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Abstract

Doctor of Philosophy
Beam Shaping and Amplifiers

by Mr. Arthur Justin HARRISON

Tailored or structured laser light has received much attention from the photonics community
globally. Structured forms of laser light have the potential to enhance many aspects of laser-
enabled processes across a myriad of applications, such as industrial manufacturing processes,
optical communication, quantum computing, medical sciences, and space sciences. While the
laser itself is well over 60 years old, the range of obtainable "structured" laser outputs has been
restricted for many decades since its inception. With recent advances in micro-mechanical
electro-optics, liquid crystal display, and advanced lithographic processing technologies, it is
possible for us to create highly complex forms of structured light with exotic spatial, phase,
and polarization characteristics. As we make the inevitable transitions towards updating the
existing laser technology with structured light systems, there are certain parameters that
need to be met such as average laser power, which is crucial for performing micro and macro
material processing, accounting for 15% of the global demand for lasers. Therefore, in addition
to the selection of structured light, there is a clear need for obtaining high-power structured

light which generally involves the need for optical power amplifiers.

This dissertation explores the generation, power scaling, and characterization of structured
light for application areas that demand high-power laser outputs. To fully characterize the
process of power scaling of structured laser light, an accurate 3D numerical model is required.
Here we present a new 3D model for an end-pumped cylindrical rod Master Oscillator Power
Amplifier (MOPA) system, using contemporary analytical expressions and novel approxima-
tions which demonstrate significant improvements over current comparative 3D modelling
approaches. Then, we explore the amplification of structured light fields, in the form of
higher-order Laguerre-Gaussian modes, using a novel polarization-based dual-pass MOPA.
This system was specifically developed to maximize amplification efficiency while maintain-
ing the purity and complex structures of high-order Laguerre-Gaussian modes and showed
excellent agreement with the 3D simulated results. Finally, we investigate the thermally-
induced aberrations resulting from end-pumping bulk solid-state gain media. We show that
amplification of higher-order Laguerre-Gaussian modes in this aberrated system, specifically
those possessing orbital angular momentum, results in the separation of the phase singulari-
ties, otherwise known as "vortex splitting". We fully study this effect and describe the cause

and rectification of this phenomenon.
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Chapter 1

Introduction

1.1 Transverse Resonator Modes

This section presents a concise mathematical derivation of the paraxial Helmholtz approx-
imation from Maxwell’s electromagnetic wave equation, with the Kirchoff integral equation
that defines the eigenmode solutions of an optical resonator. These concepts lead to the fun-
damental transverse eigenmode solution in free space, also known as the Gaussian mode. The
importance and properties of the Gaussian mode are emphasized, along with key concepts

related to optical modes in general that will be significant throughout the dissertation.

1.1.1 The Paraxial Helmholtz Equation

In 1864, on the back of his famous collated equations for electromagnetism, Sir James Clerk
Maxwell derived one of the most important and elegant equations in modern physics, the
electromagnetic wave equation, the mathematical framework describing light propagation in

space and time [1]:

1 9%\ =
<V2 - CQW) E(r,t) =0, (1.1)

where, V2 = 88722 + 88722 + g—; is the Laplacian operator in cartesian coordinates, c is the
speed of light in a vaccum and ]E)(r7 t) is the electromagnetic field vector. A popular textbook
solution to the wave equation is a plane wave travelling in the z-direction with the electric-field

vector oscillating in the X and § directions:
B, t) = (B, + B,§)e =), (1.2)

where k, w, z and ¢ are the wavenumber, angular frequency, position and time, respectively.
E, = E% and Ey = Egew’ are the complex amplitudes with phase ¢, which define the
polarization state of the electromagnetic field. Although plane waves do not exist physically,
they do share some resemblance with real laser beams, however, unlike plane waves, laser light
cannot exist as an infinite uniform "sheet" of propagating light, but rather must be spatially

confined.

To obtain solutions of the wave equation, which describes laser light that is spatially confined,
we start by separating the spatial and time-dependent variables of the electromagnetic field
so that E(r,t) = E(r)E(t) = E(r)e” ™. Substituting into equation 1.1, one can easily obtain
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the time-independent Helmholtz equation:
(V2 + k) E(r) =0, (1.3)

where k = w?/c® with the complex spatial variable E(r) = E°(r)e***. Next, we assume
that the amplitude and phase of Eo(r) vary slowly over some distance z which is much larger
PR « k2B « B2EO(r). Now, from the Helmholtz
equation 1.3, applying the slowly varying z approximation and after some algebraic steps [2]

than the wavelength, such that

one arrives at the paraxial Helmholtz equation [3]:

(Vi - 2ik§z> E(r) =0, (1.4)

where Vﬁ_ = 3‘9722 + (%22 are the transverse partial derivatives perpendicular to the propagation
direction. The paraxial wave equation is a partial differential equation that describes the
propagation of laser beams in the direction of the optical axis. The solution of equation
1.4 provides a mathematical representation of a laser beam’s electric field ]:](r) and intensity
distribution I(r) = [E(r)|? as it propagates in free space. In the following section, we discuss
the basic concept of the optical resonator and how it gives rise to natural solutions to the

paraxial wave equation.

1.1.2 Optical Resonators

Radiative energy conservation in atoms is described by the three Einstein coefficients: stimu-
lated emission, spontaneous emission, and absorption [4]. His seminal work revolutionised our
understanding of light interactions with atoms and set the stage for over a century of scientific
advancement. Perhaps the most important, was the LASER, the abbreviation for Light Am-
plification by Stimulated Emission Radiation, first demonstrated by Theodore Maiman and
featured as a single-page in the Nature Journal on August 8, 1960, titled; "Stimulated Opti-
cal Radiation in Ruby" [5]. More than 60 years on, the laser has evolved into a tremendous
variety of complex instruments that have advanced all aspects of the natural and medical
sciences, industrial engineering, and global communication, each requiring lasers with unique

spatial, temporal, spectral, and power characteristics.

Regardless of their complexity or output characteristics, all lasers share three fundamental
components: a gain medium, an optical cavity, and an external energy source, schematically

depicted in Figure 1.1.

A common example of a gain medium is a transparent solid-state material (magenta) doped
with rare-earth ions that can be energized by an external energy source, typically the emission
from a semiconductor diode laser (blue wavey arrows). To explain the fundamental concept
of a laser we simplify the number of energy levels in the rare-earth ions to only two (i.e. E; &
E,), as indicated on the crystal of Figure 1.1. Einstein stated that if an electron (blue dots)
is promoted from a lower energy level E; to a higher E, energy level via absorption (blue
arrow) of a photon, then it will return "spontaneously” in time to the lower state E; (green
arrow), and in doing so, emit a photon of energy AE = E,, - E; (red wavey arrow) to obey
the conservation of energy law. Furthermore, Einstein stated that if a spontaneously emitted

photon encounters an excited electron residing in E,,, then it can instantaneously "stimulate"
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F1GURE 1.1: Schematic diagram showing the basic components and working
principle of a laser.

that electron to transition to the lower energy state (yellow arrow) and produce an identical

photon replica of itself, thus growing exponentially as it transits the crystal volume.

An example of an optical cavity is the Fabry-Perot resonator, which typically consists of two
mirrors - one highly reflective and one partially reflective - separated by a distance L. For a
ray of light that enters a Fabry-Perot resonator, it will remain confined between the mirrors
after an infinite number of round-trip reflections. Such optical systems are generally referred
to as stable resonators. In laser resonator design, the g-parameter is used to determine the

conditions for a stable two-mirror resonator to exist [6]:

L
gizl_; & 0<gig2 <1, (1.5)

i
where i = 1,2 represents each mirror, p; is the radius of mirror curvature (p = oo for flat
mirrors), and L is the distance between the mirrors. All combinations of mirror geometries
and cavity lengths, of which there are many, that satisfy the above constraint are considered
to be stable resonators, detailed examples can be found in reference. Outside of the constraint
values 0 < g192 < 1 are the unstable resonators, meaning that an on-axis launched ray of
light will eventually be ejected from the system. Stability diagrams, where the x and y axes
are hyperbolic functions of the g; and go parameters, provide an excellent way to visualize
resonator stability regions and assist in the cavity design process and selection of mirror

curvature combinations and cavity length [7].

In a stable resonator with an excited gain medium, only one spontaneously emitted on-axis
photon is required to seed the lasing action. Each round trip adds more photons to the
electromagnetic field, thus increasing the total optical power contained inside the resonator
cavity. Assuming that the external energy source supplies a constant source of photons, the
optical power in the resonator will reach an asymptote when the rate at which electrons
populate FE, is equal to the rate at which they are stimulated to Ej;, at which point, the
system is in "steady-state" and the optical power transmitted through the partially reflective

mirror is constant.
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1.1.3 The Fundamental Gaussian Mode

For any stable two-mirror resonator configuration (0 < gi1g2 < 1), one can solve for the
steady-state transverse electric field distribution on each of the resonator mirrors ¢ = 1,2
using the Kirchhoff integral equation [6], which is a scalar solution to the paraxial Helmholtz
equation 1.4. Rewriting the electromagnetic field in cartesian coordinates (z,y) and in scalar

form, we can express the Kirchhoff integral equation as:

~ e—ikL ~
Ei 5 =1 Ez ’
vE;i(x2,92) ZQng/\// (w1,y1)%
(1.6)

17T
2ng)\

exp[ (G2 + i + 23 +13) — 2(x122 + y1y2)) | dwrdys,

where G = 2g;g; — 1 is the "G-parameter" of the two mirror resonator (i,j = 1,2 & i # j)
and v is a proportionality factor. If the transverse electric field distribution on each mirror
remains unchanged during a round trip inside the cavity and is self-repeating, then E;(z, 1) is
an eigensolution of the resonator. In steady-state, the transverse modes oscillating between
mirrors i <+ j experience diffraction losses equal to 1 — |y|? per round trip [7]. Therefore, the
electric fields on either end of the mirror are identical, except for the proportionality factor v
which affects only the amplitude. There are an infinite number of analytical solutions E,, (x, y)
& 7, to equation 1.6, each corresponding to a unique eigenmode of the resonator, however,
the physical constraints of the resonator such as the gain medium shape, symmetry of the
excited gain region, thermal-effects, cavity length, mirror geometry, and curvature, etc., all

dictate the steady-state eigenmode solution.

The first steady-state eigensolution of equation 1.6 in a stable resonator cavity is the funda-
mental transverse mode, commonly referred to as the Gaussian beam [8]. The Gaussian laser
beam is radially symmetric, with its intensity distributed in a bell-shaped curve that peaks

on the optical axis, expressed mathematically as:

2

E(r,z) = E, w“zi) exp (-w;’ (2)> exp <—i2giz)> exp(i€(2)), (1.7)

where Fj is a constant defining the maximum electric field amplitude and wy is the beam waist
radius. The parameters that vary as a function of the longitudinal position z are the beam
radius w(z), the wavefront radius of curvature R(z) and Gouy phase £(z), mathematically

written as:

w(z) = woy/1+ (;)2 R(z) = » {1 + (?)1 . £(z) = arctan (ZZR) .

The parameter 2z = mw?/\ is the Rayleigh length or Rayleigh range, which is the distance
from the beam waist where the beam radius increases by a factor of /2.

The schematic depicted in Figure 1.2 corresponds to a confocal stable Gaussian beam res-
onator, where both mirrors located at each end of the resonator have the same radius of
curvature, denoted by p;, and are separated by a distance of L. As illustrated, a Gaussian

beam maintains its Gaussian shape while oscillating within the resonator mirrors, but its
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FIGURE 1.2: A schematic diagram of a Gaussian beam (left) confocal res-

onator design, consisting of two mirrors (magenta) with equal curvatures p

separated by length L, with Figure insets (bottom) showing the transverse
intensity profile at various positions inside the resonator.

characteristics, such as beam radius and wavefront curvature radius, differ at different lon-
gitudinal positions. Upon reflection from a curved mirror surface (M7), the Gaussian beam
possesses the same wavefront curvature as the mirror itself, denoted by R(L/2) = p;. This
property holds for mirrors of all curvatures, including flat (plane) mirrors that have a radius
of curvature extending to infinity, i.e., p = co. As z approaches zero in the confocal resonator
illustrated in Figure 1.2, the wavefront curvature (depicted by the red lines) increases so that
R(0) tends to infinity. This indicates that the wavefront becomes entirely flat at the beam

waist wg position.

The beam propagation factor commonly referred to as the "beam quality" or "M-squared
(M2)" is intrinsically linked to the half angle divergence (6), indicated by the blue line in
Figure 1.2, of a laser beam so that

-2 (1.8)

TWo

The fundamental Gaussian mode has an M?=1 and is often referred to as being "diffraction-
limited". Since the M? and divergence angle § of equation 1.8 are directly proportional, a
unique characteristic of the Gaussian beam is that its radius w(z) varies slowly resulting in

an extended depth of focus.

1.2 Higher-Order Transverse Modes

There exists an infinite number of solutions to the paraxial Helmholtz equation in a stable
resonator, which is determined by the geometry of the gain medium and cavity mirrors. These
include circularly, rectangular and elliptical symmetries solutions, corresponding to Laguerre-
Gaussian (LG), Hermite-Gaussian (HG) and Ince-Gaussian (IG) mode families, respectively,
and expressed in cylindrical (p, ¢, z), cartesian (z,y,z) and elliptical (£,7,2) coordinates
[9], respectively. Here, the mathematical formulation of the higher-order circular LG and

rectangular HG mode families is provided.
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1.2.1 Laguerre-Gaussian Modes

The generalized Laguerre-Gaussian LG; eigenmodes are a group of cylindrically symmetrical
solutions to the paraxial Helmholtz equation 1.4. These modes have found wide-ranging
applications in various fields, including optical tweezers [10-12], trapping [13—15], quantum
communication [16-19], free-space [20-23], underwater [24] optical communication, super-
resolution microscopy [25-27], and advanced material processing [28-30]. Mathematically,

the generalized LG function in cylindrical coordinates (p, ¢, z) is expressed as:

121 2
! _ L 2p! V2p ! p
LG, (p, ¢, 2) = ( ) x L, 2 (w(z)) ]

oo\ 7 (0! \ w(2)
exp {_ ( C > ] x expli(2p + 1] + DE(2) )

2

ikp
2R(z)

%m&%%

Intensity [a.u.]

F1GURE 1.3: Grid plot showing the first nine Laguerre-Gaussian LG;, modes
of equation 1.9, for the [, p=0, 1, 2 indices, with a) depicting the normalized
transverse intensity and corresponding b) phase profiles.

where [ and p are the azimuthal and radial integers of the Li) generalized Laguerre polynomial,
which quantifies the topological charge and number of bright intensity rings, respectively.
Figure 1.3, shows the a) transverse intensity and corresponding b) complex phase distributions
of the first 9 LG; permutations with azimuthal and radial integers [,p = 0, 1and 2 at position
z = 0. In the top left boxes insets of Figure 1.3 a) and b), when the Laguerre polynomial
integers are set to zero (i.e. [ =0, p =0 — LGY) we recover the fundamental Gaussian mode
with a uniform flat phase profile. The beam radius w(z) and the M? of the higher-order LG;

modes scale according to their azimuthal [ and radial p indices as follows:

Wi () =wov/2p+ [+ 1, Mg, =2p+ i +1.

where wg is the beam waist radius of the fundamental Gaussian mode.
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F1cURE 1.4: An illustration of the azimuthally varying phase profile of an
LG mode containing topological charges of a) I = 1 and b) [ = 2. The red
arrow indicates the direction of the 0— 27 magnitude phase ramp.

OAM beams

The LGi, function of equation 1.9 includes a complex phase term that varies with the azimuthal
angle exp[£il¢]. This complex phase imparts a quantized momentum of 1/ per photon when
the azimuthal index is not zero (|I| > 0), causing the wavefront to corkscrew as it propagates.
The topological charge, given by the magnitude of |I|, determines the number of 0 — 27 phase
ramps contained in a full azimuthal rotation of the transverse beam profile, which is illustrated
in Figure 1.4 for an [ = 1 and [ = 2 LG beam. These beams are known as orbital angular
momentum (OAM) or vortex beams, and they have a distinct annular intensity profile with
a zero-intensity centre where phase singularities exist. The sign of the topological charge,
+[, determines the rotational direction of the corkscrew, which can be either clockwise or
anti-clockwise, referred to as left (I > 0) and right-handedness (I < 0), respectively. The

detailed properties of OAM beams are extensively covered in good reviews [31, 32].

1.2.2 Hermite-Gaussian Modes

The paraxial Helmholtz equation 1.4 has rectangular symmetric solutions known as the
Hermite-Gaussian HG;, ,,, modes. These modes have found widespread use in various ap-
plications, including free-space optical communication [33-38], optical trapping [39-41], non-
linear optics [42], and electron acceleration [43-45]. Mathematically, HG modes in cartesian

coordinates (x,y, z) are expressed as follows:

1 2 V2 V2
HG, n(z,y,2) = W()WHn <w(z) x) H,, (w(z) y)

o0 [ 28] g o [ )]

(1.10)

Here, H; is the Hermite polynomial of order j for the n,m indicies. As before, w(z) and
R(z) are the beam radius and wavefront radius of curvature at position z, while the Gouy
phase term &, ,,(2) = (n + m + 1) arctan(z/zg). Figure 1.5, shows the a) transverse spatial
intensity and b) complex phase distributions of the first 9 HG,, ,,, permutations of the n,m
indices at position z = 0. As was the case of the LG modes, we recover the fundamental
Gaussian mode when the indices n, m are set to zero (i.e. HGg ). The rectangular symmetry
of HG,, ,, modes results in an independent scaling of M? and beam size along the x- and y-

directions based on the n and m indices, respectively. We can generalize the variations of the
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Ficure 1.5: Grid plots showing the first nine Hermite-Gaussian HG,,
modes of equation 1.10, for the n,m=0, 1, 2 indices, with a) depicting the
normalized transverse intensity and corresponding b) phase profiles.

HG,, ,, beam size and M?2, with respect to the Gaussian as follows:

wj(z) = wo/25 + 1, M?:2j+1, for j=n,m,

where wy is the beam waist radius of the fundamental Gaussian mode. Here, w;(z) is the axis

specific (j = x,y) beam radius as a function of distance z with corresponding M? value.

Mode converters

The HG field of equation 1.10 does not have an azimuthal term exp[+il¢] and therefore does

% Gouy phase shift

FI1GURE 1.6: Schematic diagram showing the transformation from an HGq o
to LG$ mode using a /2 astigmatic mode converter configuration.

not possess OAM. However, it is possible to convert, for example, an HG; ¢ mode with a
spherical wavefront into an LG} mode with a helical wavefront possessing OAM. This can
be accomplished using an astigmatic mode converter (AMC), which consists of a pair of
cylindrical lenses with focal length f, as shown in Figure 1.6. The input HG; ¢ mode is
angled at 45° with respect to the cylindrical lens to induce a relative Gouy phase shift of 7 /2
between the two intensity lobes, resulting in an LG} beam after the second cylindrical lens
placed exactly f1/2 from the first lens [46]. Passing an HG,, ,, mode with indices m and n
through a 7/2 mode converter results in an LGL mode with azimuthal index { = n —m and

radial index p = min(n, m). Additionally, the induced Gouy phase shift can vary from 7 /2
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to m by varying the separation between the cylindrical lenses from f1/2 to 2f, which reverses
the sign of the topological charge ! in the output LG mode. The AMC is a vital tool for
generating and characterizing LG modes [47] and will be discussed more in the generation

section of the dissertation.

1.2.3 Vector Transverse Modes

The state of polarization of light is determined by the oscillation direction (linear, circular,
or elliptical) of the electric field vector as it propagates [48]. Laser beams can be classified
as scalar polarized beams, or "scalar beams", when all electric field vectors have the same
polarization state. On the other hand, if the polarization state of the laser varies across the
beam, it is known as a vector polarized beam, or "vector beam". Vector beams, or VBs,
can occur naturally within a laser resonator, as they are solutions to the vectorial paraxial
Helmholtz equation, but they can also be generated outside of a resonator by combining two
orthogonally polarized scalar transverse modes. To mathematically represent the polarization
distribution of a vector field, it is necessary to first establish an orthogonal basis that forms a
complete set of linearly independent vectors. When mathematically describing such a vector
field | ), it is beneficial to use Bra-Ket notation:

V) = Voayr R) + V1 - oy L), (1.11)

where g and vy, are two complex scalar transverse modes, with normalized amplitude co-
efficient o. Here, we used the right and left circular polarization states (RCP and LCP),
represented as |R) and |L), respectively, as the basis vectors, analogous to how %X and § are
used in cartesian coordinates. However, one could alternatively opt for horizontal and vertical
{|V),|H)} or diagonal and anti-diagonal {|D),|A)} basis states [48, 49].

Vector Vortex Beams

[0)|R)

As a special case of vector beams, we substi- Z(-0IL) - 101R)

tute the transverse modes g, ¥y, of equa-
tion 1.11 with LG; modes, specifically with
Yr = LG & ¢, = LGE'. This unique su-
perposition state produces cylindrical vector
vortex beams (CVVB) [51]. The resulting
polarization distribution can be visually rep-
resented on a modified higher-order Poincaré
sphere (HOPS) [50], as shown in Figure 1.7.
Varying the weighting coeflicient o from 0
to 1 moves the location on the HOPS lon-

gitudlnally to the |L> and |R> Scalar polar_ FiGURrRE 1.7: The pOleS of the HOPS represent
the RCP and LCP basis states and the opposing

equatorial points are the radially and azimuthally
when a = 0.5. The latitudinal variation is polarization states, respectively. All intermediate

achieved by adjusting the relative phase shift points between the poles and equator are ellipti-
cally polarized states [50]

ization states, respectively, and the equator

¢ between the two beams, allowing for full
motion around the HOPS.



10 Chapter 1. Introduction

1.3 Beam Shaping

Selecting the modes described in section 1.2 requires manipulation of the amplitude, phase,
and/or polarization properties of optical light, known as beam shaping. This can be performed
either inside or outside of a laser resonator, known as intra- and extra-cavity generation, re-
spectively [52, 53]. In general, beam shaping requires additional optical elements to modulate
the amplitude, phase and/or polarization of the electric field, which can be closely grouped as
being either static or dynamic in their beam shaping flexibility. There are other methods for
obtaining a desired beam shape, specifically for intra-cavity generation, that can not be cat-
egorized as singular optical elements but rather a result of manipulation of the fundamental
mode of the resonator. Examples of these include, resonator design, tailoring the pump-beam
shape, exploiting thermally-induced aberrations and birefringent properties of materials - ex-
amples will be provided in the generation section. Nevertheless, here, we only report on the

stand-alone singular static and dynamic beam-shaping devices.

1.3.1 Static Beam shaping

The term "static optical elements" refers to optical components that are designed to carry
out a distinct task. These components fall into three primary categories: beam integrators
[54], diffractive optical elements (DOEs) [55], and refractors [56], each of which has several

subcategories. DOEs are the contemporary approach to beam shaping in modern times and

a)

FIGURE 1.8: 3D SEM cross-section pictures of a) Higher-order LG phase
plate, b) Fresnel lens and c), Bragg grating coupler. Images courtesy of
Raith Nanofabrication.

can be fabricated into complex structures with high precision, as highlighted in Figure 1.8,
some of which are used to tailor all properties of the electromagnetic field to achieve any
desired transverse mode. Well-known examples of DOEs include: diffractive gratings [57],
binary phase gratings [58], fresnel zone plates [59], as well as geometric phase elements such
as; spiral phase plates [60, 61|, modal phase plates [62], Q-plates [63], S-plates [64], and meta-
surfaces [65]. The fabrication of DOEs often involves lithographic techniques, which typically
entails designing the DOE using computer software, transferring the desired pattern onto a
mask, exposing the substrate to light through the mask, developing the exposed photoresist
and etching the substrate to transfer the pattern into the material [66]. Over the past two
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decades, lithography has undergone significant technological progress, largely propelled by
the need for silicon-integrated chips that are more compact, and efficient. The fabrication of
DOEs has benefited greatly from these advances, with feature resolutions well below 300 nm

readily achievable, resulting in the high-purity selection of higher-order transverse modes.

1.3.2 Dynamic Beam shaping

In contrast to static optical elements, dynamic beam-shaping devices are not limited to a fixed
beam transformation and can be digitally reprogrammed in real-time, thus allowing for on-
the-fly selection of arbitrary complex phase elements. Liquid-crystal spatial-light modulators
(SLMs) [67], digital micromirror devices (DMDs) [68] and deformable mirrors (DMs) [69], are

exemplary examples of dynamic optical field manipulating devices.

Spatial Light Modulators

A SLM is a liquid crystal display (LCD) with millions of liquid crystal (LC) cells that can be
independently controlled using an externally applied voltage, shown in Figure 1.9 a). Each
cell consists of small rice-shaped molecules that are aligned parallel to one another under zero
bias and collectively rotate when an external voltage is applied across the cell. The rotation
of the molecules corresponds to a specific phase retardance that modifies the phase of the
incident light. This allows for precise and controllable phase changes of up to 87 across the
beam’s spatial profile. Computer-generated holographic images (8-bit) are addressed onto
the SLM display as 256-level grey-scale images, ranging from black to white (i.e. 0 — 256)
corresponding to a 0 — 27 phase shift. Although SLM displays only modulate the phase of
the incident light, they can be used to perform amplitude and phase modulation [70] to select
pure transverse modes, such as the LG and HG modes in section 1.2. The diffraction efficiency
(DE) of an SLM display defines the percentage of input light transformed into the desired
output mode. The level of DE depends on the physical hardware (i.e. fill factor, flickering
and fringing effects), type of beam shaping (i.e. phase-only, or complex-amplitude and phase
modulation), phase modulation depth, and grating period and structure (i.e sinusoidal or
blazed) [71]. Newer SLM devices have ultra-high resolutions, smaller pixel pitch, and higher
refresh rates compared to traditional devices. They can achieve resolutions of 4160 x 2464,
pixel pitch of 3.1 pm, and refresh rates of 60 Hz [72], with some lower resolution devices
capable of refresh rates of 500 Hz [73]. The LC pixels are susceptible to thermal damage,
therefore, are limited to input optical powers of around 2 W/cm? with newer water-cooled
versions capable of 200 W/cm? [74]. Therefore, especially for high-power beam shaping,
careful selection of the SLM system to manage DE losses and mitigate thermal limitations is

required for correct and successful implementation of SLMs.

Digital Micromirror Devices

A DMD is a micromechanical system that comprises highly reflective mirrors, which are
comparable in resolution to the SLM displays. Each mirror or "pixel" can independently tilt
between +12° and —12°, corresponding to "on" and "off" states, respectively, as depicted in
Figure 1.9 b). When the mirror is in an "on" state the light falling on the micromirror is
reflected along the optical axis and contributes to the "shaped beam", whereas an "off" state
is diverted away and discarded from the "shaped beam". Therefore, DMDs are referred to

as binary holographic amplitude shaping devices [75]. Although the DMD is an amplitude
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10 pm

FIGURE 1.9: a)A liquid-crystal spatial light modulator screen is shown with
a zoomed-in view of individual pixels [76]. b)Individual micromirrors in "on"
and "off" states. Reprinted with permission from SPIE [77]

guiding device, it is possible to achieve complex field modulation of the phase and amplitude
through a binary Lee hologram, whereby the continuous greyscale holograms utilized in the
SLM are modified to binary values [68]. Modern DMD devices have comparable pixel pitch
and resolution to SLM devices, however, the mechanical nature of DMDs grant them a far
superior refresh rate, which can exceed 20 kHz, making them well suited for applications
requiring rapid wavefront corrections. On the contrary, the simple binary nature of the

DMDs systems produces very poor diffraction efficiencies compared to SLMs.

1.4 High-Power Higher-Order Transverse Modes

High-powered laser systems are highly utilized and adept at carrying out complicated op-
erations across multiple industries, including medical procedures, material processing (e.g.
cutting, welding, and drilling), additive manufacturing and military defence systems. Typi-
cally, commercially sold laser systems have a transverse profile that is restricted to either a
Gaussian (single-mode) output or a superposition of multiple modes (multi-mode) to generate
a uniform or flat-top profile at the working surface. The shapes produced by commercially
available laser systems represent only a tiny fraction of the possible spatial profiles achievable
through beam shaping, not to mention the additional polarization and phase degrees of free-
dom that are generally overlooked. Various studies have demonstrated unique light-matter
interactions resulting from vortex modes annular spatial profile, polarization structures, and
orbital angular momentum components. For instance, the polarization structure of a vector
vortex beam can be transferred directly to a material to generate a textured micro-structured
surface that is suitable for advanced material processing and creation of self-disinfecting sur-
faces [78]. Radially polarized vector vortex beams are highly effective in drilling micro-sized
holes and producing near-perfect tapered edges at the output [79]. Additionally, the orbital
angular momentum component of vortex beams can be transferred to a material, resulting
in the creation of chiral micro-needle structures [30]. These are just a few examples from

a small subset of higher-order transverse modes which demonstrate the benefits and vast
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potential applications of high-power structured light, over traditional laser beam outputs.
Therefore, it is crucial to conduct research on the production of high-power structured light
using contemporary beam shaping methods. In the literature, one finds that the high-power
generation of higher-order transverse modes is focused primarily on the circular-symmetric
Laguerre-Gaussian modes, particularly scalar and vector OAM beams. Additionally, it is
customary to generate Hermite-Gaussian modes with the purpose of converting them into
Laguerre-Gaussian modes, therefore there is still a lot to explore regarding the benefits of
the other higher-order modes. This section summarizes some of the current developments
towards achieving high-power structured light, either directly generated from the cavity or
created outside the laser cavity using direct beam shaping as well as indirect approaches (i.e.

thermal lensing, cavity design, etc.)

1.4.1 Intra-Cavity Generation
Pump Beam Shaping

Creating an annular pump shape is a straightforward and convenient method for selecting
circularly symmetric LG modes inside a cavity. This has been demonstrated successfully using
capillary fibers [80, 81], Dammann grating binary phase elements [82], and centre-punched
pump mirrors [83], to achieve scaler vortex beams with topological charges of [ = 1 with a few
watts of average power output. Annular pumped optical parametric oscillators (OPOs) can
provide more dynamic and tunable scalar vortex emission, with topological charges ranging
from [ = 1 to 6, tunable wavelengths over the mid-IR range of 2260-3576 nm, and average
power up to 8 W [84]. Digital micromirror devices (DMDs) have also been used to produce
pump beam shapes resembling the HG,, ,,, modes of Figure 1.5, which result in direct lasing
of scalar HGgg o modes that could then be transformed into LG}’ modes using an astigmatic
mode converter (AMC) [85, 86].

Off-Axis pumping

Pumping the gain-medium off-axis is another simple method for inducing scalar HG emission
from a laser cavity [87]. This simple approach combined with the AMC, is an effective way of
generating scalar vortex beams with high topological charges and moderate powers. Recently,
a vertical external cavity surface emitting laser (VECSEL) demonstrated direct emission of
higher-order scalar HG modes with average powers exceeding 2 W [88]. This setup was later
modified to include an AMC inside the laser cavity, enabling the simultaneous emission of
both HG and LG scalar modes at low average power (20 mW) [89]. Another interesting effect
of off-axis pumping, under certain cavity length constraints, is degenerate laser cavities that
can emit multi-axis higher-order scalar HG modes that can be transformed into multi-axis
OAM beams using an external AMC [90].

Mirror-Defects

Circular defects on cavity mirrors can also be used to obtain a desired mode in a cavity. In
fact, the highest topological charge [ scalar vortex emission from an intra-cavity resonator
was achieved using an output coupler mirror inscribed with circular markings generated by
ablating the coating layer, which produced | = 288 vortex emission [91]. The author of
a related study claims that this technique can support intra-cavity vortex emission with

topological charges of [ > 1000.
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Interferometrically

Recently, a Sagnac interferometric mode transforming vortex output coupler (VOC) was
demonstrated. The resonator emitted a 95% pure LG} mode which is the highest continuous-
wave average power (31.1 W) scalar vortex emission achieved from an intra-cavity laser at

the time of writing [92].

Spherical Aberration

A novel bounce laser was developed using a simple cavity design with no additional optics, and
only exploited the usually unfavourable effects of spherical aberration to achieve an impressive
16 W average power of pure scalar LG(l) emission [93]. Other approaches, which also exploited
spherical aberration, but used lenses, have demonstrated scalar LGlo mode emission up to
[ = £33 with 1.87 W of output power [94]. An improved version of this design allowed for
scalar LGé emission up to ! = £95, but the power was limited to < 140 mW [95].

Birefingence and Thermal-effects

The LGl mode exhibits both radial and azimuthal polarization states inside the cavity simul-
taneously. However, in the presence of a birefringent material, the S and P-polarization states
become decoupled. As a result, one state may suffer a significant loss, while the other can
continue to oscillate. This straightforward method of producing either radial or azimuthally
polarized vector vortex beams has been well-documented and demonstrated using a c-cut
Nd:YVO, [96, 97]. In non-birefringent materials, thermal-lens effect-induced bifocusing may
occur at output powers in the few watts range. By adjusting the incident pump beam power
and the relative position of the crystal to the pump beam focus position, the fundamental
cavity oscillation can switch between radial and azimuthal polarization vector vortex modes
[98, 99]. When high-power pumping conditions are applied, a strong bifocusing effect can pro-
duce vector polarization states with high topological charges, ranging from [ = 1 to 14 [100].
Recently, a stable, highly pure (95%), and high-power (20 W) radially polarized LG} mode
emission at a wavelength of 2090 nm was achieved by utilizing annular pumping, thermally-
induced birefringence, and bifocusing effects. This was accomplished by using an end-pumped
Ho:YAG crystal with an intra-cavity lens on a translation stage, which was controlled by a

machine learning feedback loop [101].

Spatial-Light Modulator

Adding complex diffractive optical devices inside the laser cavity is a more direct approach to
selecting higher-order modes. One example of this is the digital laser, which utilized an SLM
as an end-mirror and applied a phase mask to control the resonator eigenmode, resulting in
arbitrary scalar LG mode outputs [102]. However, due to the low damage threshold of liquid
crystal cells and high diffraction losses, the digital laser is limited to producing only a few
mW’s of power. A few years later, this concept was improved to include the generation of
vector vortex beams by inserting a birefringent material into the cavity to separate the s- and
p-polarization states. A single phase-only SLM was then used to address each polarization
state independently and to select orthogonal HG modes that superimpose on the return pass

and produce vector vortex modes with [ values of 1 and 2 [103].
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Geometric Phase Optics

Recently, an intra-cavity metasurface was used to achieve the highest intra-cavity topological
charge output for vector vortex beam. By rotating the metasurface inside the cavity, the
laser cavity produced variable topological charge emissions ranging from [ = 10 to I = 100
and demonstrated the first "metasurface assisted laser" [104]. The spatially varying half-wave
phase retarders or S-waveplates have been demonstrated to function inside the laser cavity
and delivered high-purity vector vortex beams (over 90%) with a moderate slope efficiency
(11%) with average output powers < 150 mWs [105]. For the high-power (> 30 W) generation
of scalar vortex beams, the concept of fabricating spiral phase structures directly onto the

mirrors is promising [106].

Integrated Mode Emitters

To enable the integration of next-generation telecommunications and quantum computing, it
is essential to reduce the size of OAM mode-emitting lasers with high topological charges and
tunable wavelength outputs. Various techniques can be employed for achieving this objective,
including microchip lasers [107, 108], VECSELS [89, 109], and complete micron-sized laser
systems [110-112].

1.4.2 Extra-Cavity Generation

Extra-cavity beam shaping devices can easily be added to existing laser systems as a separate
modular system to produce the desired optical modes, however, intra-cavity generated modes
are intrinsically of high-purity and with better output power. In this section, we highlight

the recent advances in the extra-cavity generation of scalar and vector LG and HG modes.

Spiral Phase Plates

A common method for generating scalar vortex beams is to impart the azimuthally varying
phase of the LG; function in equation 1.9, onto a Gaussian beam using a spiral phase plate
(SPP). SPPs are fabricated to achieve a fixed topological charge, and the higher the desired
topological charge the more challenging and expensive the fabrication becomes. However,
it is possible to stack or cascade multiple SPPs in series to generate a vortex beam with a
high topological charge. This was demonstrated by stacking 6 SPPs (3 times | = 2 and 3
times [ = 4) to create a vortex beam with a total topological charge of I = 18. However,
the purity of the final OAM beam is compromised due to unoptimized spatial overlap as the
beam diverges. A liquid crystal cell-based reprogrammable SPP has been demonstrated as a
cost-effective alternative to expensive devices like SLMs for generating high OAM beams. The
SPP utilizes 24 pie-sliced segments of liquid crystal cells that allow for selective topological
charges of [ = 1,2,3,4,6,8, and 12, while still maintaining a high fill factor since there are
no individual pixels. This technology has the potential to be useful in preparing high OAM
beams [113]. The spiral phase mirror (SPM) is similar to the SPP but is reflective rather
than transmissive, and imparts the same azimuthally varying phase. With the use of an
aluminium mirror constructed with 125 segments, each imprinting a phase ramp of 1607, the
SPM has achieved the highest topological charge for an OAM beam, with [ = 10000. This
is calculated by multiplying the number of segments by the phase ramp value, resulting in
125 x 1507 — 10010 [114].
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Spatial-Light Modulators

Traditional SLMs with a display resolution of 1920x1080 pixels have been used to generate
high-purity scalar vortex beams with a topological charge of up to I = 600 [115]. Newer
SLMs with a display resolution of 3840x2160 pixels, four times greater than previous models,
hav achieved topological charges of [ = 1400 by following the same optimization process as
previous models [116]. SLMs have also been incorporated into Sagnac interferometer design,
to produce a highly controllable superposition vector vortex beam with dynamic control
over the polaization state. The system demonstrated "perfect" vector vortex beams with

topological charges ranging from ! =1 to 3 [117].

Digital-Micromirrored-Devices

OAM beams with topological charges as high as [ = 90 can be generated through binary
amplitude modulation and super-pixel resolution optimization [118]. The deformable mirror
has the potential to handle much higher power beams (up to a few kW) than DMDs or SLMs.
Recently, a continuous surface deformable mirror demonstrated proof-of-concept dynamic

generation of OAM with topological charges ranging from [ =1 to 5 at low powers. [119].

Modal Phase Plate

To improve the sensitivity of detecting gravitational waves at LIGO, an LG; mode with [ =3
and radial modes (p = 3) generated at an average power of 130 W, with 97% purity, using a
single phase element made of fused silica and etched with its phase pattern of an LG3 mode
with a blazed grating. This is the highest average power extra cavity generation of a pure
higher-order LG mode.

1.5 Solid-State Amplifiers

As we have seen in the previous section, the generation of structured light both inside and
outside the laser cavity is a complex process that involves sensitive optical alignment and
highly-specialized optical components. Optical cavities with structured light outputs are gen-
erally limited to a narrow window of output power before thermally-induced aberrations cause
the cavity to become unstable and cease to lase. In the case of the extra-cavity beam shaping
systems, the static elements, specifically the DOEs, are made from transparent fused silica
which can sustain high average powers. However, they have very stringent input beam require-
ments to operate efficiently and are fabricated for only one beam shape. The dynamic sys-
tems, specifically the SLM, have arbitrary beam-shaping capabilities but are severely limited
to low-power beam selection, especially for producing pure modes where complex-amplitude
modulation is performed. To circumvent the low-power limitations of SLMs, while benefiting
from their unrivalled beam shaping abilities, is to power scale the low-power output using an

optical amplifier.

1.5.1 Basic Theory

Section 1.1.2 explains the concept of a laser resonator, which forms the basis of an optical
amplifier. However, in an optical amplifier, the resonator cavity mirrors are omitted, leaving
only the gain medium and an external energy source. For instance, consider a solid-state

gain medium with a length of L and two energy levels AE = FE, — FE;, each having an
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FIGURE 1.10: a) Schematic diagram showing an input beam with intensity

Iy passing through an externally pumped solid-state crystal (magenta) to

emerge with an increased output intensity I(z). While b) illustrates the

two gain regions of an amplifier, above and below the saturation intensity

Isat, under steady-state pumping conditions. Where Lg,¢ is the length of
the crystal required to reach Isat.

electron population density of N, and N, respectively. By subjecting the gain medium to a
steady supply of external optical energy, population inversion is achieved, with most electrons
residing in the upper energy level (V,, > N;). When an input optical field of intensity I
and wavelength A = he/AFE enters the excited gain medium at z = 0 (as illustrated in Figure
1.10 a)), it induces stimulated emission, leading to the exponential growth of the optical field

intensity I(z) as a function of z within the gain medium:

I(Z) — I() eUem[Nu_Nl]z_ (112)

The exponential growth of the optical field intensity I(z), as given by equation 1.12, depends
on the emission cross-section e, and the difference in electron densities AN = N, — N;. As
I(z) increases, it eventually reaches the saturation intensity limit Isy = hv//0apsTy, Where h,
v, and T, represent Planck’s constant, the optical frequency, and the decay lifetime of the
upper energy level F,. At this point, the population inversion state is depleted, and the
electron densities balance out (N, = N;). The rate of electrons being excited to N, through
absorption of the external energy source equals the rate of stimulated emission. Once I(z)

exceeds the saturation limit, the growth of the optical field is linear as a function of z:

I(z) = Io + golsat 2, (1.13)
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where gy is the small gain signal (g9 = cAN). Figure 1.10 b) demonstrates the two operational
regions of an amplifier, the small signal gain region when I(z) < I, and the saturation gain
region when I(z) > Iy. Amplifiers are typically designed to operate above the I, region
where efficient energy extraction occurs to minimise beam distortions caused by thermal effect

due to excessive build-up of heat.

1.5.2 MOPAs

Master oscillator power amplification (MOPA) is a system to power scale beams from an
oscillator through a power amplifier (PA). The technique of power scaling is modular in
nature, meaning that multiple MOPAs can be stacked in series to obtain a high laser power
[120]. When considering bulk-solid state crystals, an efficient way to excite or "pump" the gain
medium is using narrow-wavelength diode-lasers in either side- or end-pumping geometries,

as shown in Figure 1.11.
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FIGURE 1.11: Schematic diagram depicting the a) side- and b) end-pumping
MOPA configurations.

Side-pumped PAs can be generalized as systems where the pump photons enter the gain
medium perpendicular with respect to the direction of the optical axis so that the crystal
is homogenously excited. Side-pumped configurations offer high amplification potential but
require a minimum threshold input seed power to amplify efficiently and are subjected to high-
intensity pump radiation, which increases the risk of thermally-induced phase aberrations
[121, 122]. In end-pumped systems, the pump photons are injected parallel to the optical
axis, resulting in spatial confinement to a small region to achieve optimal spatial overlap with
the optical field. End-pumped PAs are ideal for scaling power in the low to intermediate range
(less than 100 W) and function effectively as pre-amplifier PA stages before being injected
into side-pumped MOPAs to achieve high-power output [123]. The solid-state gain media
used in MOPAs are manufactured into various geometries [124], such as; cylindrical rods
[125] and single-crystal fibres (SCFs) [126], which support single or double-pass amplification,
and the rectangular slabs [127], thin-disks [128] which can support multi-pass amplification

for maximal energy extraction.
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1.5.3 Amplification of Higher-Order Transverse modes

MOPA systems have been implemented to amplify the output of both intra-and extra-cavity
generated higher-order transverse modes, specifically scalar and vector-polarized Laguerre-
Gaussian modes. However, most of the attention has been directed towards the amplification
of vortex beams. Here, we report a few of these examples from the literature that have

achieved high-average power outputs using a MOPA.

End-pumped cylindrical rod MOPAs have been used to demonstrate power scaling of LG}
vortex modes with scalar polarization [120], as well as radially [101] and azimuthally [69]
polarized vector vortex modes, achieving average output powers of 40 W, 10.7 W, and 100
W, respectively. Amplification of vortex modes with 3 and 5-lobe petal intensity structures
to 2.4 W and 1.8 W, respectively, demonstrated that complex spatial and phase structures
can be preserved in end-pumped cylindrical rod MOPAs [129]. For side-pumped cylindrical
rod MOPAs, examples range from low-power vector vortex outputs (< 1 W) with controllable
polarization and high-purity [130, 131] to very high-power radially and azimuthally polarized
vector vortex beams with 2.1 kW [132] and 4 kW [133] of average power outputs, using
multiple MOPA systems stacked in series. Recently, an end-pumped rectangular slab MOPA
was used to perform multi-pass amplification of a radially-polarized vector vortex beam to
achieve an average output power of 33.7 W [134]. Power scaling of vortex beams using
thin-disk multipass MOPAs has seen major improvements since it was first demonstrated,
where it achieved an impressive average power of 635 W [135]. Since then, improvements
were made to the MOPA design to increase the number of amplification passes from 20 to
30 [136] and then 44 passes, to achieve an impressive 1.7 kW average power output for a
radially polarized vortex beam [137]. To our knowledge, there is only one instance in the
literature where an arbitrary high-order scalar Laguerre-Gaussian mode generated with an
SLM has been amplified using a single end-pumped Rubidium MOPA stage [138], but at low
output powers < 30 mW. Therefore, based on the literature, the selection and amplification
of higher-order modes using the MOPA strategy have yielded high-average powers sufficient
for industrial applications. However, systems with dynamic selectivity, such as the SLM, are

still far behind in terms of high-power generation.

1.6 Motivation

As we have seen in the previous sections, the complexity of laser beams, accelerated by
advancements in beam-shaping technologies, has transcended from the simple fundamental
Gaussian mode to exotic forms of structured light with complex spatial, phase and polarization
properties. Potential growth for new and emerging application areas that may benefit from
structured light is coupled firstly with our ability to select them at will, and most importantly,
to obtain them at the average power levels that the application necessitates. In fact, there
are currently no commercially available laser systems that deliver on-demand pure higher-
order transverse modes. Nevertheless, there is extensive research to show that many if not
all laser-enables processes can benefit greatly from the ability to tailor light using an ad hoc
approach for each task at hand, where the spatial, phase and polarization degrees of freedom
should be added to the toolbox [30, 139, 140]. The digital spatial-light modulator (SLM)
is a highly versatile and flexible beam-shaping technology that has been shown to produce
structured light with high purity and efficiency, surpassing that of its digital micromirror

device counterpart. SLMs are presently constrained by their thermal limitations, which render
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them inadequate for direct beam shaping in high-power experiments and applications. As a

result, they are predominantly employed for low-power fundamental research.

In this dissertation, SLM beam-shaping technology is utilized for the on-demand selection
of high-order Laguerre-Gaussian beams used in conjunction with power-scaling systems to
provide a route towards the realization of a system capable of delivering high-power struc-
tured light with no moving parts, reconfiguration or adjustments of any kind. As evident in
the literature, there is limited research regarding amplifying higher-order Laguerre-Gaussian
modes or higher-order modes in general. Presented in the format as separate research articles,
the upcoming chapters 2 to 4 cover various important topics which will be briefly summa-
rized here. In chapter 2, a three-dimensional model for an end-pumped rod MOPA system
is provided, utilizing a step-wise beam propagation method and contemporary analytical ex-
pressions for the gain saturation, thermal-gradient and thermal effects. We expand on current
modelling approaches, which treat the pump beam as a static shape, by using a Gaussian
to flat-top transformation allowing the step-wise model to include pump beam propagation
dynamics. Furthermore, using experimental spectral data, a calibration procedure is demon-
strated to establish the correct physical inputs of the model. In chapter 3, a novel dual-pass
end-pumped rod MOPA design is demonstrated and compared to conventional approaches.
The novel MOPA design is used to perform power scaling of the first nine LG; modes, hav-
ing identical beam sizes and input powers, generated via complex amplitude shaping using
an SLM. The developed three-dimensional model was used to analyse the single and dou-
ble pass amplification of each LGL mode in terms of beam quality, and correlation between
the output power and spatial overlap with the pump beam. In chapter 4, amplification of
higher-order LG2 modes is performed and the thermally-induced aberrations manifesting in
the end-pumped crystal rod are investigated using a Shack-Hartmann wavefront sensor and
analysed using the Zernike polynomials. The phase aberration induced the phenomena of
"vortex splitting" beam distortion. A computational modal decomposition was performed
on the aberrated LGZ beams for various input beam sizes. Interestingly, a case is presented
demonstrating the amalgamation of the distortion in the far field through a carefully induced
Gouy phase shift. The dissertation is concluded in chapter 5 with brief summary of each

chapter followed by a discussion on future work.
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Chapter 2

3D modelling of End-Pumped
MOPASs

2.1 Introduction

Bulk solid-state Master Oscillator Power Amplifier (MOPA) systems have, for several decades,
been of considerable interest in industry to power scale low-power laser beams from a master
oscillator to higher powers [141]. In such a MOPA configuration, the amplifier laser gain
medium is excited using a pump source that is typically a narrow-wavelength diode-laser
(single or multi-mode) in either a side- or end-pumping configuration. In a side-pumped
configuration, pump light from stacked diode-laser bars is directed perpendicular to the optical
axis while the seed beam (output from the oscillator), which is to be amplified, is propagated
along the optical axis [142, 143]. Conversely, in end-pumped systems, the input pump source,
which is typically a multi-mode fibre-coupled (MMFC) diode-laser, impinges a laser gain
medium along the optical axis where the seed beam is co-axially propagated with the pump
beam for optimal spatial overlap. While the design complexity of master oscillators prove to
be considerably lower than MOPA systems in achieving high output powers, they possess high
optical intra-cavity intensities which may lead to a degradation in the output beam parameters
such as purity, power and polarization, especially if specialized intra-cavity optical components
such as wavelength tuning devices and electro-optical g-switches are required. MOPA systems
that contain a low-power oscillator and several sequential amplifiers enable the decoupling of
sensitive intra-cavity optical components in the oscillator to achieve the desired output beam
performance characteristics [120]. Such systems offer flexibility in pulse duration control,
wavelength tuning, output power control, and maintaining the beam quality of the output
from the oscillator. In addition, gradual power scaling reduces the thermal load on the laser
gain medium thereby reducing thermal distortions and preserving the spatial, temporal and
spectral properties of the amplified beam [144]. Such control is pertinent in applications such

as marking and laser shock peening [145].

The two MOPA design configurations above both have advantages and disadvantages. Side-
pumped systems offer higher amplification potential, however, since the entire gain medium
is pumped, the thermal load in the gain medium increases dramatically thereby potentially
distorting the seed beam due to thermally-induced phase aberrations [146-148]. End-pumped
systems offer full control of the thermally induced aberrations to maintain the seed beam

quality, however, at the cost of a lower amplification potential leading to a considerable
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decrease in the output power of the amplified seed beam. In applications that employ high-
brightness laser beams, which require both the output laser beam power and its beam quality
to be maximised, both design configurations may be implemented, however, a prominent
advantage of end-pumped systems is that it may be applied to a variety of laser gain media
geometries such as thin-disks [128], cylindrical rods [149], fibre [150], and slab architectures
[151]. To ensure that both the output power and beam quality are maximised, a stringent
modelling approach is required to optimise the design strategy. For this purpose, we consider
cylindrical rod geometries as they prove to be cost-effective, controllable, robust and still
widely used as pre-amplifier stages for the low to intermediate power scaling of low-power

seed beams.

There have been several seminal papers that advanced the modelling of MOPA systems,
particularly end-pumped systems. These include the simulation of Laguerre-Gaussian beam
propagation in Raman, dye, and free-electron lasers [152], consideration of the transverse
intensity distribution of the pump and seed beam during amplification [153], and derivation
of an analytical expression for the temperature distribution of the pump beam [154]. The
temperature distribution inside the gain medium induces physical thermal expansion and
thermo-optical changes, which influence the propagation of the seed beam through the gain
medium. Over the last two decades, end-pumped isotropic materials, specifically YAG, have
been modelled using only analytical expressions for the steady state rate-equations [155],
temperature distributions of various pump beam profiles [156] and stress-strain effects leading
to seed beam distortions [157] using the beam propagation method [158, 159]. More complex

numerical models using finite element methods have also been investigated [160-162].

End-pumped systems typically employ a fiber-coupled diode laser as the pump source that is
focused to the crystal face or at some position along the length of the crystal. For multi-mode
sources (with core diameters >200 pm), the output rapidly evolves from a top-hat-shaped
beam at the exit face of the fiber to a Gaussian or bell-like transverse profile along the
propagation axis. As the pump beam is a fundamental component in end-pumped systems
as it dictates the overall performance of the amplifier and the gain achievable in the system,
it is necessary that not only the pump spatial profile at its highest fluence be characterized
but so too its dynamic propagation behaviour over the gain medium volume. Current 2D or
3D end-pumped models consider a pump beam output that is static in its spatial intensity
profile and is approximated as being either a uniform beam or top-hat [148, 159, 163, 164],
Gaussian beam [154, 160, 165, 166], super-Gaussian beam [158, 167-170] or an arbitrary
polynomial distribution [171]. With this, the static pump beam at the crystal face either
holds its transverse distribution in propagation over the crystal length (3D models) or is

reduced to two dimensions (2D models).

A second key characteristic of the pump source is its spectral behaviour. This describes
the amplification potential of the amplifier as the gain saturation is based on the output
wavelength of the pump source. The output wavelength of the pump laser is known to vary
based on the driving current applied to the diodes in the pump laser due to changes in
the temperature of the diodes. The vast majority of existing amplifier models consider a
single value for the pump absorption cross-section which is typically related to the maximum
absorption wavelength of the gain material. This critical factor is not static across the current
levels and if incorrectly selected, will lead to significant errors in the determination of the

temperature distribution, amplification potential and overall accuracy of the performance of
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the amplifier.

In this chapter, we provide a new approach to modelling end-pumped Nd:YAG rod amplifiers
in three dimensions with a multi-mode fibre-coupled diode laser as the pump. Here we de-
scribe the pump beam as a complex field that mimics the spatial evolution of a multi-mode
fibre-coupled diode laser using a lossless phase-only Gaussian to Flat-top (FT) beam shaping
technique. Additionally, we describe an approach, with calibration steps, to accurately de-
termine the pump absorption cross-section for arbitrary driving currents. In our model, the
gain medium is treated as a 3D mesh (N, , .) so that the pump transformation occurs as it
propagates longitudinally inside the crystal using a beam propagation method (BPM). This
approach enables the gain saturation, thermal gradient and change in refractive index to be
calculated at each N, -interval using only analytical expressions in an iterative procedure. To
demonstrate the accuracy of the model, we simulate the amplification of a Gaussian beam

and verify the results experimentally.

2.2 Theory

An attractive approach to modelling end-pumped amplifiers in three dimensions is to make
use of a beam propagation method (BPM) [158]. Such an approach harnesses Fast Fourier
Transforms (FFTs) that are used to simulate accurate propagation of the pump and seed
beams along the gain medium which includes diffraction effects provided that the pump and
seed are complex fields that are solutions to Maxwell’s wave equation. For seed beams that
are eigenmodes, the electric fields are well-defined solutions to Maxwell’s equations, however,
this is not the case for MMFC diode-laser pump beams. Borrowing from the concepts of
lossless beam-shaping, the MMFC pump beam may be described as a metamorphosis of a
Gaussian mode to a FT beam using a phase-only diffractive element. The creation of the
Gaussian to FT phase-element is highly flexible and allows for full control over the desired

beam sizes, divergences and associated propagation distance between the two [172].

The energy-transfer between pump photons and the active ions or dopants in the laser crystal
determines the gain distribution, which results in amplification, and the temperature gradi-
ent which leads to thermal-expansion (stress-strain) and optical (change in refractive index)
variations in the crystal medium. Spatially, the gain and thermal distributions are propor-
tional to the spatial profile and intensity of the pump beam which necessitates the accurate
description of the pump beam evolution over the crystal length. An equally important factor
is the rate of energy-transfer from the pump photons to the crystal material, which is defined
as the absorption-cross section that dictates the magnitude of the gain and temperature dis-
tributions. Therefore, a comprehensive model must consider the spatial evolution and rate of

energy-transfer of the pump beam collectively.

In this section, we discuss the theory for a cubic Nd:YAG ([1 1 1] cut) laser medium. Here,
the amplifier characteristics, especially the thermal effects, may be understood through the
treatment of analytical equations which provides a holistic and quantitative insight into the
working parameters of the amplifier. In the subsections to follow, we will discuss the Gaussian
to FT pump beam shaping process, the treatment of the pump beam absorption cross-section,
and provide analytical expressions for the temperature distribution and the resulting change in
refractive index. This section will be concluded by outlining the BPM to which all analytical

expressions will be combined.
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2.2.1 Pump Beam Modelling

The output of multi-mode fibre-coupled (MMFC) diode pump lasers do not possess a well-
defined phase structure which results in an output that is incoherent and highly divergent.
As such, simulation of its free-space propagation or propagation in complex media is a non-
trivial task. The spatial profile of the output of a MMFC pump beam is flat-top (FT) shaped
at the face of the fiber and rapidly diverges and transforms to a Gaussian-like intensity
profile along the propagation axis, as illustrated in Figure 2.1. It is well known that such a
pump beam may be focused to a Gaussian-like profile, however, beyond the focus, the spatial
intensity profile rapidly evolves to a beam with a central dip with a triangular-shaped profile
in between. To achieve a more stable behaviour, the exit face of the fiber may be imaged
to the desired size using an afocal telescope. Here the beam will evolve from a FT-shaped
beam to a Gaussian-like profile in a smooth and predictable manner. Through the stationary
phase approximation, this behaviour can be modelled by utilising a lossless phase-only beam
shaping technique which transforms a Gaussian beam to a FT beam, at the Fourier plane
of a lens [52, 172, 173]. This approach enables the MMFC pump beam to be modelled as a

complex field that mimics the divergence and spatial intensity transformation in free-space

propagation.
Flat-top Gaussian
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Ficure 2.1: Illustration of the spatial evolution of a typical MMFC pump
beam (red) propagating through a crystal material (magenta cylinder), with
co- and contra-propagating seed beams (green arrows).

The phase-only transmission function @1 (r) and Fourier lens function Tiens(r) to perform

a Gaussian to FT beam transformation is expressed as:

MWW L
Ppr (1) = ﬁf)}: /0 V1—exp(=p?)dp,

(2.1)
with p= ﬂr and,
1.2

Tlens(r) = exp { 12/}7" } (2.2)

where A is the wavelength, k is the wavenumber, r is the radial coordinate, w; is the initial
Gaussian beam radius, wy is the radius of the desired FT beam and f is the focal length of

the Fourier lens Ty, defined by equation 2.2.

For inline end-pumped amplifiers, the seed beam can be made to either co- or contra-propagate
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with respect to the propagation direction of the pump beam. In the co-propagating configu-
ration the seed and pump beams enter the crystal at the same end and propagate in the same
direction, whereas for the contra-propagating configuration, the seed beam and pump beam
propagate in opposite directions and enter the crystal at adjacent ends, as shown in Figure
2.1.

In the following section, we outline the mathematical steps for simulating the Gaussian to

FT pump shaping transformations in both co- and contra-propagation configurations.

Contra-Propagation

The contra-propagation configuration consists of a convergent seed beam that is directed at
a crystal on the opposite end of the highest pump fluence. At this end, the pump beam
has a large Gaussian-like profile and as the seed decreases in size as it traverses the length
of the crystal, it will arrive to its desired width on the opposite end of the crystal where
the pump beam is a tightly focused FT profile. To simulate this case, we create the phase
transformation ®pr (r), by specifying the desired FT beam radius wy, Gaussian beam radius
w;, and the Fourier lens focal length f to produce the transmittance of a single phase-element
DOE4

DOE; = Tiens(r) X exp [—i®Ppr(r)] . (2.3)

For a Gaussian beam of radius w; and power P, the corresponding beam will be modulated

with the phase-transformation of DOE!

2P, —r?
Va(r) =4 /W—w;exp [aﬂ} x DOE , (2.4)
3 K3

The modulated Gaussian beam U (r) will transform gradually to a FT beam ¥pr of radius
wy during free-space propagation over the distance of the Fourier lens f, as depicted by
Figure 2.2. Tt is important to note that when simulating the contra-propagating case, the
pump beam propagation direction must be flipped so that it appears to travel backwards over
the length of the crystal. Therefore, P, of the Gaussian beam ¥ (r) is equal to the absorbed
pump power measured after propagating through the crystal and not the total power that was
injected into the crystal. Therefore, the sign of the absorption coefficient in the simulation
must also change from an exponentially decreasing to an exponentially increasing function as

will be discussed later.

TET(r)

Propagation -
R —
f
FIGURE 2.2: Initial Gaussian beam modulated by the phase of DOE; that

transforms into a FT beam Wpr(r) at the Fourier plane of lens f, used for
a contra-propagation simulation.
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Co-Propagation

In the co-propagating configuration, the seed and pump beams propagate in the same direc-
tion. The divergent seed beam, at its desired beam width, is injected at the crystal end where
the pump beam is a tightly focused FT profile and exits the crystal where the pump beam
has a large Gaussian-like shape. To simulate this configuration, the pump shaping process
must be reversed from a Gaussian-FT to a FT-Gaussian transformation. To achieve this, the
complex-conjugate phase of the FT beam Wgr(r) at the plane of the Fourier lens f, shown
on the right of Figure 2.2, is extracted and labelled as ¢pr(r). This is then used to create
the reverse phase-modulation transformation, which is defined as DOE,.

DOE; = exp [ippr(T)] . (2.5)

The phase profile DOEs is then applied to the FT beam Ygr(r) twice, once to cancel out the

existing phase and a second time to modulate the beam with the reverse phase transformation
\IIFT* (’I“) = \I/FT(’I“) X DOE2 X DOE2 . (26)

Now, Upr- () will transform from a FT beam back to the initial Gaussian beam T¢ (r) during

propagation over the length of the Fourier lens f, as depicted in Figure 2.3.

YET(7) DOE, DOE, W)

. : ; Propagation
(1) X P
of

o)
Ficure 2.3: FT beam Wpr(r) modulated by the phase transformation of
DOEs: that reverses the transformation process back to the original Gaus-
sian beam Wq(r) at the Fourier plane of lens f, used for a co-propagation
simulation.

NS NS

In the co-propagating scenario, since the beams enter the crystal at the same end, the pump
power P, of equation 2.4 should be the total input pump beam power before it enters the
crystal and the sign of the absorption coefficient should be exponentially decaying. This
simulation process is required to be calibrated by physical measurements of the parameters

w;, wy and P, to obtain the most accurate pump behaviour.

2.2.2 Absorption Cross-Section

The rate at which pump photons are absorbed by the neodymium (Nd3*) ions inside the
yttrium aluminium garnet (YAG) host lattice is determined by the absorption cross-section
Oabs (i.e. the probability of an absorption event to take place). The oaps spectrum for 0.5%
atm. doped Nd:YAG is depicted by the solid black curve in Figure 2.4. The original data for
Oaps Spectra in the Figure was measured for a 1% atm. doped Nd:YAG sample and had a
peak value of 10 x 1072°cm? at wavelength 808 nm [174]. At low doping concentrations, o,ps
varies linearly with the dopant % and therefore, the original data can be scaled to represent
a 0.5% doped Nd:YAG crystal [175]. The spectral line shape of a typical MMFC diode laser
emission can be approximated as a standard Lorentzian distribution function, indicated by
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the red curve in Figure 2.4, having a well-defined central wavelength A\ (vertical red dotted
line) and bandwidth AA.

Experimentally, the central wavelength \g and spectra bandwidth A\ of the MMFC emission
spectrum varies with the driving current due to a temperature change in the diodes. This
is the typical behaviour of diode lasers and manufacturers generally provide a value for the
expected nm/C° or nm/A central wavelength shift as a function of temperature or current.
The spectral emission characteristics of most 808 nm wavelength MMFC diodes vary between
central wavelengths of 802 nm at threshold current to 808 nm at the maximum driving current
with a spectral bandwidth of < 2 nm. Nevertheless, most amplification models use the peak
absorption cross-section Ug;s =5 x 1072 e¢m? (vertical magenta line in Figure 2.4) across
all driving currents and do not consider the spectral overlap of the emission and absorption
curves. This is a significant oversight that leads to an overestimation of the pump absorption
and seed amplification behaviour. Ideally, A\g and A\ of the diode emission spectrum should
be measured experimentally, as a function of the pump power (i.e. driving current). With
this information, an accurate o}, . value can be calculated by performing an overlap integral
between a Lorentzian function f()\), using the experimentally determined Ag and A\ values,
and the absorption cross-section data g(\) of the Nd:YAG crystal

o [a)Fo) da
%o = T g(N)g(N) dn @7

The Lorentzian function f(\) is normalised to the peak absorption value. As an example, the

overlap between the two curves, depicted as the magenta shaded region in Figure 2.4, is the

P

P =9.1x107?! cm? which is 5.5 smaller than the peak value of o} .

weighted value of o

5 X 10720
g —Nd:YAG o4
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FIGURE 2.4: Absorption cross-section of Nd:YAG crystal (black) and emis-

sion spectrum of the pump diode (red) with resulting weighted overlap in-
tegral (blue shaded area).

2.2.3 Gain and Absorption coefficients

In a lossless 4-level Nd:YAG gain medium under steady-state continuous pumping conditions,

the gain coefficient G(r, z) that describes the exponential growth rate of a seed beam can be
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written in cylindrical coordinates as [155, 170]

p
I (7, 2) Ntot TemT hps Tom
Iy(r,z I (7, ’
1 By L)
sat

sat

G(r,z) =

(2.8)

p S P . . . .
where o}, - and o, are the absorption and emission cross-sections of the pump I,(r, z) and

seed I5(r, z) beams, respectively, while Nyo and 7oy, are the number of active Nd3T ions and

S

decay-lifetime of the upper laser level, respectively. The saturation intensities of the seed I%,,

1

<at beams are calculated as

and pump I,

IS = hig/Temooy,  and 1D, = hvy/Temoh ., (2.9)
where h, v5 and v, are Planck’s constant and the frequency of the seed and pump beams,

respectively.

Analogous to the gain coefficient, which defines the increase of the seed intensity I, the
absorption coefficient a(r, z) describes the rate of the longitudinal exponential absorption of
the pump intensity I, by the crystal. Similarly, for a lossless 4-level Nd:YAG gain medium
under steady-state continuous pumping conditions, the absorption coefficient may be written

as

[IS(T7 Z)Temo-zm + 1] X Ntotapb
a(r, z) = s o 2.10
I ey (2:10)

sat

When the input seed intensity is below the saturation intensity (Iy << I%,.), the gain distri-
p

bution is proportional to the small signal gain go = I Niot0,6

and the seed beam experiences
exponential amplification (i.e. Iy o< 1%e99%), where I? is the input seed intensity. When the
seed intensity exceeds the saturation intensity (I >> IZ,.), the growth factor is reduced to a
linear increase in the intensity of the beam. The saturation effects of the gain and absorption,
are accounted for in the denominator of equations 2.8 & 2.10 and govern the growth rate of

I and similarly the decay of I,.

2.2.4 Temperature-Gradient

The difference in energy between the pump absorption and laser emission energy levels con-
tributes to the heat generated inside the gain medium. This is caused by an effect known
as quantum defect heating 7y, as only a fraction of pump photons that are absorbed reach
the laser emission band and the rest are converted to heat through non-radiative relaxation
processes (n, = 0.24 for 0.5% Nd:YAG). The analytical expressions of gain G(r, z) and absorp-
tion «(r, z) coefficients, in steady-state, are calculable at any point during the Gaussian-FT
transformation since they require only the intensity profile of the pump and seed beams.
However, an analytical expression for the temperature distribution induced by the Gaussian

to FT pump inside the gain medium is non-trivial.

In recent work by I. Cini et. al. (2017) [156], an analytical solution was obtained for the
temperature T(r, z) produced when end-pumping a cubic crystal (such as Nd:YAG) with a

generalized ng, order super-Gaussian pump beam SG"(r, z).

The boundary conditions in the derivation accounted for active cooling by a surrounding heat

sink, schematically depicted in Figure 2.5, and solved using the steady-state heat conductance
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FIGURE 2.5: Schematic diagram of an end-pumped (blue arrows) laser
rod (magenta) of radius R and length L mounted inside a copper heatsink
(brown) with red arrows indicating the radial direction of heat flow.

equation in cylindrical coordinates with temperature-dependant thermal conductivity k(7T

T\¢
k(T) = ko <_> , (2.11)
T
where kg & Ty are the thermal conductivity and reference temperature, respectively, and &
is determined by a best fit to experimental data for the appropriate crystal dopant percent-
age and temperature range. A comprehensive list of these values for different crystals and
temperatures can be found in reference [156]. For end-pumped crystal rods where the crystal
radius is smaller than its length (R << L) and the pump beam is axially symmetric with
isotropic cooling in the z-axis, then we can assume that the heat flow will be purely radial

(red arrows in Figure 2.5) and the heat conductance differential equation simplifies to

1d
rdr

[rk(T)%} +SG*(r,z) =0. (2.12)

Equation 2.12 can then be solved to obtain the analytical expression for the temperature
distribution T'(r, z) induced by the generalized super-Gaussian pump beam SG™(r, z) of order
n, using the temperature dependant thermal conductivity k(T") of equation 2.11. Rather
than use the absolute temperature T'(r, z), it is convenient to define the temperature gradient

relative to the boundary interface of the crystal rod and heat-sink material T(R, z)

wIl

p

22 2 2 2R
R*3Fy (-,—;1+—,1+—;— )
n n n

2 2 2 2 2r"
— %Py <—,—;1+—,1+—;—L>
n n n n n

+ <Tsink +
P

1
mPpa(r, z)e”(m2)2 SR
27 Rh.

Pya(r, z e—a(rz)z
- (Tsink+nh b ( ) >a

2w Rh.
(2.13)
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where
o mPaln e nTs L 2GR
0= 0= —5—.
47Tk0 F(%)wg
pFa(ar, -+ ,ap; b1, -+ ,bg; z) and I' are a Generalized Hypergeometric and Gamma Functions,

respectively. R, wy, r, z, P, and a(r, z) are the crystal radius, pump beam radius, the radial
coordinate, longitudinal position, pump power and absorption coefficient, respectively. The
variables Ty, and h. are the heat-sink coolant temperature and heat transfer coefficient
between the crystal rod and copper cooling block interface. The resulting thermal gradient
AT (r, z) produces the well-know quadratic radial dependence of the temperature profile inside
the pumped region of the crystal and logarithmic outside, so that AT(r,z) — 0 as r — R at

the crystal boundary interface.

Analytically solving equation 2.12 at each N, interval to obtain a unique AT(r,z) for the
Gaussian to the FT pump transformation is not possible. Therefore, we use the generalised
solution of equation 2.13 as is, and select a SG"(r, z) approximation that best fits the spatial
profile and radius of Gaussian to FT transformation at each N, position. This approximation
is acceptable since the parabolic shape of AT(r, z) is quite similar for super-Gaussian beams
of order n = 2,4,6 & 8, what is more important is the change in the pump beam size due to

divergence which is accounted for at each N, interval.

2.2.5 Change in refractive-index

The thermal gradient AT (r, z) that develops inside the gain medium causes the material to

experience stress-strain effects leading to mechanical bulging of the crystal end-faces defined

by the thermal expansion coefficient C. Additionally, thermo-optical changes occur in the
dn

material which cause variations to the refractive index n defined by the coefficient (i.e. $F).

In most amplifier models, the change in refractive index is simply defined as An(r) =
%AT(T), where g—gﬁ is the thermal dispersion coefficient with values ranging between 7-10x10~%
K~! for Nd:YAG at room temperature ~ 300 K [176, 177]. The change in refractive index pro-
duced by the quadratic to logarithmic variation in the thermal gradient AT(r, z) of equation
2.13, will simulate both thermal lensing and spherical aberration effects [170]. This simple
method for calculating An(r) is a reasonable approximation, depending on how well AT (r)

is defined but neglects thermal expansion caused by stress and strain of the material.

A holistic An(r) calculation for end-pumped amplifiers, especially when high-pump powers
are involved, must include the effects of stress and strain and use temperature dependant
coefficients so that C = C(T) and 8 = B(T). Extensive research has been conducted on
the topic of thermally-induced stress-strain effects in cubic crystals, particularly Nd:YAG.
Detailed explanations on the use of temperature-dependent coefficients C(T') and 5(7") have
been provided in several publications [157, 176, 178]. The mechanical properties of cubic
crystals, such as [1 1 1] cut Nd:YAG, can be estimated as an isotropic solid media where only
two elastic coefficients (Poisson’s ratio v and Young’s modulus E) are needed for a description

of induced stress-strain and resulting change in refractive index An(r)

An(r) =n(r) —n, = —ang + B (r) + a1Cx(r)  £az |C5 — Cxx(r) ], (2.14)
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with coefficients a; and as defined as

ng [2(1 — 2v)(p11 + 2p12) — (1 + v)pad]

“e 6(1—v) ’
0 — n3(1+v)(p11 — p12 + 4paa)
? 12(1-v) '

The terms By~ (r) and Cs~(r) are the temperature-dependant thermo-optic and linear-expansion
coefficients, respectively, which have been integrated with respect to temperature. The co-
efficients C% & CTZ are obtained from an additional integration over the crystal radius R
and radial coordinate r, respectively. The above-mentioned integration steps to arrive at
equation 2.14 are non-trivial, therefore, the reader is referred to the detailed discussion and
derivation by D. Brickus et. al. (2017) [157]. The coefficients a; and ag contain the Poisson’s
ratio v, the initial reference refractive index no and the p;; coeflicients of the elasto-optic
matrix, which are provided in Table 2.1. The (+) and (-) signs infront of the last term in
equation 2.14 describe the radial and tangential components of the change in refractive index.
For low pumping fluence (W /cm?), the thermal dependencies of 3 and C can be neglected,
however, for high-power pumped crystals the temperature-independent equations may un-
derestimate the actual stresses by 1.5-1.8 times, which could result in crystal fracture if the
thermal-fracture limit is exceeded (235 4+ 16 MPa for YAG).

2.2.6 Beam Propagation Method

Using the scalar angle-spectrum theory of diffraction, based on the Fast Fourier Transform
(FFT) method, the complex fields of the pump ¥, (r,z) and seed ¥4(r, z) beams are propa-
gated using a split-step procedure, whereby the crystal volume of length L is divided into IV,
intervals each of length 0z = L/N,.

Let W,(r, z) be an arbitrary complex field that is an eigenmode of Maxwell’s equation, the

propagation of W;(r, z) over a 0z increment is as follows:

Wi(r, 2+ 02) Fl{F [W;(r, 2)] X exp [ikaz, /1 x2(f2 - fg)} } (2.15)

where f;,, F and F —1 k and A are the spatial frequencies in the Fourier domain, Fourier
transform operator, inverse Fourier transform operator, wave number and wavelength, respec-

tively.

Initialisation of Pump and Seed Fields

As discussed in section 2.1, the seed field Wy (r, z) can be either co- or contra-propagating with
respect to the pump field ¥, (r, z). For the sake of completeness, we describe the starting
pump fields ¥, (7, z) for both cases, however, in our work, the experiment could only be

performed in the contra-propagating configuration.

To simulate the co-propagating case, the starting pump field is set as the modified FT beam
of equation 2.6
Yy (r, 2) = Upp« (1), (2.16)
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and for the contra-propagating case, the starting pump beam is set to the Gaussian beam as
defined by equation 2.4
U,(r,z) = ¥g(r). (2.17)

Once ¥, (r, z) has been correctly defined, the spatial transformation of the pump (i.e Gaussian

to FT or FT to Gaussian) will occur during the iterative propagation procedure.

In this work, the seed field W4(r, 2) was a Gaussian beam of radius wg with an initial power

P, which is defined as
2P. —r?
Us(r,2) =4/ ——exp {—g] . (2.18)
w2 w2

While, Wy(r, z) was chosen to be a Gaussian beam here, this modelling approach is in fact
valid for any eigenmode from the Laguerre-Hermite-Gaussian mode family. Note that all
variables with subscript (s) describe the seed beam, while all the subscript (p) is reserved for

the pump beam.

Iterative procedure

The beam propagation method (BPM) of equation 2.15 is a tool that enables the seed and
pump fields to interact in an iterative manner with the analytical expressions for the gain
coefficient G(r, z) of equation 2.8, absorption coefficient a(r,z) of equation 2.10, change in
temperature gradient AT(r,z) of equation 2.13 and the change in refractive index An(r)

of equation 2.14, providing a complete solution for 3D modelling of Nd:YAG end-pumped

amplifiers.
AT(r,52) AT(r,52)
G(r,92) G(r,52) )
Wy(r,0) o(r,02) W3(r,52) U (r,52) o(r,02) Wi(r,52)
| Wy (r,0)  An(r) T, (7,52) | \Ilg'l(r,Bz)l | An(r) U)(r,52)

Z I I
0 0z (N, - 1)5z N,bz=1L

FIGURE 2.6: The schematic diagram illustrates the split-step iterative

procedure for the pump beam (red) and seed beam (green) in a contra-

propagating configuration, where the pump beam travels from right to left
and the seed beam travels from left to right.

The BPM iterative procedure for the contra-propagation configuration can be explained with
the aid of Figure 2.6. The simulation was performed in MATLAB using a mesh grid of
dimensions N, , = 3000 and IV, = 36 so that each slice of the crystal was of width ¢, = 0.69
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mm. Increasing N, > 36 did not improve on the model accuracy but only increased the

computational time.

The position z = 0 marks the entrance face of the crystal, where the starting seed field
Uy (r,0) of equation 2.18 and pump field ¥, (r,0) of equation 2.17 are propagated midway
into the first slice N,—; of the crystal (i.e. distance 0z/2) using the propagation equation
2.15. At z = §z/2 (blue plane in Figure 2.6), the pump I,,(r, §2/2) = |¥,(r, §2/2)|? and seed
I(r,62/2) = |Wy(r,62/2)|? intensities are calculated and used to determine the absorption co-
efficient a(r, 6z). The pump field ¥, (r, §z/2) is then modulated by the calculated absorption

coefficient «(r,§z) as follows
U (r,02/2) = W, (r,02/2) x exp [£a(r, §2)dz]. (2.19)

The sign in front of the absorption coefficient is + for contra- and — for co-propagating
beams, respectively. The resulting pump intensity after absorption I,,(r,d,) = [Wp«(r,02/2)|?
is used in the calculation of the gain G(r,dz) coefficient and temperature gradient AT'(r,0z).
When calculating AT'(r,dz), it is important to substitute the value of P, corresponding to
the absorbed pump I,(r,dz) and not the starting power P,. The seed field ¥y(r,dz/2) is
then modulated in amplitude by the gain distribution G(r,dz) and in phase by the change in

refractive index An(r) as follows
U (r,02/2) = Us(r,62/2) x exp [(G(r,02) — ikAn(r,2)) 2], (2.20)

so that the amplified seed intensity becomes I (r, §z) = |Ws« (r,§2/2)|2. The modulated seed
and pump fields of equations 2.20 & 2.19, respectively, are then propagated the remaining
0z/2 distance to complete the first N,—; interval. These fields are then used as the input
fields to the next IV,—, interval and the calculation steps above are repeated. This iterative
procedure continues until the pump and seed fields have propagated over all N, slices spanning
the length of the crystal.

2.3 Experimental Setup

To validate the theoretical 3D model, we performed a single-pass amplification of a Gaus-
sian beam using a compact end-pumped Nd:YAG MOPA in a contra-propagating pump and
seed configuration, schematically shown in Figure 2.7. The Nd:YAG crystal (properties sum-
marised in Table 2.1) was end-pumped using an MMFC diode laser (¢core = 400 pm) with a
central wavelength emission range of Ay = 803 —808 nm, a spectral bandwidth of AA = £1.85
nm and maximum output power of P*** = 38 W. The output fiber face of the MMFC diode
laser was 1:1 imaged to the face of the Nd:YAG crystal (plane-B) using a pair of fo = 100
mm lenses in a 4f configuration to achieve a uniform intensity FT profile with an FWHM
radius of w? = 200 pm. The pump beam radius (Gaussian-like intensity) that exited the
crystal (plane-A) was measured to be w! = 1.7 mm. The pump light was passed through
a 45° dichroic mirror D; which was high-reflective coated at 1064 nm wavelength and anti-
reflective coated at 808 nm wavelength to allow the Gaussian seed beam to be coupled out
of the MOPA after amplification. The Gaussian seed beam was obtained from a master
oscillator with wavelength, power and beam quality of A; = 1064 nm, P, = 100 mW and
M?2 = 1.04, respectively. The Gaussian beam output from the MO was first collimated and
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Parameter Symbol Value Unit
Seed Beam
Seed input power P 0.100 A\
Seed wavelength As 1064 nm
Seed waist radius wp 175 um
Pump Beam
Pump input Power P, 0-38 W
Pump wavelength Ap 802 - 808 nm
Pump waist radius wo 200 um
Pump waist radius wy 1.7 mm
Crystal Properties
Crystal length L 25 mm
Crystal radius R 2 mm
Atomic dopant - 0.5 %
Number of active ions Niot 0.69% 1020 cm ™3
Index of refraction ng 1.82 -
Fluorescence lifetime Tem 240 s
Absorption cross-section (dynamic) — ob . 5.9-9.1 x107?*  cm?
Absorption cross-section (peak) o 5 x10720 cm?
Emission cross-section Oops 2.8 x10~19 cm?
Young’s modulus® M 3x1010 Pa
Poisson’s ratio® v 0.25 -
Heat-sink temperature Tiink 294 K
Thermal conductivity® ko 10.5 %
Fitting temperature® To 300 K
Fitting parameter® 13 -0.77 -
Thermal conductance® he 1.6x10* %
Elasto-optic coef.* P11 -0.029
Elasto-optic coef.® P12 0.0091 -
Elasto-optic coef.® Paa -0.0615 -

TABLE 2.1: Summary of Nd:YAG properties: The parameters marked with

superscripts 'a’ and ’b’ were obtained from references [176] and [157], re-

spectively, while parameter 'c’ was calculated using the method outlined in
reference [156].

focused through a f; = 200 mm lens to obtain a beam radius of w, = 181 um at the entrance
face of the crystal (A) and a beam waist radius of wy = 175 pum at the pumped-face of the
crystal (B). The power of the MMFC pump and Gaussian beams were analysed using a power
meter (Gentec model: UP19K-30H-H5-D0) and spatially characterized using a CCD camera
(BeamGage model: SP503U).

MMFC

FIGURE 2.7: Schematic diagram of the single-pass end-pumped experimen-
tal configuration.
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2.4 Results and Discussion

2.4.1 MMFC Diode Vs FT-Gaussian Spatial Transformation Com-

parison

The accuracy of modelling an in-line end-pumped amplifier hinges on some experimental
verification steps as the behaviour of laser crystals and MMFC diode lasers vary based on
manufacturer. To ensure that the FT to Gaussian beam shaping process is physically rep-
resentative and accurate, the experimentally measured MMFC pump beam radius at the
entrance (z = 0) and exit (z = L) faces of the crystal are used as the w; and wy inputs for
the phase transformation in equation 2.4, respectively. The intensity profiles between the

entrance and exit faces (0 < z < L) follow a smooth transition from a FT to Gaussian-like

profiles.
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FiGurg 2.8: The figure illustrates a comparison between the FT-Gaussian

beam shaping profiles (represented by dash-dot lines) and the measured

MMFC diode output (indicated by markers) at various points along the free-

space propagation corresponding to the crystal length, specifically at z = 0,

L/4, L/2,3L/4, and L. The inset of the figure displays the experimental 2D

intensity profiles of the MMFC pump beam measured at z = 0, L/4, 3L/4,
and L, labeled as a, b, ¢, and d, respectively.

The beam profiles at positions z = 0, L/4, L/2, 3L/4 and L were experimentally measured
as represented by data points in Figure 2.8 with 2D intensity profiles provided in the inset
for z = 0, L/4, 3L/4 and L corresponding to a — d, respectively. Based on the measured
beam sizes at z = 0 and z = L, the corresponding FT to Gaussian transformation (dotted
lines) compares exceedingly well with the experimental data with spatial overlap percentages
of 98%, 95%, 99%, 94% and 96%, at positions z = 0, L/4, L/2, 3L/4 and L, respectively.
While the experimental data at z = 0 is slightly more rounded than the simulated FT, varying
the position of the crystal relative to the length of the Fourier lens f in equation 2.1, the
roundness of the FT at z = 0 can be controlled. We found that for a crystal of length 25
mm a Fourier lens of length f = 25.5 mm produces a FT beam that is slightly rounded and

maintains the correct steepness.
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2.4.2 Absorption cross-section calibration
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FIGURE 2.9: Plot a) shows the experimentally measured (£ 0.1 nm error

bars) central wavelength Ao (left axis, black) and spectra bandwidth A\

(right axis, magenta), with the optimal values used in the simulation (as-

terisk). Plots b) and c) are experimentally measured (black asterisk) and

simulated (magenta circles) values of the transmitted and input pump beam
powers, respectively.

The energy transfer between the pump and crystal is as important as the spatial evolution of
the pump beam. As mentioned previously, each laser crystal and MMFC diode laser will vary
based on manufacturer and to ensure that the 3D model was performing within the physical
parameters of the crystal absorption properties, a simple experimental calibration procedure

was performed by measuring the input and transmitted pump powers, central wavelength g
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and spectral bandwidth A\ values at 7 calibration points, evenly spaced between fluorescence

emission (~ mW’s) to the maximum output pump power (38 W).

The calibration of the input power is equivalent to the measured output power of the MMFC
diode laser as illustrated in Figure 2.9 c¢). Here, the measured power is represented by black
asterisks and the magenta circles are the input power values as selected for the simulation
for each of the 7 calibration points. The transmitted pump power after absorption through
the crystal (black asterisk) as in Figure 2.9 b) illustrates non-linear behaviour as compared
to the input powers in c¢). This is due to the shift in the pump emission central wavelength
Ao, shown in Figure 2.4, which causes o}, . and «a(r, z) in equation 2.10 to vary as a function

of the driving current.

To arrive at the correct transmitted powers from the simulation, an acute adjustment to the
f(X) Lorentzian function used in equation 2.7, at each calibration point is required, to achieve
the correct a(r, z) value. This is done by experimentally measuring the central wavelength
Ao (left axis) and spectra bandwidth AX (right axis) used to generate f()\) as shown Figure
2.9 a) at each of the 7 calibration points. Here, A (black asterisk) increases with the pump
power in a non-uniform manner, however, A\, purple error bands, are relatively constant
over the pump powers. The sensitivity of the spectrometer (Ocean Optics USB2000) is +0.1
nm on the the spectral bandwidth measurement and as such, the data is represented as error

bands and not individual points.

The relative error in the measurement of A\ is much larger than Ag. Therefore, f(\) is
optimized by making small adjustments to the A\ value at each calibration point within the
error band, until the transmitted powers in the model are in agreement with the experimental
data points. The magenta points on a) represent the optimal values of A\ that produce the
best fit (magenta circles) in b) for each of the calibration points. These steps calibrate the
model with respect to the absorption cross-section. Here, 7 calibration points were selected,

however, this process may be extended to include more calibration points as desired.

This calibration approach holds for both co- and contra-propagation configurations. In the co-
propagation simulation, P, is set to a calibrated value of the input power and will emerge from
the crystal with the corresponding transmitted power. For contra-propagation, since the sign
of the absorption coefficient is flipped, P, is set to the transmitted power and exponentially
grows to emerge from the crystal corresponding to the input power. Since the amplitude and
phase of the seed beam are modulated at each slice N, the absolute value of the net pump
energy per interval ¢, is the same regardless of the pump propagation direction relative to
the seed beam. With the calibrated absorption cross-section and associated FT to Gaussian
pump transformation, the intensity of the pump beam absorption along the length of the
crystal is shown in Figure 2.10. Here we see that while the majority of the absorption of
the pump beam occurs within the first 2 mm, there is a large portion of the crystal that
has potential gain necessitating a 3D model to completely understand the dynamics of an

end-pumped amplifier.

2.4.3 SG of order n fitted to FT-Gaussian for AT (r, z) calculation

The analytical expression for the temperature gradient AT(r, z) is derived for a generalized
super-Gaussian heat-load of order SG™ for a specified radius wy,, absorption coefficient a(r, 2)

and pump power P,. Since it is not feasible to solve the heat-conduction differential equation
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Ficure 2.10: 2D simulation, using the calibrated absorption cross-section
calculation method, of the absorption into the crystal for the Gaussian-F'T
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FIGURE 2.11: Gaussian-FT pump beam (solid) compared to the "best fit"
super-Gaussian SG" (dotted) used in the calculation of AT(r, z).

analytically at each IV, interval for the FT to Gaussian pump transformation, a "best fit"
SG™ distribution was fitted to the FT to Gaussian transformation at each N, interval. Only
the order "n" of the SG" was varied to establish a best fit, while the radius wp, absorption
coefficient a(r, z) and pump power P, were extracted at each N, interval from the BPM

procedure and substituted into equation 2.13 to obtain AT(r, z).

Figure 2.11 shows the normalized super-Gaussian functions of "best fit" orders of SG" (dotted
lines) for the corresponding FT to Gaussian spatial transformation (solid lines) at various
points over the length of the crystal. At position z = 0, a super-Gaussian SG2° matches the
steepness of the pump beam distribution accurately, but slightly overestimates the plateau
flatness, as seen by the purple dotted line in the enlarged figure inset. Work by I. Cini et.
al (2017), showed that variations to the peak values of AT(r, z) for equally sized SG™ beams
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of various orders n= 2, 4, 8, 16 and 32 is marginal [156]. What is more important is the
correlation of the steepness between the super-Gaussian estimation and the simulated pump
beam, especially since this defines the area where the highest thermal gradient is experienced.
Therefore, a slight overestimation of the pump beam flatness is traded to achieve an accurate
estimation of the beam size at z = 0. For positions z > 0, the best fit values of n vary rapidly
over the first few N, intervals from SG2° at Ny, SG® at Ny, SG* from N3_g and SG2 for the

remaining N7_3g slices.

2.4.4 FT-Gaussian vs SG thermal gradient

The thermal gradient over the intervals IV, is obtained by substitution of the corresponding
best fit SG™ parameters: "n", wp, a(r, z) and P, into equation 2.13. Figure 2.12, shows the
dynamic temperature gradient evolution inside the crystal as a function of z under maximum
input pump power of 38 W, using the calibrated absorption cross-section value. To illustrate
the differences between the modelling approach presented here and that of a typical static
and non-diverging SG® approximation, we consider a SG2° pump beam at z = 0 as shown in
Figure 2.13. The 3D plots in figures 2.12 a) & 2.13 a), have a similar form with the pumped
end of the crystal at z = 0 having the highest peak temperature gradient that dissipates as
the pump beam is absorbed into the crystal. As illustrated, the thermal gradients of the
two decrease at different rates along the length of the crystal which is evident in the 2D and
1D plots of the respective images. This is primarily due to the non-diverging nature of the
static SG2° pump beam approximation whereas in the Gaussian-FT dynamic pump beam
approximation, the temperature gradient rather exhibits a more natural dispersion over the
crystal length. We can further quantify these differences by analysing the 1D traces through
the crystal, as shown in figures 2.12 ¢) & 2.13 ¢). At z = 0, the static and dynamic pump
beams produced thermal profiles of the same shape and peak value of AT ~ 17.5 K, as
expected, since they are both the same SG" approximations at z = 0. Additionally, we can
clearly see the quadratic radial dependence of the temperature gradient in the region of the
pump beam and the transition to a logarithmic dependence so that AT(R,z) = 0 at the
crystal boundary. For z > 0 the quadratic thermal gradient of the non-diverging super-
Gaussian approximation is retained and remains centralised throughout the crystal compared
to the dynamic approach which smooths out gradually. The peak AT values for the static
pump beam exceeds the dynamic pump beam by 1.4x, 1.8x, 2.2x and 2.6x at z = L/4, L/2,
3L/4 and L, respectively.

2.4.5 Change in Refractive Index

The thermal gradient gives rise to a change in the refractive index An(r) as shown in Figure
2.14. Here, we compare the corresponding An(r) produced by the static SG2° (dotted lines)
and FT-Gaussian pump beams (solid lines), at various z-positions along the length of the
crystal and it is clear that the An distributions follow the same spatial shape as that of the
thermal gradient. An(r) is calculated using equation 2.14 which includes the temperature-
dependant linear expansion C(T') and thermo-optic B(T") coefficients. The inclusion of the
higher order expansion terms introduces non-parabolic variations to An(r), however, these
effects only become apparent when AT(r,z) is significantly large. In this case, due to the
relatively low maximum pump power P, = 38 W, the peak AT(r,z) = 17.5 K is too small

to induce higher-order thermal variations and therefore An(r) is reduced to the simplified



40

Chapter 2. 3D modelling of End-Pumped MOPAs

o
AT (K)

AT (K)

r (mm)

0 ) 10 15 20 25
c) z (mm)

-2 -1 0 1 2

r (mvn\

FIGURE 2.12: 3D (top row), 2D (middle row) and 1D (bottom row) visu-
alisation of the thermal gradient AT'(r, z) inside the Nd:YAG crystal using
the SG™ approximations of the FT-Gaussian transformation pump beam.

An = %AT expression, where the thermal gradient and change in refractive index are

proportional.

2.4.6 Amplification Performance

The individual components presented here are all combined in the determination of the power
scaling performance of the end-pumped amplifier. As a fair point of comparison, we consider

6 cases to model where 3 are based on a fixed value for the absorption cross-section o}, . and
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FIGURE 2.13: 3D (top row), 2D (middle row) and 1D (bottom row) vi-
sualisation of the thermal gradient AT'(r,z) inside the Nd:YAG crystal as
a result of end-pumping by a non-diverging super-Gaussian beam (left col-
umn) versus the FT-Gaussian transformation pump beam (right column).

3 consider the dynamic weighted absorption cross-section approach presented above to obtain

oP . across the pump power levels. For each subset, we consider a 2D modelling approach
where only a single slice in the crystal, Ny, is evaluated. Here the pump beam is a super-
Gaussian of order 20, SG2°, which holds for the FT-Gaussian transformation at the first slice.
The remaining cases consider modelling in 3D for the static SG?° and dynamic FT-Gaussian

pump beams, respectively as shown in Figure 2.15.

To supplement the modelling results, the experimentally obtained results (blue asterisks) for
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FI1GURE 2.15: The red, magenta and black plot colors represent the 3D SG,
2D SG and FT-Gaussian pump beam models, respectively.

the amplification of a Gaussian beam are plotted on the same curve. Here the Gaussian beam
had an input power of F; = 100 mW and was amplified at pump powers P, = 5.8 W, 12.4
W, 185 W, 25 W, 31.5 W & 38 W. The error bars correspond to a +£4% error deviation to

account for the power meter and master oscillator fluctuations.

There are several interesting observations that can be made for the data presented in Figure
2.15. Firstly, the 3D models considering the static SG2° pump beam (red curves) drastically
overestimates the power scaling potential of the amplifier as compared to the experimental

data. For the case where the dynamic absorption cross-section was used, the slope of the
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output power follows an almost asymptotic curve which deviates strongly from the antici-
pated exponential behaviour in the small signal gain region. While this behaviour was partly
mitigated by considering a fixed absorption cross-section, it is clear that 3D modelling of an
end-pumped amplifier using a static pump beam gives rise to significant errors. The 2D mod-
els (magenta curves) produce more reliable results which is to be anticipated as the majority
of the pump absorption occurs within the first few mm in the crystal. However, as the pump
power increases, the absorption of the pump beam in the crystal extends the region of gain
along the crystal length due to pump saturation and the 2D models start to deviate from the
experimental data more rapidly. By considering the dynamic FT-Gaussian pump beam and a
fixed value of the absorption cross-section (black dashed curve) in 3D, the output power at the
maximum pump power is underestimated by 2.4x in comparison to the experimental data.
These results are circumvented by considering the full model specifications with a dynamic
FT-Gaussian pump beam and a weighted absorption cross-section over the pump power levels
(solid black curve). This gives rise to the most accurate determination of the power scaling
potential as is evident with the high fidelity of the overlap with the experimental data. This
model and associated calibration steps offers a holistic approach to determining the power

scaling potential of in-line end-pumped Nd:YAG amplifiers.

2.5 Conclusion

In this chapter, we have demonstrated a new method of modelling in-line end-pumped
Nd:YAG amplifiers in 3D. Here we considered a multi-mode fiber-coupled diode laser as the
pump beam and described the transverse characteristics of the output intensity as a meta-
morphosis of flat-top to a Gaussian beam. This concept, borrowed from lossless laser beam
shaping theory, can accurately be used to determine the beam shape transformation over a
fixed distance. In creating a more robust model, the absorption cross-section was treated as
a weighted variable based on the output spectrum of a physical diode laser across a variety of
pump powers. Both the pump beam and the absorption cross-section require physical inputs
and calibration to accurately represent their behaviour. These two components were com-
bined with analytical expressions for the gain and absorption coefficients, thermal gradient
and change in refractive index to produce a 3D model that harnessed a beam propagation
method. The validity of the model was compared to the experimental amplification of a
Gaussian beam at 1064 nm and demonstrated a high degree of overlap. The model presented
here offers a new approach to accurately model in-line end-pumped amplifiers in 3D for cubic
materials such as Nd:YAG.
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Chapter 3

Amplification of higher-order
Laguerre-Gaussian modes using a
dual-pass MOPA system

3.1 Introduction

Many commercially available high-power lasers used in laser-enabled manufacturing processes
such as welding [179], cutting [180], drilling [181], additive manufacturing [182] and surface
hardening [183], employ either a Gaussian or multi-mode output. It is well-known that the
spatial intensity profile of a laser beam directly influences the heat-affected zone (HAZ) dur-
ing material processing which influences the overall performance of the process. To further
improve on the efficiency of laser-enabled processes, laser outputs that are structured light
fields have been investigated in comparison to a Gaussian or multi-mode beam. It has been
shown that laser beams with a uniform intensity profile, commonly referred to as top-hat or
flat-top beams, are better suited for micro-processes such as micro-hole drilling [184, 185],
micro-channel scribing [186] and laser powder bed fusion (LPBF) [187]. Additionally, the use
of non-diffracting Bessel beams [188] in additive manufacturing results in narrower, deeper
and more controllable melt pools with a significant reduction in keyhole formation [189], while
also maintaining a tight focus in the focal plane [190]. Annular or “doughnut” shaped beams
have also been shown to drastically enhance the symmetry, stability and robustness of the
direct metal deposition process [191, 192]. Higher-order Laguerre-Gaussian, LG3 modes have
been shown to offer a reduction of thermal noise in ultra-high precision interferometry for
gravitational wave detection [193-195] and LG, radial modes have the potential to achieve a
smaller focal volume as compared to a Gaussian beam which is beneficial to micro-processing
and super-resolution imaging [196, 197]. The structured light fields mentioned above repre-
sent only a fraction of an infinitely large state space of structured light fields that exist [198],
either as pure eigenmodes or arbitrary fields. Given the marked impact structured light fields
have demonstrated on laser-enabled processes amongst others, expanding this state space
and incorporating structured light as a dynamic tool for enhancing the resolution, speed and
efficiency of current laser-enabled processes pivots on beam shaping technologies which will
enable the expansion of novel development areas. Structured light fields can be generated in-
ternal [199] or external [67] to a laser cavity using either linear or non-linear [200] techniques.

Intra-cavity-generated light fields can be separated into static and dynamic approaches. Here,
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static approaches consider an experimental system that is typically fixed to a single output
field and will require a redesign of the optical cavity to select a different output field. There
has been significant work in this area in achieving higher-order laser modes [201], particu-
larly Laguerre-Gaussian modes which include birefringence effects [80], interferometric mode
transformation [92], astigmatic mode converters [89, 202, 203], optical parametric oscillators
(OPO) [84, 204, 205], annular pumping [82, 83, 206] and exploiting spherical aberration [93,
94, 207]. In contrast, dynamic approaches use a fixed optical system to select a variety of
output beams through some external physical stimuli such as modifications to the distances
between components [208] or physical movements of mirrors, crystals, components, or the
pump beam along the x and y axis [91, 201, 209, 210]. Digital-based modifications may also
be implemented to select a variety of modes, as was done in the digital laser [102] where a
liquid crystal on silicon spatial light modulator was incorporated as the back mirror in the
laser cavity to produce on-demand eigenmodes. These approaches have unlocked a much
larger state space that is available to be implemented in applications. While much of the
existing approaches span power levels up to kW outputs [135, 136, 211-216], these systems
have limited flexibility over the spatial profile of the output beam. Furthermore, outputs
from intra-cavity beam selection approaches are fixed to eigenmodes of the cavity and ar-
bitrary selection of structured light fields and their superpositions at a desired power level
are not yet achievable. Extra-cavity dynamic beam shaping approaches typically convert a
Gaussian beam into a desired structured field using phase modulating devices, such as digital-
micro-mirror devices (DMDs) [68, 118, 217, 218] and spatial light modulators (SLMs) [219].
These devices are re-programmable and can address arbitrary and complex-phase profiles [75,
220], providing a platform to achieve near real-time and flexible beam shaping on demand.
While such approaches are efficient in selecting both eigenmodes and arbitrary fields, they

are limited in their power handling capability and restrict their usage in applications > 4 W.

Several cases of lower-order Laguerre-Gaussian modes, such as Gaussian and vortex modes
produced with static beam shaping elements have been power scaled with end-pumped crystal
rod MOPAs [120, 129, 221], as well as amplification of vectorial vortex modes with side
pumped crystals [130, 131] at low powers. To our knowledge, only one example of pure
higher-order Laguerre-Gaussian modes, generated with an SLM, has been amplified using
a single end-pumped Rubidium MOPA stage [138], but again at low output powers < 30
mW. To achieve desired power levels of > 10 W, inline MOPA systems may be stacked
into a chain of multiple amplification stages [222, 223]. The modular implementation of
multiple MOPA systems also allows for aberration correction to be performed between each
stage to preserve the beam quality [224-227]. Laser beam power-scaling with an end-pumped
MOPA, specifically those with cylindrical crystal rod geometries of high aspect ratio (i.e., L >
R), typically only pass through the excited gain medium once for single-pass amplification.
However, to maximise the output power, its desirable to implement a dual-pass system which
has been shown using polarization optics [228, 229] or high-reflective dichroic mirrors [230]
for improved efficiency. While these configurations result in higher extracted gain, they are
susceptible to parasitic effects which cause the MOPA to lase independently due to optical
feedback. Additionally, it is difficult to control the beam size of the return pass in these

systems, which may result in sub-optimal spatial overlap between the seed and pump beams.

In this chapter, we present a novel controllable dual-pass pre-amplifier used to amplify higher-
order Laguerre-Gaussian LG; modes at a wavelength of A = 1064 nm. We first discuss current

end-pumped design configurations and limitations and demonstrate a new elegant design that
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allows for efficient, controllable and parasitic free dual-pass amplification using polarization
optics. The higher-order Laguerre-Gaussian modes are selected through complex amplitude
modulation on an SLM and the resulting beams are characterised in the beam quality. We
provide a full model for a 4-level Nd:YAG crystal to simulate the amplifier performance using
a split-step iterative procedure, replicating the experimental observations. We show both
single- and dual-pass operation, demonstrating a dual-pass gain of up to 17X, resulting in a

300% increase in output power over the single-pass configuration.

3.2 Theory

3.2.1 End-pumped MOPA designs

Inline end-pumped amplifiers consist of a pump diode that is directed at a laser crystal where
the pump light propagates along the length of the crystal. The seed beam to be amplified is
propagated co-linear to the pump ensuring maximum spatial overlap. Figure 3.1 a), shows the
conventional single-pass end-pumped configuration for a seed beam of arbitrary polarization.
Here, the seed and pump overlap spatially over the length of the crystal and are coupled
out using a 45° dichroic mirror, which has a high-reflective coating at the laser wavelength
and anti-reflection coated at the pump wavelength. The photons of the pump beam are
exponentially absorbed as it propagates along the z-axis of the crystal volume, according
to Beer-Lambert’s law, resulting in a high-to-low gradient in the gain distribution. When
the seed beam is contra-propagated (opposite direction), to the pump, it experiences a small
degree of amplification in the tail of the lower gain region before reaching the high gain region,

resulting in slightly higher extraction energy.

The efficiency of configuration a) can be further enhanced with the realisation of a dual-pass
configuration. A trivial approach for dual-pass amplification, as shown in Figure 3.1 b), is
to employ a slightly rotated 0° dichroic mirror so that the first pass output is back reflected
through the gain region for a second pass [230]. This design, however, has three major
drawbacks: firstly, it is difficult to precisely control the size of the reflected beam resulting
in poor spatial overlap with the gain region; secondly, to couple the back-reflected beam out
of the MOPA requires a slight rotation of the dichroic mirror which can result in off-axis
alignment with the gain region resulting in asymmetric amplification and thermal aberration
effects, and aperturing or clipping effects; thirdly, when the angle between the dichroic mirror
is near parallel to the crystal face of the output coupler of the master oscillator (grey mirror
on the right of Figure 3.1), there is sufficient optical feedback which can result in parasitic
lasing. Such an effect is the independent lasing action of the MOPA system and will occur at

a certain threshold pump power which clamps the potential gain of the system.

For improved control, an on-axis dual-pass MOPA design using a polarizing beam splitter
(PBS) and quarter-wave plate (QWP) combination, as shown in Figure 3.1 ¢) is often used
[228, 229]. This configuration requires that the input beam is linearly polarised so that it can
be coupled into the MOPA through the PBS. After experiencing single-pass amplification,
the light exiting the crystal is converted from linear to circularly polarized light as it passes
through the rotated QWP (¢(3) = /2 phase shift) and is reflected off a parallel dichroic
mirror to pass through the QWP a second time, thus transforming from circularly to linearly
polarized light. The polarization orientation of the light passing through the QWP twice is

orthogonal to the input polarization orientation since the total phase shift is 2 x ¢( %) =T.
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FiGURE 3.1: Schematic diagrams showing the various solid-state crystal
(magenta) end-pumped MOPA configurations to achieve single-pass and/or
dual-pass amplification. a) Single and b) dual-pass MOPA configurations
for an unpolarized input beam using a dichroic mirror (yellow rectangles).
Diagrams c¢) and d) are dual-pass configurations of linearly polarized input
beams, requiring polarization-based optics such as half-wave plates, quarter-
wave plates (thin red rectangle), and polarizing beam splitter cubes (light
blue square). The Fibre-coupled diode laser pump beam (shaded red) is
imaged using a single lens (light blue) into the MOPA system. The output
coupler (grey rectangle) of the laser resonator is shown and the broken line
indicates subsequent beam shaping and/or optical components.

The orthogonally polarized light is then reflected off the PBS and coupled out of the MOPA
system after being amplified a second time. This design allows for an on-axis dual-pass
alignment of the seed, however, it does not allow for acute control of the beam size on the
return pass. Additionally, due to the extinction ratio of typical high-power PBSs (>2000:1),
optical feedback to the output coupler is not eliminated and parasitic lasing will occur albeit

at a higher pump power threshold.

In Figure 3.1 d), we present a dual-pass interferometric MOPA design, similar to a ring
amplifier in pulsed laser systems. This design allows for improved control over the second
pass beam size using a 1:1 imaging lens positioned inside the MOPA system while suppressing
any optical feedback to the output coupler. In this design, a horizontally polarized input beam
passes through PBS1 and undergoes single-pass amplification. The output from the crystal
is then reflected off two rotated dichroic mirrors, each at 45°, and directed through a HWP
((b(%) = 7) that induces a 90° rotation of the polarization direction to produce vertically
polarized light. PBS1 and PBS2, which are highly reflective to vertical polarization states,
are used to redirect the beam to pass through the crystal for a second pass (black dotted
line). The dual-pass output then follows the same optical path as the first-pass output and
is converted from vertical to horizontally polarized light after passing through the HWP and
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is coupled out of the system at PBS2. The beam size in the amplifier is controlled using a
positive lens f which is positioned carefully so that the pumped face of the crystal is imaged
back to itself. This ensures that one round trip inside the amplifier is exactly 4 f to this image
plane and that the beam size at the pumped face of the crystal is kept identical on single-

and dual-pass.

3.2.2 Overlap Integral

The overlap 7 of the spatially varying LGL modes with the pump beam at each N.-interval
of the crystal can be calculated from [231]

— fdyflp (x7y7NZ)IS (x,y,NZ)dx
fdyfjp (x7y’NZ)Ip (‘TayaNz)dx7

n(Nz) (3.1)
where I, and I are the intensities (W/m?) of the pump and seed fields, respectively, corre-
sponding to the interval IV,. It is important to note that typically the intensities I, and I are
normalized to unity. This is relevant in laser resonator calculations where the spatial overlap
between eigenmodes and the gain, based on the cavity design, determines which modes will
lase. In amplifiers, however, the relative power densities and spatial overlap of the pump and
mode will determine how a higher-order mode will power scale relative to a Gaussian beam

and thus the normalization of the respective intensities is not required.

3.3 Experimental Setup

Master Oscillator

a) I BW“‘E
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i

SLM Image Plane

FIGURE 3.2: Schematic diagram showing a) the master oscillator and beam

shaping setup using the spatial light modulator with 4 f spatial filtering, and

b) a detailed optical layout of the novel dual-pass end-pumped MOPA setup
used in the experiment.
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The experimental section comprises two parts: part a) is the LG; mode generation setup
using an SLM, and part b) is the dual-pass MOPA configuration, depicted schematically in
Figure 3.2.

3.3.1 LG;J mode selection using the SLM

In part a) of Figure 3.2, an Nd:YAG master oscillator with an internal Brewster window
(BW) was constructed to provide a 4 W cw horizontally polarized Gaussian beam operating
at a wavelength of A = 1064 nm. The Gaussian beam output was magnified and collimated
using an afocal telescope to a D4o beam diameter of 22 mm and the corresponding beam
was directed to an SLM device (PLUTO-2.1-NIR-015). At the plane of the SLM screen, the
effective power density was ~ 2 W/cm? which is the damage-threshold limit for this device.
The respective higher-order LG; modes were selected by addressing the SLM with complex-
amplitude phase holograms using equation 1.9 at z = 0, with a beam waist radius of wy =0.9
mm. To maintain a consistent beam size at the SLM image plane, the LG; beams were
scaled according to their respective M? to all have the same second moment radius as the
fundamental Gaussian LG beam using the factor of \/2p + [I| + 1. The resultant beams were
selected by imaging the SLM screen using a pair of f = 500 mm lenses placed in a 4 f imaging
configuration with a variable aperture placed between the two lenses, as depicted in Figure
3.2 a). The aperture was positioned to only select the first order of diffraction resulting in
the outputs displayed in Figure 3.3. To keep the power at this plane fixed for all the modes,
the output power from the master oscillator was carefully adjusted for each mode to Ps = 100
mW £+ 5 mW.

FiGURE 3.3: Experimental data showing the spatial profiles of the vari-

ous LG;7 modes selected using complex-amplitude shaping on a spatial-light

modulator before undergoing dual-pass amplification, with the radial cross-

section shown as the green profile. The Laguerre polynomial orders are given
in the insets.



3.3. Experimental Setup 51

3.3.2 Dual-pass MOPA system

In part b) of Figure 3.2, the pump source in the amplifier was an 808 nm wavelength fibre-
coupled diode laser with a 400 ym core diameter, providing a cw pump power of up to P, = 38
W maximum. The fibre tip was imaged onto the face of the amplifier Nd:YAG crystal to a
FHWM spot size of w, = 200 pm. The image plane of the SLM was demagnified and relay
imaged through a PBS to the pumped face of the Nd:YAG crystal using a f; = 500 mm and
f2 = 100 mm which resulted in a beam width of wyg = 180 um at the crystal face, marked
as position A. Due to refraction effects caused by propagating through the PBS (UV Fused
silica, Lpps = 25.4 mm and npps = 1.45) and Nd:YAG crystal (properties summarized in
Table 3.1), the distance from lens f; to the image plane A is shifted longitudinally by a

’I’Lifl

distance dz; = L;™—, where L; is the length of a transparent media of refractive index n;.

The adjusted focal position was at distance fo + dz; after lens fo, where dz; includes a shift
caused by the PBS and Nd:YAG media (i.e. dz; = dzpps + dzyag = 19.14 mm).

The corresponding beam was reflected off a 45° dichroic mirror (D;) and subsequently a
45° high reflecting mirror (M3) at 1064 nm wavelength. The beam was directed to a lens,
f3s = 100 mm, which was positioned at a distance 2f; = 200 mm from A to perform single-
lens imaging for the second-pass amplification step. The position of PBS1 and PBS2 (both
Thorlabs PBS25-1064-HP) were selected such that the distance after f5 was 2 f3+dzy = 227.02
mm to compensate for refraction of PBS1, PBS2 and the Nd:YAG crystal ( ie. dzy =
2xdzpps+dzyac = 27.02 mm). A zero-order HWP (Thorlabs WPH10M-1064) was positioned
between lens f3 and PBS2 and angularly rotated for optimal horizontal to vertical polarization
conversion so that the first-pass output was reflected by PBS1 and PBS2 back to the crystal.
The output at PBS2 of the system corresponds to dual-pass amplification, however, to perform
single-pass amplification only, without altering the general alignment of the system, the HWP
was removed and a beam blocker was placed between PBS1 and PBS2 to prevent optical
feedback. The output power of the system was sampled using a power meter (Gentec UP25N-
100H-H9-DO0) while the beams were characterized using a CCD camera (Spiricon SP620U).

a) }LYAG:NZX(SZ:
//_—
wi M _,- Ay

Jo+dzy 2f3 2 fa+dze 2y

FIGURE 3.4: Schematic diagram depicting a) the spatial evolution and beam

size of the fibre-coupled diode laser pump beam at the entrance (w;) and

exit (wy) faces of the Nd:YAG crystal rod, and b) the simulated "unfolded"
layout of the dual-pass MOPA experiment.

A 3D simulation of the dual-pass MOPA system was performed using an iterative split-step
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procedure, as described in chapter 3, based on the Fourier propagation method using a flat-
top to Gaussian pump beam transformation. Utilising the flat-top to Gaussian pump beam
shaping method, depicted schematically in Figure 3.4 a), the model accounts for the spatial
evolution and divergence behaviour of the fibre-coupled diode laser output as it propagates
through the Nd:YAG crystal. Figure 3.4 b), is a schematic diagram showing the "unfolded"
dual-pass experimental setup of Figure 3.2 b) that was used in the simulation. The simulation
was performed in MATLAB with a mesh-grid size of N, , = 3000 and the length of the
Nd:YAG crystal was discretized into N, =36 intervals, so that the length of each interval was
d, = Lyag/N. = 0.69 mm .

’ Crystal Properties ‘

Parameter Value
Length (Lyac) 25 mm
Radius (R) 2 mm
Atomic dopant 0.5 % |
Number of active ions (Niot) 6.90x10%° m—3
Index of refraction nyag 1.82
Fluorescence lifetime e, 240 us
Pump absorption cross-section crgbs 5.9-8.8 x10~2°> m?
Seed emission cross-section oy, 2.8 x10~% m?

TaBLE 3.1: Summary of Nd:YAG crystal properties used in the simulation.

3.4 Results and Discussion

3.4.1 Amplified LG; Mode Outputs

The MOPA system was designed to be static so that only the phase profile on the SLM
screen is modified when selecting different modes. The initial optimization of the position of
the imaging lens f3 was performed for the Gaussian mode and aligned for best output beam
quality and highest dual-pass output power, thereafter, no alterations were made to the optical
system. The 2D intensity profiles of the dual-pass amplified LG; modes for an input pump
power of P, = 38 W are shown in Figure 3.5. Here, the input modes are generated by the
SLM at the input of PBS1 while the output was measured after transmission through PBS2.
The modes maintained their transverse profiles with a high degree of spatial overlap which
was confirmed by a measure of their respective beam qualities, M?, as shown in Table 3.2.
The dual-pass amplified output of the fundamental LG8 mode remained diffraction-limited
with an M? = 1.01 and as shown in Table 3.2, the beam quality of the higher-order modes
was well preserved (~ 10% variation). Such minimal variations in output beam quality are
to be expected since end-pumped MOPA systems are known to experience some degree of
thermally-induced aberrations which may cause beam distortions, especially beams with a
vortex phase component. Additionally, since the system was static and aligned for optimum

Gaussian performance, misalignment sensitivity for the higher-order modes was not examined.

3.4.2 Output Power Results

The output power of the system was numerically simulated for both single- and dual-pass,
as shown in Figure 3.6 a) for pump powers ranging from P,,= 6 W - 38 W. Here, the
single-pass is represented by solid lines while the dual-pass is shown as dashed lines with

the maximum corresponding power values for each mode captured in Table 3.3. The input
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Ficure 3.5: Spatial profiles of the various LG;7 modes after dual-pass am-
plification at 38 W of pump power, with the radial cross-section shown in

green.

LG;7 M? Before | M? After
[=0,p=0 1.04 1.01
I=1,p=0 2.07 2.52
[=2,p=0 3.01 3.25
I=0,p=1 3.02 3.29
I=1,p=1 1,01 1.46
l=2,p=1 5.03 5.47
[=0,p=2 5.04 5.26
I=1,p=2 6.03 6.36
[=2,p=2 7.02 7.85

TABLE 3.2: Experimentally measured beam quality M? factors of the LG;,
modes Before and After dual-pass amplification at P, = 38 W. Theoreti-
cally, the beam quality values scale according to M? = 2p + |I| + 1.

power for all the modes in the simulation was set to Ps = 100 mW and the data in Table
3.3 has been arranged in descending order of maximum dual-pass output power. There is
a clear trend for the higher-order modes (excluding the Gaussian) in both the single- and
dual-pass output power in that as the M? increases, the power decreases. This, however, is
only true for modes with an azimuthal order [ > 0. Interestingly, the descending order follows
an increase in the Laguerre-Gaussian radial order where modes of the same radial order (p)

are grouped together and further arranged according to an increase in the azimuthal order
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FIGURE 3.6: a) Numerically simulated amplification results and b) the

experimentally measured output powers for single (solid lines) and dual-

pass (dotted lines) amplification of the LGi7 modes with incident powers
P; =100 mW at input pump powers ranging from P, =6 W - 38 W.

(I). Additionally, if p > 0, then the lowest power for a particular group of the same radial

order, p, is when the azimuthal order [ = 0.

Experimentally, the output powers for both single-and dual-pass are in excellent agreement
with the numerical simulations as shown in Figure 3.6 b) and Table 3.3. Here we see a signif-
icant enhancement of over 300% in the output power of the dual-pass MOPA configuration
(~ 17x gain factor) compared to the single-pass configuration (~ 5x gain factor), for all the
LG; modes. The fundamental Gaussian mode LG recorded the highest simulated dual-pass
output power of 1.737 W and corresponded well with the experimentally measured output
power of 1.70 W. As before, the system was aligned for maximum single- and dual-pass out-
put power using the Gaussian mode and only the phase screen was varied when measuring
the higher-order modes. Given the minor variations seen in the M2, especially for higher
M? values, it is expected that power variation will also be present. In addition, it must be
noted that the power variation between the LG and LG} modes may be attributed to several
factors. The maximum power difference between these modes in 2.35% which is smaller that
the error of the power meter of 5%. With this, the LG(I) mode has a better 3D overlap with
the pump as compared to the LG8 mode which is due to steeper skirts on the LGé mode and
an increased M? relating to a larger beam as the mode traverses the length of the crystal.
While the LG8 beam has a larger saturation intensity, the LG(l) mode has a normalised power
difference of 0.05% as compared to the LG8 mode. This all contributes to the power variation

and a more sensitive power measurement system will compensate for this difference.

The experimentally measured single and dual-pass output powers in Table 3.3 show a good
correlation with the simulated results and show a similar order of the modal spread. Since

the M? values, in Table 3.2, of the LG; modes, saw minor variations, it was not deemed
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Simulated Experiment % Diff

LG, M2 | SP (W) | DP(W) | SP (W) | DP (W) | SP | DP
l=0,p=0 1 0.502 1.737 0.51 1.70 1.6 | 2.1
Il=1p=0 2 0.502 1.729 0.47 1.74 6.4 | 0.6
l=2,p=0 3 0.497 1.675 0.48 1.68 3.4 | 0.3
=1,p=1 4 0.493 1.641 0.49 1.58 0.6 | 3.7
l=2,p=1 5 0.492 1.631 0.48 1.52 24 | 6.8
l=0,p=1 3 0.488 1.623 0.50 1.67 25| 2.9
l=1,p=2 6 0.487 1.606 0.49 1.47 0.6 | 8.5
=2,p=2 7 0.488 1.606 0.49 1.38 0.4 | 14.1
l=0,p=2 5 0.484 1.590 0.50 1.60 3.3 | 0.6

TABLE 3.3: A summary of the simulated and experimentally measured

single (SP) and dual-pass (DP) amplified output powers Ps of the various

LGL modes at maximum pump power P, = 38 W with the relative %

error between the simulation and experimental data in the last two columns.

The data has been arranged in descending order of the simulated dual-pass

output power Ps. The theoretical M? values are provided in the column
adjacent to the corresponding LG;, modes.

necessary to simulate the effects of thermal aberrations. However, we believe that the presence
of defocus, amongst other aberrations and misalignment sensitivity, will influence the focus
position of the imaging system and the propagation of the beams through the crystal which
will affect the higher M? modes more severely. Any distortion experienced during the first
pass compounds during the relay imaging process for the second pass caused a significant
deviation from the simulated results. This is especially the case for the LG3, LG5 and LG3
modes which saw a measurable increase in percentage differences from 2.4%, 0.6% & 0.4%
to 6.8%, 8.5% & 14.1% for the single- and dual-pass outputs, respectively, which are above
the sensitivity range of the power meter (£3%). A comparison of the powers between the
single-pass simulated and experimental data shows that minor variations will present a large
% difference. These values are too small to ascertain any general trends and fall below the
power meter sensitivity range. However, the dual-pass experimental data show that higher M?2
beams will deviate more significantly from the simulated data for a physically static system.
In this instance, the system must be optimised for each mode in both the beam size and the

alignment.

3.4.3 Pump-Seed Intensity Overlap

Using the three-dimensional model, the overlap integral between the dynamically evolving
pump and LG; fields inside the crystal at each N, interval could be determined using equation
3.1. Differences in the M? value of the modes, especially for a fixed optical path system,
directly influences the Rayleigh range and beam divergence angle as they propagate toward
a focus. In Figure. 3.7, the total overlap over the crystal volume (i.e.) 5 7(N.)) for each
LGZID mode during the second-pass is shown with the simulated dual-pass output powers of
Table 3.3. For direct comparison, both sets of data have been normalized to unity with the
x-axis representing the normalized overlap. It is clear that the trend observed for the output
powers correlates well with the total overlap integral and shows that as the M? increases the
total overlap integral and output power decreases similarly. Additionally, we can infer that
the reduced net intensity overlap of the LG(l) radial mode is due only to its spatial profile since
the LG% mode has the same M? and hence would have a similar Rayleigh range and beam

divergence angle.
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FI1GURE 3.7: Simulated results showing the trend of the normalized output
powers versus the normalized overlap integrals of each LGi7 mode.

The amplification of higher-order modes under the same static experimental system (i.e., beam
size at the pumped end of the crystal and input power), demonstrates that their unique spatial
profiles are directly influenced by their spatial overlap with the pump region inside the crystal.
Furthermore, such a system enables modes to be grouped by either the azimuthal order or
radial order or both. This demonstrates that smaller groups of modes can be amplified with
high fidelity in a static system, however, as the state space increases, a reduced amplification

output is expected as the M? increases.

3.5 Conclusion

We have demonstrated the amplification of the first nine Laguerre-Gaussian modes in a novel
interferometric dual-pass end-pumped pre-amplifier system that enhanced the single-pass out-
put power by over 300% for all the modes and preserved the beam quality M? at the output.
The MOPA design provided a highly controllable approach to achieving optimal pump and
seed beam overlap during the first and second-pass amplification while showing no signs of
parasitic oscillations. The simplicity and robustness of this design can easily be extended
into multiple MOPA stages to achieve high-power structured light fields for high-power laser-
enabled applications. Additionally, we found that effective gain extraction varies for each LG;
mode, showing a high correlation with the net intensity overlap with a dynamically evolving
Gaussian to Flat-top pump beam inside the crystal volume. Furthermore, these results pro-
vide a further understanding of amplifying higher-order modes and the expected performance

when using a spatial light modulator in a static optical system.
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Chapter 4

Aberration-induced vortex
splitting in amplified orbital

angular momentum beams

4.1 Introduction

The annular intensity profile and twisting helical wavefront of OAM beams have been utilised
in various applications, such as optical particle trapping and manipulation [232], material
processing [233], free-space optical communications[234], super-resolution microscopy [235]
and image processing [236]. However, LGé beams of [ > 1 promise to increase the bandwidth
of free-space [237] and quantum optical communication [114] and offer greater flexibility
for enhanced material ablation applications [188]. In practice, especially in manufacturing
applications, average powers exceeding 20 W are required while maintaining the modal purity
of the LG} beams.

OAM beams are easy to create and can be generated internal (intra-) or external (extra-) to
the laser cavity. Intra-cavity generation has a long history and has been extensively reviewed
to date [199, 238-240], with recent advances including an interferometric mode transforming
output coupler [92], astigmatic mode converters [202, 203|, optical parametric oscillators
(OPO) [204, 205], annular pumping [206] and exploiting spherical aberration [207]. Extra-
cavity generation of OAM beams is likewise very well established [198, 241] and typically
involves the transformation of a laser with a Gaussian LGJ output using elements that impart
an azimuthally varying phase, generally fabricated for a specific topological charge output.
Further, such phase-only approaches (that impart an azimuthally varying phase to the input
Gaussian beam) do not produce true LG} modes; instead, they are hypergeometric modes
[242] which manifest in the Laguerre-Gaussian basis as many unwanted radial modes [243].
Recent advances to overcome this include amplitude and phase control using geometric phase
metasurfaces [244-246], while OAM charge tuneability can be achieved by dynamic computer-
generated holograms [247] written to digital micro-mirror devices (DMDs) [248] or spatial light
modulators (SLMs) [67].

Most of these approaches have been demonstrated only at low power, a limitation that can
be overcome by performing power-scaling using one or more master oscillator power amplifi-
cation (MOPA) modules. Power scaling of OAM beams using end-pumped MOPAs has been
reported in stressed Yb fibres [249], Ho:YAG crystal rods [221]|, Er-doped ring core fibres
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[250] and Nd:YVOy crystal rods [120]. In general, both the delivery of the pump light as well
as its localization to a small area result in both thermal and non-thermal aberrations [227],
distorting the desired mode. To date, the impact of this on OAM purity and power scaling
ability has not been reported.

In this chapter, we investigate the generation and power amplification by a compact end-
pumped Nd:YAG MOPA system, with the aim to produce higher-order and high purity OAM
modes. We reveal that higher-order Laguerre-Gaussian (LG%) beams result in vortex splitting,
which we study both theoretically and experimentally with the aid of a Shack-Hartmann
wavefront sensor and modal decomposition. We show that vertical astigmatism, leading
to a Gouy phase anomaly, is introduced to the system via a pump beam distortion which is
caused by the inherent design of compact end-pumped MOPA systems. Additionally, we show
experimentally and computationally that the physical separation of the phase singularities
can be reversed in the far field by exploiting the Gouy phase shift. Using these findings we
are able to report an amplified vortex purity of up to 94% while achieving an amplification

enhancement of up to 1200%.

4.2 Theory

4.2.1 Wavefront Aberrations

In an amplifier system, it is important not only to increase the amplitude of the input mode
but to preserve its profile, both in amplitude and phase, however, we know that these systems
involve energy transfer between pump photons and the crystal lattice ions. Only a portion
of absorbed photons can potentially contribute towards amplification, the remaining fraction
is converted to heat, defined as the quantum defect heating coefficient (m, = 0.24-0.3 for
0.5% atm. Nd:YAG). The build-up of heat in the crystal medium changes the refractive
index experienced by the input mode and causes aberrations in the wavefront Wy, (x,y) of
the amplified beam, commonly referred to as thermally-induced aberrations. A tool often

used for characterizing wavefront aberrations is the Zernike Polynomials.

The Zernike polynomials and weighting coefficients can be obtained using a Shack-Hartmann
wavefront sensor (SHWF) by measuring a probe beam, typically a Gaussian mode, after
interaction with the aberrations, in this case, the end-pumped Nd:YAG crystal. The aberrated
wavefront can be numerically reconstructed in the Zernike polynomial basis, for simplicity

expressed using the singe-index (j) representation, as follows [226]:

=

Wan(2,y) = Wret(2,y) = > CZ;(x,y) (4.1)
j=0

Where C; are the Zernike coefficients (units of waves) for the corresponding jy, Zernike poly-
nomial Z;(x,y). From this point onward, the single-index (j) Zernike polynomial and weight-
ing coefficient are replaced by the traditional double-index (,n) representation (i.e. {Z;,C;}
— {Z%,CL}) according to the OSA /ANSI standard. To decouple the aberrations induced by

the optical system from those caused by the end-pumped Nd:YAG crystal, a reference wave-

front Wiet (2, y) measurement with the pump beam turned off is subtracted from the wavefront



4.2. Theory 59
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| |
SLM [ f, FC

F1cURE 4.1: Schematic diagram showing the experimental layout with fig-
ure insets (top) showing the pump intensity profile (not to scale) measured
at various z-positions of the Nd:YAG crystal (pink) with (green) ellipticity
values (€). The circled figure inset (bottom right), schematically depicts the
cross-section of the fixed pump wp (red circle) and varying seed ws (blue
circles) beam sizes at the pumped face of the crystal (z = 0 mm).

measurement when the pump beam is turned on, thus isolating the thermally-induced aber-
rations Wy (2, y) of the end-pumped Nd:YAG crystal only. The wavefront W, (x, y) (in units
of waves) can then be easily converted to a transmittance function ¢, (z,y)

ta (2, y) = €' 27 Wer (@) (4.2)

Any LG; mode can then be modulated by the phase aberration ¢, (z, y) to create an aberrated
optical field ¥(x,y)
‘I’(LL', y) = LGL x tab(x, y) (43)

The procedure of measuring real wavefront aberrations in optical systems and subsequent
numerical phase reconstruction is a useful tool for performing computational simulations to

better understand and characterize complex optical processes.

4.2.2 Modal Decomposition

An elegant approach to characterize the effects of wavefront aberrations on the purity of any
arbitrary optical field ¥(z, y) is to perform modal decomposition, which describes modes that
constitute ¥(z,y) using a complete orthogonal basis set, such as the circularly symmetric
Laguerre-Gaussian modes of equation 1.9 or the rectangular symmetric Hermite-Gaussian
modes of equation 1.10 [251]. When the field ¥(x, y) lacks circular symmetry, the rectangular

symmetric Hermite-Gaussian HG,, ,,, modes are used as the modal decomposition expansion
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basis set. We can expand ¥(x,y) into constituent HG,, ,,, modes as follows:

oo oo

\I/(x, y) = Z Z an,mHGn,m (xa y)
m=0n=0 (44)

= i i ‘an,m|€i¢n’mHGn,m<xay)

m=0n=0

Where a,, ., are complex-amplitude terms containing the modal weightings |ay, ,,| and complex
modal phases ¢y, = arg(an m). The complex-amplitude coeflicient a,, ,,, can be determined
by taking the inner product of the HG,, ,,, modes with the aberrated field ¥(z,y):

tn = [ HG W p)dady (4.5)

With a sufficiently large set of amplitude coefficients |ay, .| and corresponding phases ¢y, m,
the aberrated field ¥(z,y) is reconstructed using equation 4.4. The amplitude weightings

should be normalized so that >_, lanm|> = 1.

4.2.3 Gouy Phase in astigmatic systems

In astigmatic systems, the lack of circular symmetry is a strong motivation for using HG, ,,,
modes instead of LG; modes. There are mainly two ways of characterising an astigmatic
mode: to analyse the coordinates and its parameters separately [252] or to use a modal
decomposition of the beam including the aberrated wavefront. The Gouy phase plays an im-
portant role in both cases. In the first, the difference in Rayleigh ranges for x/y coordinates
creates a phase difference between the constituent Hermite polynomials of the mode. In the
latter, the Gouy phase is responsible for an intramodal phase proportional to the mode order
accumulated over propagation. This intra-modal phase can be responsible for local construc-
tive/destructive interference, which can describe simple effects such as the focusing caused
by a lens [253] and even complex phenomena like self-imaging [254]. Moreover, the latter will
be used to explain the vortex-splitting effect observed. Naturally, the astigmatic wavefront
and its lack of circular symmetry will introduce an asymmetry in the modal decomposition.
On the HG basis, this translates to modes of some indices being preferred over others, where
the indices are associated with a specific coordinate. Since the level of detail in the wavefront
increases, more modes will be seen in the decomposition and the different mode orders create

propagation effects.

4.3 Experimental Setup

The experimental setup, depicted in Figure 4.1, consisted of three main parts; part a) was the
spatial light modulator (SLM) beam shaping system used to select LG% modes, part b) the
end-pumped MOPA system, and part ¢) the aberration measurement using a Shack-Hartmann

wavefront sensor.

Part a): A Gaussian beam LG8 at wavelength 1064 nm with a continuous-wave output
power of 8 W was collimated and projected onto a water-cooled SLM (Pluto-2) phase-only
screen with a D4o radius of wy = 3 mm. Computer-generated holograms (CGH) of the LG
modes of varying sizes were displayed on the SLM screen to perform complex-amplitude phase

modulation. The reflected LG(Q) beams were spatially filtered using a 4f imaging system with
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a variable aperture at 2F from the SLM screen to remove the undesired diffraction orders.
An afocal 5x demagnifying lens pair of focal lengths f; = 500 mm & f; = 100 mm was used
to relay image the LG% beams to the pumped end of an Nd:YAG crystal rod. The LG% beam
waist sizes encoded on the CGH were made large to maximize the area on the SLM screen
and spatial overlap with the Gaussian envelope to extract maximal power, without exceeding
the damage threshold of the liquid-on-crystal layer (200 W /cm?).

Part b): The MOPA system was constructed using an Nd:YAG crystal (0.5% atm. ¢4 mm x
25mm) mounted in a water-cooled (18 C°) copper block and the pump source was an 808 nm,
200 pm core diameter multi-mode fibre-coupled (FC) diode laser module P, = 0—60 W. The
exit face of the diode laser fibre tip was single-lens imaged (1:2) to the surface of the crystal
through a 45° dichroic mirror Dy, which is high-reflective coated at 1064 nm wavelength
and anti-reflective coated at 808 nm wavelength, to a achieve a FWHM radius of w, = 200
pm. The pump beam size w, was kept constant throughout the experiment. The pump
beam intensity insets, shown in Figure 4.1, were measured in free-space after propagating
through the dichroic mirror. At the image plane of the pumped crystal face (z = 0 mm), we
considered LGZ beam sizes with 4o radii of wy, = 100 gm, 160 gm and 200 ym, corresponding
to f = ws/wp values of 0.5, 0.8 and 1, respectively, as illustrated by the concentric rings in
the bottom right inset of Figure 4.1. Since the plane of the SLM screen is relay imaged to
the crystal face, only the CGH phase profiles were changed to select different LG% beam sizes
to make the setup consistent, repeatable and simple to switch between 8 values without any
realignment required. The output beams were propagated over a distance d; = 430 mm from
the pumped end of the crystal to lens a L; = 250 mm, with lens Lo = 37.5 mm placed at the
beam waist position do = Zj of lens L1. The beam was analysed symmetrically through the
focus of Ly using a CCD camera mounted on a motorized translation stage for each 8 value
at pump powers of P, = 256 W, 40 W and 60 W. The translation stage was adjusted slightly
for each measurement so that the focus of Lo was at position Os, with O = Oy — 25 mm &

O3 = O3 + 25 mm being the forward and backward limits of the motorized stage.

Part ¢): A CGH displayed was on the SLM screen to select a Gaussian beam with a D4o
beam radius of wy = 1.33 mm and the 4F imaging lenses were changed to f; = f» = 300
mm for 1:1 imaging to the crystal face, so that the Gaussian beam was approximately 3x
larger than wp, to probe a large area of the thermally induced aberration. The pixel area of
the SHWS was filled using lenses L; = 150 mm and Ly = 400 mm to expand the aberrated
Gaussian probe by 2.6x. The SHWS was placed at the image plane of L, and wavefront
aberrations Wap, (,y) were then recorded at pump at powers of P, = 25 W, 40 W and 60 W.

4.4 Results and Discussion

4.4.1 Pump beam distortion

Efficient coupling of the pump light into the crystal rod is crucial for obtaining a high am-
plification factor while keeping the thermally-induced aberrations to a minimum. In general,
for end-pumped systems specifically, the exit face of the fibre tip is focused through a 45°
dichroic mirror to the face of the crystal. We assume that the pump beam remains spatially
circular and uniform during this process. However, as shown by the top row inset in Figure
4.1, when measured experimentally we find that the pump beam profile is asymmetric and its

degree of asymmetry varies across the crystal length. This asymmetry is measured in terms
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F1GURE 4.2: Ray Optics Simulation depicting the difference in the incident

angles (aa & ap) between the outer rays (points A & B) of the pump beam

(yellow) normal to the dichroic mirror (grey), resulting in a distorted pump
beam at the focal plane.

of ellipticity €, which indicates the ratio of the minor (short) axis to the major (long) axis
second-moment beam width. When the value of € is equal to 1, the beam profile is perfectly
circular. At the image plane of the fibre, located at z = 0 mm, the measured ellipticity value
was € = 0.917. This value decreased to € = 0.796 at z = 8.3 mm and gradually became more
circular as the beam propagated further along the crystal and reached ¢ = 0.890 at z = 25
mm. Using a ray optic simulator, the converging pump beam passing through a 45° dichroic
mirror (fused quarts n ~ 1.45) was modelled, shown in Figure 4.2. We see that the outer
edges of the light rays marked A and B, have different incident angles ay # ap normal to
the mirror surface and therefore will refract at different rates. When ap = ag, the outer rays
will converge at the same point, but since this is no longer the case the focal point of the
rays along the x-axis of the beam shift laterally. The rays along the y-axis remain unaffected
since they have equal incident angles ay = ap to the surface of the mirror. The density of
the light rays is also not uniformly distributed after passing through the dichroic mirror and

is skewed toward side A which has the smallest angle normal to the mirror.
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FIGURE 4.3: A bar plot showing the Zernike coefficients C%, of the thermally-

induced wavefront aberrations for incident pump powers P, of 25 W (black),

40 W (purple) and 60 W (blue), respectively. The figure inset shows the

corresponding reconstructed phase profiles of the wavefront aberration for
the pump powers ¢p, .
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4.4.2 Analysing the thermal aberrations

Due to quantum defect heating effects from energy transfer between the pump photons and
crystal, the asymmetric spatial profile after passing through the 45° dichroic mirror mani-
fests in the heat distribution inside the crystal, resulting in non-circular thermally-induced
aberrations. A Shack-Hartmann wavefront sensor (SHWS) was used to measure the Zernike
coefficients of the induced wavefront aberrations at pump powers of P, = 25 W, 40 W and
60 W, shown in Figure 4.3.

As expected for a typical end-pumped amplifier, the circularly symmetric negative defocus
CY and positive primary spherical C§ Zernike coefficients were obtained, which scaled propor-
tionately with increasing P,. Pertinent to this paper is the strong appearance of non-circular
primary C2 and secondary C3 vertical astigmatism coefficients, caused by the elliptical heat
load created by the distorted pump beam along the horizontal direction and also scaled propor-
tionately with P,. In comparison, the primary C5 2 and secondary o 2 oblique astigmatism
coefficients were not significant and did not show a clear relationship with P,. The combina-
tion of defocus C§ and vertical astigmatism C3 and C} aberrations create a cylindrical lens
effect, resulting in the yz— and xz— optical axes experiencing different focusing conditions.
Interestingly, we see that horizontal coma coefficient C3 scaled proportionality with P, and
was more prevalent than vertical C3 ! coma, which remained constant. The dependence of
P, on the horizontal coma coeflicient correlates well with the inhomogeneous distribution of
refracted pump rays, shown in Figure 4.2, leading to a non-uniform lens in the horizontal
direction. There is, however no inclination in the vertical direction, and thus, no distortion
occurs. This figure illustrates how astigmatism can arise from a single effectively transparent
element without any measurable curvature. For the measured Zernike coefficients, based on
the prevalence, weighting and scaling behaviour with input pump power it is clear that the
intensity distribution of the pump distortion through the 45° mirror has translated directly to
the thermal aberrations of the crystal in the form of strong vertical C3 and C%, and horizontal

coma C1 coefficients.

Using the measured Zernike coefficients, it is easy to numerically recreate the phase profile of
the thermal aberration using the wavefront reconstruction process, as explained by equations
4.1, 4.2 and 4.3. The reconstructed phase profiles ¢o5 w, ¢40 w and ¢gow, excluding tip Cfl

and tilt C} coefficients, are shown as insets in Figure 4.3.

4.4.3 How does this affect OAM beams ?

The degree of spatial overlap 8 between seed and pump sizes is an important parameter to
consider when constructing end-pumped MOPA systems. Higher values of 5 overlap better
with the gain region and can extract more power but become more susceptible, especially at
high pump powers, to distortions due to non-uniform spatial interactions with the thermal
aberrations, whereas smaller values of [ extract less power but are less susceptible to aber-
rations. Therefore, to find the optimal overlap for higher-order OAM modes specifically, we
considered a range of 5 = 0.5, 0.8 and 1. The phase interaction between the LG% beams and
the thermally-induced wavefront aberration was performed using low input seed powers of
P ~ 10 mW. This was done so that no additional power-dumping optical components were
required after the MOPA stage which could potentially introduce secondary aberrations. Nev-
ertheless, since the gain of an amplifier only modulates the intensity of the mode, the phase

interaction will have the same effect - regardless of the seed power.
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FIGURE 4.4: Experimental results (top row) of the LG OAM modes with

B = 0.5 (left grid), 0.8 (middle grid) and 1 (right grid) after interaction with

the thermally-induced pump P, = 60 W aberration, measured at positions

O1 (left column), Oz (middle column) and O3 (right column) with corre-

sponding simulated results of the beam intensities (middle row) and phases
(bottom row).

In the top row of Figure 4.4, we show experimental results of the low-power LG% beams with
different § values after passing through the MOPA system at P, = 60 W, and propagating
through the lens system described in Figure 4.1 and recorded at positions Oy, O3 & O3. We
see that the intensity profiles of the aberrated LGz beams before (O;) and after (Os) the
focus positions have two distinct valleys which became more apparent as § increased. The
observed effect is the well-known "vortex splitting" phenomenon and is indicative of vortex
beams perturbed by astigmatic aberrations, typically caused by tilted or cylindrical lenses.
However, to our knowledge, this is the first time the effect has been reported in compact
end-pumped amplifiers due to thermal distortions. Interestingly, perturbed symmetry of the

modes appeared to recover to a symmetrical state at the focus position Os regardless of 3.

To analyse this effect more closely, the experiment was simulated using equation 1.9 to gen-
erate LG% modes and modulated by the reconstructed phase aberration ¢gow at the plane
of the pumped crystal and propagated through the optical system dy, Lq, do and Ly and
recorded at positions O, Oy and O3. The simulated intensities, middle row of Figure 4.4,
showed excellent agreement with the experimental data across all values of 8 and also indicate
a recovery in the symmetry of the modes at O,. The phase profiles of the split simulated data,
bottom row Figure 4.4, show the physical separation of the phase singularities at locations

O3 & Oy appear to merge at Os.

4.4.4 Analyzing the Splitting

To track the phase singularities between positions Oy and Os, a local minima search algorithm
was used to identify the grid locations (x,y) of the zero-intensity valleys - corresponding to
the location of the phase singularities, as shown by the insets of Figure 4.5, for the simulated
data. Visually inspecting Figure 4.4, the distance between the phase singularities, defined as
dsep, increases with an increase in 3. However, when measuring dscp of the top and middle
rows we found that ds., was larger at positions O; and O3 for 8 = 0.5 than it was for 8 = 1.
This is because the beam divergence is different for each j3; thus, dsp by itself is not very

useful and can not be used to directly compare the magnitude of splitting in terms of 5.

For a more general description of OAM separation, we define a unit-less variable I', which is

the ratio of dyep and the beam diameter wy that quantifies the "degree of OAM separation"
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FIGURE 4.5: Graph showing the simulated (solid lines) behaviour of T’

through the focus of lens Ly for 8 = 0.5 (purple), 0.8 (yellow) and 1 (red),

with experimentally measured I' values plotted as error bars. An example

(right) of the algorithm used to locate (red crosses) the intensity minima

(top) with correlation to the phase singularities (bottom) used to calculate
dsep-

as a relative value that accounts for the beam size. I' visually quantifies the distortion so
that when dscp — 0 then I' = 0 and the beam spatially resembles a symmetric LG% mode,
and when dsop # 0 the separation of phase singularities become more apparent and I' > 0.
With this definition of I, dsep, and wy were measured experimentally and in the simulation at
evenly spaced points between O; to Os for the different values of 5 - plotted in Figure 4.5.
The solid lines indicate I" curves for the simulated data, and the error bars are experimentally
measured data points which show good agreement. The trajectory of the initially separated
phase singularities at O; converge at the focus position O and separate from then on to a
slightly lower value of T' at O3- which is also visually apparent in Figure 4.4. Additionally,
the gamma values at positions O; and Oz for the different values of 8 corroborate well with

the visual degree of OAM separation that we observed in Figure 4.4.

4.4.5 Modal content

The value I" provides a good quantitative description of the visual degree of spatial distortion
but does not provide information regarding the modal purity of the aberrated LG% beam.
To investigate the modal purity, a computational modal decomposition is performed on the
modes aberrated by ¢gow at the position of L; for values of 5 = 0.5, 0.6, 0.7, 0.8, 0.9 and 1,
following the procedure of equation 4.3 and 4.4. Since the radial symmetry of the LG% beam
has been broken due to the separation of the phase singularities, the modal decomposition
was performed in the rectangular symmetric HG,, ,,, basis of equation 1.10. For reference, an

unaberrated or 100% pure LG(Q) beam is described in the HG,, ,,, basis as a superposition of
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FIGURE 4.6: Computational modal decomposition results (top) in the

HG, m basis of LG3 modes for 3 = 0.5, 0.6, 0.7, 0.8, 0.9, 1 aberrated

by phase ¢eow, with insets showing the corresponding split OAM spatial

profiles. (bottom) Traces of the main constituent HG, ,» modes in the bar

plot increase (solid lines left axis) and decrease (dashed lines right axis) as
a function of f.




4.4. Results and Discussion

67

Weighting Coefficient C,,

= &Goand &1 T &, 60and & = &1, & 2and &30

(3;9)92{

o
}/}/@@ - 2 propagatio® (a/ )

Ficure 4.7: Differences in Near-Field and Far-Field. In the top figure
insets, we see the transverse intensity and phase profiles of the simulated
and reconstructed aberrated beam, alongside their modal weightings. The
middle and bottom plots show the evolution of the Gouy phase of the three
different mode orders that possess relevant weightings. Blue(green) lines
connecting blue(green) and orange lines show the difference between the
phases, and the light blue(green) lines on the bottom are the length of each
corresponding line showing the module of the difference between the phases.

three HG,, ,,, modes:

LGF? =
V0.5HG 1 + v0.25HCg 5 + V0.25e 57/ HG,
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The computational modal decomposition results are depicted by the bar chart of Figure 4.6
(top), showing the modal power weightings of each mode in the HG,, ,, basis for the different
values of 5. The insets in Figure 4.6 (top) show the intensity profiles of each 8 for which
modal decomposition was performed and Figure 4.6 (bottom) below shows the evolution of the
dominant modal weightings. We see that for § = 0.5, the purity of the LG% mode remained
high at 94% and decreased gradually as 8 increased, such that for 5 = 1 the modal purity
decreased to 82%. It is clear that the purity of the LG%, defined by its three constituent modes
HG1 1, HGg2 9 and HGy 2, is affected by the selection of 3. In the modal traces of Figure 4.6
(bottom), we see that the HG2 o and HGg 2 do not decrease at the same rate with 3, which is
most likely due to the horizontal symmetry of the HG5 o mode coupling more strongly with the
aberrations induced by the horizontally distorted pump beam. The combination of defocus
CY and vertical astigmatism C7 and C? aberrations create a cylindrical lens effect, resulting
in the yz— and xz— optical axes experiencing different focusing conditions and can explain
the reason for enhanced coupling of the horizontally structured HG,, ,, modes. Additionally,
the appearance of the horizontally structured HGy ; and HGg g modes are significantly larger
than the vertically structured HG; 2 and HGq 3 modes. Based on the {n,m} indices and
power weightings of the new modes appearing as ( increases, it suggests that the aberrated
LG{ mode had an improved spatial overlap with the LG) and LG{ modes in the modal

decomposition calculation.

In Figure 4.5 and 4.6, we have been able to quantify the spatial distortion and modal purity
of the aberrated LG% beams as a function of 3 for a high pump power of P, = 60 W. Based
on the modal weightings of Figure 4.6, we know that the LG% beam is no longer a pure
mode after the amplifier. However, we have yet to interpret the apparent phase singularity
recombination at position Oy, I' — 0, which spatially resembles a pure LG% mode. We then
performed a computational modal decomposition in the HG,, ,, basis on the 3 = 1, ¢sow
aberrated LG% beam at positions O; and Oz where the beams have I' values of 0.3 and 0,

respectively.

Figure 4.7 (top) shows the results of the decomposition, where the insets depict the intensity
and phase of the initially simulated beams (left inset) with the corresponding reconstructed
intensity and phase (right inset) for both the near-field (O;) and far-field (O2) positions.
The modal decomposition was performed in both planes with the constituent modes having
their propagation also simulated, accounting for the difference in the size of modes between
the two planes. The results are consistent with the fact that modal weightings should not
change in free space propagation. Therefore, for them to have the same modal weightings

and composition, but different spatial profiles, their relative phases must also be different.

It is important to notice that the constituent modes for a pure LGg all belong to the same
mode order n +m = 2. When astigmatism is introduced in this system, modes of different
orders HG 1 and HG3 ¢ (order n+m = 3)) become more relevant, as seen on Figure 4.7. For
this reason, we recall the importance of the Gouy phase in modal content with order diversity,
highlighted in recent works [252, 254, 255].

For this argument, the initial phases between modes of the same order are not relevant, only
the phase accumulated in propagation between near and far fields. Effectively, the Gouy
phase £(z) makes it so that each order of modes gains a phase in propagation proportional
to its order and the function arctan of the propagation distance. In the limit of z — +o0,

it reaches the asymptotic values of 7, 37/2 and 27 for orders 1, 2 and 3, respectively. This
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means that, over propagation from near to far field, modes of order 1 and 3 will gain a phase
of £7/2 relative to modes of order 2. Those accumulated intramodal phases create a dynamic
behaviour where the field, composed of paraxial modes which are invariant to propagation,
can change in propagation. The Gouy phases are illustrated in Figure 4.7, middle and bottom
rows, only for orders 1, 2 and 3 for simplicity. When z — 0 the phase differences, depicted
as blue (green) arches and projections on the bottom, drop sharply to zero. On regions
far from the origin, the relative phase differences reach the asymptotic value of +x/2. The
consequence of this relative phase difference is the observation of an intensity pattern that
changes on propagation and, in this case, the observation of vortex splitting happening in the
near field but not in the far field.

4.4.6 Amplification Results
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FIGURE 4.8: The output powers of the LGZ higher-order OAM modes
(marked with black asterisks) and a comparison with the fundamental Gaus-
sian LG) mode (marked with black crosses) were measured experimentally
for B8 values of 0.5 (red), 0.8 (yellow), and 1 (purple). An exponential fit
was applied to the experimental data points for both the LG3 (represented
by solid lines) and the L.GJ modes (represented by dashed lines). The right
figure insets display the transverse beam intensity profiles at the maximum
pump power P, = 60 W for the LGZ (left column) and LG§ (right col-
umn) modes for different 3 values, including the ellipticity values (marked
in green) for the LG§ outputs.

Due to the sensitivity of the ds, measurement and for consistency between [ values, the
Gaussian beam size and power on the SLM, and all subsequent optical components were
kept fixed throughout the experiment - only the CGHs were swapped. This meant that the

reflected power of the SLM varied for each 8 value due to the reduced spatial overlap with
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the Gaussian envelope during complex-amplitude shaping, resulting in maximum LG% mode
powers of P, = 90 mW, 215 mW and 300 mW, for 8 = 0.5, 0.8 and 1, respectively. The
variations in maximum power did not deter from the thermally-induced aberration study
since the measurements were performed at fixed low-powers ~10 mW. However, rather than
reduce the power of all the beams to P; = 90 mW, we performed amplification using the
maximum output for each value of 5. We have already shown that by exploiting the Gouy
phase shift, the symmetry of the aberrated higher-order OAM beam can be recovered at the
far field, therefore, for an application such as material processing where the spatial profile
at the focus is more important than the modal purity, a high value of 8 - corresponding to
a higher amplified output power is desirable. If modal purity is required, a low [ can be
selected and amplified. Nevertheless, the power density of the Gaussian envelope is already
at the damage threshold of the SLM device and therefore the current generated seed powers
can not be increased further. Therefore, the amplification results for each value of 3 should be
considered as an independent, rather than a comparative amplification study of LG% modes.
The amplification results for § = 0.5, 0.8 and 1, are shown in Figure 4.8 as a function of
the input pump power. For § = 0.5, the input seed power grew from 90 mW to 1.1 W,
B = 0.8 grew from 215 mW at the input to 2.15 W, and 8 = 1 grew from 300 mW to 2.6
W, corresponding to gain factors of 12x, 10x and 8.6x, respectively. For comparison of the
amplifier performance, the amplified output powers curves of the LG% modes are compared
to that of the fundamental Gaussian mode LGg for f = 0.5, 0.8 and 1, created on the SLM
using complex-amplitude shaping, with matching input powers of 90 mW, 215 mW and 300
mW, respectively. The LG8 modes achieved maximum output powers of 1.17 W, 2.3 W and
2.8 W, corresponding to gain factors of 13x, 10.7x and 9.3 over the LG% modes for § = 0.5,
0.8 and 1, respectively. The slight advantage in the gain factor of the Gaussian mode is due
to its high central peak intensity which has a better overlap with the intensity of the pump
beam in the crystal volume, compared to the lower peak intensity LG(Q) beam profile with a
zero intensity central region. An exponential function was fit to all data points, confirming
that the amplification is well within the small-signal gain region, where exponential growth is
expected. In Figure 4.8, the intensity of the LG(Q) and LGg modes are presented on the right of
the amplification curve plot, measured at position Oy, for a maximum pump power of P, = 60
W. We can observe that the OAM splitting is evident during power scaling, and this splitting
has the same dependence on the choice of 5. The insets displaying the fundamental mode
outputs include the beam ellipticity ¢ measurement in green. We can see that f is directly
proportional to the ellipticity, which decreases from ¢ = 0.9 for § = 0.5 to ¢ = 0.81 for
B = 1. This observation reveals that compact end-pumped MOPAs does not adversely affect
the amplified output quality of the fundamental mode, resulting in only minor ellipticity, and
thus, the thermally-induced aberrations are usually ignored. However, we demonstrate here
that the higher-order OAM modes, subjected to the same thermal aberration, are considerably
more susceptible to these aberrations and require a lower value of S than the fundamental

modes.

4.5 Conclusion

We have shown that compact end-pumped Nd:YAG crystal rod MOPA designs are inherently
susceptible to non-circular aberrations due to a horizontal distortion of the pump beam when

focusing through a 45° dichroic mirror. We show that the phase-interaction of higher-order
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OAM beams LG%, of varying seed-pump spatial overlap values 3, with the produced wavefront
aberration results in separation of the phase-singularities and quantified using a new variable
I'. Modal decomposition in the HG,, ,,, revealed that the purity of the LG% modes decreased
as [ increased - resulting in an increase in the level of distortion I'. Interestingly, we show
that the Gouy phase shift anomaly for astigmatic beams can be exploited so that I' — 0 in
the far-field and spatially recovers to a pure circular OAM mode, for any choice of 3. Our
results describe the conditions for 8 in higher-order OAM mode amplification processes to

provide a high-spatial and high-modal purity in the far field.
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Chapter 5

Conclusion

In conclusion, this dissertation has made contributions to the field of generating high-power

structured light using power amplifiers.

In Chapter 1, the reader was introduced to the basic principles of solid-state resonators,
higher-order transverse modes, and different methods for selecting such modes using beam
shaping techniques. The chapter also included examples of laser-enabled applications that
have benefited from the use of structured light, specifically the circularly symmetric Laguerre-
Gaussian LG; modes. After reviewing the literature on generating high-power structured
light, it was clear that current laser systems have limited flexibility in selecting structured
light, particularly higher-order transverse modes at high power. To address this issue, we pro-
posed a laser system that incorporates a dynamic spatial light modulator (SLM) system and
end-pumped master oscillator power amplifiers (MOPAs) to achieve on-demand higher-order
Laguerre-Gaussian modes at high-power. The realization of such a system has the poten-
tial to significantly enhance laser-enabled applications by fully exploiting all the important

characteristics of light.

Chapter 2 introduced a new analytical 3D model for an end-pumped Nd:YAG crystal rod
MOPA system that was applicable to all cubic crystals. The model used laser beam prop-
agation theory to simulate beam diffraction effects, gain saturation, and thermal effects it-
eratively along the crystal’s length, resulting in a highly accurate three-dimensional model.
Furthermore, we proposed a new approach to model multi-mode fiber-coupled diode prop-
agation in free space by using a Gaussian-to-flat-top beam shaping transformation. This
was the first time that the multi-mode fiber-coupled pump beam emission had been treated
as a complex field in an end-pumped MOPA, demonstrating an accurate representation of
the experimentally measured free-space propagation. Additionally, we presented a detailed
calibration procedure for accurately calculating the absorption cross-section using spectral
data obtained from experiments. Finally, we experimentally verified the accuracy of the
newly implemented model improvements, demonstrating significant improvements compared
to traditional 2D and 3D models of end-pumped MOPA systems.

In Chapter 3, we reviewed current design approaches for double-pass power scaling using end-
pumped rod MOPAs with cylindrical crystal rod geometries and highlighted the design limi-
tations. We proposed a novel dual-pass design configuration using only simple polarization-
based optics to allow for effective double-pass amplification while addressing the limitations of
the reviewed design approaches. Furthermore, we demonstrated the effectiveness of the novel

design by amplifying the first nine LG;j modes generated by performing complex amplitude
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shaping on an SLM. The entire system including the master oscillator, SLM beam shaping
system, and dual-pass MPA had no moving parts, and only the phase screen on the SLM
was varied, thus realizing a system fully capable of on-demand high-power structured light
with no physical intervention. The dual-pass MOPA achieved amplification factors of up to
17x, and we were able to extract 300% more energy from an equivalent single-pass system. A
single imaging lens inside the MOPA allowed for accurate control of the second pass in the
amplifier, resulting in the preservation of the modal purity of the higher-order LGi, modes,
which was confirmed with beam quality measurements. Furthermore, we simulated the sin-
gle and double-pass output powers of the experiment using an advanced three-dimensional
model and demonstrated excellent agreement. The accuracy of the 3D model allowed for a
detailed comparative analysis of the amplification characteristic of higher-order LG; modes.
We showed that the seed-pump beam intensity overlap integrals of the LG; modes directly
correlated to the amplified output. Furthermore, this experiment demonstrated the highest

power higher-order pure LGri7 modes obtained using an SLM and MOPA configuration.

In Chapter 4, we explored the single-pass amplification of vortex beams with higher-order
topological charges (I = 2) using the compact end-pumped MOPA design subjected to in-
tense pump radiation of >40 kW /cm?. At the amplifier output, we observed the phenomena
of vortex splitting, whereby phase singularities physically separated thus breaking the circu-
lar symmetry of the LG2 mode. We probed the thermal aberrations of the Nd:YAG crystal
using a Shack-Hartmann wavefront sensor and discovered high levels of vertical astigmatism,
horizontal coma, and primary spherical aberrations, attributed to a lateral pump beam dis-
tortion induced by the 45° dichroic mirror. The vortex splitting effect was due to vertical
astigmatism, which we reported for the first time occurring in amplifiers. We also performed
computational modal decomposition to show a direct correlation between the degree of phase
separation related not only to the strength of the aberration but also to the relative size
of the seed beam and the pump beam. We presented an interesting observation where the
phase singularities could recombine to form a spatially pure mode in the far field by careful

engineering of the Gouy phase shift.

5.1 Future Work

5.1.1 Amplification of a propagation invariant vector flat-top beam

Building on the work in this dissertation we intend to explore the amplification of other
useful beams, such as flat-top beams which are widely utilized in a variety of applications.
Flat-top beams have been shown to enhance laser-based applications such as metal additive
manufacturing [256, 257|, improved control of the ablation zone in thin films [258, 259],
faster processing speeds and reduced melt artifacts in micro-machining[260], and enhanced

geometrical accuracy in micro drilling [261].

Many of the approaches used to select flat-top beams have a limiting factor in that these
beams only exist at a specific plane and their spatial shape changes in propagation which
presents a severe limitation on sensitive applications that require high-quality flat-top beams
to exist through the focus. An attractive approach to overcome this limitation is through
the selection of vector flat-top (VFT) beams [262]. These beams are a superposition, in
intensity, of a Laguerre-Gaussian vortex mode (i.e. LG}) and a Gaussian mode (i.e. LGY)

having orthogonal polarization states. Due to the polarization orthogonality of the modes, the
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superposition VFT state does not suffer from interference artifacts and propagates invariantly
over free space. VFT beams have been selected through conical refraction [263], optical
feedback [264] and using an SLM [262].

As an initial examination of the amplification of VFT beams, we created the superposition of
a Gaussian and vortex beam using a Mach-Zehnder interferometer and performed single-pass

amplification using an end-pumped rod MOPA.

Mathematically, one would express such a superposition state as follows:
U= /aLG) [V)+ /(1 —-a)LG} |H), (5.1)

where |V) and |H) represent vertical and horizontal polarisation components, respectively and
« represents a modal weighting coefficient so that if « = 1 or @ = 0 a pure Gaussian or vortex
mode is recovered, respectively. However, for the special case when a = 0.5, as shown in
Figure 5.1, the superposition of the equally weighted |LG}|? (red) and |[LGY|? (blue) intensity

profiles result in a beam with a uniform plateau, which we call the VFT beam (magenta).
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FIGURE 5.1: Intensity plot of the VFT beam (magenta) produced by the
superposition of a vortex LG§ mode (red) and a Gaussian LGJ mode (blue),
with equal amplitude weighting o = 0.5.

The selection of the VFT beam was achieved interferometrically through a Mach-Zehnder
configuration, schematically illustrated in Figure 5.2. Here, a collimated vertically polarized
Gaussian beam with a D4o beam diameter of 1 mm at a wavelength of 1.064 pym directed at the
interferometer through a rotated zero-order half-wave plate (HWP). The HWP was rotated to
obtain a 45° linearly polarized Gaussian beam which then passed through a polarizing beam
splitter (PBS) to separate the orthogonal polarization components (|H) and |V)) into the two
arms of the interferometer. The horizontally polarized beam was then passed through a 64-
level spiral phase plate (SPP) which imparts an azimuthal phase (exp [il$]) with topological
charge | = 1 onto the Gaussian beam to produce a vortex beam - without altering the
polarization state. The vertically polarized arm of the interferometer propagated unaffected
equidistant and the two arms recombine at a second polarizing beam splitter to produce the
VFET beam at the output. The HWP rotation angle controlled the portion of the Gaussian

beam entering the |H) and |V) polarization arms of the interferometer and therefore was
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used to control the weighting coefficient « in equation 5.1. The experimental system used to

perform amplification was the same as that described in chapter 2.

HWP PBS IH)  spp

|\®I
TNO \PBS

VET

O L) Output

FiGUrRE 5.2: Mach-Zehnder interferometer comprising of two polarizing
beam splitters (PBS) to used to create a VFT beam at the output.

Input
Gaussian

The amplification of the VFT was performed for two input powers of 100 mW and 1 W,
corresponding to Gaussian and vortex powers of, 35 mW and 350 mW, and 65 mW and 650
mW, respectively. Amplification was performed at pump beam powers ranging from 6 to 38 W.
The experimentally measured amplified output powers (asterisk markers) of the experiment
are shown in Figure 5.3 for the VFT beams (orange) and its constituent Gaussian (magenta)
and vortex (purple) beam components. For the 100 mW case, Figure 5.3 a), the amplified
output of the VFT reached 490 mW, while the Gaussian and vortex beams reached 160 mW
and 330 mW, respectively. Similarly, for the 1 W input, Figure 5.3 b), the VFT was amplified
to 3.15 W, and the Gaussian and vortex achieved 1.04 W and 2.44 W, respectively. At the
output plane of the Nd:YAG crystal, the amplified output intensity of the VFT, Gaussian
and vortex beams, under maximum pumping conditions, were relay imaged and measured
using a CCD beam profile, shown as insets in Figure 5.3 a) and b). These images show that
the amplification process preserved the beam profiles of the Gaussian, vortex and resulting
VFT superposition. The power weighting, «, of the Gaussian and vortex beam components
were slightly adjusted to obtain a VFT profile at the crystal. This was done to account for

losses in the vortex component by removing the radial modes generated by the SPP.

The power curves of the amplifier over a range of pump powers showed good agreement with
the theoretical predictions, using the dynamic model described in chapter 2, indicated by the
shaded regions. Due to the power fluctuations on the power meter used in the experiment, the
simulation was performed with a +5% upper and lower bound to account for the fluctuations
in the power meter head. It is important to note that the model treated the Gaussian and

vortex beams separately and combined their net effect to provide the VFT’s performance.

The initial investigation done above was not fully optimized but shows very promising initial
results. For further investigation of the amplification of the VFT, the experimental system
and model will be further optimized to consider arbitrary vector beams. Additionally, an
analysis of the vectorness, before and during amplification, using the vector quality factor

measurement would determine the preservation of the vector state [265].
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F1cUure 5.3: Amplification outputs of the end-pumped solid-state amplifier

system. The solid lines and shaded region represents the simulated power

levels where the upper and lower bands account for £5% fluctuations in

power measurements. The experimental data, shown as asterisks, are for

the input VFT power of a) 100 mW and b) 1 W, while the figure insets

are the intensity profiles, with 1D trace in green, of beams at the maximum
amplified power.

5.1.2 Further Power-Scaling with Slab MOPAs

Building upon the work presented in this dissertation, further exploration of multi-pass MOPA
architectures is necessary to realize on-demand structured light with power exceeding 100 W.
The dual-pass end-pumped MOPA system demonstrated in this study served its purpose well
as a pre-amplification stage to transition from the milliwatt to the watt range of power while

preserving the complex properties of structured light

Slab and thin-disk MOPA architectures are ideal for high gain amplification and efficient
energy extraction. Figure 5.4 a) shows an example of a multi-pass thin-disk MOPA system
with two separate stages, which amplified a 20 W Gaussian seed beam to 2 kW at the
output [266]. Each MOPA stage allowed for 18 passes through the thin-disk gain medium,
corresponding to a total of 36 passes. However, the mirror system used in this design is highly

complex and sensitive to misalignment.

On the other hand, the compact slab MOPA system shown in Figure 5.4 b) consists of a
rectangular gain medium that is side-pumped by two laser diodes passing through cylindrical
lenses to create a "gain sheet” inside the crystal [267]. The seed beam enters the slab and
experiences multiple internal reflections within the gain medium. The slab MOPA design
is less complex, more compact, and robust, and can be constructed using readily available
diode stacks and rectangular crystals. Additionally, the large surface area of the rectangular
slab gain media makes it easy to cool both sides evenly, whereas the thin disk can only be
cooled on one side. For these reasons, it is worth considering incorporating the slab MOPA

architecture into the output of the existing dual-pass MOPA system

The 3D modelling of a slab MOPA design is more complex than that of the circularly symmet-
ric end-pumped cylindrical rod MOPA system. Therefore, a new model must be developed
for the slab MOPA, where the pump beam is no longer circularly symmetric or co-axially
propagating with the seed beam. In addition, temperature distribution and refractive index

change calculations need to be solved in rectangular coordinates, taking into account the
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FIGURE 5.4: Figure illustrating multi-pass MOPA systems utilizing a) thin
disk [266] and b) slab gain medium [267] geometries to achieve high gain
amplification.

asymmetric cooling conditions where only two of the six sides are in contact with the cop-
per heatsink. Therefore, it may be advantageous to explore numerical finite element method

(FEM) modelling techniques, which are better suited for complex optical systems

5.1.3 Thermal Beam Shaping

Thermal effects in MOPA systems are inevitable. However, instead of attempting to mitigate
these aberrations using heat dissipation strategies, it is possible to exploit thermally-induced
phase aberrations to achieve beam shaping. For instance, one of the main phase aberrations
that appear in end-pumped Nd:YAG crystals is spherical aberration, which is directly related
to the spot size and intensity of the pump beam, as well as the optical properties of the
crystal (i.e. dopant concentration and thermal conductivity coefficient). One could control
the intensity, beam size, and location (z,y) of the pump beam on the solid state to induce
a bespoke phase modulation, similar to a free-form lens. Provided that the input beam does
not extract gain from the solid-state crystal, which can be achieved through careful crystal

selection, the beam will only be modulated in phase, and the amplitude will remain unaffected.

Optical systems such as the w-shaper [268] use a combination of lenses that induce spherical
aberration to achieve a desired beam shape. However, these optical systems are static, whereas
a thermally-induced system can be controlled in real-time. For example, by increasing the
pump strength, one can dynamically manipulate the strength of spherical aberration and the
resulting beam profile. Furthermore, bulk solid-state laser crystals are well-suited for high-
power laser beams, and therefore such a system could be applied to kW average power laser

systems

5.1.4 Conclusion

In conclusion, this dissertation explored and optimized the traditional end-pumped cylindri-
cal rod-type MOPA system for power scaling pure higher-order Laguerre-Gaussian modes
while preserving their complex properties. To further investigate the amplification poten-
tial of MOPA systems for high-power structured light, multi-pass architectures such as slab
MOPA designs should be considered. In doing so, the development of numerical models us-
ing FEM techniques would be highly beneficial for optimizing and characterizing the slab
MOPA architecture and studying the interactions of structured light in these systems. Ad-
ditionally, investigating the thermal effects in end-pumped rod MOPA systems to perform
beam shaping is a niche and exciting prospect, offering a dynamic alternative to static opti-

cal systems at high power (kW). In closing, this dissertation, along with future work in this
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field, is expected to make significant contributions to the advancement of laser systems that
incorporate structured light. These developments will help to push the boundaries of laser
technology and enable the creation of more sophisticated and versatile systems for a wide

range of applications.
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