This demonstrates the consistency of the double pump method.

If we now add the Q-switch to the cavity we can look at the beam created at a pump
power of 5.06W producing an average output power of 434mW , Fig. 6.7a. We see a fairly
dramatic drop in the lasers efficiency, however we have achieved a much higher power
beam of usable quality. This loss in efficiency is not unexpected as the passive Q-switch
was expected to add substantial loss to the cavity even when saturated. Though this loss
was not able to be quantified. The output with the Q-switch at this pump level is of much
higher quality than it was without it. The only clear discrepancy from a pure HGg; mode
is the CCD blooming. This was largely linked to the use of a different camera for this
portion of the experiment. This however does interfere with our ability to estimate the
level of impurity. The peak height mismatch is low at 3% and we believe that much of the
excess central power is linked to the blooming. This is affirmed by looking at the residual,
Fig. 6.7b, which has central peaks that add to our definition of the excess central power

and are in line with the blooming streaks above and below the beam. That the very centre
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Figure 6.7: (a) is the seed mode used for the amplifier. (b) is its residual. We can see most of
what remains is from CCD blooming. (¢) is a mode at near equivalent pump power produced

with the Q-switch removed.

of the residual does not drop to zero, may indicate some low level Gaussian impurity but
this seems insignificant. This shows the need in future either minimise CCD blooming
or find a way to identify and remove it from beam images. Finally, we can compare this
to a beam made without the Q-switch at a similar pump power of 4.73W giving 2.38W
of output, Fig. 6.7c. There is a significant peak mismatch and excess central power.
Furthermore, the peaks have rounded out indicating other modes are present. We believe
the improvement in beam quality from the Q-switch is due to the additional cavity losses
it causes. This raised the thresholds of the impurities to the extent they didn’t lase till
much higher pump powers. This was critical, as it allowed us to operate in a regime with
both good beam quality and stable pulse operation; as at lower pump powers pulses were
skipped and pulse variance was higher. This is similar to findings by Lucianetti et al. in

another passively Q-switched 1064nm laser [174].

6.6 Amplifying First Order Hermite Gaussian Modes

After the laser, the beam is collimated with a 135mm spherical lens, the remaining pump is
filtered out, and the polarisation rotated with a half waveplate for maximum transmission
through an isolator. This isolator was found to have near-perfect transmission with only
a ImW drop in power from 403mW of input. This small loss was partially due to slightly
imperfect polarisation purity in the seed, the rest probably due to losses in the optical
coatings. The polarisation is then reorientated with another half waveplate to align it

with the c-axis of the amplifier gain crystal. The 1.1% doped, a-cut Nd:YVOy4 gain crystal
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has dimensions of a 20mm x 2.5mm x 2mm slab with its end faces angled at 14° and AR
coated at 1064nm. The longer of the two edge faces is polished and AR coated at 808nm.
The top and bottom faces are conduction cooled by 13.0°C' water pumped through a cop-
per heat sink. This is run off the same supply as the cooling for the gain crystal in the
seed laser to roughly couple their temperatures and match their emission spectra. This
ensured high gain for the seed. The pump source for the amplifier is a DILASTM 808nm
bar diode. The pump light fills approximately 70% of the pump face width. The diode’s
maximum output power was originally 60W however the central emitter had failed, re-
ducing its output to 54.9W. This should not be of concern with regards to amplification
of the seed, as it should still see even gain due to its beam path through the amplifier.
The diode cooling water temperature was held at 32.0°C' for optimal overlap with the
absorption of Nd:YVQ,. This diode was fast axis collimated and a 12.7mm VCL is used
to focus the pump into the diode. Two steering mirrors are used to direct the seed into
the amplifier and two 50mm VCLs are placed either side of the gain medium in order to

focus, and then collimate the seed in the vertical axis. A full schematic is given in Fig. 6.8.

1064nm VCL50
VCL50 1
" —

VCL12.7

Figure 6.8: Schematic of the bounce geometry amplifier. VCLXX is a vertical cylindrical lens

and its focal length in mm. HR is a highly reflective mirror at the seed wavelength.

6.6.1 Single-Pass Amplification

The two steering mirrors can be used to alter the bounce angle through the amplifier and
the position of the bounce on the pump face. Alignment was optimised for a combination
of beam quality and output power. We initially ran the amplifier in a single-pass configu-

ration. The seed power at the amplifier was 0.42W and the best operation was found with
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the bounce position roughly centred in the gain crystal as expected. Power curves for both
the amplifier pump and output are given in Fig. 6.9. We can see the amplifier output
is not entirely linear, with a change in the slope between 20/ and 32W of pump power.
The gain is still increasing as we reach maximum pump power, topping out at 15.86dB
with 15.8W of output. However, the mode quality from the amplifier is suboptimal. We
show the beam as it evolves with greater pump power in Fig. 6.10. We can see initially,
just above the amplifier threshold, one lobe of the mode appears to be amplified more
than the other. This quickly evens out as the gain increases, however we can see some
extra structure in the wings of the mode at 22.0W of pump. This structure suddenly gains
power at 24W of pump and merges with one lobe and then slowly splits from it as the
gain increases. The inner lobe disappears around 28W and the two remaining wider lobes
then steadily diverge until the two lobes of power are very widely spaced at 52W of pump.
All these outputs were stable provided the pump power remained constant. At mid-high
pump powers significant astigmatism in the beam was observed that could not be easily
corrected with the collimating VCL. We can think of no clear physical explanation as to

why this lobe splitting and then spreading would occur within the amplifier.

This splitting of the mode’s lobes was unexpected and makes the higher power modes
unsuitable for mode conversion. The output power at all pump powers was found to be
strongly dependent on the position of the VCLs focussing both the pump and the seed
into the gain crystal, and more weakly dependent on the bounce angle. None of these
variables significantly effected the mode quality for better or worse. Nor did the seed
power, however the position of the bounce in the crystal did heavily influence the trans-
verse intensity distribution. Moving away from the centre tended to favour amplification
in one lobe compared to the other causing peak height mismatch. It also affected the
pump power at which the lobe splitting occurred, with it happening at higher pump pow-
ers as the bounce moved towards the edges of the gain crystal. This non-central alignment
introduced other unwanted beam features such as a distortion in the lobe closer to the
edge of the crystal and additional structure outside the other lobe. As these phenomena
were largely dependent on the pump power and the symmetry of the path the seed took
through the amplifier we concluded these effects were caused by the thermal lens within
the amplifier. In order to lessen the effects of this we decided to implement a telescope

before the amplifier.

6.6.2 Single-Pass With Seed Demagnified

As the thermal lens is not necessarily spherical, a larger beam will see more distortion from

it as different parts of the beam see differing effective focal lengths. We installed a tele-
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Figure 6.9: (a) power curve for the amplifier bar diode. The bar diode has a linear power curve,

despite the broken emitter. (b) power curve for the single-pass amplifier with no telescope.

Figure 6.10: Beam images of the 0.42W H(G(; seed when amplified in a single-pass configuration

with no telescope. Values in white are the pump power being emitted from the bar diode for each

image.
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scope consisting of a 150mm and 70mm lens to reduce the beam size and pseudo-collimate
the seed through the amplifier. This was not a 4f system, as there is a 290mm spacing
between the lenses. Exact imaging of the seed is not necessary as it is an incoherent sum
of Gaussian modes. The lenses were instead aligned to place a beam waist approximately
central within the amplifier crystal. This symmetry should reduce distortion if the bounce
location is also approximately central in the gain crystal. A schematic of the beam delivery

with lens spacings is given in Fig. 6.11.

L135 L150

0C N2 WP N2 WP L70

;
|

85mm Y 190mm 290mm

Isolator (
-

Figure 6.11: Schematic of the beam delivery optics before the bounce amplifier. LXX is a
spherical lens with focal length XX in mm. When the amplifier is in double-pass configuration,

the return beam is filtered out by the isolator.

We can then once again look at how the amplified beam evolves with increasing pump
power, see Fig. 6.12. Again all the beams were astigmatic. This is especially clear from our
camera placement for the beams at 29.8W of pump power where the lobes are elongated..
Initially at low pump powers the mode quality is reasonable. As it increases, however we
see significant peak height mismatch, which starts at around 20W of pump power. We
found that by increasing the bounce angle we could largely correct for this as well as in-
crease the output power at higher pump powers. However, reducing the pump below 27W
in this alignment reduced both the output power and beam quality. This is illustrated in
the power curve given in Fig. 6.13a. The re-alignment causes a significant improvement
in the slope efficiency at higher pump powers, though at a lower pump we observe less
output power than the previous alignment. We can see the difference this realignment
makes with the beams pumped with 29.8WW. We see that before the re-alignment (top
right of Fig. 6.12) the two lobes have different shapes with the right lobe being taller and
thinner. After re-alignment the lobes are much more even and there has been a 700mW
improvement in output power, see Fig. 6.13. As the pump increases, some asymmetry in
the lobes begins to reappear, however it is fairly minimal. The two lobes drifting further
apart in the x axis (though no splitting of the lobes) is again observed at higher pump
powers starting at 45W. This is a substantial improvement in the mode quality at the

expense of some output power and gain. The maximum output power being reduced to
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Figure 6.12: Beam images of the 0.42W HG(; seed when amplified in single-pass configuration,
after passing through a demagnifying telescope. Values in white are the pump power being
emitted from the bar diode for each image. The second row depicts beams after the cavity was

realigned to improve both mode quality and output power.

13.7W at 15.35dB of gain. However, the maximum output power for a mode that is
of quality potentially suitable for mode conversion is much higher: going from 6.6W to
11.4W. The pulse structure of the seed has also been maintained as we can see in Fig.

6.13b. There is still low pulse to pulse variation and few double pulses.

Examining the two highest quality modes from our two single-pass configurations with
our intensity distribution analysis, see Fig. 6.13 (c), (d), (e) and (f); we can see that the
beam generated before demagnifying the seed has even peak heights but some reasonably
significant excess central power. This is most likely from the blooming effect. Of more
concern is the structure in the wings of the beam. There is a small amount of power
either side of the two lobes. This is just visible in the residuals as two slight peaks on
the outside of the valleys. This is also apparent in the output after the telescope was
added, however only outside the right lobe. This has the appearance of widening this lobe
compared to the other. This may also be linked to the significant peak height mismatch.
There is less excess central power, but this is due to the larger image size on the CCD,
meaning less blooming has leaked into the central region. Both these modes, if their sig-
nificant astigmatism can be compensated, may produce reasonable vortex modes via the
mode converter. However, this was not tested, due to the considerable difficulty in re-
moving the astigmatism and the time constraints of this project. We instead chose to see

if we can improve the beam quality and output power by using a double-pass configuration.
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Figure 6.13: (a) shows the both

the gain and output power of the single-pass amplifier when

operated with the telescope. The higher bounce angle alignment is plotted with asterisks. We see

we have less overall power and gain than without the telescope. (b) is the pulse train from the

amplifier. (¢) is the 6.6W output from the amplifier with no telescope. (d) is the 11.4W output

from the amplifier with the telescope. (e) and (f) are their respective residuals.
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6.6.3 Double-Pass Amplifier

For the double-pass configuration, a HR mirror was placed after the collimating VCL. The
position of both the rear mirror and the VCLs are critical to mode match the amplified seed
with the gain. Furthermore, these optics control the size of the beam as it is reflected back
through the system. In order to extract the amplified beam, we utilise the non-reciprocity
of the isolator. Provided the amplifier has not modified the polarisation of the beam it
will be reflected out the side of the isolator by the second polarising beam splitter within
it. As the aperture for the isolator had a diameter of 2mm, we are limited in the size of
the return beam. This constrains the position of the amplifier optics. We found it was
not possible to maintain both good amplification and a small enough beam diameter to
pass through the optics. Therefore we added a horizontal cylindrical lens (HCL) between
the second VCL and the HR mirror retro-reflecting the output. The positions of these
optics are given in Fig. 6.14. This allowed for passage through the isolator with mini-
mal clipping. The amplifier was misaligned slightly in order for the output power to be
measured before passage through the isolator. Before the isolator, the maximum output
power was 17.2W with 17.0W transmitted through it. Some of the lost power is due to
clipping of some additional structure outside the main beam on the isolator aperture. A
power curve taken after the isolator is given in Fig. 6.15a and a pulse train in Fig. 6.15b.
The maximum gain achieved was 16.28d B with 17.0W of output. There was an increase
in the variation in pulse height and an increase in the average pulse width to 36ns, as well
as a destabilisation of the pulse train, with a greater variation in the time between the
pulses. The cause for this is unknown, though it may be due to feedback into the seed

laser, despite the isolator.

HCL100
VCL50 VCL50 HR
<—— —
- - r r r
45mm 102mm  27mm 82mm

Figure 6.14: Schematic for the double-pass amplifier. HCL100 is a horizontal cylindrical lens

with a 100mm radius of curvature.

The beam quality was degraded further in the double-pass of the amplifier. The beam
also remained exceptionally astigmatic. We focussed the output through a 200mm focal
length spherical mirror and took beam images at various power levels in three locations:
approximately 100mm before the vertical focus, at the vertical focus and 100mm after

it. With this focussing the vertical and horizontal foci were separated by up to 112mm,
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Figure 6.15: (a) is the power curve and gain for the double-pass amplifier. (b) is an example

pulse train from the double-pass amplifier.

depending on pump power. Beam images at three pump powers are presented in Fig.
6.16. The top row is at 30W of pump power producing 7.2W of output. We see that after
the focus, the beam appears of reasonable quality. However, there is a large mismatch
between the peaks before this. Before the focus there is also a severe excess structure
in the mode. This variation as the beam propagates clearly shows there is some form
of impurity that is either not co-linear with the main beam, or is coherent with it. This
pattern continues as the pump is increased to 40W and 50W producing 11.5W and 17.0W
of output respectively. We observe a reversal in the lobe with more power as we move
through the focus at 11.5W though not at 17.0W. We see an excess of central power in
all the beams and additional power above and below the beams away from the vertical
focus. It is possible that this unwanted structure and variation upon propagation is caused
by amplifying impurities in the seed. However, re-aligning the seed cavity and changing
its power had no substantial effect on the amplified mode quality. Nor did changing the
bounce angle of the amplifier; this only influenced the output power. As the nature of
these impurities is again primarily dependent on the pump power, we conclude that they
are likely caused by thermal aberrations in the gain crystal. The double-pass has amplified
this unusual effect further making the output unusable. None of these modes, even if the

astigmatism can be compensated for, are suitable for mode conversion.

After operating the amplifier in the double-pass configuration. We noticed damage to
the gain crystal. We are unsure when this occurred, as there was no sudden change in
performance from the amplifier. It may have occurred at the start of the amplification
experiments. An image of the damage is shown in Fig. 6.17. This may be the source of
our poor beam quality: either by amplifying scattering from it or due to aligning around
it, worsening the thermal distortions. The cause of the damage is unknown but it is likely

from the seed source machining the corner of the crystal during alignment. In the future
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Figure 6.16: Outputs from the double-pass amplifier. Each row is a different output power level,

the central column is taken in a focal plane, the left and right columns 100mm either side of this.
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Figure 6.17: Magnified photograph of the damage to the amplifier gain crystal.

more effort should be made to keep the crystal clean and to use a lower power seed for

initial alignment.

6.7 Conclusions

6.7.1 Possible Improvements to the Bounce Geometry Amplifier

Ultimately we were not able to scale the power of a HGp; mode using a bounce geome-
try amplifier, without compromising the beam quality or causing significant astigmatism.
We may have been able to mode convert an 11.4W HGp; mode successfully to a vortex
mode if we were able to componsate for the astigmatism, though this fell outside the time
scope of this thesis. More work on this system may have yielded better results, but this
again went beyond the scope of this project. An obvious improvement would be to keep
the gain crystal free from damage and possibly by using a purer seed source. Widening
the apertures on the isolator would also allow for more flexibility in the position of the
amplifier optics. This may minimise the distortion and improve the gain. Alternatively
a non-retro reflecting deign may be used. Here the return angle of the beam into the
amplifier would be different to the initial entrance angle. This means the amplified beam
would not counter-propagate with the seed and can be extracted with a pickoff mirror.
The may extract the gain better and reduce thermal effects, as well as fully prevent the
amplified beam from interfereing with the seed. Better cooling could also be used to try
to reduce the thermal lensing. Another option would be to try to replicate the stigmatic
bounce geometry amplifier created by Chard et al. [115]. This had the property of a
circular gain profile as seen by the seed and a spherical thermal lens. This was achieved
by varying the bounce angle on the pump face and the focussing of the pump. This may

not work for a HGg; seed however as for optimal gain overlap an elliptic pump shape is
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needed, this may be challenging to balance with a spherical thermal lens.

We may have more success if we sacrifice gain for mode quality and run the ampli-
fier in a single-pass configuration. In single-pass the beam distortion was less significant
leaving compensation of the astigmatism as the major hurdle. However as a condition for
astigmatic mode conversion is a non-astigmatic input beam this would need near perfect
compensation. This in addition to the other mode matching conditions would require a
significant number of beam delivery optics capable of withstanding the high peak powers
of the amplified beam. This may make this route impractical compared to other options.
This can only be avoided by operating the amplifier with a near perfect spherical thermal
lens. As the thermal lens is dependant on almost every aspect of the amplifier design this
would be exceedingly challenging and limit flexibility in its operating parameters. Either
approach greatly adds to the complexity of obtaining a high quality vortex mode. Other

amplification approaches may prove more practical.

6.7.2 Other Possible Amplifier Geometries

Our seed begins non-astigmatic. We have seen the severe astigmatism produced when
using a non cylindrically symmetric medium that would appear to favour amplifying a
HGg1 mode. A better approach maybe to amplify in a cylindrically symmetric medium.
An example would be an end pumped rod geometry such as that used to generate the
seed. To maintain a spherical thermal lens however a cylindrically symmetric pump is
required which would lead to poor overlap with the seed. This will leave unused regions
of gain that may either amplify any impurities in the seed or be susceptible to parasitic
lasing. It will also reduce the efficiency of our amplifier. It may therefore be better to
amplify the LG mode after the AMC.

There are very few example of amplifying vortex modes. It is not clear they will hold
their OAM upon amplification though we know no mechanism that would cause them not
to in a bulk design. In a fibre design it is possible the seed vortex mode may couple into
other modes supported in the waveguide if it is not launched correctly. This is unfortunate
as astigmatism is practically eliminated in a fibre amplifier. The most likely amplification
geometry to succeed may therefore be an end pumped rod design. This could be pumped
by a capillary fibre for excellent gain overlap. Care would be needed to be taken with the
cooling to manage thermal effects however, as rods have a limited cooling surface. This
could be improved by reducing the gain in any given amplifier stage and using a multi-
ple stage MOPA architecture to achieve the desired output power. Another alternative
would be to use doped glass as a gain medium and draw it into a long thin rod. This

would increase the cooling surface but, provided the diameter was large enough, not act
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as a waveguide. Pumping such a geometry evenly would be challenging. It is unlikely a
capillary fibre could be used as the output only remains doughnut shaped near a focus.

However, one could use a a top hat pump with a relatively long Rayleigh range.

Overall there are still many amplification geometries to explore in order to realise high
purity vortex modes at machining powers. It has fallen beyond the scope of this thesis to
realise this, nevertheless we believe using an astigmatic mode converter, H Gy source and
an amplifier to be a viable route towards this. It presents particular advantages in terms
of mode purity and handedness control, provided purity can be maintained through the

amplification stage.



Chapter 7

Conclusions and Future Work

The aim of this thesis was to investigate and develop a method for generating power-
scalable vortex modes with controllable handedness, with a particular focus on these
modes’ applications to laser processing of materials. This led us to experiment with
several different approaches of generating these modes and weigh there various benefits
and limitations. We also sought to improve the methods used to detect and identify these
modes. This final chapter seeks to summarise our key findings and discuss how well we
met these aims. Suggestions will also be made as to future work that could be done to bet-
ter meet and expand upon our aims. The approaches we took include: using high aspect
ratio capillary fibres to pump a bulk solid-state laser and generate high order doughnut
modes (DMs); an investigation into what causes handedness selection of vortex modes
within a cavity through experiments with a vortex mode ring laser; a presentation of some
new techniques to estimate the purity of higher-order transverse modes; the generation of
high purity first order Hermite-Gaussian (HG) modes so they can be converted to vortex
modes using an astigmatic mode converter (AMC); the power amplification of first order

HG modes before their conversion to vortex modes.

Through our experiments the purity of LGy (as well as other higher-order transverse
modes) became apparent as major issue that had, so-far, not been fully addressed. Its
importance is easily underestimated as, unlike with more conventional fundamental trans-
verse modes, there are many different modes that all give a LGy intensity profile. This
means that one needs to achieve not only single transverse mode operation, but also that
this is the right kind of LGp; mode. Our research therefore followed a pattern of trying

different ways to first achieve creating a pure vortex mode, followed by ways to confirm this.

We began this thesis with a review of the literature aimed to both explain the desire
for making vortex modes, as well as the various methods, and challenges. in creating

them. We explain how the properties of vortex modes are useful for applications in laser

143



144 CHAPTER 7. CONCLUSIONS AND FUTURE WORK

processing, remote sensing, optical tweezing and more. We also highlight how an impurity
in the vortex mode will diminish these desirable properties. We then expand upon the
many ways of making DMs with a particular focus on vortex modes. We find that external
methods of generating vortex modes: spiral phase plates and spatial light modulators, but
with the exception of AMCs, will create a vortex mode like beam. However, it will contain
significant impurities and the beam will not hold its intensity profile as it propagates,
making it not a true mode. Most methods internal to the cavity will not necessarily create
a vortex mode. Instead creating a radially or azimuthally polarised mode, or an incoherent
superposition of DMs that may not contain OAM. Sometimes OAM is observed, but
whether all the beams power is contained within a vortex mode of a specific handedness
is rarely confirmed. Furthermore, the handedness of the vortex mode is almost never
controllable, nor is it necessarily reliable. We also see how most attempts to make high
azimuthal order DMs result in undesirable petal modes that are a coherent superposition
of vortex modes with opposite handedness.

We now begin a summary of this thesis, chapter by chapter.

7.1 Generation of High Order Laguerre-Gaussian Modes

In this chapter we go into more detail on the benefits of DMs for machining besides their
ability to have exotic polarisation states and OAM. This is mostly due to the differing
thermal behaviour of materials illuminated by a beam with a central intensity null and
steeper intensity profile. These benefits can also scale with higher azimuthal mode order.
We then describe the mechanisms by which pumping with a ring shaped profile can pref-
erentially select for a DM. Furthermore, we show how a thinner ring with a higher aspect
ratio between its outer and inner radii will preferentially select for higher azimuthal orders;
and derive an equation that can predict a given modes threshold. We then use a capillary
fibre, with an outer to inner radii ratio of 0.8, to pump a bulk solid-state laser. This
results in high-order petal modes up to LGy 23. This highlights the difficulty in selecting
for a single handedness of vortex mode. Some form of intra-cavity handedness selection
would need to be discovered and implemented in order to make this approach viable for

generating vortex modes.

7.2 Investigating Handedness Selection in Vortex Mode Ring

Lasers

In an attempt to find an intra-cavity handedness selector we elected to build a single

longitudinal mode, uni-directional, ring laser. Before this we explain that having a single
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longitudinal mode should also force single transverse mode operation, and that this, when
pumped with a capillary fibre, will produce a vortex mode. We then explain how a Mach-
Zehnder interferometer can be used to test for the presence of OAM, and how a scanning
Fabry-Perot etalon can be used to confirm single longitudinal mode operation. We found,
unexpectedly, that in the uni-directional ring laser the handedness of the vortex mode was
associated with the direction the intra-cavity mode traversed the Faraday rotator. This
laser could then be used as the seed source for an amplifier, however its low efficiency and

sensitivity to alignment may make this impractical.

We then built a semi-unidirectional ring laser using retro-reflection of one of the out-
puts to enforce the directionality. This did not operate on a single longitudinal mode.
This allowed us to isolate the handedness selecting effect to the Faraday rotator, however
it appeared to be a much weaker selecting device than when used in the single longitudinal
mode ring laser. We also discovered a similar effect in the highly chiral material tellurium
dioxide. Attempts to replicate this effect in a standing wave cavity were unsuccessful. We
were also unable to measure any differential loss between the two handednesses, caused
by this effect, in free space. We therefore conclude this effect is exceptionally small and
appears to only be practical in single longitudinal mode, uni-directional ring lasers. This
effect warrants more research into what causes the effect. Once this is understood it may

be possible to scale it to a level where it will be useful within a typical laser cavity.

7.3 Higher-Order Transverse Mode Purity

Here we address the problem of higher order mode purity directly. We first review the
literature on the various methods currently used to measure higher order mode purity and
assess their merits and limitations. In general the techniques are either limited in scope
or are generally qualitative in nature. We then present two new techniques for measuring
the purity of higher order modes. We chose these methods due to their ability to be done
digitally on data that was already routinely collected, meaning the techniques, once un-

derstood, are relatively simple to implement.

The first of these measurements assesses the azimuthal symmetry of the Mach-Zehnder
interference patterns used test for OAM in vortex modes. This allows us to detect any
azimuthal asymmetry in the vortex mode that must come from some form of impurity.
This is mostly applicable when generating vortex modes using an AMC, as the most com-
mon impurity from these will be a HGp; mode. In this case it also gives us a reasonable

estimation as to the amount of OAM content within the beam compared to the theoretical
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maximum. This was experimentally tested and the experimental results were found to fit
well with theory. One improvement to this would be to calibrate the power of the spherical
wave electric field used in the simulations with the power of the spherical wave actually

used to create the measured interference pattern.

We then moved to analysing the intensity profiles of LGy and HGg; modes. We ini-
tially set some limitations to when this analysis was applicable such as; the beam must be
stigmatic, incoherent modal-impurities must be the most likely impurities, and the beam
must be predominantly either a HGgy or LGy1 mode. We then looked for key features that
were indicators of impurity such as excess power in the centre of the beam, peak height
differences for the HGg; mode and azimuthal symmetry for the LGy;. We then generated
theoretical matching modes to these and subtracted this from the measured intensity pro-
file. This left a residual intensity distribution that allowed us to identify certain modal
impurities in the beam. In the case of the HGg; beam, when there was predominantly
only one modal impurity, we were also able to estimate what quantity of the power was

associated with the impurity.

This intensity analysis is still in development. We want to look at ways to account for
the noise in beam images, and then to remove it. We also wish to improve the definition of
beam width used to incorporate the second moment of inertia. Simulating more impurities
in these modes may also reveal more insight into what features in the residual indicate
what impurities. We also wish to develop a technique that can estimate the amount of
incoherent modal impurities in LG modes as well as when there is more than one modal
impurity present. All of this could then be more thoroughly tested with both general
HGg, and LGq laser beams as well as by specifically creating these modes with known
amounts of impurity. Finally more work could be done to apply this technique to other

higher order modes such as the LG02 or HGgy mode.

7.4 Spherical Mirror Astigmatic Mode Converters

In this chapter we investigate the use of AMCs as a source of high-purity vortex modes.
These, unlike other methods external to a laser, can theoretically produce pure vortex
modes, provided they are properly aligned and the seed HGp; mode is also pure. The
handedness of the resultant vortex mode is dependant on whether the input seed is aligned
at +45°% or —45° to the axis of astigmatism. We first explain how vortex modes can be
decomposed into a HGy; and HG1p mode with a Pi/2 phase shift between them. Then
it is shown how the Gouy phase shift can be exploited to produce this phase shift in an
AMC. We then extend the theory of AMCs to include those built with off-axis spherical
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mirrors rather than cylindrical lenses. This accrues additional benefits to the system such
as: wavelength independence, higher transmission and more flexibility in design. We then

explored two methods of generating H(Gg; modes.

The first relied on loss shaping by using an intra-cavity slit in a laser pumped via a cap-
illary fibre. The cavity was initially set up for a LGy; mode that was found not to contain
OAM. The slit then causes losses in the wings of this to select the HGy1 mode. Using our
analysis from chapter four, we found this produced a beam with a significant, estimated
at 37% of the total power, fundamental mode impurity. When converted, this impurity
carried over to the vortex mode. Handedness control was obtained by rotating the the
intra-cavity slit to change the orientation of the HGg; beam. Whilst it would be possible
to mitigate the beams impurities by introducing a wire or spot defect mirror to the laser

cavity, it would not solve the key problem of there being spatially unused gain in the cavity.

We improved on this method by moving to gain shaping. By pumping the laser with
two adjacent pump spots, from two identical fibre-coupled laser diodes, we could produce
a much purer HGg; mode. This appeared to prevent a fundamental mode impurity from
oscillating. This was again confirmed with our intensity distribution analysis from chap-
ter four. This method also improved the maximum output power for a high purity HGg1
mode. When converted this produced high purity vortex modes as measured by our spi-
ral interference pattern analysis. Handedness control was achieved by rotating the input
HG(y1 mode with a dove prism. Improvements could be made to the pump architecture by
using a fibre beam splitter so that only one pump diode is needed. This may also improve
the overall efficiency of the system. Further investigation should also be done to see if
other higher order modes can be generated at high purity by using multiple pump spots.
This would allow for the generation of other higher order LG modes via an AMC.

7.5 Amplifying First Order Hermite-Gaussian Modes

Our final chapter records our attempt to amplify a first order HG mode. We first discussed
the various advantages and limitations of different amplifier geometries and conducted a
brief review of the literature on how both vortex modes and HGgy; modes have been
either created or amplified in these geometries. We then discuss the mechanics behind g-
switching and the relative advantages of using either passive or active methods to achieve
this. We then implement a passive Q-switch into our twin pump spot HGg; mode laser.

This produced 24ns pulses at 434mW of average power.
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To amplify this beam we used a bounce geometry amplifier as its inherent cylindrical
asymmetry should complement our asymmetric beam. Furthermore, the inversion of the
seed through the gain profile means it sees an even gain distribution. We were successful
in amplifying the power of a 400mW seed to 13.7W in a single pass configuration and to
17.0W in a double pass configuration. The mode quality was not maintained however.
At high pump powers in the single pass configuration a spreading of the two lobes of the
HGy1 mode was observed. We have no understanding of the mechanism behind this, other
than it correlated with the thermal lens in the amplifier. This effect was mitigated by re-
ducing the size of the seed beam using a telescope which allowed us to create a 11.4W
output mode with acceptable mode quality. This output was however astigmatic and
without correction was not suitable for mode conversion. In a double pump configuration
the mode quality deteriorated further, with the beam profile remaining highly astigmatic
and changing upon propagation. Damage to the amplifier gain crystal was observed that
occurred at an unknown time during the experiments. This may be part of the reason
why the mode quality was not maintained upon amplification but we believe there is a

more fundamental problem.

The amplifier could potentially be improved by carefully controlling the thermal lens
of the amplifier to be cylindrically symmetric, this can be done by defocussing the pump
diode and controlling the bounce angle of the seed. We feel a better method of generating
high power vortex modes will be to move to a cylindrically symmetric amplifier geometry
and amplify the output of an AMC. We still believe that using a combination of a high
purity HGo; laser, AMC and solid-state amplifier is the best method for creating high

power vortex modes for laser processing.

7.6 Final Comments

Vortex modes clearly have significant potential applications. A major one being how their
unique feature of OAM will interact with material during machining. We sought a way to
generate vortex modes at high enough power to investigate their potential for machining.
The challenges in doing this eventually meant actually doing machining experiments fell
outside the scope of this thesis, however we feel we have identified a clear route towards
this goal. Astigmatic mode converters present clear advantages over other methods both
internal and external to the laser cavity. AMCs provide robust handedness control as well
as a guaranteed near pure vortex mode as opposed to another non-OAM doughnut mode,
unlike most intra-cavity methods. They can also do this at reasonable efficiency and out-
put power unlike our experiments in chapter three. Unlike the other extra-cavity methods

of spiral phase plates and spatial light modulators they are also capable of producing a true
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vortex mode that is unchanging upon propagation. The only remaining challenge to realis-

ing machining power vortex modes is to amplify them without compromising beam quality.

We have also clearly shown both the need for, and two methods of, assessing the
beam quality of higher order modes. These techniques need more work to both expand
their scope of applicability as well as their accuracy. We also demonstrated an intra-
cavity method of selecting vortex mode handedness using a Faraday rotator within a
uni-directional, single longitudinal mode ring laser. It is however, limited to this style of

laser which is inherently inefficient and is unlikely to prove practical outside a laboratory.

So whilst not all the initial aims of this thesis have been reached, most notably achieving
good vortex mode beam quality at high power, we do feel we have laid the ground work
for a practical way of doing this moving forward, whilst also furthering a much needed
discussion of what constitutes a vortex mode carrying OAM, and how to accurately identify

and detect this.
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