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Abstract

The work in this thesis spans two primary fields of inquiry. The first focuses on the
development of a novel laser system capable of direct optical vortex (OV) emission, while
the second aims to demonstrate its application in the optical levitation of reflective hollow

microspheres.

We first present the non-standard use of a wedge-plate shearing interferometer (WPSI)
as a TEMyy Gaussian to LGy; OV mode conversion device. A detailed description of
its geometric configuration and interferometric process is presented. It gives an idealised
power conversion of 99.6 % in favour of the of the LGg; OV-mode. However, since the OV
is generated in its face-reflection, the incident power conversion is equal to only its Fresnel
reflectance. Power scaling potential is improved through intracavity use of the WPSI.
A unidirectional ring cavity was used with a 20:1 power imbalance in favour of clock-
wise propagation which enhanced incident power to enable watt-level OV output power
(1.15W). The unconverted power is recycled back into the cavity. In this configuration
we demonstrate the generation of OV beams with high beam-quality (M? = 1.94,2.09) and
high LGo; mode-purity (97.8 %).

In the second part, we demonstrate the use of this system in optical levitation. This work
was motivated by the desire to levitate metallic (possible reflective) hollow-sphere (shells
with low internal refractive index) targets for experiments with high-intensity, high-energy
laser systems particularly in the generation of high-density plasmas, point X-ray sources,
and charged-particle acceleration. We demonstrate the optical levitation of shells 20 to
110 pm in diameter (masses of 25ng to 230ng) at long focal length (f = 40mm) and

measure <5 pm spatial stability in air and low vacuum.
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Chapter 1

Introduction

Since their inception, lasers have played an integral role in revolutionising the modern
world with applications spanning from surgical medicine [1] to material processing and
fabrication [2]. The generation of high optical irradiance, fine-tuning of its chromatic
output, and structuring of its beam profile have been key areas of laser development
that has facilitated their wide-ranging applications. The delivery of highly concentrated
optical energy has allowed researchers to create extreme laboratory conditions to study
systems previously inaccessible due to energy limitations. In particular laser-induced high-
density plasma physics has itself stemmed research covering laboratory astrophysics [3]
particle acceleration [4] and high energy radiation generation [5]. The development of
frequency stable laser systems through the use of reference cavities and frequency combs
have been used to probe fine electron transitions in intricate atomic systems to achieve
unprecedentedly low measurement uncertainties [6, 7]. Large laser interferometer facilities
with high finesse oscillators have demonstrated incredible feats of metrology [8]. And
undoubtedly optical manipulation of matter ranging from biological cells to trapped atoms

[9] has demonstrated a rich history of discovery.

Maiman’s work in 1960 [10] demonstrated for the first time the operation of a working
laser using a flash lamp to pump a rod of synthetic ruby. The field of laser development
subsequently experienced rapid growth. Later designs explored variations in operational
parameters, including advancements in continuous-wave (CW) [11] and Q-switch [12] op-
eration, the introduction of fiber-based systems [13, 14] and the development of more
efficient gain media to enhance output power and wavelength tunability. Typically, lasers
oscillate at the TEMgg transverse mode, which is an intensity profile that follows a Gaus-
sian distribution. This is also referred to as the fundamental mode as it is the simplest
solution to the Helmholtz wave equation that governs optical propagation and within the
laser cavity under the paraxial wave approximation. It is possible to generate higher-
order modes whose intensity profiles exhibit greater spatial complexity. The separation of
variables when solving the paraxial wave equation in cartesian coordinates yields higher

order solutions in the Hermite-Gaussian (HG) modes, and their cylinderical analogues the
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Laguerre-Gaussian (LG) modes under their respective coordinate basis. Of these, it is the

latter which will be of relevance to the work presented in this thesis.

The Laguerre-Gaussians are a set of modes with annular geometries characterised by the
their radial index, p, and azimuthal index, [, often expressed as LG,;. For p=0and [ #0
these modes form a series of ring-like intensity profiles with an intensity minimum at their
center referred to as the phase singularity. The azimuthal index, sometimes referred to as
the topological charge, or simply the charge of the vortex, denotes the number of times
the beam winds itself around its axis. Any beam that possesses an azimuthal phase profile
carries within itself a discretised component of orbital angular momentum (OAM) of [k
per photon [15]. This is distinct from spin angular momentum (SAM) that arises from
the polarisation state of the optical field. As the beam propagates, the wavefronts form
a helical structure as the phase rotates about its optical axis. As the charge of the beam
increases, the helical structure becomes tighter and thus carries greater OAM. Although
the term "optical vortex" may generally refer to rotation inducing beams, the work in this
thesis exclusively relates to the generation of only OAM carrying optical vortex beams of

which we focus on the simplest amongst them, the first order LG, when p =0 and [ = 1.

1.1 Project overview

This thesis reports on the development of a compact laser cavity capable of direct LGy
vortex beam generation using interferometry and then demonstrates its application in the
optical levitation of reflective hollow-spherical targets. The structure of the thesis is as

follows.

Chap. 2 provides the theoretical framework necessary for the existence of optical vortex
beams. It introduces the Laguerre-Gaussian modes which are the primary focus of the
type of optical vortex used in this work, followed by an overview of current generation
techniques. It also introduces the idea of interferometric mode conversion and discusses
previously demonstrated examples. Finally in-lab techniques to diagnose optical vortex
beams are presented, used to characterise these beams in terms of beam quality, confirm

phase helicity and determine its modal content.

Chap. 3 introduces the Wedge-Plate Shearing Interferometer (WPSI) as the primary tool
for vortex beam generation in this work. It provides a detailed frame-work describing
interferometric mode conversion taking the simple example of two TEMyy Gaussian beams
in superposition and deriving the satisfying conditions under which its transformation to
an LGqp vortex is possible. This frame-work is then applied to the specific geometry of
the WPSI which takes a single Gaussian beam to produce an LGg; beam in its reflection.
The chapter will describe the WPSI’s configuration and provide operational procedures
such as mode generation parameters, mode corrective mechanisms and realisations towards

intracavity use for enhanced performance.

Chap. 4 begins discussing aspects of solid-state laser development including the choice
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of laser gain-medium and its spectroscopic properties, and resonator stability for linear
and ring configurations. Building upon the idea of intracavity optical vortex generation, it
shows experimental demonstrations of vortex lasers in linear and ring cavity arrangements.
We find severe limitations in the linear case due to broadband emission with incompatible
coherence length for interferometric mode conversion leading to non-optimal vortex beam
generation. This is resolved using a ring cavity arrangement with the WPSI acting as
a vortex output coupler. This system was capable of watt-level vortex output (1.15 W)
with 98 % LGg; mode purity. A full system characterisation is presented implementing

techniques that have been mentioned in previous chapters.

The combination of watt-level power and annular beam geometry is seldom seen as re-
search groups often have limited access to systems with such capabilities. This provides
a suitable domain for experimental explorations, namely in the optical levitation of large
reflective spherical targets (~ 100pum). Chap. 5 presents the optical setup for the vortex
beam levitation system including beam delivery, properties of our trapping targets and the
optical trap itself with integrated vacuum chamber and accompanying diagnostics. Par-
ticular attention is given to the operation of position sensors that were developed in-house

by our collaborator Prof. Roland Smith that were tested in this work.

The larger goal of this work is in the context of levitating targets to be used as firing
targets for high-repetition rate, ultra high-power laser systems. There is a strong desire to
levitate targets with high-atomic number materials, such as those of metallic composition,
as this enables the production of higher-density plasmas, and high energy radiation as
compared with dielectric targets. However, prior to this work, there is a current lack of

methods to facilitate the levitation of suitably sized metallic targets.

Chap. 6 delves into the theoretical background of optically levitated targets. A ray-optics
model is used to describe the optical forces acting on a reflective spherical target to achieve
optical levitation. When trapped, the target can be modeled as a mechanical oscillator
and Fourier-based analytical tools are used to describe its expected time dynamics. This
chapter aims to catalogue a collection of analytical tools that can be used to understand
the characteristics of our system. Various models are compiled investigating the effects
of a thermally driven system exhibiting Brownian-like motion, the influence of various

damping regimes and explore the effects of photophoretic forces.

Chap. 7 presents experimental findings on the optical levitation of reflective targets. These
are used to characterise the degree of spatial confinement using the position time series
measurements made using the newly developed position sensors. We have observed high
spatial stability (<5pm). A thermal study is conducted looking at the evolution of sur-
face and internal heating at various pressures. We find there to be a fixed difference in
temperature between the poles of the targets due to asymmetric heating by the laser.
However this difference remains fixed as a function of the thermal conductivities of the
target and surrounding medium. Fourier analysis is used to inspect spectral features of

trapped target dynamics. Measurements have been made at pressures from 1 atm down
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to 1/100*" atm. We generally find good match at low frequencies with that expected of
a thermally driven system however, these results could benefit from greater resolution to
better resolve these features. There is generally poor matching at high frequencies as
other spectral features unaccounted for in our model begin to dominate. A major concern
was found in the coupling of induced rotation of the trapped target being interpreted as
position changes by the sensors thus invalidating the reliability of these measurements.
For this reason position stabilisation using active feedback was unsuccessful. Finally, non-
spherical target trapping is demonstrated with several cases of irregular target geometries

that could allude to interesting application where bespoke target geometries are required.

Having starting this thesis from an empty optical bench, by this stage we have now covered
the development of the entire optical system from scratch - from OV generation using a
WPSI and its implementation as a VOC to explorations in optical levitation. This work
has been highly developmental and exploratory meaning the route to progress wasn’t
always straightforward. Chap. 8 provides some reflections on select areas that warrant
further investigation, either towards the enhancement of current capabilities or to explore

research that was cut short.



Chapter 2
Optical vortex generation

The literature surrounding OV generation spanning the last three decades has seen a
broad array of methodologies demonstrating the rich breadth of research that has gone
into their development and implementation. This chapter will provide a general overview
of OV generation beginning with the theoretical framework underpinning the LG modes
in particular and their carrying of OAM. We will proceed to discuss contemporary OV
generation techniques, the various mechanisms through which this is achieved and dis-
cuss their function and limitations. We then present interferometric mode conversion of a
fundamental Gaussian mode for OV generation which forms the core focus of our OV gen-
eration research. At this stage only a generalised view will be presented as further details
on our implementation will be given in Chap. 3. This chapter will then come to a close
by bridging the theoretical realisations of OVs to how they are diagnosed experimentally

through table-top characterisation and profiling measurements.

2.1 DMotivations

Allen et al’s discovery (1992) revealed any beam possessing an azimuthal phase profile,
such as an LG-mode OV, will innately carry a well-defined component of orbital angular
momentum (OAM) [15]. Other works have demonstrated their intensity profiles to be
propagation stable and exhibit self-healing capabilities [16]. These properties have since
garnered significant interest within the scientific community at large and have been ex-
ploited widely for various applications. Uses have been found in quantum information and
cryptography with the observation of entangled photon OAM states [17] and the develop-
ment of methods to measure the OAM of single photons [18]. OAM liberates a new degree
of freedom to which information can be encoded [16] and preserved in free-space optical
communications [19, 20]. Material processing has made use of OAM in the manufacture
of micro- and nano-chiral needles [21, 22]. OV-based phase masks have been used to aid
astronomical observations in the form of vortex coronagraphs to improve dynamic and an-

gular resolution of dim objects such as exoplanets [23, 24]. And finally, the OV intensity
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profile has facilitated super-resolution in microscopy [25, 26] and metamaterial processes
[27]

The harnessing of OVs and their OAM in such wide-ranging applications has naturally
led to the development of just as numerous OV generation techniques. The current land-
scape of OV generation techniques will be explored later in this chapter, with popular
examples including mode converting lenses, spiral phase plates [28], computer generated
holograms [29], diffractive optics [30], g-plates [31, 32], and spatial light modulators [33].
Each method can be evaluated based on value and trade-offs that must be considered
for their long-term viability within a particular niche or the sphere of OV generation in
general. Some points to consider include, ease of access to relevant hardware and setup,
the quality of the generated optical vortex, power scaling potential and system tunability
in wavelength, handedness or charge selection. Of course these do not encapsulate the
entire range of experimental considerations as one must evaluate the requirements specific

to their system or application.

2.2 Laguerre-Gaussian optical vortex

Laguerre-Gaussian modes are characterised by their azimuthal index, [, and radial index,
p. The naming convention for [ may vary depending on the context in which is it used.
In the context of OVs and their physical properties, azimuthal index refers to the helical
phase structure of the OV whereas, the charge may be associated with the quantised OAM
states of its photons. These are however manifestations of the same phenomenon, and so

may be used interchangeably.

Only those LG modes with [ # 0 possess OAM to be considered OVs. These are comprised
of a set of ring-like modes with bright perimeters and an intensity minimum at its center
referred to as the phase singularity. The simplest of these is the first-order LGgy. The
complex amplitude of a Laguerre-Gaussian propagating in the z-axis can be described

mathematically in cylindrical coordinates as the following [15],
EZﬁG(r,qﬁ,z) = ulflGexp(i(kz—wt)) (2.1)

where the uglG is the field amplitude
1]
C 2 272
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Laguerre polynomials which take the form,

Il
L) = ()L ) (23)

As we are interested in the cases of p =0, eq. 2.2 may be simplified accordingly.

2 2 2 T .
ugt’ = 2 (M) X €xXp (—wg(z) _1k2£(z) — 2itan 1Z—z¢> (2.4)

Tw(z)? \ w(z) ZR

The LG modes form a complete set of basis functions that span the set of solutions to
the paraxial wave equation. Meaning, any allowed mode can be decomposed into a linear
combination of one or more of these basis functions. An arbitrary field U(z,y) may be

decomposed into its constituent parts as,

Uley) = 303 Kyl 25

p=01=0

Cpl = //_O:O (uzelG)* U(z,y)dxdy (2.6)

where K is the complex expansion coefficient such that 3, ; Ky =1 when [f|U[*dxdy =

1. Therefore |K,|? represents the relative power of each constituent LG mode.

The higher-order modes still obey standard Gaussian beam propagation with parame-
ters such as radius of wavefront curvature R, the beam radius at position z along the

propagation axis w(z), and the Rayleigh length zg,

52
R(z)=z+ 73 (2.7)
52
w(z) = wo 1—1—2—2 (2.8)
R
Twd
“R= 33y (2.9)

2.3 OAM in electro-magnetic fields

Orbital angular momentum (OAM) emerges from the helical structure of the optical phase
causing the wavefronts to twist about the optical axis. Allen [15] demonstrated any beam
that carries such a phase structure carries a well defined component of orbital angular
momentum (OAM). What is surprising here is the OAM states are quantised in units of
h just as spin angular momentum (SAM) - the difference here being that OAM states are
not restricted to £h but instead take [h per photon. The sign determines the handedness
of rotation and [ € Z is the topological charge of the beam. This also results in the field
possessing a distinct annular intensity profile. Fig. 2.1 shows the intensity profile, phase

and wavefronts for LG modes with [ =0,1,2.
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Figure 2.1: Intensity profile, phase map and wavefront structure of [ =0,1,2 LG modes.

A linearly polarised transverse electromagnetic field cannot carry OAM unless there is an
azimuthal component to its Poynting vector. This can only be achieved if the wave is
finite in extent either through aperturing effects of measurement apparatus or enforced
by the field’s own geometric constraints [34]. The total angular momentum density of an
electromagnetic field, u, in free space can be written as j = r X p where r is the radial
component of the field, p = ¢gE x B is the linear momentum density using the electric
and magnetic field components, E and B, and ¢ is the electric constant. For a linearly

polarised field v we can write,

p:eoExB:%O(E*xB—i—ExB*)

= iw%o (uVu* —u*Vu) +wke,|ul*2 (2.10)
The angular momentum density of an optical field u,; per unit power is given by [15],

J=rxp (2.11)

2

V4 9 l 9
@+ —1] [upil "+ — Jupi |2 (2.12)
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The total angular momentum J = [jdV is symmetric in 7 and ¢, leaving only the z
component J, =[/w. For N photons of energy hw, the angular momentum of a single
photon is then Ih. This is the OAM of the field since the Poynting vector ¢?p traces a
spiral in z. However, OAM is not always the only source of angular momentum. We can
separate J into parts L and S by taking the vectorial picture on B in terms of potential
A [35],

J:eo/dV[Ei(rxV)Ai+E><A—Vi(EZ~r><A)]
(2.13)
:eo/dV[Ei(rxV)AmLExA]—eo/(rxA)E-dS,
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Field localisation ensures A decays rapidly in r so the surface integral falls to 0. We can
then identify L =¢€p [dV [E; (r x V) A;] as the OAM part through analogy of the quantum
mechanical orbital angular momentum operator and S = ¢y [dVE x A as the SAM part

through its vectorial dependence, and so the polarisation, of the field [35].

For a field u of arbitrary polarisation we can write [15],

Olul? -
p:z'w%o(uVu*—u*Vu)+wkeo|u|22+wa €0 dlul o

55 (2.14)

where o, is the polarisation state of the field with o, = 0 denoting linear polarisation and
0, = *+1 denoting left and right-handed circular polarisation. The axial component of the

angular momentum is then modified as,

%ampl‘Q

2.1
2w Or (2.15)

. l 2

Jz = ;|upl| +
and the total angular momentum per photon is then J, = L, + S, = h(l+0,). Here we
have only considered the OAM of LG modes, however other beam families have also been
demonstrated to possess OAM such as Bessel [36] and Mathieu beams [37].

2.4 Optical vortex generation techniques

This section a brief overview of common OV generation techniques is presented. These
can be categorised into two classes; extracavity techniques where an external laser is used
to illuminate an OV generating device, and intracavity techniques where a laser cavity is
capable of direct OV emission. There is overlap in some cases where the OV component

can be simply integrated into the laser cavity setup for direct emission capabilities.

2.4.1 Extracavity optical vortex generation
Cylindrical mode converters

Allen et al’s work [15] relied on the use of cylindrical-mode converters for OV genera-
tion. HG modes form a complete set of solutions to the paraxial approximated Helmholtz
equation when solved in Cartesian coordinates; when the coordinate basis is changed to
cylindrical coordinates the solutions return the LG modes. One can easily transform be-
tween HG and LG modes using a cylindrical lens telescope of which there are two types,
7/2- and m-mode converters. Their construction is simple; two identical cylindrical lenses
are separated by either v/2f in the case of the 7/2-mode converter or 2f for the m-mode
converter. Each acts to modify the phase of the axial component of the beam as shown
in figure 2.2. A subsequent paper to Allen’s 1992 work was later published presenting a
more detailed demonstration of the use of cylindrical lenses as mode converters [38]. An
analogy was drawn between the transformation of SAM and OAM states. The 7/2-mode
converter transforms an HG mode into an LG mode by introducing a 7/2 spatial phase

shift, just as a quarter-wave plate is used to transform linear polarisation into circular
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polarisation by introducing a 7/2 phase shift to the linear polarisation state. Likewise a
m-mode converter can be used to reverse the handedness of rotation on an incident OV,

just as a half-wave plate reverses the polarity of a circularly polarised beam.

- <8 9

Figure 2.2: Two identical cylindrical lenses separated by 2f used to convert HG mode to
LG mode

An HG mode oriented at 45° may be expressed in terms of a pair of HG modes which,
when rephased, can be combined to instead form a new LG mode. The cylindrical lenses
influence how the Gouy phase of the input modes are transformed depending on their re-
spective indices. For example, the 7/2-mode converter with an HG,,,, mode input, oriented
at 45° to the cylindrical lens axis, will be converted to an LGy, mode where [ = m —n and
p=min(m,n) (figure 2.3). In contrast, the 7 mode converter is used to produce a mirror
image of the input beam. The operation of these lenses is limited only by the efficiency
of their anti-reflective coatings and provides a high-damage threshold mode conversion

mechanism suitable for high-power applications. Misalignments in the incident beam and

imperfections in the lens’ manufacturing can introduce aberrations that can interfere with

the mode conversion quality.

' H+ - E

Figure 2.3: (Top) Decomposition of HG mode oriented at 45°. (Bottom) HG modes
rephased to form LG mode. Figure from Ref. [34]

I\.)|—-
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Spiral phase plate

Spiral phase plates (SSPs) are optical devices, available in reflection or transmission vari-
ants, whose thickness varies as a function of azimuthal angle as shown in Fig. 2.4. This
affects the optical path of an incoming beam so that a helical phase is imparted into its
output. The transformation of an incident field u is given by v’ = uexp(iAlg), where v’

is the resultant field and Al = M is the height of the step, h, in terms of wavelengths

10
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and An is the difference in the refractive indices of the SPP and external medium [28].
The resultant mode isn’t a pure mode but instead a superposition of LG modes. Hence
SPP can suffer from lower mode purity as compared with other techniques. This is due to
the fact the SPP only adds the exp(il¢) phase shift but neglects matching the intensity
profile of the incident field to that of the desired mode. However mode purity increases as
higher-order modes are transformed using the SPP as can be seen in Beijersbergen et al.
1994. The same paper demonstrates early techniques in improving the performance of the
SPP by submersing it in a fluid bath. Adjusting the temperature of the bath, grants con-
trol of the index matching the SPP thereby improving the quality of the imparted phase.

Since Beijersbergen’s 1994 paper, further advancements in SPPs have been made. Precise

""" L]

Figure 2.4: Spiral phase plate of step height h. Figure from Ref. [28]

control of the spiral surface is required to minimise wave front distortions from the SPP.
Sueda et al. (2004) developed a multilevel SPP using electron beam deposition to stack
layers of film to coat each division [39]. The optical path through the SPP was controlled
by varying the thickness of the film. The use of femtosecond laser photopolymerization
has been used to produce SPPs with continuous phase gradients with surfaces accuracies
of /15 [40] and potential to reach */20 [25, 26]. OAM beam generation using SPPs has

also been shown for mm-wavelength light [41] and x-rays [42].

Q-plates

Q-plates [31, 32] are devices used to convert circularly polarised light, with well-defined
SAM, into light that carries OAM with no net angular momentum transfer to the medium.
This is due to properties of the g-plate relating to the Parcharatnam-Berry (PB) phase
[43, 44] in inhomogeneous, anisotropic media. The g¢-plate is essentially a liquid crystal
cell sandwiched between two glass faces used to create a birefringence plate whose optical

axis varies as a function of azimuthal angle,

a(r,p) = qo+ a,. (2.16)

The g-plate derives its name from the ¢ denoting its topological charge as per convention
in this case, however for purposes of preserving continuity, we will continue to use [ as
already defined in the remainder of this thesis. The transformation of circularly polarised

light incident on a the g-plate can be described using Jones notation.

M = R(—a) (1 0 )R(a) _ (Cos(2a) sin(2«) ) (2.17)

0 -1 sin(2a)  —cos(2a)

11
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M is the Jones matrix denoting the transformation and R(+«) are 2x2 rotation matrices.
Then, for left circular polarised light E;,, = E, x [1,i] into the g-plate, the electric field out
of the ¢-plate is as follows,

1 o 1
Eopy =M - E;;, = E,e** [ 1 = By eHoei2a0 [ ] (2.18)
—1 —i

The output is right circular polarised light as expected from a half-wave plate, but with a
spatial phase, €"2/?_ acquired due to the PB-effect. The g-plate transforms the polarisation
state of the photon from +1% to —1h. For an [ =1 ¢g-plate, the spatial phase corresponds
to the beam acquiring an OAM of 2h per photon with the handedness determined by the
initial spin state. Thus total angular momentum is conserved and no torque is applied to

the medium, instead the g-plate acts as a coupler between the SAM and OAM states.

(a) (b)
% I

Figure 2.5: (a) ¢ =1/2 and a, =0 used to generate OAM [ = +1. Both (b) ¢ =1 and
a, =0 and, (¢c) ¢=1 and a, =7/2 used to generate [ = £2. Figure from Ref. [31]

Other methods

Early approaches to OAM generation methods included diffractive optics such as (com-
puter generated) holograms [45, 29] forked and Fresnel spiral diffraction gratings. Forked
gratings were generated as the sum of the desired phase distribution and a linear phase
ramp. These could be used to replicate any refractive optic but limited to single wave-

length operation.

Spatial light modulators (SLMs) have become perhaps the most popular method of OAM
generation in recent years. SLMs are electronic pixelated devices that use liquid crystals to
manipulate the properties of incident light. Unlike SPPs and diffractive optics, SLMs offer
great flexibility in controlling the amplitude, phase and polarisation of an incident beam
and are able to generate different topological charges by simply programming a different
hologram onto the interfacing device. However SLMs can be expensive and have limited
power scaling due to the energy threshold of the liquid crystals making it impossible for

high power applications.

2.4.2 Intracavity optical vortex generation

Intra-cavity OV generation offers an alternative approach whereby the vortex is gener-
ated directly within the laser itself. This is an appealing prospect as it negates the need

for additional optical systems to be assembled and doesn’t require precise alignment of

12
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the laser onto external systems. Alignment sensitivity is reduced due to the lasers’ nat-
ural affinity towards low-loss regimes. Cavity generated OVs, or vortex lasers, have been
demonstrated through various methods. As already mentioned there is some overlap in
functionality of the mode conversion devices discussed in the previous section for intracav-
ity use. Intra-cavity SPPs [46, 47] g-plates [48] and SLMs [49] have been demonstrated.
However, specific intracavity methods also exist that rely on the self-adaptive nature of
laser cavities to preferentially select the desired mode. In most cases this involves the sup-
pression of lower-order modes to allow high-order LG modes to gain dominance. This can
be achieved by directly inducing losses in lower-order mode through spot-defect mirrors
[50]. Annular pumping geometries to create inversion that preferential favours higher-order
modes [51]. Coupled-cavities [52] whereby gain is artificially depleted from the center of
the inversion region so that the excited emission is annular in profile, resulting in LG
mode emission. Off-axis pumping that directly excites higher-order mode generation has
been shown. Ref. [53] demonstrates the production of HG cavity modes that require ex-
ternal mode conversion to LG external to the laser cavity whereas refs. [54, 55| present a

monolithic ring-cavity that excites the LG mode in its emission for direct OV generation.

2.5 Interferometric mode generation

Using interferometry as a means of OV generation at first seems counter-intuitive. The
process requires the input of two fundamental Gaussian beams, that are brightest at their
center, to generate a beam with, what is effectively, a hole in the middle and a bright
outer ring perimeter. Of course we will come so see experimental verification of this in
later sections, however the aim of this section is to provide a brief introduction to the
concept and provide a mathematical basis to validate the mode conversion mechanism

does truly generate an LGg; OV.

Interferometric OV generation has been previously demonstrated using Mach-Zehnder [56],
Sagnac [57, 58], and Wedge-plate [59] interferometer setups. Irrespective of the type of
interferometer chosen, the key principles in interferometric mode conversion remains the
same; two interfering Gaussian beams are spatial misaligned, with a shear offset, d,, and
angular offset 0, acting in directions orthogonal to one another. Suppose the spatial offset
is a horizontal separation along the z-axis, and the angular offset is a separation in the
vertical oriented y-axis. Then the canonical condition in eq. 2.19 bounds the upper limit
of these offsets relative to the incident beam parameters so that an OV is generated. The
origins of this condition will be derived in Chap. 3 but for now we will take this condition
to be true. These beam parameters are wg, the beam waist, and 6y, the beam divergence.

e:%:@<<1 (2.19)

wo o

The canonical condition sets the offset ratio relative to the beam waist and divergence

to remain less than unity. We found e-values around 0.2 to be ideal for optimal mode
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symmetry and beam quality without the expense of the high precision offset alignment
required for when e =0.1. Additionally, there must be a relative m-phase shift between the
two beams so that the interference is destructive. The canonical condition is calculated
based of the values of these offsets as measured at the beam waist defined at z =0, and

within one Rayleigh range.

2.5.1 Experimental implementation

The Mach-Zehnder interferometer (MZI) is a simple and commonly used optical system
consisting of two mirrors and two beam-splitters. A single Gaussian beam is split into two
parts at the first BS, each following its own optical path. Ideally there is no relative phase
accumulation between the beams except that due to the optical path difference between
the two arms. The arms of the MZI are traversed only once by one beam, meaning each
beam can be controlled independently, without affecting the other. Turning mirrors are
used to introduce spatial and angular offsets as measured at z = 0 which is the beam waist
location that also coincides with the point of recombination. A tilted AR-plate may be

used to vary the optical path in one of the arms to satisfy this condition.

The MZI offers the benefit of simple alignment however is prone to vibrational instability
along the length of its arms that can be problematic for the offset sensitive process of
interferometric mode conversion implemented here. On the other hand the Sagnac inter-
ferometer is a common-path system where both arms travel the same path. This enhances
robustness against vibrations instabilities but leads to increased alignment complexity as
the shared optomechanical components results in coupling of the alignments controls. The
output of the Sagnac is destructive by default which is favourable for OV generation. An
AR-plate may also be used here to enable handedness selection during laser operation.
Integrating the Sagnac into an existing laser system gives realisation to the vortex output
coupler (VOC) - a device used to modify existing laser cavities for direct vortex beam
generation by converting a portion of the the intracavity TEMyy mode and recycling the
remaining power for the next cycle [57]. This approach holds the record for the highest
cavity generated OV power [58].

The Wedge-plate shearing interferometer (WPSI) is a single component glass optic sim-
ilar to an etalon but with a small wedge-angle along one axis. When a tilted WPSI is
illuminated by a TEMgg beam, Fresnel reflection off the front and rear faces produce two
Gaussian beams with shear offset determined by the tilt angle and angular offsets deter-
mined by the wedge angle. The relative phase of the two reflections is determined by the
double-pass the transmitted beam takes through the optic. A detailed breakdown of the
WPSI mode conversion and operational features will be provided in Chap. 3. However, it
is clear to see at this stage, the power conversion of the OV is poor due to the low Fresnel
reflection coefficient of glass or similar transparent uncoated media. For extracavity use a
watt-level source would be needed to generate tens of milliwatts of OV power. However

its simple design and fixed geometry allow for easily obtained OV without the need for
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precise alignment. The work of this thesis will expand on WPSI OV generation by demon-
strating its use inside a laser cavity for OV generation. The high transmission losses are
problematic in the extracavity case, whereas the transmitted power when used intracavity
can be recycled back into the resonator just as was demonstrated for the Sagnac. This
allows the WPSI to operate as a VOC with OV generation in its reflection and output
coupling power determined by its face reflectance. Watt-level OV power can be expected

due to the high intensity of the intracavity flux.

2.6 Optical vortex diagnostics

This section outlines the methodologies employed for the measurement of key properties
used to identify an OV. This is a necessary step in the accurate characterisation our
beams to effectively distinguishing between OAM carrying beam and those exhibiting
similar traits, such as vector beams with SAM or annular beams lacking phase helicity.
Helicity can be shown using an interferogram where the generated fringe pattern reveals
the phase structure of the beam; beam quality, that is, how diffraction limited a beam
is can be determined through M-squared (M?) measurement, and mode purity can be
determined using modal decomposition. While any one of these measurements could
potentially suffice in revealing whether or not a beam is truly an OV that carries OAM,
a thorough characterisation combining all three measurements provides a comprehensive

understanding of its properties.

2.6.1 Determining helical phase profile and handedness

The interference of two plane waves produces a highly recognisable interference pattern
consisting of a series of fringes, from which properties of one beam (the signal) can be
inferred provided sufficient information regarding the other (the reference) is known. If
one of these plane waves is replaced with an OV, a fork in the fringe pattern is observed
indicating the presence of a phase dislocation. This is only possible if one of the beams
contained a phase singularity. As the separation between the signal and reference is
reduced so too do the number of fringes as they increase in size. This can distort contrast
when imaging and make features difficult to resolve. A MZI can be used to separately
handle the signal and reference beams so that the generated fringes are appropriately

spaced with high contrast.

A difference in wavefront curvature, obtained by introducing a lens in the signal arm,
produces a spiral interferogram. Similar to the fork interferogram, a spiral interferogram
can also be used to infer the presence of a helical phase profile in the signal beam, with
the phase dislocation located at the origin of the spiral arms with the number of arms

indicating the topological charge of the OV.

The topolgical charge, or azimuthal index, [, of the OV can be inferred using both forms

of the interfergram - its value corresponds to the number of prongs observed at the fork
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or the number of arms in the spiral respectively. The handedness of the OV can be
inferred using the orientation of the interferogram although it is predominantly a matter
of convention. A fork interferogram can only give a relative indication as there is no
reference to assign handedness and so its usage is less obvious. It requires predefining the
convention used; say, an upwards pointing fork is "right-handed" then the downwards is
"left-handed". Handedness selection may be more obvious through the spiral interferogram

where the direction of the spiral can indicate the handedness of the underlying OV.

2.6.2 Beam quality

A beam is said to be diffraction limited as it approaches the principle limit in achieving its
smallest possible beam width at a given wavelength. The fundamental TEMgy Gaussian
mode can be brought to the smallest beam width for all wavelengths of light, its size
limited only by diffraction. Typical lasers however, will not be resonant on a purely single
transverse mode, instead they will often generate a superposition state of resonant modes.
It is therefore useful to define a metric to characterise how closely a given beam matches
its propagation to that of an ideal TEMgy mode. We use the beam propagation factor,
M2, to define the quality of beam propagation expressed as a ratio of the fundamental
mode which has M? = 1.

The ISO 11146 standard for beam quality measurement is a widely used metric that
requires the measurement of beam widths as it is propagated through a focus. This
technique defines the beam width by taking the second moment of the beam’s intensity
distribution as seen in a given plane. The intensity of a Laguerre-Gaussian mode with

complex field amplitude u, LG can be expressed as,

L o rgpe
I(z,y) = TZ()’upl . (2:20)
where Zy = % is the impedance of free space. Then the beam widths are found by
computing the following [60],
2 _ ol (@ —2)*1(2,y)dedy
=2 2.21
7o I 1(z,y)dzdy (2.212)
— )27
Y [ 1(z,y)dzdy

Lasers will typically generate modes with some inherent simple astigmatism due to the
resonator design or thermal lensing effects. This can result in differences in mode evolution
in the x— and y-directions as the beam propagates. We define o, as the second moment
radius, i.e. 0, = wy(z), with & denoting the centroid location, and similar for the y-
axis expression. For the fundamental mode, defining beam width as the 1/e? point of the
maximum intensity returns measurements consistent with the above, however this becomes

invalid for higher-order modes. It is therefore recommended to use the second-moment
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definition for beam width and beam quality measurements.

Once beam widths through the focus have been sufficiently sampled, the M? parameter
can be found by fitting the following to eq. 2.21 and optimising for M? [61].

A 2

w(z)? = w2+ (M2)? (> (2 — 20)? (2.22)
W

We see the M? factor only modifies the beam propagation term and thus is consistent with

Gaussian propagation relation given in eq. 2.8. For astigmatic beams, eq. 2.22 is applied

to both expressions in eq. 2.21 and an averaged M? is be calculated.

We expect a pure beam of an ideal LGg; mode to return a beam propagation factor of
M? =2 as given by eq. 2.23 for appropriately normalised |cept |2. Beam quality measurements
can be helpful in diagnosing defects in optical setup. The deterioration of beam quality,
or lack thereof, when comparing the M? before and after an optical component is inserted

can indicate the presence of poor surface quality or aberrations inherent to the optic.

M? = > (2p+ 1|4+1)|cpi]? (2.23)
p=01=0

Cavity adjustments can also be steered in the direction of optimal M? to produce high-
quality resonant modes. This is particularly important in the generation of OVs through
interferometric addition as the resultant beam quality is contingent on the quality of the
underlying constituent Gaussian modes. Beam quality measurements can also indicate the
presence of unwanted higher-order transverse modes resonant within a laser cavity. The

degree of their contribution is proportional to their respective power fraction |, |%.

2.6.3 Modal decomposition

In Sec. 2.6.2 we saw how beam quality measurements can be used to reveal the dominant
mode content of a given beam. However, determining the exact modal breakdown can be
problematic due to ambiguity in knowing the precise combination of |cy|? that results in
any M? value. Modal decomposition is a powerful tool to discriminate the contents of any
transverse mode into its constituent parts. The OV used in this work is a superposition
state weighted in favour of the LG +; mode, however unwanted higher-order modes may
seep in if the mode-conversion is non-optimal or the underlying Gaussian itself is non-
ideal. Surface defects can introduce wavefront distortions for improper phase handling
and WPSI misalignment can dissatisfy the canonical condition to instead generate impure
superposition states. There is a high degree of interferometric tunability inherent to our
system due to the nature of the mode transformation mechanism and operation of the
WPSI that can make precise alignment of the WPSI difficult to achieve. Therefore, the

ability to diagnose instances of non-ideal mode generation is highly desirable.

The WPSI parameters, in the first instance, can be set based on predicted values as will be
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seen in Chap. 3. Finer adjustments can then be guided by modal analysis to compensate
for any experimental variation in input parameters. Modal decomposition can be used to
indicate the quality of the mode conversion process by comparing the modal content of

the superposition state to the expected case for Gaussian beam interference.

Modal decomposition was performed computationally using a Fourier phase retrieval al-
gorithm developed by Dr William Kerridge-Johns based on work by Takeda et al. [62].
A fork interferogram was generated using a tilted plane wave reference and an OV signal
beam. Through analysis of the fringes produced by the fork interferogram, both the in-
tensity and phase of the OV input could be reconstructed to be used to obtain the full
electric field description of the OV. Any field, u, can be expressed as a superposition of
uﬁlG states, such that u=73772,>7°_ cpluzflG where [[|u|?dzdy = 1. Then |c,|? is the
fractional power stored in each component since 2‘01271‘: 1. These components can be

weighted against the mode reconstruction to evaluate the modal content of the OV.

2.7 Summary

This chapter provides an introductory overview of OVs. These are optical fields that
carry OAM intrinsic to their helical phase profile. Generation techniques vary based
on application requirements and ease of access, but generally require the insertion of
mode conversion optics to transform an incident beam into one with annular geometry.
Cylinderical mode converters can be used to transform an incident HG mode under a 7/2
Guoy phase shift to produce a pure equivalent LG mode. Alternatively, an SPP alters the
planer wavefronts of an incident Gaussian mode by imprinting a helical step in phase to
match that of the desired annular mode. However it fails to match the expected intensity
profile of an ideal OV of similar topological charge. Q-plates and SLMs use liquid crystal
cells to convert an incident beam to an OV. Q-plates exploit non-linear effects to convert
SAM to OAM where as SLMs offer programmable capabilities to modify a variety of beam
characteristics. They can be used to produce holograms to generate optical fields of the

desired geometry, including OVs.

Interferometry to generate OV is the primary focus of this work. The mechanism relies
on the addition of two TEMgy modes in superposition to generate higher-order modes.
To avoid the generation of fringes as seen in plane wave interference, the parameters
for interference are constrained to satisfy the canonical condition in eq. 2.19. When the
interference is between two fundamental Gaussian modes, the result is a first-order LG
mode, provided the spatial and angular offsets have been set appropriately. Here both
the phase and intensity match that of the expected OV facilitating the production high-
purity OVs with wavelength tunability and loss mitigation dependant on the quality of

the coatings applied to the respective optics.

Finally methods to characterise OVs in a lab setting are presented. Fork and spiral inter-

ferograms produced by interfering an OV with a plane wave or curve wavefront reference
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respectively, and are used to confirm the helicity of the OV wavefronts to distinguish
OVs from other beams with annular profiles. The interferograms can be used to measure
charge and handedness, indicated by the number of fork or spiral arms observed and their
orientation. Beam quality measurements can reveal the dominant mode content of an OV
and diagnose the presence of defects such as abberations that would affect its propaga-
tion. Modal decomposition methods may be more appropriate where the goal is to obtain
a complete breakdown of its constituent parts and their respective power contributions.
Due to the properties of the LG basis set, an OV, or any arbitrary optical field for that
matter, can be decomposed and expressed as a linear combination of uzflG modes as a

means to measure the mode purity of the optical field.
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Chapter 3

The Wedge-Plate Shearing

Interferometer

This chapter introduces the Wedge-plate shearing interferometer (WPSI) as an interfero-
metric mode converter to produce an LGg; type OV as shown in Fig. 3.1. We will first
provide a mathematical basis for the interferometric mode conversion process by consider-
ing the generalised case of adding two Gaussian beams. We will then explore the function
of the WPSI, describing its geometric configuration and introduce key parameters relevant
to OV generation. This will lead us to presenting the mode conversion mechanism in the
context of the WPSI specifically, and reveal some operational sights for its use in a lab
setting. We will end with realisations of WPSI implementation as a vortex output coupler

(VOC) for intracavity OV generation.

WPSI top WPSI side

(2) (b)

Figure 3.1: Incident TEMgg is converted into an LGg; by introducing a shear displacement
and angular misalignment in the reflected beam. (a) Top view: the tilted faces of the WPSI
are parallel separated by tg. An incident beam at 6; is reflected with a shear separation
of 2d,. (b) Side view: Wedge angle « reflects the incident beam in opposing directions
resulting in a total angular separation of 26,,.
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3.1 DMotivations

In the previous chapter we were introduced to interferometric mode conversion taking
a TEMgg input for OV generation. The Mach-Zehnder interferometer is a common in-
terferometer setup consisting of two beam-splitters and two mirrors with a phase tuning
shear-plate placed in one of the arms. This setup is simple in its design, easy to align
thanks to its two independently controllable arms however it can be prone to vibrational
instability. The Sagnac interferometer negates the effect of vibrational instability through
its common-path design. Its two arms share the same optomechanical components at
the expense of greater complexity in alignment due to coupled controls. The WPSI is a
monolithic wedged-glass device that greatly reduces the complexity of the aforementioned
interferometric setups. The lack of movable parts substantially enhances vibrational sta-
bility and its simple design removes the need to align multiple optomechanical components.
Beam propagation is limited to the region confined by the device interfaces resulting in a
highly compact and stable interferometric setup. For these reasons we find the WPSI to

be a promising tool for OV generation.

3.2 Addition of two Gaussian beams

This section will provide a mathematical picture describing the interferometric addition of
two TEMgg Gaussian beams. The aim here is to guide the reader through the theoretical
framework to arrive at the realisation of interferometry based spatial mode conversion.
We will find, through the careful selection of spatial offsets and phase conditions applied
to the input modes, we can produce a single charge vortex in the form of a high-purity
LGp; mode in the output. We begin by expressing the field relating to a single Gaussian

beam,

wo —r? ikr?
Ey(r,z) = Eow(z) exp (w(z)2> exp (—ik:z TR —H@ZJ(Z)) (3.1)

where Ej is the field amplitude, w(z) and wp are the beam radii at position z and z =0
along the propagation axis, r is the radial coordinate, and ¢ (z) is the Gouy phase. We can
substitute the radial coordinate with 72 = 22 4+ y? to describe the beam’s spatial profile
in Cartesian coordinates. This is useful as we are now about to introduce spatial offsets
that are best applied in this coordinate basis. First we apply a lateral offset in the x-
direction so that the Gaussian beam is displaced by d,. We then introduce a vertical tilt
of 0, in the y-direction which requires adjustment of the exp(—ikz) propagation term by
exp(ikysinfy). The tilt angle is small so that we can apply the small angle approximation
sinf, ~ 0,. A second Gaussian beam is introduced, identical to the first, but with equal
and opposite offsets, so that the total shear displacement between the two beams is 2d,

and the total angular separation is 26,. The result is two beams E(z,y, z) and Ea(2,y,2)
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as given below,

El(x’y,z)— (Z eXp< (.CE d ) 5 )

) w(z)
—d,)? +y? (3.2a)
X exp (—zkz—zk 2R(2) —I—iky0y+iw(z)>
2 2
Bale,y, ) =By exp <_<+d>+y)
w(z) w(z)? o

(x+d.)?+y?

X exp (—ikz—z’k 2R()

—ikyb, + uﬁ(z))
We allow the two beams to interfere with relative phase e*® and find the resultant field,

Etotal(x7y7z) :El(x7yaz)+E2($7y72)ei¢ (33)

Erotal(,y,2) = Bo—>exp(—ikz +it)(2))

w(z)
X lexp (—W —iky6, — ZkW)
+ exp ( (—wd(z))y +iky0, —sz) ew] (3.4)
First we consider the case of destructive interference when e'® = —1 at z = 0.

r+d)?+y?
Brosa(,,2 = 0) = Fy {exp (—<wly - zky%)
0
2

(z—dy)2 42 (35)

—exp (_a;2y —i—ikyﬁy)]

wo
2,2 2
e 4y d 2d,x . 2d,x .
= Eyexp (— a2 ) exp <_w%> X {exp (— wwg —ik6y | —exp T% +ik6, (3.6)
2492 d? 2d
— Eyexp (—m ] ) exp (—g) x [—QSinh (“’f —|—ik9y>} (3.7)
Finally we apply the small angle approximation we declared earlier to get,

2+ y? d2 4 [d 6
Bt = Egexp (—:C —:y ) exp (—2) X — {mx - iyy] (3.8)

wp wg wg | wo 0o

This result is the LG, mode profile as given in Eq. 2.2 when p =0,/ =1 at z=0. We also

note the condition to ensure the x and y terms are equal in magnitude is satisfied when

d, 6,
=% 3.9
€= 0 = b (3.9)
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where 6 is the beam divergence half-angle. We call this the canonical condition and use
it to constrain the magnitude of the offsets with respect to the input beam parameters to
generate a OV in the output. The ratio of the shear displacement to beam waist and the
angular separation to beam divergence must remain small, i.e. € << 1 so the small angle

approximation remains valid.

The LG result was derived by applying a relative m-phase shift between the two interfering
Gaussian modes so that they add destructively. We now revisit Eq. 3.3, this time applying
the constructive phase condition. If we set the phase to be an integer multiple of 27 we
get constructive interference. This produces a sum of exponential terms in Eq. 3.4 rather

than the subtraction we saw previously. Once again setting z = 0, we now find a sum of

exponentials within the [...] brackets,
24y d? 2d 2d
Eitotat = Egexp <—$ —i—2y > exp (—2) X {exp (—gx —ikHy) +exp <:,;x +ik9y>}
Wo Wo wo Wo
(3.10)
which reduces to a cosh term so that the total field is,
*+y° d2 2d,
Eiotar = Egexp (—x +2y ) exp (—2) X [QCOSh ( xf —|—ik:¢9y>] (3.11)
wg wg wg

Under the small angle approximation, the cosh term is 1 under Taylor expansion to the

first order. The resultant field is then Gaussian like that of the initial incident beam.

3.3 WPSI configuration

Figure 3.2: (a) Side view of WPSI with nominal thickness ty and wedge angle a. It is
illuminated by a Gaussian beam with incidence angle 6;. Front and rear surface reflections
at 0,1 and 0,9. (b) Top view of WPSI with reflected rays parallel in the horizontal plane

The WPSI is a glass (UV-Fused Silica) optic with nominal thickness, to, and is wedged
along one axis with wedge angle, «. Its monolithic design significantly improves stability

as the interference arms are contained within the confines of the optic. Its simple design
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facilitates all necessary offsets for OV generation to be set purely by the geometry of the
WPSI itself. A ray diagram showing the internal and surface reflection angles is shown
in Fig. 3.2. A TEMgg fundamental Gaussian beam incident on the WPSI with angle 6;
is reflected off the front face with a secondary beam reflected off the rear face. The front
face reflection angle is simply 6, = ;. To find the rear face reflection we begin by applying

Snell’s law which gives the refraction angle,

1
0, =sin~! (nsin@) (3.12)

We only consider the first order internal reflection. The optical path through the WPSI
creates a triangle with § = 180 — (90 — 6; 4+ 2602) and 6 is the internal surface reflection
angle,

Oy =a+0. (3.13)

The angle 5 is complementary to the internal angle of incidence to the front face giving,
O3 =2+ 6. (3.14)
Now, to find 6,9 we apply Snell’s law once but in reverse so that,

0,0 = sin~ ! (nsinfs)

0r2 = sin~! (nsin(2a +6;)). (3.15)
In the small angle approximation this gives,
0,0 ~ 2an + 0;. (3.16)

For purposes of ease we restrict deflections in the y-direction to only be due to the wedged-
face reflections and so set 0; here to be 0. The total angular separation between the front

and rear reflected beams is 2an, or equivalently, we define,
0, =na (3.17)

Tilting the WPSI around the wedge axis reflects the beams in the horizontal plane as
shown in Fig. 3.2(b). Here 0; = 6,1 = 0,2 with the front and rear reflected beams laterally

separated by,
t0;

n
for WPSI thickness, t = tg+ aAy where Ay is the height of the beam along the wedge-angle.

dy (3.18)

The final condition is to meet the require phase for destructive interference. The phase
control is set by varying the optical path difference between the reflected beams using a

vertical translation stage to vary the WPSI thickness. The phase difference between the
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two reflected beams is,
2

0;
® = 2nkt <1 - 2n2> +7. (3.19)

An additional 7 phase term is included to account for the rear-face reflection. Typical
wedge angles for the WPSI will be a few tens of arcseconds, in our case we have o = 40" (for
calculation purposes we express the wedge angle in radians, so & = 0.19mrad). It can then
be seen a 1 mm translation results in submicron thickness variation, and so, translation

using a micrometer translation stage facilitates remarkably precise phase tunability.

The above summarises the WPSI configuration used in the rest of this work. The key
takeaway is the wedge-angle points vertically so that we have vertical angular separation
(6y) and horizontal shear and incidence angle, (d, and 6; respectively). This will continue

to be the case for the remainder of this thesis.

3.4 'WPSI for vortex generation

This section will combine the principles of interferometric mode conversion presented in

Sec. 3.2 for the specific case of the WPSI using the geometry presented in Sec. 3.3.

Suppose a beam falls incident upon the front face of the WPSI (at z =0) with a Rayleigh
distance such that zr >> tg so to ensure the reflected beams share a common beam
waist location, within reasonable approximation. The incident beam takes the form F, =
Eyexp (—%) Fresnel reflection off the front face results in a portion of the beam
being reflected back. We call this £;. The transmitted portion of the beam encounters
a surface reflection off the rear face. We call this F2. We neglect higher-order reflections
for now and assume the remainder exits the WPSI by transmission through the rear face.

The reflected beams can then be expressed as follows,

—d)2 442 .
El =7 EO exXp l— —(1' I)2 + Y C_Zkyey (3203‘)
Wo
d 2 2 ) )
Ey =roEpexp | — ot x)g Y T (3.20b)
wo

where r; = r is the reflection amplitude from the front face and ro = rt? is the reflection
amplitude from the second face. Note the double-pass coefficent which is the product of
the transmission amplitude, ¢, from the front face and the reflection amplitude due to
the second-face rt. We assume linear polarisation of the optical fields, which has been
dropped in this derivation for purposes of simplicity. The polarisation state does not
influence the formulation presented here. The addition of these Gaussian fields under

destructive interference produces a result similar what was seen previously in Eq. 3.8.

24 g2 2\[2 (dy .0
E ~2Eyexp (—QE Ty ) exp <—fg> [p (m—iyy> +5} (3.21)
Wy Wy wo \Wo 90
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where p = % and 6 = ©572. When the canonical condition is met, the field can be
written in terms of E, and converted to polar coordinates, substituting for r = /a2 +y?
and azimuthal angle ¢ = arg(z + iy).

E~2F, [mre_w + 5} (3.22)
Wo

The field is a super position of the reflected transverse modes and so needs to be expressed
in terms of their respective normalised powers to clearly see the form of the resultant
field. When E; = LG then these take the form LGoy = v/2wo/rexp(—7*/w?) and LGy =
V2rfwy exp(—ip) LGyp.

E ~ 2v2peLGo1 + 26 LGoo (3.23)

We see from Eq. 3.23 the superposition state generated by the WPSI mode conversion
is that of a dominant LGg; mode accompanied by a comparitavely weak LGgy mode
due to 6 # 0. The power of each mode can be found by taking the square of the field
amplitudes Ry = 8p262 and Rgo = 462. Taking the WPSI to be made of UV-fused silica
with refractive index n = 1.46 the reflection and transmission coefficients are Ry; = 1.01%
and Roo =4.17 x 1073 %. This gives an idealised power fraction of 99.6 % in favour of the
LG mode.

So far we have only considered mode conversion from a single internal reflection. Higher
order reflections can be neglected due to their comparatively weaker amplitudes that scale
with increasing factors of rf. The WPSI face reflectances can be tuned to vary the power
in the reflected field components shown in Eq. 3.23. It is discussed in Ref. [59], that the
use of surface coatings to increase face reflectance can improve output OV power but only
with larger e. This comes at the cost of lower mode purity. Although this hinders its
use in applications where high mode purity or rotation symmetry in the beam profile is
required, this may be a fair trade-off for other applications where higher output power
is prioritised. Whereas the uncoated WPSI converts =~ 1% of the incident power, it was
shown reflective surface coatings could enable 14 % power conversion while retaining 95 %

mode purity [59].

3.5 Angle of incidence

The primary control when operating the WPSI is setting the correct angle of incidence.
Its effect can be seen in Fig. 3.3 which plots the reflected power as a function of incident
angle. An OV is said to be canonical when eq. 2.19 is met while also satisfying the
case for destructive interference (e’ = —1). Otherwise modes are generated where a
singularity may be present but the intensity profile is not that of a true LGy mode. We
observe oscillatory behaviour in the reflected power as we cycle through constructive and
destructive phase conditions given by eq. 3.19. For large 6; the horizontal separation in the
reflection dominates, generating modes resembling HG;p modes. As 6; — 0 so too does the

horizontal separation and vertically oriented HGy;-like modes are generated. The range
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Figure 3.3: Percentage of reflected power for varying angle of incidence. OV generation
found at troughs corresponding to destructive interference.

of generated modes are depicted as a montage in Fig. 3.4

Figure 3.4: Collage of WPSI modes generated in reflection by scanning between large +6,.

3.6 Beam waist correction

We assume the offsets described in Sec. 3.3 are applied at the waist of the incident Gaussian
beam. If however, the WPSI is positioned elsewhere, away from the beam waist, the quality
of the mode conversion worsens and in some cases can be invalid. Suppose the WPSI is
placed at some distance z away from the beam waist. As the WPSI’s position is translated,
the horizontal shear isn’t affected as the beams run parallel to one another - shearing is
independent of WPSI location. However the angular misalignment must originate at
the waist or else for a given location along the reflected beams’ propagation, the spatial
separation between the two beams grows. We can define the term d, as the shear in the
vertical direction which refers to the amount by which the beams have vertically separated
at the beam waist.

dy =0yz =noz. (3.24)

This additional shear at the beam waist invalidates the previously set offsets resulting
in improper OV generation and so must be eliminated. This can be done by simply
introducing a vertical tilt correction, 6, ;, to counteract the shear and return the system

to ideal alignment.

Oy = —2. (3.25)

To test the reliability of this method, beam correction was tested at z =0, zz and 2zr. The
WPSI was mounted on two goniometers for vertical and horizontal tilt control and a verti-
cal translation stage for phase tuning. The whole system was then mounted onto a larger

axial translation stage for z-position adjustment. A telescope was used to predictably
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bring a 1064 nm Gaussian beam to a focus which coincided with the WPSI interface at
z =0. The waist spot size was measured to be 0.39 mm x 0.43 mm and expected to gen-
erate an OV with offset ratio e = 0.16 - 0.17 at an incident angle 6; = 1.0° - 1.2°. The

Rayleigh length in each axis was expected to be in the range of z. =11cm - 13 cm.

Fig. 3.5(a) shows a montage of modes generated by scanning through vertical and hori-
zontal angles of incidence in a raster fashion. We can see for shallow angles of incidence
the modes resemble HG(; modes which become vortex-like with increasing 6;. Accurately
locating the "zero-point" in the tilt controls was difficult due to limited viewing angles
but reliance on the quality of the generated modes could be used to dictate a suitable
starting point, since offsets can be detected in the form of lob-sided intensity profiles, tilt
or directional symmetry. The ideal OV mode at z = 0 was identified at (1.6°, 0°). The
discrepancy in the horizontal tilt was attributed to a slight offset in the "zeroing" of the
scale. No vertical tilt correction was required. At z, we see no change in the horizontal-tilt
correction as expected and we see a change in vertical-tilt of 1.2° which was in agreement
with the expected 1.15° tilt accommodating for experimental errors. The optimal mode
was found at (1.6°, -1.2°). Expecting a linear relation between z and 6;,, at twice the
distance, we should expect twice the correction. At 2z, the hypothesis was confirmed in
locating the best mode which was a further 1.2° in the vertical-tilt at (1.6°, -2.4°). Dete-
rioration of the modes seen at z,. and 2z, was attributed to astigmatisms present in the
incident beam. Given these results we can say the corrections are valid for all z provided

the necessary angles are experimentally obtainable.

3.7 WPSI operation

We have described the physical characteristics of the WPSI, the appropriate selection
of incident beam and WPSI parameters, and the mechanism by which the OV mode is
generated. We will now provide some operational insights on how best to implement WPSI

OV generation in a lab setting.

Although the WPSI is operational in any orientation, preference is given to those that have
desirable output trajectories. For example, in our case, we wish to prevent all possibility of
vertically deflected beams as this poses an occupational hazard, especially for high-power
use. Additionally, guidance of such beams using available optomechanics could become
overly complex. In order to keep the optical system in-plane and parallel to the bench
the wedge angle was oriented vertically so that the exit angle of the OV is tilted in the
horizontal plane. This eliminates the risk of vertical beam deflection. Small vertical tilts
introduced due to a misplaced beam waist relative to the WPSI can be easily compensated

through tilt controls of mirrors mounts down-beam

It is important to consider the working constraints defined by the physical properties of the
WPSI. The WPSI is rigid in its parameters as they stem from its physical characteristics

- variability in these will require physical modification or replacement. Such parameters
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Figure 3.5: (a) Montage of generated modes scanning from near 6; , = 0° until ideal OV
mode is found. Non-zero 6;, values also shown to illustrate effect of vertical tilt when
locating OV. Optimal OV at (1.6°, 0°). (b) Modes when WPSI translated to z,. Optimal
OV at (1.6°,-1.2°). (c) Modes when WPSI translated to 2z,. Optimal OV at (1.6°, -2.4°).
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include, face reflectance, nominal thickness and wedge angle. Beam parameters are case
dependent based on extra- or intra-cavity use. For extracavity use, an incident beam can
be easily manipulated to alter beam focus, waist location, and if another source is available,
wavelength. The offset ratio can be determined using the face reflectances of the WPSI
by € = v/Ro1/8p%. For an uncoated WPSI using Fresnel reflection, Ry is usually on the
order of a few percent. We can then find the beam waist of the required Gaussian beam
as wyg = e\/mna which in turn helps us determine the incident angle given by Eq. 3.26.
Now all other parameters can be calculated where needed, the angular beam separation
is set by the wedge-angle of the WPSI, the shear separation is found using the incident
angle and the beam divergence is set by the imaging of the beam waist onto the WPSI
interface. Finally, the destructive phase condition can be tuned through translation of the
WPSI along the wedge direction.

Intracavity use is expected to be more restrictive as the incident beam parameters, wy and
Ao, relate to those of the intracavity mode whose characteristics are determined by the
geometry of the laser cavity. Cavity beam propagation simulations can be used to assist
in the search for a stable lasing configuration that satisfies the beam requirements for a
given WPSI. The angular separation 6, is fixed by the physical constraints of the WPSI
leaving only d, which depends on the angle at which it meets the incident beam. This
leads to an an additional restriction in the cavity dimensions needing to accommodate the
WPSI (and attached optomechanics) and provide sufficient clearance for beam exit while
still maintaining a stable oscillator. It is therefore recommended to work in terms of the
incident angle calculated using Eq. 3.26 and build the surrounding system based on the
exit trajectory of the beam.
_ newy

0; = (3.26)
to

3.8 Vortex output coupler

The operational considerations for WPSI use inside a laser cavity leads to the possibility of
it being used as a vortex output-coupler (VOC) for direct OV emission from the laser. The
OV is not resonant within the oscillator, instead the OV is output-coupled by the WPSI
face reflections while the remaining power is recycled back into the next round-trip. Where
as previously, the extracavity conversion efficiency was merely the reflected power, the
VOC configuration effectively achieves zero conversion losses due to the returned power.
Power scalability is substantially improved, with the potential to achieved watt level OV
powers. This is due to the WPSI sampling the incident power of the high intracavity flux

that can easily reach several tens of watts.

3.9 Intracavity phase control

The principle of interference relies on the careful setting of relative phase between the two

reflected beams so that the desired output can be generated. It can be seen from Eq. 3.19
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that the phase between the front and rear-reflected beams relies, in part, on the laser
wavelength resulting in a sinusoidal relationship between wavelength and WPSI reflectance
as computed in Fig. 3.6(a). The reflectance is maximised under constructive interference
where a TEMgy mode is generated in its output. A minimum in reflectance is observed
under destructive interference and generates a LGg; mode. The oscillating reflectance
resembles that of a low-finesse Fabry-Perot etalon. A vortex laser must operate at the
minima as indicated by the inset. Due to the loss avoiding nature of the laser oscillator,
the laser adapts its wavelength to minimise the reflectance of the WPSI and operate in
the destructive interference condition. This makes WPSI operation in the laser simple as

the phase condition in principle should be met by default, as much as is possible.

A further consideration for the laser wavelength is that the cavity is restricted to certain
longitudinal modes, M. The concept of longitudinal modes within an optical resonator will
be expanded upon in Chap. 4. For now we can treat them as operational states relating
to the laser wavelength that depend on the optical path the internally propagating mode
takes around the laser oscillator. With the inclusion of the WPSI, these are given by

L+nt

M =
A

(3.27)

where L is the total cavity optical path length excluding the WPSI, ¢ is the thickness
of the WPSI with index n, and M is the resonant longitudinal mode order which must
be of integer value. An example longitudinal mode pattern for the laser in this work is
shown in Fig. 3.6(b), where the red lines indicate the position of the longitudinal modes.
Due to the relative thickness of the WPSI and the length of the cavity, it is possible that
there isn’t a valid longitudinal mode at the correct location for destructive interference.
This can be easily corrected using the vertical translation control of the WPSI to change
its thickness until the appropriate phase condition is met. The minute wedge-angle of
the WPSI enables thickness variation on the order of 0.2 pm over a vertical translation of
Imm. This enables fine-tuning of the optical path at sub-wavelength sensitivity. Once the

path is set the laser will naturally operate at the ideal phase condition for OV generation.

Disturbingly, there appears to be coupling of the phase control and laser wavelength
selection. Translating the WPSI in principle changes the total optical path length in the
cavity, which in turn will also cause the longitudinal mode spectrum to spectrally shift.
If there is spectral drift in the laser cavity or its initially mode selection is non-ideal then
the effect of the spectral shift due to the phase correction will need to be negligible for
the laser to correctly operate. For the cavity in this work, the spectral shift due to phase
correction was computationally compared. The longitudinal mode pattern was found to
move by a factor of 1/50 compared to the WPSI spectrum. Its effect in this case was

deemed negligible as a result.

In practice, the necessary adjustments were easily made. A 27 phase change was achieved

through vertical translation distance of 0.5 mm. It should also be noted that if the cavity
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perimeter were larger, or the WPSI thinner, the spectra would be much more likely to
have a valid longitudinal mode at the destructive interference condition, making these

considerations and adjustments unnecessary.

10 A
S
o 8-
Q
g
g 6
=
&
4 -
1
2 V. 0
1 =
T T .-T T T
-300 -200 -100 0 100 200 300
Relative wavelength shift (pm)
5
(b)
4 -

Reflectance (%)
L
/

1O e

0 T T
-10 0 10 20 30

Relative wavelength shift (pm)

Figure 3.6: (a) WPSI reflectance for shifts in incident wavelength relative to 1064 nm
are shown. TEMgy and LGy; mode reflections found when constructive and destructive
interference conditions are satisfied respectively. (b) Reflectance plot zoomed in to near
reflectance minimum. The red vertical lines indicate the position of cavity longitudinal
modes. The WPSI spectrum (blue) can be adjusted in position via Ay-control

3.10 Summary

This chapter presents the non-standard use of a WPSI as a mode-converting device for OV
generation. We began by providing a mathematical picture of OV generation through the
principle of interferometric mode conversion by considering the general case of interfering
two Gaussian beams. We find that by applying a shear and angular separation along

orthogonal axes at the beam waist, we can derive the conditions under which an OV is
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generated in its output. We refer to this as the canonical condition and it is used to limit

the magnitude of these offsets based on the parameters of the input beam.

We then apply this framework to the geometry of the WPSI and find it yields an OV with
high (99.6 %) LGo; mode purity. We provide operational insights on how to apply the
WPSI in a laboratory setting and describe its functional features. Its primary control is
through tilting it relative to the incoming beam. In our configuration, OV generation is
controlled via the horizontal tilt control while the vertical tilt can be used to correct for

axial misplacement of the beam waist relative to the WPSI interfaces.

The primary drawback to the WPSI is its poor power conversion efficiency which is equal
to only the Fresnel surface reflectance of the WPSI medium. The remaining power is lost
in transmission. We realise the option for intracavity operation through application of the
WPSI as a VOC. This way, the transmission losses instead recycle the "lost" power back
into the laser cavity while the face-reflections act as an output coupling mechanism for

direct OV emission.

33



Chapter 4

Solid state laser cavities

A laser oscillator is comprised of two basic components - a laser gain medium to provide
amplification and a resonator for optical feedback. The laser oscillator acts to increase
the total photon flux at the end of each round trip by selecting operational modes that
minimise losses. The lasing threshold is satisfied when the gain exactly balances the round-
trip losses at which point the gain is clamped and laser action reaches steady state. Losses
can occur due to poor resonance of the oscillating field due to diffraction and component
insertion losses which act to diminish the photon intensity. High losses reduce the efficiency
of the laser as larger gain is required to maintain the same level of output. Laser action
ceases when the losses exceed the maximum gain that can be extracted from the gain

medium.

The performance of a laser oscillator is dependent on the correct setup of both the amplifier
and resonator. The laser oscillator will always operate at optimal efficiency for a given
optical configuration but this does not necessitate the optical configuration itself will
be optimal for laser performance. Developing an operational understanding of a laser
oscillator and where its limitations lie is therefore necessary to ensure best performance.
In this chapter we discuss the workings of the laser gain medium and optical resonator.
The former will provide a generalised overview of laser action and explain the choice of laser
gain medium used in this work by discussing its physical and spectroscopic characteristics.
The latter will discuss the geometric requirements for resonator stability, in firstly a linear
resonator configuration, how this is modified through the introduction of additional optics
such as lenses, and describe the mechanism by which transverse and longitudinal mode

resonance is achieved. Similar will follow for a ring resonator.

4.1 Selection of laser gain media

There are particular requirements the electron structure of the gain medium must satisfy
that determine whether laser action can occur. Consider a lone gain medium with a

background level of incident photons. It will undergo spontaneous excitation and decay
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processes with energies determined by the electronic structure of its active species. Due to
the random nature of these processes, it forms a base noise floor of weak photon emission
with no appreciable coherence or power at this stage. The intensity of emission at a
particular energy can be enhanced by raising the number of electrons in the excited state
of that particular transition. This can be achieved by pumping the gain medium at a
particular absorption energy to artificially create a top heavy distribution of excited to
ground state electrons from which gain can be extracted. This is referred to as a population
inversion. In order to maintain a population inversion to sustain lasing, the decay rate of
excited state electrons must be greater than the absorption rate of ground state electrons.
If the energies of the absorption and emission cross-sections are equal, the same pump
photons used to excite ground state electrons will also act to deplete the excited state
population through stimulated emission. For this reason a simple two-level system is

incompatible for steady lasing.

Pump
level

A Fast
: Laser

A level

Slow

v Ground
level

Figure 4.1: Electron transitions for 3-level laser gain medium. Solid lines denote the laser
transitions with dotted arrows indicating spontaneous processes.

Three-level systems appear to solve this problem through an additional non-radiative
transition that restricts the decay of excited electrons by the pump due to a separation
in their respective absorption and emission transition energies. This is shown in Fig. 4.1.
Rapid decay of the excited state to the laser state facilitates the creation of a population
inversion between the ground and laser states. As ground state electrons are pumped to
the excited state, they readily decay to the laser state. The lifetime of the laser state
is long enough for the laser state population to build-up before an incident photon can
stimulate laser emission and demote the electron back to the ground state. However,
three-level systems are prone to reabsorption of laser photons as there is a direct pathway
for electron excitation. As a result, intense pumping is required to bleach the ground
state. The high flux of pump photons floods the ground state to statistically reduce the
likelihood of reabsorption. Nevertheless, with sufficient pumping, a population inversion

can still be sustained with positive gain to enable lasing.

The high-threshold of a three-level system is detrimental to operating efficiency due to the

high power requirements for the pump. Instead we can use a four-level system. Just as

35



CHAPTER 4. SOLID STATE LASER CAVITIES

Pump
level

A Fast

Upper
laser level

Slow

v Y Lower

laser level

Fast

Y: v Ground

level

Figure 4.2: Electron transitions for 4-level laser gain medium.

before, optical pumping is used to promote electrons from the ground state to the upper
excited state. The electron is released through rapid phonon decay to the upper laser state
where stimulated emission produces a laser photon. However here, instead of falling to
the ground state, the electron falls to a lower laser level. As this state is also short-lived,
it prevents the build-up of any appreciable population while also mitigating the chance of
self-absorption. This way, the lasing threshold can be greatly improved with less pump
power. The electron falls back down to the initial ground state through rapid phonon

decay. The cycle then continues.

4.1.1 Rare-earth doped laser gain media

In solid-state laser systems, laser gain media come in a variety of chemical compositions.
they can be categorised into families of crystalline oxides such as sapphire (AloO3) [63, 64],
garnets such as YAG (Y3Al50,2) [65], fluorides such as YLF (YLiF) [66] and vanadates
(VOy4) such as Nd:YVOy [67] with transition metal (TM) or rare-earth (RE) metal dopants
added to host media which act as the active species. Glasses and ceramics are also used.
Laser transitions generally occur between the 4f-4f and 4f-5d orbitals for RE doped gain
media and 3d-3d orbitals for TM granting direct photon generation capabilities spanning
the NIR, visible and UV spectral regions.

RE dopants in particular are notable for their strong yet narrow emission lines originating
from their 4f orbital. They are nearly always trivalent ions with examples in Nd3*, Y3+,
Yb3t, Gd3*, which replace similar valance ions within the host lattice. Interaction of
the 4f orbital with the surrounding crystal field results in further splitting of degenerate
2541 ; electron levels due to the Stark effect. The specific energy configuration this yields
may vary depending on the combination of dopant and host, however this interaction is
relatively weak ( 100cm™!) due to shielding by the outer 5s and 5p orbitals reducing its
effect [68]. As a result, similar spectral characteristics are seen for RE dopants in different

host crystals. An example of this is seen in Nd:VO4 and Nd:YAG which share a common
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Nd3* ion with notable emission lines at 0.9 pm, 1.06 pm and 1.3 pm.

4.1.2 Nd:YVO,

Table 4.1: Comparison of physical and optical properties of Nd:VO4 and Nd:YAG laser
crystals. Data from ref. [69, 70]

Nd:VOy,

Property c-axis a-axis Nd:YAG
Crystal structure tetragonal cubic
Mass density (g/cm?) 4.22 4.56
Moh hardness 5-6 8-8.5
Thermal conductivity (Wm™tK~1) 5 10-14
Thermal expansion coefficient (1076K~!) 11 44 7-8
dn/dT (1076K~1) 3 8.5 7-10
Absorption cross-section at 808 nm (10?°cm?) 60 7.7
Emission cross-section at 1064 nm (102%cm?) 114 28
Nd density for 1% at. doping (102°cm~3) 1.24 1.38
Fluorescence lifetime (ps) 90 230
Gain bandwidth (nm) 1 0.6

Neodymium-doped Yttrium Othovanadate (Nd:YVOy,) is a widely used RE-doped laser
gain medium particularly known for its ability to lase with high gain and low threshold
[67]. Although it can lase with flashlamp pumping for pulsed operation, its popularity grew
significantly with the advent of high-power diode pump lasers becoming readily available.
Compared to Nd:YAG - another popular Nd-doped gain medium - Nd:YVOy offers en-
hanced pump absorption coefficient and gain efficiency giving it an edge over Nd:YAG for
low threshold lasing and has similar performance for CW operation. For pulsed operation
Nd:YAG allows higher pulse energies due to its longer fluorescence lifetime, however the
high laser cross-section of Nd:YVO,4 makes it well suited for high repetition rate systems.
A list of key properties comparing Nd:YVO4 and Nd:YAG is presented in Tab. 4.1.

Nd:YVOy is a crystalline laser gain with Nd3* as the active ion for laser emission and
Yttrium Vanadate (YVOy) as its host crystal. Here the trivalent Nd3* ion replaces the
similarly sized Yttrium without significant modification to the host’s lattice structure
thereby preserving its thermoconductive properties. It has tetragonal lattice structure of
the Dyj space group. The anisotropy in lattice structure makes Nd:VOy4 naturally bire-
fringent with asymmetric properties along its a- and c-axis. In some instances Nd:YVOy
is seen as inferior to Nd:YAG due to its lower thermal conductivity and Moh hardness
leaving Nd:YVOy susceptible to thermal strain. However its lower dn/dT reduces thermal

lensing effects.

Nd:YVOy, as with other Nd-doped laser gain media such as Nd:YAG, is a classic choice for
laser emission as 1064 nm. The Nd3* active species has its highest absorption cross-section

at 808 nm where it exhibits strong 4-level behaviour within its 4f orbital. The %I, /2 and
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1P, /2 manifolds act as the lower and upper pump levels. Nd:YVO, has strongest emission
peak at 1064 nm which corresponds to the laser transition between the ‘Fj 2 and 144 /2
manifolds. Vibronic transitions link the respective pump and laser manifolds to complete
the 4-level system. Thermal interaction allows the respective populations to distribute
themselves following the Boltzmann probability distribution, permitting us to assume
upper vibronic states to be in thermal equilibrium as are the lower vibronic states due to
the short-lived relaxation time relative to the lifetime of the metastable F /2 and ground

levels.

Additional weaker yet notable laser transitions are available at 914 nm and 1340 nm [71,
72] which have implications for watt-level second-harmonic generation into the visible.
However, there is considerable reabsorption of the laser light associated with the former.
This due to a high thermal population of the lower laser level. The latter suffers from
a high quantum defect resulting in greater thermal loading and excited state absorption
which reduces efficiency as compared to emission as compared to 1064 nm where it is
negligible [73].

One of the primary drawbacks of Nd:YVQy is its poor thermo-mechanical properties as
compared to Nd:YAG which limits high-power performance. The apparent solution to this
would seem to be to reduce the thermal load applied to the crystal by the pump. In-band
pumping excites ground state electrons directly to the emitting level, subverting the need
for excitation of the upper pump state and subsequent phonon decay which dissipates as
heat. As the respective electron levels are less energetically separated, the quantum defect
is improved and shown to improve lasing threshold and slope efficiency [74]. The “I, /2 to
iF, /2 transition corresponding to absorption of 879 nm is the strongest absorption line in
Nd:YVO,4 with an absorption cross-section half that of 808 nm with a reported decrease

in thermal load of 27 % and enhanced emission at 914 nm [75].

The spectroscopic properties for other Nd?* active gain media may vary depending on
the specific crystal field interactions with its host and how this influences the resultant
energy structure [73]. Another example of this is Nd:GdVOy [76] which shares the same
crystalline structure, and similar transition energies. It has greater pump absorption yet

lower laser emission cross-section and is known for its larger gain bandwidth.

4.2 Linear resonator

The linear resonator is the simplest and most common optical resonator configuration used
in laser systems. Its optical setup is fairly simple, it consists of two end mirrors enclos-
ing a gain medium between which the laser light oscillates; a dichroic back-mirror (BM)
transmissive at the pump wavelength and highly reflective at the emission wavelength, and
an output coupling end reflector (OC). The transmission through the OC can be tuned
to vary laser output. A higher transmission percentage effectively increases cavity losses

through the OC for greater laser output, however at the cost of a higher lasing threshold.
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Figure 4.3: Notable pump and laser electron transitions in Nd:YVO4. Adapted from [77]
and [78]

This is usually not a problem for high-gain media such as Nd:YVO,4 but may be problem-
atic for low-gain media which require access to higher pumping powers to accommodate
the high cavity losses. Decreasing the OC transmission can improve the lasing threshold
as fewer photons are lost each round trip, however laser output is diminished for the same
reason. One must balance losses appropriately to maximise performance, accounting for

the properties of the gain medium and the intended use of the laser power.

4.2.1 Linear resonator stability

F=R1/2 F=R2/2

(a) (b)
:Rl RZ; [ : : :
' L | ' L t L :

Figure 4.4: (a) Linear resonator with curved mirrors R1 and R2 separated by length L.
(b) Unfolded cavity with replaced lens. Beam propagates from left to right.

The stability of a resonator describes how readily it can entrap a optical field to resonant
within its bounds. When discussing resonator stability we consider a "cold" resonator,
that is, a resonator without an active gain medium driving the field from within. When
the resonator is "hot" as with active laser cavities, round trip gain can replenish the optical

decay from component losses, resulting in zero effective loss when the laser is in steady-
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state. A lossy laser cavity may still be functional but with poor efficiency and higher
threshold. When these losses cannot be fully compensated by the gain alone, instability in
the laser resonator ensues with sporadic power fluctuations or complete extinction of the
laser mode. To account for the gain contributions from the laser crystal adds a great deal
of complexity when modeling the behaviour of the internal mode. It is therefore useful to

use the "cold" resonator model for the initial stability considerations.

A two mirror optical resonator consists of two oppositely faced end mirrors used to steer
the propagation of an enclosed optical field. The space bound by the end mirrors is
often referred to as the optical cavity. The field inside the cavity must be reproducible
at any arbitrary reference plane after each round trip to ensure stable resonance. If this
condition is not met, even small error accumulations in phase or amplitude can rapidly
build-up with each round trip and be detrimental to the interference between the forward
and back-reflected fields. If the points of destructive interference are led to drift along the
propagation axis each round trip, resonance will be impossible and the resonator will be

incapable of confining the optical field.

A stable resonator can confine a set of transverse modes which within the paraxial limit is
satisfied by the fundamental TEMyy Gaussian and higher-order Hermite-Gaussian modes.
A Gaussian mode at an arbitrary reference plane located at z can be described using its
complex beam parameter,

1 1 A

g - R(Z) +i7rw(z)2 . (41)

Its state after a single round trip, ¢/, is determined using a Ray Transfer Matrix (RTM)
to describe the beam as it is manipulated by cavity propagation and internal optical

components [79].
,  Ag+B

4 _Cq—i—D_q

Consider a linear resonator comprised of two end mirrors of curvature, R; and Ra, sep-

(4.2)

arated by distance, L. We can unfold the round-trip optical path into a single path as
shown in Fig. 4.4 by replacing the mirrors with lens of appropriately set focal lengths.
Then we express the free-space propagation RTM by left-multiplying the ABCD matrices

of the respective components in reverse order to the optical path.

1 0 1 L 1 0 1 L
M= 2 1/\0 1 2 1/\0 1
R "Ry
2L 2L2
:< 2 _2172 AL 2L2L_4L}T2 4L2):<A B) (4.3)
R TR TRB TR R TR ¢ D

By substituting the elements of Eq. 4.3 into Eq. 4.2 we can solve for ¢’. To ensure ¢’ € C

we are bound by the condition
1
0<Z(A+D+2)<1' (4.4)
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This can be conveniently be expressed in the form,
0<giga<1. (4.5)

where we have defined parameters, g; and go such that

L L
=1—— d =1——. 4.6
g1 Ry an g2 R, ( )

These g-parameters are complex eigenvalue pair conjugates of M used to define the sta-
bility criterion for any two mirror resonator. A high stability resonator will be able to
confine the oscillating field over many round-trips with minimal losses, whereas a low sta-
bility system may lose the field after a few round trips due to losses induced from poor
field reproducibility or be incapable of enclosing field oscillations altogether. The stability
criterion in Eq. 4.5 is used to quantitatively classify the suitability of an optical cavity for
stable resonance. Any two mirror resonator can be characterised by its g-parameters and
represented as a point on Fig 4.5. A resonator is stable for all values within the shaded
area. If the product of the g-parameters exceeds g1g2 = 1 or lies beyond the axes, the res-
onator falls out of the stable region. Then the cavity can no longer contain a stable mode
due to poor re-imaging of the optical field. In the paraxial limit of a laser oscillator, laser
action ceases as high round trip losses exceed the maximum gain that can be extracted

from the population inversion.

4.2.2 Internal and thermal lenses

An intracavity lens may be used for greater control of the transverse mode size and bet-
ter spatial matching with the inversion region. This prevents higher-order modes being
generated, improving beam quality and overall efficiency. When lasing above threshold,
optical pumping can generate a transverse thermal gradient in the gain medium where it
is hottest along the beam axis and cools radially creating a temperature dependent change

in local refractive index. We can express the focal length of the resulting lens as follows,

o dn/dT
- 2kA

Phreat (47)

where dn/dT is the thermooptic coefficient of the gain medium, & is its thermal conductiv-
ity, A is the area of the pump spot size, and P is the power dissipated as heat primarily

due to the quantum defect of the laser energy transition.

Thermal effects can also exert mechanical strain on the crystal resulting in physical distor-
tion or bulging at its surface. These effects contribute to thermal lensing which too acts
to vary the internal mode size as would an internal lens, although in this case it is often
considered undesirable. As such, a power varying thermal lens may be treated as would
an internal lens when modeling resonator stability. If both lensing effects are present and

spatially separated then one may re-derive the stability criterion for this setup using the
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Stability Curve for a
Linear Optical Resonator
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Figure 4.5: Stability curve for a linear two-mirror optical resonator. A stable resonator
can be denoted as a point (red) on the plot based on its g-parameters. The shaded
area indicates regions of stable resonance bound by ¢1,92 =0 and g1g2 < 1. As the point
approaches these limits instability in the resonator can be induced. Once past these limits,
there is no stable solution that satisfies the cavity dimensions and field resonance ceases.

appropriate RTM.

For now lets take the example of a single internal lens between two mirrors of curvature

Ry and Ry. As before we can unwrap the round trip path but we will need to account for

the double pass through the lens. This modifies the resonator’s g-parameters as follows,
L L2 r Ll

Here we have defined an effective resonator length [80],
L'=Li+Ly—LiLy/f (4.9)

where L1 and Lo are the distances to the end mirrors on either side of the lens and f is its
focal length. Again, the field reproducibility condition requires ¢’ = ¢ for an indefinitely
resonant Gaussian field. Additionally, the curvature of the field must match that of the
end mirrors for it to maintain its shape through propagation. The beam size and mirror

locations can be calculated as before using the appropriate g-parameter values.
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4.2.3 Gaussian cavity mode propagation

We can describe Gaussian beam propagation through the resonator in terms of known g;
and ¢go. In particular, it is useful to determine the spot size at each end mirror, which

must remain smaller than the end mirror diameters to prevent aperture losses.

L L
w? = LA 92 and ws = CEA (4.10)
7 \ (91(1 —g192) 7 \ (92(1—g192)

Another useful reference point is the transverse mode size at the thermal lens [81].

2\
w3 = ?maX(Ll,Lg) (4.11)

we can use these to describe the propagation of the internal Gaussian mode. To promote
stable laser operation, the location of the end mirrors can be expressed in terms of the

resonator g-parameters as follows,

g2(1—g1) L and 2y — g91(1—g2)

= LA L 4.12
91+92—29192 91+ 92—29192 (4.12)

4.2.4 Longitudinal modes and non-ideal effects

An optical field must form a standing wave for it to see stable oscillation within a linear
resonator of length, L. This discretises the possible states within the resonator only
allowing certain spectral modes whose round trip optical path is an integer multiple of its
wavelength. The resonance condition for a linear resonator describes the possible allowed
states, referred to as longitudinal modes, and can be expressed in terms of wavelength, A,
or frequency, v, as follows, _

O = jA = % (4.13)

with mode spacing,
c

T 2L

The overlap of the possible modes modulated by the gain spectrum of the gain medium

Ay (4.14)

determines which mode reaches threshold first. Once a mode reaches threshold, it clamps
the gain to suppress all other modes granting it sole dominance. This process maximises
lasing efficiency as it allows the laser to always find the lowest-loss case to maximise gain

extraction for a given configuration.

In practice, non-ideal effects can complicate the mode selection processes. Spatial hole
burning occurs when the interference between counter propagating quasi-monochromatic
light generates periodicity in the gain medium in half-wavelength intervals. Local regions
of saturated gain are created preferentially at the antinodes of the standing wave which
distorts the spatial distribution of the gain spectrum. This induces losses in the lasing

mode and gives way to other modes to compete for gain dominance. Spatial hole burning
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can prevent the laser from operating at a single longitudinal mode as gain extraction
alternates between multiple laser modes. Laser power stability can be greatly affected as
the emission will alternate between competing modes. This can be especially problematic

for single frequency applications such as spectroscopy or doppler measurements.

4.3 Four-mirror ring resonator

Although there are similarities between ring and linear resonators in what has already been
discussed, there are some particulars regarding ring resonators that make them unique.
Ring resonators come in a variety of configurations where the optical paths follow a closed
loop around the cavity. Examples of these include circular paths along the perimeter of 3-
and 4-mirror cavities or more complicated folded arrangements such as bow-tie cavities.
A key property of these systems is the ability to accommodate unidirectional oscillation
that prevent spatial hole burning effects in the crystal. Single-frequency oscillation is more
easily obtained by eliminating these non-ideal effects largely attributed to standing-wave

internal modes seen in the linear resonator.

4.3.1 Ring resonator stability

Just as we saw in sec. 4.2.1, the stability of a resonator can be determined by calculating
the RTM of a unfolded representation of the internal optics. However unlike a linear
resonator, the path through a ring resonator is single pass. Consider a rectangular ring
resonator comprised of four high-reflectance planer mirrors, an internal fixed power cavity
lens for mode size control and an active gain medium which will act as a power variable
thermal lens. The two lenses are symmetric in position separated by distance, L. The

optical path RTM is calculated as follows,

1 LN[( 1 o\(1 L\[ 1 o
Mying =
e (0 1> -+ 1 (0 1) -+ 1

L 2L L2 L2
(R Tae MR (4.15)
R S AR 4 ‘
fi fo 'l fife f1

As before, we can substitute elements A and D into the stability condition in Eq. 4.4

which returns our new g-parameters,

L L
=1-— and g=1--— 4.16
9 o, A o oh (4.16)
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4.3.2 Ring resonator longitudinal modes

The ring resonator is a peculiar class of optical resonators which lack a standing-wave
resonance solution. The lack of a back-reflection mechanism means there is no boundary
condition requiring the node locations to be fixed at the end mirrors. Instead the cavity
produces two counter-propagating traveling-wave modes with resonance instead achieved
through the accumulation of round trip phase around a closed loop being restricted to
integer multiples of 2. This allows node locations to drift each round trip, the rate at
which the nodes drift governs the degree to which spatial hole burning takes effect. As we
will see in the next section, a unidectional intracavity mode can be enforced by weakening
the contributions of the counter-propagating mode so that local gain saturation in the
crystal is prevented. When the resonator is not unidirectional, multimode oscillation
may be observed. To avoid spatial hole burning we exclusively operate in unidirectional

oscillation so that there is no standing wave pattern at all.

The accumulated round trip phased due to free space propagation through cavity length,
L, is expressed as,
Ap=2kL—¢ (4.17)

The round trip phase is still an integer multiple of 27 so that it is self-replicating. By
making the substitution k& = 27v//c and solving for when A¢ = 2n7 for integer n, we get

the ring cavity resonant frequencies as follows [82],

v = i [n+ ;ﬂ (4.18)

4.3.3 Unidirectional ring resonator

A ring laser will generally lase with two counter-propagating modes in the clockwise (CW)
and anticlockwise (ACW) directions. Their longitudinal mode content is identical as their
allowed frequencies are determined by the same cavity mirrors. However, as the ring res-
onator lacks a back-reflection mechanism, these internal modes form two travelling waves
that propagate independent of one another [83]. As the CW and ACW modes are optically
uncoupled and compete for gain. The counter propagating modes have similar thresholds,
so due to transient perturbations and gain clamping the oscillator will rapidly switch from
CW to ACW emission. This also effectively halves the emission power available in a given
direction. The interference of these travelling waves can create a standing wave as seen in a
linear resonator, leading to the same limitation. The advantage of the ring resonator how-
ever, is its ability to operate in single-pass in either direction, through the use of direction

selective optics which otherwise would not be possible in linear resonators configurations.

Unidirectional propagation of the internal mode can be imposed through the suppression
of one of the travelling wave modes such that, say the CW mode, is preferred. A simple
example of how this can be achieved is through a Faraday rotator used in conjunction

with a half wave-plate which acts to block backwards propagation. By forcing travelling
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wave resonance, the spatial distribution along the axial direction in the active medium is
homogeneous so that gain saturation is mitigated. This allows further pumping without
inducing unwanted competition so that the system operates at a single frequency at narrow
line-width. Gain extraction is uncontested allowing the single-pass travelling-wave mode

to fully exploit the available gain and single frequency operation is more easily achieved.

Another less common method to impose a unidirectional internal mode is through an
external feedback mirror [84, 83, 85, 86]. Whereas the Faraday rotator acts to impede one
mode without appreciably affecting the other, the feedback mirror strengthens the desired
mode at the expense of the other. Suppose we have a ring cavity with two counter-
propagating modes of equal power density competing for gain amplification, yet we desire
the singular CW mode to be dominant. We can introduce losses of equal magnitude
in both modes using a slightly transmissive cavity mirror. Then using a retro-reflective
mirror we can feedback the CW mode that exits the resonator back into the cavity. This
increases the power density in the CW direction upon re-entry. By biasing the internal
power in the CW direction, the unbalance in mode power allows the share of gain to shift
in its favour and the ACW direction is suppressed due to unrecovered losses. The share
of power held in the desired mode can be expressed as a ratio comparing the total power
contained in the respective modes. Expressed as a ratio, unidirectional powers of 2500:1

have been reported for Nd:YVOy4 based ring laser systems [86].

4.4 Linear vortex laser

In Chap. 3 we were introduced to the concept of OV mode transformation using a WPSI.
In this chapter so far we have looked at key considerations towards the development of
an efficient laser oscillator in a linear and ring configuration. We will now combine these
ideas to show the development of a OV laser cavity using the WPSI as a VOC. This is
demonstrated through two examples. Our initial attempt implemented a linear cavity
configuration selected due to its simple optical set up where the WPSI would sample the
intracavity power for OV conversion. In the end this configuration was deemed unsuccess-
ful due to limitations which will be discussed in this section. The second implimentation

was in a ring cavity configuration which will be presented in the next section.

4.4.1 Pre-laser characterisation

Before proceeding with the construction of the laser cavity, we must characterise the output
of the pump laser-diode and the thermal lensing it induces in the laser gain medium as
these factors will determine key properties of the laser such as power efficiency and cavity

dimensions.

Pump laser emsission

The pump beam was produced using a K808DA5RN-60.00W fibre coupled diode laser

from BWT Beijing. It possessed a top-hat profile with nominal emission at 808 nm to
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Figure 4.6: Pump diode laser power curve. Inset shown the top-hat profile of the pump
beam

coincide with the Nd:YVOy, 41, /2 to 2F, /2 absorption line which promotes ground state
electrons in the gain medium to the upper pump state. The pump laser was characterised
to serve as a point of reference for input power delivered to the laser cavity should there be
any alterations to the optical system or performance in the future. A power curve for the
pump diode laser is shown in Fig. 4.6 at a fixed temperature of 25.0°°C using a Coherent
0114J05 LM-10 10 W power meter.

The pump beam was focused using a f = 20cm lens to a focal spot size of 0.6 pm at the
laser crystal. The laser gain medium was 0.5% doped Nd:YVO,. Its pump absorption
fraction was calculated by measuring the optical power transmitted through the crystal.
The optical tranmsission data is shown in Fig. 4.7. The data was collected as single-pass
transmission with no back reflections from external mirrors or surface coatings to prevent
induced lasing. The optical pump power were kept low to minimise fluorescence of the

gain medium inflating the power detected by the power meter.

We found the absorption to be lower than expected at 78%. The gain medium had
been damaged from previous use which could affect its performance, however measures
were taken to avoid placing the pump directly on to the fracture lines. We expected the
emission wavelength of the pump sat outside of the gain medium’s optimal acceptance
range. This could be offset due to the temperature setting of the liquid cooled heat
sink that was connected to both the laser-diode module and the Nd:YVO, gain medium.
Data collected in Tab. 4.2 shows the shift is pump emission wavelength and associated

transmission through the laser crystal for varying heat sink temperatures.

Absorption of the optical power improved with temperature however a significant reduction
in absorption was observed at 25 °C compared to what was obtained in Fig. 4.7. Vibrations
due to the cooling units on the optical bench became severe beyond 27.5°C. Despite

operating off the nominal 808 nm wavelength, we opted to set the heat sink to 27.5°C to
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Figure 4.7: Optical tranmsittance of the pump power through 0.5 % doped Nd:YVOy4

Table 4.2: Pump emission wavelength and optical transmission for varying heat sink
temperatures.

Temperature (°°C)

Pump wavelength (nm)

Transmission (%)

17.5 802.76 53.2
20.0 803.31 47.2
22.5 803.90 38.7
25.0 804.25 29.8
27.5 805.07 19.2
30.0 805.44 11.5
32.5 806.21 10.0
35.0 807.03 10.5
37.5 807.62 7.8

minimise vibrations which could have adverse affect on laser stability down the line. Of
course the compromise with improved vibrational stability is the reduced overall power

efficiency of the laser but this is of lesser importance at this stage.

Thermal lens

The thermal lens induced by optical pumping of the laser gain medium was measured. The
PR was mounted on to a translation stage so that the cavity length could be increased
while the laser was operational. L1 is the distance from the BM to the laser crystal and
was fixed at 12mm from the laser crystal. L2 is the distance from the laser crystal to the
PR. Lasing ceased when the total cavity length exceeded the distance required to reimage
the intracavity mode on the PR. This was found when L2 = 192mm for 5 W of optical

pump power.

The evolution of the laser spot size was calculated using an optical cavity simulator on
MATLAB (developed by Dr Kerridge-Johns) based on equations formulated by Magni et
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al.[81]. The spot sizes at the thermal lens and PR were calculated for varying L2. This
allows us to examine cavity length parameters to find the optimal setting based on the
strength of the thermal lens. The laser has optimal power output when L2 was set just shy
of 100 mm. This corresponds to when wy is maximised in Fig.4.8 and possibly indicating

optimal overlap of w3 with the pump induced inversion.
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Figure 4.8: (a) Laser spot size wy at the PR and ws at the thermal lens. wy maximised
when L2=89 mm and ceases at L2=192 mm. w3 monotonically increases with L2 and ap-
proaches asymtote near L2=192mm. (b) MATLAB cavity mode simulation at maximum
L2.

4.4.2 OV generation in a linear cavity

The linear cavity was constructed with the WPSI placed between the cavity mirrors as
shown in Fig. 4.9. An immediate drawback to this setup was the inability of the OV
reflection angle to extend beyond the PR so that direct WPSI output coupling could be
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Figure 4.9: Linear cavity setup with WPSI for OV generation. The back-mirror (BM)
and partial reflective mirror (PR) enclosed the gain medium (GM). An aperture (AP) was
used to block the back-reflection from the WPSI.
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Figure 4.10: (a) Intensity profile of OV generated by the linear cavity. Although the in-
tensity profile of the ring is good, the phase singularity has non-zero intensity (b) Intensity
cross-section of OV along the horizontal axis (indicated by the red dotted line in (a))

achieved. Avoiding the PR required an incident angle too large for any annular shaping
of the reflected mode let alone to produce a canonical OV. Instead an OV could only be
produced when the exit angle was through the PR which greatly diminished the OV output
power. This was more so a limitation of this particular setup and not linear cavities in
general. Since the exit angle is determined by the dimensions of the WPSI a custom built
WPSI or access to a greater selection of WPSI sizes could easily resolve this compatibility
issue. In fact, Ref. [87] successfully demonstrated the use of a linear cavity with the WPSI

functionality replicated using microscope slides.

The transverse mode generated by the intracavity WPSI was found to possess traits indica-
tive of improper mode conversion. The phase singularity was observed to have non-zero
intensity and the resultant mode had poor phase control sensitivity. Fig. 4.10 shows the
intensity profile and cross-section for such an OV. The performance of the WPSI was
significantly affected by the broad line width of the incident radiation. Interferometry
relies on the incident light maintaining coherence over the entire optical path difference,
which here corresponds to the dual-pass distance through the WPSI. A broad line width,
indicating a short coherence length, limits the ability of the light waves to interfere after
traveling this distance. As a result, the interference becomes washed out, disrupting the

intended mode conversion and reducing its efficiency.
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Figure 4.11: FP setup to analyse the laser emission spectrum. The fringe orders have been
identified as s’ —s =1 and s’ —s =2 in orange and red respectively. Each fringe is shown
to possess a dual ring structure denoting bi-modal laser emission.

The broad spectral line width was thought to be due to a combination of spatial hole burn-
ing effects which permitted the lasing of multiple longitudinal modes and the intracavity
WPSI acting as an frequency selection tool, similar to an etalon. As a result, the laser
spectrum adjusted to minimise losses across longitudinal modes which were modulated
by the WPSI depending on its orientation within the cavity. This is further complicated
through coupling of WPSI orientation and the geometry of the transverse mode reflected
out the cavity. We can characterise the suitability of the incident radiation for interference
through its coherence length, L. which is the distance over which the light waves remain
coherent. The point of incoherence is generally defined as the point when self-interference

sees a 1/e decay in fringe visibility.

Cc

L.—
° nAv

(4.19)

For effective interference, the coherence length must exceed twice the WPSI thickness.
The coherence length, in turn, depends on the bandwidth of the laser emission spectrum.
To measure this bandwidth, we used a spectral diagnostics setup incorporating a Fabry-
Perot (FP) etalon. Commercial spectrometers can typically be found capable of providing
spectral resolutions of around 0.1nm. However for laser line width measurement finer
resolutions are required. This can be achieved through the use of a FP spectral analyser
as shown in Fig. 4.11, that can provide an order of magnitude improvement in this regard.
This method separates the spectral components of the incident radiation through the FP

transmission function given in Eq. 4.20 depending on the incident angle, @, of the incoming

4R 2nvLcosO\]*
Trp=|1 i 4.2
jaa) +(1_R)2sm< - )] (4.20)

wave fronts.

The transmission function is maximised when 27vLcosf/c = st for integers s with the
highest order fringe occurring at normal incidence when s’ = 2Lv/c for FP length L.
The incident angles are produced by passing a sample of the laser emission through a

negative lens placed before the FP. The FP transmission is brought to a focus and imaged
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Figure 4.12: FP rings for emission at (a) lasing threshold and (b) ~ 0.8 W lasing power.
At threshold we immediately see multimode emission with a line width of Av = 6GHz
measured using an FP with FSR = 10 GHz. Above threshold the line width becomes too
broad to measure using this FP as indicated by overlapping fringe orders.

onto a camera to reveal a pattern of concentric ring fringes as shown in Fig. 4.11. Each
fringe increasing in radial position decreases in fringe order, each order is separated by
the free spectral range (FSR) of the FP given by Avpgr = ¢/2Lcosf. The transmission
function then grants the ability to decompose the laser spectrum by mapping the spectral
content of the incident beam to radial coordinates on the image plane. The incident angle

corresponding to a fringe order can be approximated by,

(4.21)

The resolution of the spectral features is determined by the finesse of the FP, F =
7V R/(1— R) for face reflectance R.

Multi-mode emission is identified when multiple rings occupy the same fringe order with
the repeating unit separated by the FSR of the FP as illustrated in Fig. 4.11. Experimental
measurements are shown in Fig. 4.12. Fig. 4.12(a) shows the case where the broad emission
spectrum is still within the FSR of the FP. In cases where the emission spectrum exceeds
the FSR of the FP, the friges are no longer clearly seperated and begin to overlap as shown
in Fig. 4.12(b). The overall width of the fringe equates to the spectral linewidth. The
coherence length of the linear OV laser at threshold was calculated to be L, = 3.4mm
which is less than the dual-pass distance through the WPSI. Hence we have incoherent

mode conversion.

It is not uncommon to see multimode emission spectra in linear cavities. This is can simply
be corrected through the use of an intracavity etalon that applies stronger modal selection
that the cavity or, in this case, the combined effect with the WPSI. The FSR. of the WPSI
is 39.5 GHz. A FP with an FSR of 3.4 GHz was used to clear the laser spectrum and was
proven to be successful rear threshold. At higher powers, the laser spectrum was improved

from Fig. 4.12(b) to dual-mode lasing, however coherence length issues still persisted.
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Figure 4.13: Optical setup of the ring cavity vortex laser. It is comprised of the gain
medium (GM) optically pumped at 808 nm. High-reflectance mirrors (HR) and partial-
reflectance mirror (PR) form the remained of the cavity. A retro-reflective (RR) mirror is
used of seed a portion of the ACW power leaked through the back into the cavity in the
opposite direction. This biases the internal mode in the CW direction. The WPSI is used
as a VOC to sample the intracavity mode and generate an OV in its reflection. Lens (f)
used for internal mode size control.

4.5 Ring vortex laser

In the previous section we found the linear cavity to be unsuitable for efficient OV gener-
ation due to limitations in incoherent mode conversion and poor OV power efficiency. As
we discussed, the incompatible exit angles could easily be resolved through better selection
of WPSI dimensions. Issues in poor interferometric conversion due to the broad laser line
width were inherent to the linear configuration and persisted despite attempts at spec-
tral filtering. To an extent, even this could be resolved though better WPSI selection by
using a thinner WPSI so that its thickness matched the coherence length of the incident
radiation. This leaves the back-reflected OV still unresolved. This isn’t necessarily prob-
lematic especially where coupled dual-OV generation is desirable, however in our pursuit
for a watt-level OV laser, the standing wave internal oscillation halves the emission power
available to the VOC.

All of these issues were resolved by opting for a ring cavity configuration. This section will
relay the characteristics of the ring cavity OV laser that successfully demonstrated watt-
level OV generation using the WPSI as a VOC. Near perfect beam quality and mode purity
was achieved highlighting the efficiency of the mode transformation method implemented.
Additionally single longitudinal mode operation was achieved with narrow line width in

agreement with similar Nd-doped vanadate ring lasers.
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Figure 4.14: FP ring for SLM laser emission. Rings’ separation matches the FSR of the
FP. Emission linewidth was measured to be at least 50 MHz.

4.5.1 Unidirectional laser cavity

As mentioned in 4.3.3, a retroreflective mirror (RR) can be used to bias a ring cavity to a
preferred lasing direction so to ensure the intracavity mode is unidirectional. The optical
setup of the ring cavity is shown in Fig. 4.13 implementing the RR mirror feedback. The
PR has measured transmission of T'=1.3%. The RR was used to direct the ACW power
back into the laser cavity to enforce CW bias. Power leakage through HR1 was used to
measure the power bias in the CW and ACW directions. This was found to be 20:1 in
favour of the CW direction.

Power bias in the internal mode produces a traveling wave oscillation of the optical field
around the resonator. Effects such as spatial hole burning and gain saturation no longer
occur or are greatly reduced which eliminates multi-mode lasing. Instead single longi-
tudinal mode lasing is achieved with narrow line width. Spectral analysis on the laser
emission was again conducted using the FP spectral diagnostics used previously. The FP
transmission spectrum in Fig. 4.14 shows a series of single ring fringes. The linewidth
measurement was limited by the resolution of the FP but confirmed to be at least less
that 50 MHz. This is in line with similar Nd-doped vanadate ring lasers [86].

4.5.2 Beam quality measurement

The M? value is a dimensionless metric set by the International Organisation of Standards
(ISO) used to measure the quality of a beam. Higher-order modes such as the LGs are
measured to how closely they match a diffraction limited TEMgg Gaussian. It is important
to distinguish between what would be called a Gaussian in a lab setting and what is
truly a diffraction limited beam. Experimental factors such as aberrations in the beam
delivery optics can affect the quality of the beam. Similarly undesired processes within the
laser cavity such as thermal lensing, cavity mirror misalignment, spatial hole burning and

mode matching can lead to distortions that adversely affect the quality of the generated

54



CHAPTER 4. SOLID STATE LASER CAVITIES

Gaussian.

To measure the beam quality one must ensure the beam is initially collimated. It is then
propagated through a focus by a lens with minimal aberrations. As the beam propagates
along the z-axis, beam size measurements are to be taken as various points through its

2nd

propagation. We can measure the beam size in terms of the -moment, which is, the

beam diameter at four times the standard-deviation of the beam intensity distribution.

This is also referred to as the D4o method. For Gaussian beams the 27¢

-moment agrees
with its 1/e? value, however this is not true for higher-order modes. It is therefore strongly
recommended to use the former. It is important to not use too tight of a focus so position
measurements near the focus can be made with a reasonably high degree of accuracy. It
is recommended to take at least ten measurements up to two Rayleigh lengths from the
focus with half contained within one Rayleigh length of the focus. The measurements are

then fit to the following expression and solved for M?2,

W) =i (2 () (e
TWw
In this work, beam quality measurements were made using a camera that was translated
along the beam axis using a camera rail. Beam size and quality calculations were au-
tomated using the RayCi Pro software package by Cinogy. The ring cavity was capable
of producing OVs with an Mi’y =1.94,2.09 which agreed well with the theoretical ideal
of M?L,,y = 2. Differences in the x,y—components indicate astigmatism in the OV which
could be due to asymmetric lensing effects within the cavity or beam delivery compo-
nents. The beam quality of the internal cavity mode was also measured and found to be
M?2 =1.03. The high beam quality of the internal mode potentially rules out cavity lensing

and inherent asymmetries in the underlying Gaussian.

4.5.3 OV modal decomposition

Modal decomposition is a powerful tool that can be used to determine the constituent
components of a of an unknown signal. This was performed using a Fourier-based phase
retrieval algorithm (developed by Dr Kerridge-Johns) based on methods first proposed by
Takeda et al. [62].

An interferogram is produced by combining an OV (signal) with a titled plane wave
(reference) as shown in Fig. 4.15. Fourier-manipulation of the fringes is used to reconstruct
the phase of the underlying OV. One then obtains the intensity through input of the
reference. To ensure best alignment of the images, the signal and reference should be as
kept as they were to generate the interferogram and then the signal is simply blocked to
allow only the reference to be imaged. This is to ensure the algorithm is provided the

correct overlap information to correctly analyse the fringe pattern.

Results of the modal decomposition are shown in Fig. 4.16. We see strong agreement of the

original and reconstructed intensity and phase profiles. The complex field associated with
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the OV can then be reconstructed to estimate the modal content of the OV as described
previosuly in Chap. 2. We see a high LGo _; purity (97.7 %) with trace contributions from

other modes up to p+ |[|=3. This is in agreement with previous modal analysis of the
WPSI [59] and the idealised case seen in Chap. 3. This result also confirms the high mode
transformation efficiency of the WPSI.

o0

Figure 4.15: (a) Reference (b) OV and (c) fork interferogram used in the phase retrieval
algorithm.

4.6 Power efficiency

The OV output power plotted against absorbed pump power is shown in Fig. 4.17. The
laser began lasing at 0.06 W and was capable of generating a 1.15W beam from 4.73 W
of absorbed pump power, given a slope efficiency of 22.6%. There is potential for fur-
ther power scaling by increasing the input pump power. The intracavity flux at maximum
power was calculated to be 50 W based on the known transmittance of the PR (T'=1.3%).
Despite the high internal oscillating power, no measurable degradation in WPSI perfor-
mance was observed demonstrating its high damage threshold and low loss characteristics.
The output coupling of the WPSI can then be calculated comparing the internal power
with the portion output coupled by the WPSI. This returned Rp; = 2.3%. The intracavity

and output vortex modes were vertically polarised.

Findlay-Clay analysis was used to investigate cavity losses by relating the pump power
at laser threshold for varying PR reflectances as shown in Fig. 4.18. PR reflectances
at R =90%, 95%, 98%, and HR with 99.4% were tested. The x-intercept gives the
total cavity losses. Neglecting the 2.3 % WPSI reflectance, a total round-trip loss of 4 %
was measured. This includes combined mirror losses of 1.5 % with the remainder due to
imperfections in the laser crystal AR coating due to hair-line fractures present from prior

work. Eliminating these losses would further increase laser performance.

4.7 Summary

The development of a native OV laser requires the construction of a suitable laser oscil-
lator to which the WPSI can be used as a VOC. This chapter presented the development

of a solid-state free-space laser oscillator with discussions on the choice laser gain medium
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for high gain extraction, and stable resonator configurations to confine a TEMgq inter-
nal mode. Two resonator arrangements are explored. The linear resonator is the more
common of the two, known for its simple setup with dual-pass pumping for high gain ex-
traction. However, the internally propagating mode forms a standing-wave that can cause
inhomogeneous gain saturation within the gain medium and lead to multimode spectral
features in the laser emission if left uncorrected. The ring configuration has the option to
operate in single pass with a traveling-wave internal mode that alleviates much of these

issues.

Both systems were demonstrated experimentally with attempts at intracavity OV gener-
ation using the WPSI as a VOC. As expected the linear cavity suffered from coherence
length issues due to poor spectral performance that resulted in the incoherent combina-
tion of its interfering beams. This produced a poor quality OV in its output. The ring
cavity on the other hand was successful in demonstrating a intracavity OV generation.
The laser operated at a single-longitudinal mode with a narrow laser emission linewdith of
at least 50 MHz which is comparable to similar Nd-doped systems. The WPSI was used as
both the mode conversion device and output coupler, with 2.3 % output coupling fraction.
The WPSI was shown to operate at 50 W of incident intracavity power with no detected
degradation in performance or surface damage due to its high optical and thermal damage
thresholds. It produced high OV beam quality (M%y =1.94,2.09) and 97.7 % LGg; mode
purity.

Now that we have access to high quality OV at high power, we propose possible appli-
cations in optical levitation where the enhanced radiative force can be used to support
the weight of large, massive targets. Additionally, the ring-like shape of the OV grants
is the ability to capture opaque and reflective targets that are traditionally not possible

standard Gaussian breams. We will explore this possibility in the following chapters.
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Figure 4.16: (a) The intensity of the OV signal and (b) associated phase profile. (¢) The
intensity and (d) phase reconstructed from the fork interferogram. (e) Modal decomposi-
tion shows 97.7 % LGo,—1 mode purity with trace contributions from other LG, modes.
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Figure 4.17: The ring cavity lases at a threshold of 0.06 W and an efficiency of 22.6 %
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Figure 4.18: Pump powers at laser threshold for varying PR reflectances.
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Chapter 5

Optical levition system &

Diagnostics

The optical vortex (OV) laser which we have discussed so far forms the first stage of a
larger optical system intended for experiments in optical levitation. The design of the
levitation system is influenced by our goal to levitate reflective and possibly metallic,
hollow microspheres (or shells) to be used as end-targets for terrawatt (or petawatt) class
high-energy laser systems. This work forms the foundations of a fully functional system
with integrated OV laser and optical trap. Previous work within the group on OV optical
levitation used fiber delivery of a TEMyg mode to a spiral-phase plate (SPP) to produce
the trapping beam. Although an SPP may be used to easily produce an OV trapping
beam, mode impurities leave a degree of uncertainty as to the quality of the beam profile
in a given plane. We expect the improved beam geometry produced by our OV laser to

improve trapping performance.

The layout of its main components is illustrated in Fig. 5.1. It is comprised of the OV
laser source, active power modulation components, the optical levitation system and its
diagnostics. Later, a vacuum envelope to the levitation system is applied and will be
discussed separately. This system demonstrates the trapping of large shells in excess of
100 pm in diameter at long range (40 mm from the final focusing optic), we have achieved
high spatial stability with position standard deviation of <5pum, explored levitation at
1/100"" atmospheric pressure, and observed intriguing and unexpected behaviour in trap
dynamics and target geometries that could present obstacles to overcome and avenues for

further investigation in later generations of this work.

5.0.1 Motivations

Optical levitation has successfully demonstrated applications ranging from force sensing
[88, 89, 90] to biophysics [91, 92, 93, 94]. This is often undertaken with transmissive

dielectric objects trapped in fluid, air or vacuum. We expect our system to be capable of
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Figure 5.1: Top view of the optical bench setup comprised of the laser cavity, active power
modulation components, the levitation system and levitation diagnostics itself comprised
of levitating shell imaging and position sensing.

similar feats. However, access to watt-level power from our OV laser provides comfortable
headroom for power scaling to capture large-mass targets. A rough calculation for 1 W
beam at normal incidence exerts a radiative force of F' ~2P/c=3/3x 10% =6.7nN. Given
our choice of trapping beam geometry, the kinds of target compositions now extends to the
capture of highly reflective targets such as those with metal-coating and polished surfaces,

and thin-walled "shell" (low refractive index interior) targets.

Levitating metal-coated targets is of particular interest to active areas of research in high-
energy density plasma physics and table-top radiation generation. Access to high-intensity
pulsed laser fields exceeding 1012 W ecm? [95] have granted university-scale laboratories new
capabilities in the generation of energetic electrons [96] protons [97] and gamma radiation
[98]. The production of laser-induced plasma has also emerged as a pivotal technique in

the generation of table-top X-ray sources [99, 100].

Intense laser interactions with metal-coated nanoparticles have reported 13-fold enhance-
ment to hard X-ray yield as compared to uncoated targets expected to be due to surface
plasmon and “lightning rod” effects enables by the metallic surface [101]. Typically, X-ray
energies scale with the density of the irradiated material (E, oc Z2 - for atomic number Z).
However hard X-rays (50 — 150keV) have been generated from liquid microdroplets [100]
due to these targets being considered to be "mass-limited", that is, the interaction region
is contained within the confines of the target and does not extend to connected apparatus

such as suspension wires or mounts. Since heating is confined to the target region, higher
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temperatures can be achieved as compared with solid targets of greater atomic number (Z)
[102]. Unwanted radiation generation through hot (electrons ejected from plasmon reso-
nance) and thermal (thermal energy exceed the materials work function) electron transfer
to surrounding material is also reduced. Additionally, the lack of return paths for ejected
electron currents reduces the effects of electromagnetic pulses that can otherwise leave

nearby sensitive electronics susceptible to intense RF field damage.

Mass-limited targets are most commonly found as liquid micro-droplets sprayed into an
experimental chamber or as liquid jets. The fast moving targets make them unsuitable for
low-repitition rate lasers where individual shots are expensive in cost and time thus requir-
ing the hit to be guaranteed. Electrostatic trapping has been used to produce mass-limited
targets for solid dielectric micro-beads with greater spatial confinement [103, 104]. But
the applied charges may be unsuitable for liquid droplets where Coulomb repulsion ap-
proaching the Rayleigh limit could lead to deformation or break-up [105]. Configurations
such as the Paul trap also have limited access to viewing angles for diagnostics. Opti-
cal levitation techniques aims to resolve a number of these issues with greatly improved
viewing angles and demonstrated use with neutral oil droplets spatially held with micron
stability for reliable shot accuracy using high-intensity low and high repetition rate lasers
[106]. Expanding to solid targets is then conceptually trivial as the optical trapping and
levitation of transmissive dielectric targets can be found widely in the literature. There
may be concerns with more complex solid target geometries with frozen-in asymmetries
and differet thermal transport mechanisms. Problems also arise if we wish to levitate large
reflective targets with a Gaussian beam profile as these generate repulsive radial forces on

such targets.

Our motivations aim to expand optical trapping capabilities to now include reflective target
levitation with performance characteristics suitable for integrating into larger experimental
facilities for high-intensity high-energy laser interactions. The suspension of isolated metal-
coated particles allows one to combine various target enhancing properties such as high
7 materials, that are mass limited and highly confined. Additionally, if the target is

thin-walled, applications in forward ion acceleration can potentially be realised [107]

5.1 Reflective shell targets

The levitation targets shown in Fig. 5.2 are silver-coated hollow glass microspheres (or
shells) ranging between 10 pm-125pm in diameter from Cospheric - Product Code: M-
60-0.18 10-125um. These are thin-walled nominally spherical targets - their structure is
illustrated in Fig. 5.3. Exact wall thicknesses of individual shells are not well documented,
however estimates from similar product lines were obtained from the manufacturer based
on true particle densities. These are presented in Tab. 5.1. Unfortunately, corresponding

statistical data could not be obtained.

The wall-thickness estimates assume a silver-coating of 100 nm which we take to be con-
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Figure 5.2: Top-illuminated microscope image of silver-coated shells.

Silver
R, Glass
R, |—=Core

R,

Figure 5.3: Internal shell structure. (Not to scale)

stant across all shell sizes. We were assured this to be the case as the coating is applied
using an immersion deposition process. Again, statistical data of coating variation was
not available but may be obtained using electron microscopy. Assuming a shell diameter
of 50 pm, with densities pa, = 10,490kg/m? and p, = 2200kg/m?, the mass of a single
microshell is estimated to be ~ 20ng. The interior is gas filled and its composition is a
function of the proprietary glass composition. No further information could be obtained

however we expect the gas component to have negligible effect on the mass calculation.

The silvered exterior is highly reflective under 1064 nm illumination with a calculated re-
flectance of 99.7 % based on its rs and r, reflection coefficients [108]. The surface quality
of the coatings was inspected under a table-top microscope. Top-illuminated images re-
veal a high-quality smooth mirrored surface as shown in Fig. 5.4. Some hair-line fractures
were observed upon close inspection of the surface coating. It is unclear exactly to what
extent these defects affect ease of shell trapping, and what role they play in cases where
we observe peculiar scattering dynamics. More notably, instances of smaller shells and
part-hemispheres attached to a larger host have been observed which, due to their asym-
metry, would destabilise the optical forces acting on the combined body. Such shells have

been observed to exhibit intriguing behaviour including spontaneous flips in orientation
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Microsphere dimensions

Item code Shell diameter Assumed Estimated wall

range (um) diameter (um) thickness (um)
M-60-0.31 10-20um - 10—20 15 0.3
1ml
M-60-0.35 10-27um - 10—27 18.5 0.47
5ml
M-60-0.26 27-32um - 27— 32 29.5 0.64
5ml
M-60-0.23 32-38um - 32-38 35 0.68
5ml
M-60-0.21 38-45um - 38 —45 41.5 0.77
5ml
M-60-0.19 45-53um - 45 —53 49 0.85
5ml
M-60-0.17 53-63um - 53 —63 58 0.93
10ml
M-60-0.16 63-75um - 63— 75 69 0.99
10ml
M-60-0.16 75-90um - 75—90 82.5 1.38
10ml
M-60-0.15 90-106um 90 — 106 98 1.58
- 10ml
M-60-0.17 106- 106 — 125 115.5 2.3
125um - 10ml

Table 5.1: Table shows a range of microsphere diameters with corresponding wall-
thicknesses. Note: these values are not from direct measurement but obtained from the
Cospheric who estimates values using true particle densities.
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Figure 5.4: (a) Fine line fractures seen on the surface of the shells. Shell on top-right
has smaller shell protrusions on its surface. (b) Discoloured shell observed with distinct
reddish-orange colour. (c) Egg-shaped shell

perhaps to a more energetically stable position and undergo highly regular periodic motion
- both oscillatory and rotational. In later Chap. 7 we will present instances of asymmetric

trapped-target arrangements and cases where stable trapping was observed.

On rare occasions, discoloured shells with a red-orange hue were observed as in Fig. 5.4(b).
We suspect this is due to defective coating application resulting in a thinner layer of silver
than intended having been applied to the shell surface. The could result in thin-film
interference to produce the reddish colour observed. Alternatively this could be due to

reaction of the coating layer with atmospheric nitrogen compounds.

The diameters of the first 69 successfully trapped microspheres was recorded and is shown
in Fig. 5.5. The distribution appears to be somewhat uniform up to the 60 pm range
before peaks in the 70 um’s. This may indicate a selective pressure for microspheres in
this range dependant on the trapping power used at the time. There is an anomolous
gap in the 80-90 pm range which is puzzling given the significant number of encounters

>90 pm. This could indicate a gap in the distribution of the microsphere sample itself.

To investigate this further, 22 back-illuminated table-top microscope images of the mi-
croshells were analysed collecting 300 distinguishable microsphere diameter measurements.
Their size distribution is plotted Fig. 5.6. As we can see there are large gaps present in
the distribution. This could be a symptom of low sampling and requires more data to
better represent the true distribution. Furthermore, the larger sizes are severely under-
represented compared to the trapped microshell distribution. We deem the nature of the

80pm gap in the trapped microshells distribution inconclusive.

5.2 Levitation system

A schematic of the levitation apparatus is shown in Fig. 5.7. The levitation tower is built to
accommodate 2-inch optical components with an up-expanded collimated OV input. The
beam is brought to a focus using a 2-inch f =40mm lens. Although the OV is propagation
invariant and holds its shape through focus, poor lens quality can introduce aberrations

to distort the beam profile near best focus. This in turn affects the shape of the trapping
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Figure 5.5: Frequency distribution of successfully levitated microspheres between 20 pm -
110 pm. The shell counts appears to be tending towards a uniform distribution upto the
60 pm range with a slight preference for shells in the 70 pm range. The gap in the 80 pm
range is currently unaccounted for.
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Figure 5.6: Distribution of microshell sizes from sample images.
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Figure 5.7: (a) Side view schematic of the levitation system with OV input, focusing optic
f and trapped microsphere inside draft collar (b) Close-up of draft collar with trapped
microsphere. IR light appears purple on the camera

potential leading to unexpected or unoptimal trapping performance. To minimise lens
distortion and compensate for low system NA, an aspheric lens (Thorlabs AL5040-C) was
used to ensure a high-quality focal spot was produced. Its performance was verified by
inspecting the beam profile when passed through its focus using a magnifying imaging
system attached to a translation stage to to allow sampling along the beam axis. High
symmetry in the trapping beam ensures the optical forces are distributed evenly over the
target for improved stability. The trap is loaded by injecting a plume of shells into the
draft collar from above. The draft collar acts as a container to isolate the shells from
air currents that would knock the shells out of the trap. The shells are let to fall under
gravity into the trapping zone. Shells that were not captured by the beam were collected
on a glass cover that protects the optics beneath from the falling debris. The cover glass

was AR coated for improved optical transmission.

5.3 Beam delivery

A 10x expansion telescope was used to magnify the OV beam before delivery to the
levitation tower. A standard Keplerian configuration was used with two plano-convex
lenses, a primary l-inch f = 75mm and secondary 2-inch f = 750mm. The telescope
was found to be highly sensitive to beam alignment and contributed to significant beam
distortion observed near best focus inside the trap if not well aligned. Although initial
guesses would point to the primary lens as the cause due to strong lensing effects, the
true culprit was in fact the secondary lens due to poor size matching with the expanded
beam. Future iterations of the setup should look to replace the lenses with an aspheric or
bestform or use a larger diameter optic. The aspheric lens inside the levitation tower was
found to be quite robust against beam misaligment although effects on beam profile can

be seen for large misalignments.
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Power modulated beam delivery was implemented to induce driven oscillations in the
trapping dynamics. This was intended as a precursor to developing end-target stabilisation
capabilities by varying trapping power dependant on trapped shell displacement. The
complete power delivery system is shown in Fig. 5.8. A Faraday rotator was used to isolate
beam propagation to only the forward direction to shield the cavity from optical feedback.
Due to the polarisors attached to the end faces of the Faraday isolator, a waveplate-
Faraday pair was used to act as a first-stage manual power controller. Power modulation
was achieved using Pockels cells activated by a high-voltage driver. The Pockels cell
was limited to 5% modulation depth limited by the range of the high-voltage driver
(£200V). By connecting two in series the desired depth of 10 % modulation was achieved.

A secondary waveplate was used for optimal polarisation matching with the Pockells cells.

|RF driver —-Signal
K 1 | . | generator Pi5-ADC
|

M2 Faraday M2 2x Pockels Cell  Polariser
rotator

Figure 5.8: Half-wave plate and Faraday rotator used to protect the laser cavity from
back-scatter. Modulation system consists of two Pockels cells connected to an HV-driver
and signal generator. Pi5-ADC may be connected to generate custom time-signals.

5.4 Vacuum chamber integration

Many applications of optically levitated particles, be it high-intensity laser targets or
levitated force sensors require low pressure conditions to isolate the levitated targets from
their environment. This helps reduce external influence from affecting the experiment but
can introduce additional challenges with loading and pressure dependent interactions with
the trapping target. It is therefore highly desirable to demonstrate the feasibility of this
system to achieve optical levitation at low pressure. A vacuum chamber was installed and
a replica of the in-air levitation system was constructed inside. A rotary pump was used
to pull vacuum. Mechanical valves at either ends of the piping connecting the pump to
the chamber were used to isolate the pressure at their respective points in the system. At
these points gauges were used to measure the local pressure. A release valve attached to
the chamber was used to repressurise the chamber after use. A secondary release-intake

value was installed for finer pressure control during live experiment or measurement.

The right-face port of the chamber seen in Fig. 5.9 used a semi-permanent flange fixture

to access the internal optical system. The flange was was attached using removable 3-D
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Figure 5.9: Beam delivery to the vacuum chamber levitation system. A by-pass was
installed to avoid transmission lossed for when power modulation was not desired. The
chamber was stationed on a portable optical bench. A periscope after the second AP was
used to bring the beam to the appropriate level.

printed fixtures and a rubber-lip gasket provided sufficient sealing especially once negative
pressure was applied. It was initially used as an access point to load the levitation system.
However attachment of the flange after loading would often agitate the trap causing the
shell to fall out due to mechanical disturbance. Instead a similar access point was created
through the top-face port as this was less cumbersome to reattachement. All other ports
were permanently sealed using copper gaskets created a knife-edge seal with their flanges.

The chamber was tested to provide seals sufficient for pressures down to 0.1 Pa.

Beam delivery was through a flip mirror used to divert the beam away from the air
levitation system as shown in Fig. 5.9, to the vacuum chamber. Although this meant the
two systems could not operate simultaneously, each system was granted access to the full
power of the OV source. The beam lines shared common components to enable power
modulation capabilities. A beam by-pass was installed to avoid transmission losses for
when constant power operation was desired instead. Apertures (AP) were put in place to
maintain common beam alignment of both systems. A corrective collimation lens was used
to minimise divergence over the additional propagation distance. A separate 10x telescope
was used for beam expansion. A vertically tilted elliptical mirror was used to feed the beam
into the chamber coupled through a viewing window. Two additional viewing windows
on the front and rear faces allow access for diagnostics which were mounted onto raised

platforms.

5.5 Imaging system

Once the levitation system is successfully loaded with a shell, the imaging system is used to
produce a live video feed to observe the trapped shell in real time. This is extremely useful

for slow dynamics measurement but was unable to capture faster that 20 Hz. Fig. 5.10(a)
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illustrates the initial imaging setup used in the in-air levitation system. It consists of a
633 nm HeNe back illumination and a microscope-camera fitted with a bandpass filter to
prevent unwanted signal affecting the image. The trapped microsphere, when in line-of-
sight of the microscope objective, casts a shadow onto the illuminated camera sensor. The
microsphere is identified by its silhouette. The magnification of the imaging system is
calibrated using known distances so that is can be used to make size and slow (<10Hz)
spatial measurements. The position measurements are useful where there is slow drift

perpendicular to the illumination axis due to laser power or pressure variation.

(a) Top view
633n T;ap;l)led Microscope objective
HeNe c
|
Draft 633nm bandpass ~ Camera
collar
f
1064nm scatter signal .. .
IPosmon sensing
M detector
(b) Top view

Microscope objective

Trapped

BS

Green
LED

1064nm filter  Camera

Draft

f collar f Position sensing

1064nm scatter signal detector

Position sensing
detector

Figure 5.10: (a) Top view schematic of the trapping diagnostics consisting of a Red HeNe
back illumination source, microscope objective and camera fitted with a 633 nm bandpass
filter. (b) shows similar for an incoherent green LED illumination source.

Illumination source

The use of the HeNe as an illumination source provided good brightness and contrast to
identify microspheres against the background when in focus, but suffered severely from
speckle interference. The high coherence of the laser light diffracting off impurities that
would eventually build up on the inside faces of the draft collar was detrimental to the
quality of images produced. The strong similarlity between the speckle background and
a defocussed trapped microsphere was particularly problematic when trying to locate the
correct image-plane for the first time using a camera that is initially off-plane. It was not

practical to clean the draft collar consistantly to the level require to mitigate this. However
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Figure 5.11: Image of microsphere (diameter = 110pm) taken using the HeNe back-
illuminated diagnostics microscope. Inhomogeneous background due to speckle interfer-
ence

once in focus, the contrast was sufficient to distinguish the shell from the background. An

example of this is shown in Fig. 5.11.

The image quality could be improved by removing coherence, achieved through the use
of an LED as the illumination source. Fig. 5.10(b) illustrates the second iteration of the
imaging setup. This layout was used once the levitation system was moved to the vacuum
chamber. Although not to scale, the relocation came with some constraints in footprint
and viewing angles limitation which is accounted for in the arrangement of the microscope

and position sensor signals lines.

The LED was driven using a 2V USB connection. Due to its large divergence, 2-inch col-
lecting optics were required to captupre and collimate (or focus) the light. The divergence
could be somewhat reduced by lapping the plastic end-cap off the LED flat. However,
like the two new heads of a Hydra that replaces the one severed, the coherence was re-
moved but the lens system ended up imprinting the structure of the diode emitter into
the beam profile such that the background was still structured and very much visible.
Some parts in fact worsening the image quality. Such can be the nature of experimental
work and attempts to resolve seemingly mundane problems. Regions of uniform intensity
could still be found but required expansion of the beam and required a turning mirror
to direct smooth regions of the expanded beam to illuminate the image at the cost of
reduced brightness and overall contrast in the live-view. Fig. 5.12 shows a collection of
these images. A fair bit of tunability could be achieved through LED beam size tuning
at the trapping site, aberration reduction using the turning mirror and the smoothness of

the illuminating region.

Image calibration

The imaging setup was calibrating using reference imaging of a wire of known width

and comparing its size in the image plane. This is shown in Fig. 5.13 which was used to
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Figure 5.12: Collage of microsphere imaged produced using LED back-illumination. (a)
Poor image contrast (b) Aberration in shell image due to misalignment of delivery lenses
with microscope (c¢) Smooth background but weak contrast (d) High contrast.

calibrate the setup in Fig. 5.10(b). A wire is of thickness 0.6 mm measured using electronic
calipers. From Fig. 5.13(b) we see the wire is 4.43 mm wide on the sensor. This gives a
true magnification of 4.43 times. A CinCam Nano-RT CMOS sensor is used that has a
pixel size of 5.3pm. With this magnification we can expect to resolve features on the
order of 1.2 pm in the object plane which is sufficient for the size range of our microsphere

sample.

(b) Y Cross Section

WMM / ,EMMHW

Figure 5.13: (a) Back illuminated image of wire (d = 0.6mm). (b) Intensity cross-section
used to calibrate magnification.

72



CHAPTER 5. OPTICAL LEVITION SYSTEM & DIAGNOSTICS

5.6 2-D position detector

We now pivot our focus to the position sensors which were intentionally neglected in the
last section as they require a dedicated section to themselves. The trapped microspheres
produce a strong scattering of the 1064 nm trapping beam due to their highly reflective
surface coating. We can approximate the signal to be point-like and so use it as an
indicator of the microsphere’s position using biased photodiode sensors. With appropriate
signal normalisation the centre-of-mass of the bright source is treated as the true position
of the target which we can track in a 2D-plane perpendicular to line-of-sight. This allows
us to track its position inside the trap and apply metrics to stability measurements and
the magnitude of these displacements. Relating this to its use case as a firing target for
ultra-high power laser systems, it is of paramount importance to know the location of its
target or the amount by which it has been displaced, if at all, to the order of the laser
spot-size - around 10 pm. Otherwise, we risk missing the target. This can be not only
costly in physical resources powering the system but also in time, as such systems may

only be able to fire a few shots a day spaced by lengthy cool-off periods.

We can collect the scatter signal and image it onto a position detector (PD). These are
voltage biased photodiodes that generate a voltage differential based on the location of
the signal’s focal spot on the active region. As you can see between Figs. 5.10(a) and (b)

two PD configurations are used. We will now elaborate on their use here.

5.6.1 Thorlabs PDP90A Lateral effect sensor

The first of the setups as shown in Fig. 5.10(a) makes use of a single PD in the form of a
Thorlabs PDP90A Lateral effect sensor. This is a 2D sensor capable of simultaneous x-y
position data handling. The active sensor region proportionally distributes the photocur-
rent generated by the signal using a single resistive layer with four anodes corresponding
to the +x, £y regions of lengths L, and L,, and share a common cathode to generate the

bias. The PD signal differentials and SUM channels are calculated as,

Az =(A+D)—(B+C)
Ay=(A+B)—(C+D)
SUM = (A+B+C+D)

The true position must be normalised to the SUM channel accounting for the length of

the sensor.
L,Ax
T osUM (5:1)
_ LyAy
Y= 9sum (5:2)

The PDP90A was used in tandem with the Thorlabs KPA101 K-Cube. Typically this
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pairing would be used to measure small position changes detected by the PD and fed into
the K-cube to drive a corrective response to align components such as a motorised mirror
stage. Instead we fed the output of the K-cube directly into a connected oscilloscope to

record the position-time signal produced by the PD.

The electrical response of the PD may become non-linear towards the extremes of the
active region as neighbouring anodes approach one another. This can be problematic
for position sensing where large non-linearities can negatively affect the accuracy of the
measurements leading to unreliable results. This was measured by scanning a small spot
produced by a HeNe laser across the sensor’s active region and recording the position

output. Data for both the vertical and horizontal axis are shown in Fig. 5.14
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Figure 5.14: Measured position along the (a) vertical and (b) horizontal axes shows a
linear response scorss the full length of the sensor.

We found the responses to in fact be linear across the length of the sensor. The total length
quoted in its documentation is state to be 10 mm, but only an edge-to-edge distance of
5mm was translated which concides with the linear response region. The zero on the y-
axis denotes the center of the sensor along the respective axes. The offset is not important
as the position measurements are relative not absolute. Additionally the plots serve a
secondary purpose in calibrating the measured position to the known translation distance.

The translation distance was determined using a micrometer stage onto which the sensor
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was mounted. In both cases the position was underestimated by 15 % of its true value.

The PDP90A is a rated to a bandwidth of 15kHz. The frequency response of the sensor
was characterised by conducting a frequency sweep of the sensor using an LED for flat
illumination, connected to a signal generator. The oscilloscope for readout was operated
at 125 kHz as before so to negate the effect of poor sampling affecting the characterisation.

The result is shown in Fig. 5.15.
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Figure 5.15: Frequency response of PRP90A sensor for frequencies between 10 Hz to 10 kHz

The response begins to drop-off with increasing frequency which is expected, however this
is only a 20 % drop over the tested range and confirms its rated performance up to 10 kHz.
The full range up to 15kHz was not tested for two reasons. The first being the upper
limit far exceeds the frequency sensitivity for our purpose. Trapped shell dynamics were
expected to be <1kHz. Secondly the range of the PDP90A was intended to be tested
against a second, in-house built, position sensor. An upper limit common to both sensors

was imposed.

The Thorlabs PDP90A offers an off-the-shelf position sensing solution but requires addi-
tional hardware in the form of the K-cube to digitise its analogue signal and an oscilloscope
for signal readout and data export. Integrating this system into our intended application
case however comes with a number of drawbacks. Due to the required proximity of the
sensors to the high-energy targets, this system will be highly susceptible to electronic dis-
turbances from intense electro-magnetic pulses and charged radiation that will potentially
damage the internal electronics. The cost of replacement for each experiment will quickly
add up. Instead we can opt for a low-cost and disposable solution in the form of in-house

built PDs using inexpensive components that can easily be replaced.
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5.7 1-D position detector

For the remainder of the thesis all results presented will be of those collected using the
in-house built 1-dimensional position detectors. These detectors were designed and built
by our collaborator Prof. Roland Smith, with my contributions in the experimental testing
and characterisation. The system consists of a single Hamamatsu S4584-06 based sensor
head - which includes a low-noise transimpedence and voltage gain stages - interfaced
with an AB Electronics Raspberry Pi5 minicomputer connected to a 12-bit ADC board as
the operating module. These are duplicated where 2-D position sensing is required with
the second sensor head fitted orthogonal to the first. The development of this system
was an iterative processes with incremental improvements in hardware electronics and
operational software tools. This section will highlight some key developmental stages and

system characterisation.

5.7.1 Electrical response of PD system

Multiple identical copies of the sensor heads and ADC-Pi modules were constructed for
various operational and developmental tasks. For example two copies were made for exper-
imental x-y position sensing while additional copies were made for various undergraduate
projects and further development. We assume the copies to be near identical in perfor-

mance and so only one set of each characterisation is presented.

Sensor head

The sensors heads are 1-dimensional in that they are limited to measuring position change
only along a single spatial axis at a time. The advantage here being increased speed
and lower complexity for feedback control along the vertical axis where most instabilities
occurs. The sensor itself is a single 3.5 mm Silicon photodiode with a resistive layer that
forms the active region. A pair of output anodes are stationed at either end for signal
readout with a common cathode producing the bias. Electric charge is generated when
a spot of light strikes the sensor and is extracted by the anodes as a photocurrent. The
photocurrent is divided inversely proportional to the distance to each anode. The position
of the spot on the sensor is calculated based on the portion of the signal at each anode
over the total photocurrent accross the sensor. When a spot is centered on the sensor the

signal is zero. The position would then be calculated as follows,

_£X12—11_£XV2—V1
2 I2+IQ_2 Vo+V1

x (5.3)

However the current to voltage conversion has non-ideal effects relating to the operation
of the transimpedance amplifier that converts the photocurrent to a voltage. It has a
maximum output of V., when the sensor is saturated and a constant offset V,,;, cor-

responding to minimum output such that V1o = Vinae — 112G + Vi for gain, G. The
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position calculation is modified to,

£ % (Vmaac + Vmin - VQ) - (Vmax + Vmin - Vl)
2 (Vmaa: + Vmin - VQ) + (Vma:v + Vmin - Vl)

xr =

L Vo—V1
Tr=—

X
2 Vi +V2 *Z(Vmax+vmin)

(5.4)

The position response of the 1D-PD is shown in Fig. 5.16. We see a slight improvement
compared to the PDP90A in the measured position which is off (overestimated) by 13 %.
The performance is slightly non-linear with an S-shaped response curve and deviations at
the sensor edges. However these features are small and so should not significantly affect
the reliability of its measurements. The flats at the extremes of the plot is signal fall off
as the HeNe spot translation exceed the length of the sensor. The corresponding position

measured here is due to background offset.
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Figure 5.16: Frequency response of PRP90A sensor for frequencies between 10 Hz to 10 kHz

Integrated ADC-Pi module and sensor head

The 1D-PD runs off an AB Electronic ADC-Pi 5 module responsible for the digitisation of
the analogue PD signal and hosting the Linux based operating system. Data acquisition

routines are initiated in Python.

The Hamamatsu S4584-06 is rated to have a rise time of 5 ps (200 kHz). This is significantly
faster than the run speed of the Python code which presents a bottleneck in performance
based on the complexity of the Python routines. Simple ADC-channel readout was found
to run at ~ 14kHz however this is reduced by approximately half when implementing active
position feedback routines. We characterise the frequency response by again conducting
a frequency sweep and recording the response. The response curves of the ADC-Pi5 with
and without feedback routines are shown in Fig. 5.17. This was repeated for the ADC-Pi5
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with version 14 of the PD sensor head to characterise the complete integrated system.
Since the PD speed is an order of magnitude faster, adding its contribution should have

negligible effect as is shown. The fitting of these curves will be discussed in the following

section
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Figure 5.17: Frequency response of ADC-Pi5 (a) with and (b) without active feedback
routine and ADC-Pi5 with the v14 PD sensor head (c) with (d) and without active feedback
routine.

Low-pass transfer function

The circuit diagram of the position sensing system is shown in Fig. 5.18. It forms an
RC circuit with frequency dependant transmission of the electronic signal produced by
the PD. RC circuits are commonly used as electronic spectral filters due to the impedance
response of the capacitors depending on whether they are connected in series or parallel to
the input signal, corresponding to high-pass or low-pass filtering respectively. We can tell
Fig. 5.18 forms a low-pass filter from the responses shown in Fig. 5.17. Lower frequencies
are shown to pass with little to no attenuation and the attenuation of the signal grows
with increasing frequency past resonance f.. We can relate the output signal to the input

via a transfer function H where,

V;)ut
H = 5.5
(@)= 3 (5.5
The transfer function of the low-pass filter is,
H(w) = S (5.6)
- 1+4+iwRC '
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Figure 5.18: Circuit diagram of the position sensing PSD head showing the sensor, tran-
simpedance and voltage amplification stages with integrated RC filters for high frequency
noise reduction.

for resistance R and capacitance C and signal frequency w = 27 f. When the number of
RC components increases with n, the form of the transfer function grows exponentially

= 1 1
Grwroy ~ A= a5 (5:7)

fe=1/2wRC is the cut-off frequency. The cut-off frequency is defined as the —3 dB point
i.e. when the signal amplitude falls by 1/4/2 of its reference value. Higher frequencies

H(w) =

beyond this point are then reduced by 20n dB per decade. Due to the residual capacitance
stored within the circuit components in addition to the RC components themselves is it
difficult to precisely account for the combined effects. The general case in Eq. 5.7 was

used to approximate the behaviour of an n’-order low pass filter.

We notice the frequencies in Fig. 5.17 begin to fall-off just beyond 1kHz in all cases,
however the fits predict the cut-off frequency to be between 8-10 kHz which is contradictory
to the -3 dB point defined earlier. This is possibly a symptom of the non-ideal RC
behaviour of the ADC-Pi5 units that isn’t accounted for by Eq. 5.7. To explore this further
direct measurements of the capacitance and resistances of the circuitry components may
be taken to better characterise its RC behaviour. However this may be tedious if all that

we require is the general effect it has on the output.

The purpose of plotting the response curves in Fig. 5.17 and the subsequent fit of Eq. 5.7
was two-fold. First, it was used to characterise the frequency sensitivity of the detection
system. If the sensitivity range did not fully cover the experimental data range, par-
ticularly the frequencies in which we expect shell dynamics to occur, then the detection
system would be deemed unsuitable and require further tuning. Secondly, if the filtering
effects did attenuate frequencies of interest then a reliable fit to predict the response of

the system could be used to scale the data accordingly so to remove the appearance of
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weaker components.

5.7.2 Asynchronous data aquisition

Data was collected at fixed sampling frequencies, fs, determined by the operating speed
of the Pi5-ADC module. What could vary was the number of samples taken within
a particular acquisition run and set by user input before initiation. Due to the on-going
development of the Pi5-ADC units and improvements in data aquisition efficiency sampling
time interval, At would improve. However, the ADC used for this proof-of-principles work
was found to have asynchronous channel readout from the sensor head which resulted in
irregularly spaced time intervals between measurements. This was eventually resolved by
implementing a time-interpolated correction so that data points were time stamped on
capture and were then regularly spaced using a linear interpolation routine for constant
At. This emulates synchronous channel readout with a slight discrepancy in the expected

sampling interval but still preserves the total measurement duration.

5.7.3 Spatial noise

A homogeneous illumination source shone on to the sensor’s active region should in princi-
ple generate equal signal at both channel readout anodes resulting in a position detection
of zero. In reality the electronics are non-idealised and so the split in signal delivered
to each anode is slightly unbalanced resulting in a non-zero position measurement. This
is not of major concern as the position measurements are relative, not absolute, and so
we can redefine the "zero" of the position measurement scale accordingly. There is also
some variation associated with the measurement due to background illumination noise,
and electronic noise. We define as the positional noise of the system as the combined
effect of these sources, and use it to define the lower limit in positional stability we can

reliably measure.

We can construct a noise picture by isolating key components and noise contributions
to characterise the spatial sensitivity of the sensing system. A DC voltage supplied to
the ADC using a high-stability NiCd battery pack with voltage-reference chip to reveal
the electronic imbalance in the presence of a constant signal. We then begin to replicate
experimental conditions through the introduction of the sensor head. We firstly take a dark
field exposure to record the thermal response of the sensor head. Then a flat illumination
source such as an LED is used to isolate the signal balance between the anodes across the
photosensitive region. The connected signal generator then replicates the signal detected
from an oscillating body. The final stage is to introduce noise due to the trapping beam.
The beam is directed to a stationary target so that signal fluctuations here are dominated

by power variation in the laser output. These results are summarised in Fig. 5.19

The noise threshold helps determine the minimum signal level detectable by the sensor
head which sets a lower bound for the smallest change in microshell position that can

be measured with confidence. The base-level response of the system in the absence of
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Figure 5.19: Noise characterisation of various signal types fed into the ADC and ADC+v14
sensor head. The response of the ADC was directly measured by firstly passing a DC volt-
age signal using a low-noise 3.3 battery. This characterises the noise associated with an
unchanging signal (blue). Then the noise response of a time varying signal was char-
acterised by producing a fixed 60 Hz sine-wave using a signal generator and passing it
directly into the ADC (green). Similar was done with the ADC+v14 sensor head where
the voltage sources were connected to an LED. This replicated the steady (orange) and
time varying (red) brightness response of the sensing system. Finally the noise associates
with fluctuations in the laser power was recorded (purple).

microshell scatter signal is referred to as the noise-floor. It is comprised of contributions
from the sensor-head that itself may suffer from shot noise and thermal noise, electronic
noise from the ADC and amplifier stages, and other environmental sources such as sur-
rounding temperature, external vibrations and electromagnetic interference from nearby

electronics.

This system is our first iteration of a fully operational optical system from source to end-
target, granting our group new capabilities in optical vortex levitation. Improvements in
beam delivery, power augmentation and end-target diagnostics were made from the ground
up and as we progress through this chapter we will see how some of these stages were
altered or modified to accommodate improvements in performance and functionality. We
hope access to watt-level OV power made available thanks to the laser source development
described in previous chapters encourages further exploration of vortex beam trapping and

levitation.
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Chapter 6

Levitation optomechanics

6.1 Introduction

Advancements in structured light generation within recent decades has given way to opti-
cal manipulation and trapping adopting the use of exotic beam geometries [109]. Unique
access to orbital angular momentum and geometric intensity profiles provides an extra
degree of freedom to probe new interactions [110, 22, 111]. Optical trapping is typically
performed using fundamental TEMgy mode Gaussian beams due to their prevalence in
access and simplicity in setup. However, as we have now demonstrated, laser systems op-
erating on the fundamental TEM0O mode can be easily modified to enable OV production
through the use of the WPSI as a VOC. The radiative force due to a single beam TEMgq
Gaussian beam is limited to only trap transmissive dielectric targets that are continuous
in medium, whereas annular beams such as those found in the Laguerre-Gaussian family
when p = 0, permit the additional use of opaque materials and hollow or layered internal

structures granting flexibility in target material and composition.

The mechanism for optical trapping and levitation can vary significantly depending on
the target’s properties, beam geometry and environmental parameters. The mechanics of
optical trapping is well established as advances over the past 30 years have extensively
documented the trapping of objects scaling across several orders of magnitude in size -
from microbeads and biological cells to objects in the nano and atomic scale. Of course,
the work presented in this thesis most closely relates to the former, in terms of target
size and optical force models. However, even here, further distinctions can be made based
on the trapping medium - whether in viscous fluid or vacuum; target material properties
- whether transmissive, absorbing or reflective; and the properties of the trapping beam
when considering other manipulation effects such as OAM transfer. The particular case
of trapping large reflective hollow spheres using a single annular beam presents a peculiar
combination of experimental parameters that is seldom seen in the literature. This chapter
aims to compile methodologies for calculating optical forces acting on reflective targets in

the ray optics regime and that best describe the trapping dynamics of our system. The
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— .
Restoring force Restoring force

- -

Figure 6.1: (Left) Transmissive target trapped in a Gaussian beam with an attractive
restoring force acting to pull the target towards the beam center. (Right) Reflective
target held in an annular beam. Reflected rays produce a repulsive force away from the
bright ring perimeter. The target is held in the intensity minimum at the beam center.

purpose of this is to document our understanding of optical trapping and levitation to be

used as a point of reference for future work.

6.2 Optical trapping mechanisms

A target can be trapped in an optical field with the appropriate treatment of the opti-
cal force interactions - the particulars of which depend on the scattering regime which
best describes the light-particle interactions. Here we will discuss the different scattering

regimes relevant to optical trapping.

Mesoscopic targets that are smaller than the trapping wavelength (d << \), can be treated
in the Rayleigh regime. Here the target acts as a polarisable object exhibiting a dipole
response to an external field. The force acting on the target is the sum of the primary
contributions - a conservative dipole force and a dissipative scattering force. The dipole
force is due to the target’s polarisability and its interaction with the intensity distribution
of the optical field. It is sometimes referred to as the gradient force in reference to the
gradient in the external field intensity. The scattering force accounts for radiation pressure
and is due to the target index and scattering cross-section. These contributions must be
balanced for stable trapping to occur. The sign of the dipole force i.e. whether it is
attractive or repulsive to the intensity maximum region is determined by the detuning of
the optical field in relative to the target fluorescence transition. Assuming an external

Gaussian field with an intensity seeking dipole, red detuning is to be used.

As the trapping target size approaches the optical wavelength (d ~ \) the treatment be-
comes non-trival. The approach requires Lorenz-Mie theory to solve Maxwell’s equations
with appropriate boundary conditions describing the target geometry and the associated
light-particle interactions. When the trapping target size exceeds the trapping wavelength
(d >> \) the ray optics approximation suffices. As shown in Fig. 6.1 a transparent di-
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electric target will experience forces dominated by the deflection of refracted rays through
its medium which diminishes in strength moving radially from the optical axis. As the
intensity is greatest at the beam center the intensity gradient provides an attractive mech-
anism to correct radial drift in the target’s position. Minor reflective forces dependant on
the index of the medium will oppose this. When combined with a tight focus, axial drift
can be minimised, and the target can be trapped in 3-dimensional space [112]. Optical
levitation is achieved by constructing such a system where the optical forces acting on the

target in the axial direction counter the downwards force of gravity [113, 114, 91].

Annular beam trapping offers an intriguing alternative to traditional Gaussian beam trap-
ping. The ring-like intensity profile of an annular beam such as LGy modes necessitates
an intensity minimum due to the helical phase being undefined at its center. In the dipole
approximation this leads to the realization of dark field trapping under blue detuning
where targets actively seeking local intensity minima are guided to the beam center [115,
116]. This method benefits from reduced photon scattering due to the weaker interaction
strength. The OAM states of LG modes also allows for unique manipulation states [117,
118]. Although this regime is out of scope, a thorough review of optical trapping using
OV light can be found in Ref. [119]. Larger micron-sizes targets of lower index to their
surroundings can sit in the intensity minimum of an annular beam for optical trapping as
shown in Fig. 6.1. Detuning is not neccassary here due to the ray optics approximation
being applied. Optical scattering forces due to reflection oppose the downward inertial
forces. The gradient force for reflective targets is repulsive and acts to push targets away
from the high intensity ring to the stable intensity minimum at the beam center. The
reduced intensity here may be appealing for biological applications, for example, where
under Gaussian illumination, the harsh intensity at best focus can be damaging to test
samples [120, 121]. Additionally, annular beam trapping has shown to enhance axial trap-
ping efficiency [122, 123, 124]. Ref. [125] reports the LGg; mode in particular exerts the
greatest trapping force at all powers tested, when comparing the [ = 0 — 3 states. The
use of an OV beam also includes interactions through its OAM state. OAM transfer to
absorbing (including weakly absorbing) targets has been observed [126, 127] leading to
the realisation of the optical spanner [128, 110, 129].

6.3 Ray optics force model

In this section we derive the radiative force active on a reflective spherical target illumi-
nated by an incident LGg; beam. The approach is based on work presented in Ref. [130]
but with adaptations suited for a highly reflective target. A ray-optics interaction regime
is employed. The target size is sufficiently large as compared to the trapping beam wave-
length and so, does not need to consider wave-like interactions such as interference, diffrac-
tion and polarisation effects. Due to the metallic surface coating, we assume the absence
of field propagation interior to the microshells. The following approach is well suited to

account for beam divergence and arbitrary beam intensity profiles, however the vector
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Figure 6.2: Ray picture of scattering of light incident at M on shell located at origin O.
Azimuthal angle ¢ is measured from x to when it meets For rays parallel to +z incident at
point M, the incidence and reflection angle are 6; = 6,. = 0 relative to the surface normal,
n. P is the projection of M onto the zy—plane. Since M is located on the lower hemisphere,
its spherical coordinates are defined as (r,¢,180 — 6;) for 6 taken relative to the 4z axis.
For divergent rays incident at P, we have 8; = 05 to the normal. The divergence half-angle

is 92 —91

expressions increase in complexity if left generalised. For purposes of clarity and to stay
relevant to our aims we will only consider those pertaining to incident plane waves and an
LGo profile.

We begin by describing the optical interaction at the shell target’s air-surface interface
using Snell’s law. A ray diagram illustrating scattering off the surface is depicted in
Fig. 6.2. A spherical shell of radius p, is stationed at the origin of the (z,y,z) coordinate
space. An incoming ray originating from z = 2/(0), the coordinate of the beam waist
relative to the shell center O, is shown to be incident at point M. It is reflected at an
angle, 0., equal to twice its entry angle, 6; i.e. 6, =6, relative to the surface normal 7.
The transmission angle of light passing through the interface relative to the normal is

given by Eq. 6.1, where nj =~ 1 is the refractive index of air. Transmission through opaque
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media is often neglected as the field sees an exponential decay of the surface intensity
parameterised by k, the optical extinction coefficient. The refractive index of the silver
coating is therefore complex due to the attenuation term and takes the form n4y, =n, +ix
where its real component is denoted n,. We will use n4, = 0.04 +7.62:¢ for the refractive
index when illuminated by light of wavelength A =1064 nm [108].

f; = sin~! (nlsmﬁz) (6.1)
N
The distance over which the field is attenuated is of interest in our case since we are
dealing with thin-walled targets. We can calculate the penetration depth of the silver
coating which is the distance over which the initial amplitude of the electromagnetic field
at the surface falls by 1/e. We find 6 = A\/4wx =11nm. This is an order of magnitude
smaller than the expected thickness of the silver layer and so we can safely assume the
transmitted component of the field to be negligible. To find the reflected component we

employ the s- and p-polarised reflection coefficients for arbitrary incidence,

n, cost; —ngcosb; nycosl; —ngcosb;
re = and 7, = (6.2)
n,cosf; + ngcosby N, cosB; + ngcosb;
Then the reflectance is the mean square of these quantities,
2 2
rs|“ |7
= sl 2' ol (6.3)

Using the above information, we find the target to have a reflectance of 99.7 % at A =1064 nm.
For completeness, the absorption through 100 nm of silver is 0.27 % of the total beam
power. The transmission fraction is 4.34 x 107 % meaning the field that penetrates

through is almost entirely absorbed.

We now proceed with the radiative force calculation. We assume the reflected light is
scattered elastically. The force imparted on to the shell target can be expressed as the

rate of change in its momentum.

dpshelr
dt

Fopent = (6.4)

Lets first consider the simple case of a single photon scattering event. Prior to scattering,

the total momentum of the joint system is simply the single photon momentum,

where h is the reduced plank’s constant, k is the wave-number and wv; is the direction
vector for the photon’s propagation. We define v, as the direction vector for the reflected
photon and n as the surface normal vector. Then reflection off the target’s surface can be
described in as follows,

v, =v; —2(v;-n)N (6.6)
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For a generalised approach, an arbitrary incidence vector v; = (viz® + viy ¥ + vi2) may
be substituted appropriately. We use a tightly focused trapping beam propagating along
+z with a divergent light-cone expanding radially to the target. With this notation, the
optical force is +ve and acts in the +z direction in opposition to the weight of the target
acting in the —z direction. The surface normal of a sphere is n =r/r = (sinfcos¢ &+

sinfsin¢ g+ cosf 2) which we use to get,
v, = —(sin26cos¢ & +sin20sin¢ §+ cos20 2). (6.7)

Then the momentum of the reflected photon is the product of the momentum scalar and
Ur,
Pyr = —R(0)hk(sin20cos ¢ & +sin20sin¢g g+ cos20 2) (6.8)

Note the R(#) term is included to consider only the reflected photons imparting momentum
transfer to the shell’s surface. We can express the change in momentum of the photon,

Ap~ = p, — p; which gives,
Ap, = —hk(R(0)sin2fcos¢ &+ R(0)sin20sin¢ §+ (R(#)cos20+1) 2). (6.9)

The force acting on a small surface element dA due to a single stream of photons can be

expressed in terms of the incidence rate dd—];f,

N
dF = prdd—t (6.10)

We can define the flux of incident photons ® such that % =& -fdA. The total force is
then,

F= / Ap,®-7dA  where & AdA=dP/E,, dP =I(r)cosfdA
A

F:/ 1) 222 cosbda (6.11)
A E’y

E, = hw is the single photon energy. We can cancel the energy (hw) and momentum
(hk) terms to give 1/c. To correctly handle the sign of the expression, recall the incident
photons are parallel to +2 and so the lower pole of the sphere points in the direction of
—Z. Since the azimuthal angle § is taken from +2 we note [, dA = f027r ffi/z r?sin0dfdgp =

- 02 . /212 4in0dfd¢ which cancels the -ve sign in Ap~. We can write the integral form
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of the total radiative force acting on the shell force in terms of its z,y and z components,
Frad = / dFrad,a:aA: + dFrad,y'g =+ dFrad,z2 dA

2r /2 I
Froaz= / / — cos OR(6) sin 20 cos ¢r? sin 0 df d¢
(6.12)

2r /2
Frady = / / [(cr cosOR(6) sin 20sin ¢r? sin 0 df de

2r /2 T
Frad,z / / (CT cosO(R(0) cos20 —1)r? sin 6 df do

These expressions resemble results presented in Ref.[130] but differ in that we have only
considered the reflective scattering components. As we saw in Chap. 2, the generalised
electric field for of the LG modes is,

wo (rv2)" 'll QTQ]
w(z) <w(z)> Ly w?(z)

r’ " r’ —ilg ith(2)
><eXp —U)T(Z) exp | —1 2R(z) e e

Only the first-order LG mode is of relevance. Its intensity profile is simply the square of

UIL)ZG (T, o, Z) = Cpl

(6.13)

the field amplitude scaled by its power, P,
2P (2r? —2r?
Ini(r,w)=— | —& . 6.14

6.4 Harmonic oscillator model

The dynamics of a levitated shell held within the optical potential of its trapping beam can
be modeled as a damped driven harmonic oscillator. Stokes drag resists shell motion and
is treated as the damping term dependant on the geometry of the shell and the pressure
of the surrounding medium. Our experiments were initially conducted in air and so its
corresponding viscous parameters are chosen. Changes in position are corrected by a
restoring force applied by the potential to return the shell back to its equilibrium position.
The system is driven by energy supplied by the thermal bath of the surrounding medium.
Gaseous molecules colliding with the shell surface induce Brownian-like behaviour in the
shell’s motion, seen as random jitter in the shell’s position. So long as these fluctuations

are small, the system is believed to be harmonic.

This section will model the motion of a trapped shell in an optical trap. Its transformation
to Fourier-space then reveals the frequency components of its oscillations. By identifying
dominant spectral features such as the resonant frequency, we can characterise the be-
haviour of the shell while in the trap and parameterise properties of the trap itself such

as its stiffness.
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6.4.1 Mathematical prelude

In the parts following we employ a number of mathematical tricks (formally read theorems)
to aid in our analysis. We will briefly introduce these here so to make later steps easier to

follow.

Properties of the Fourier transform

The Fourier transform (FT) used to convert a continuous signal z(¢) into its reciprocal

domain,
1 o0

- \/27T —00

This allow us to transform our time-series position data into a spectrum expressed in

z(w) z(t)e ™t dt (6.15)

frequency space. The second is Parseval’s theorem which equates the power spectra of the
time and frequency domains. This is more so a necessary property of the Fourier transform
so that the transformation is unitary. The integral of our initial function squared is equal

to the integral of the square of its transform.
/ ()| 2dt :/ ()| de (6.16)

By equating these quantities its shows the total power in the system is conserved regardless
of whether it is viewed in its original or reciprocal domains. If a signal is comprised of N
components of increasing order then transforming the first M components of its reciprocal
will yield the original signal accurate to the first M*"-order correction. This means a signal
and be mostly reconstructed using its most dominant contributions. We can determine
the power contributions of each component by calculating the power spectral density of
the signal. For real signals we are only interested in the positive frequency components
and so we define the one-sided power spectral density as follows,

Sp(w) = Jim 22J(w)[? (6.17)

t—oo §

A function X (t) is said to be a wide-sense stationary process (WSS) when it is stochastic
such as in Brownian motion, its mean is zero and auto-correlation is time invariant. The
power spectral density Sx(w) of such a process, and its auto-correlation function, Ry (t),

form a Fourier transform pair.
Sx(w)=F{Rx(t)} (6.18)

This is known as the Weiner-Khinchin theorem. The auto-correlation function defined as
Rx(t)=(X(7)X*(7—t)) when evaluated at 7 = 0 produces the variance in X (¢). Generally
the variance in z is 0% = Rx — % but for a WSS process the mean is typically zero. In
case of a deterministic time signal such as that of a sine wave of constant amplitude
where the mean may be zero, rather than the power spectral density being distributed

throughout the whole spectrum, the Fourier result is a delta function stationed at fixed
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frequencies. As the frequency coordinate approaches the modulation frequency the power
spectral density becomes divergent. We can relate the variance in the time signal of a

WSS process to the one-sided power spectral density as follows,

o2(t) = 1im [ 2(t)? dt = Jim ~ / )| dw_/ S, (6.19)

6.4.2 Power spectral density of levitated oscillator

The levitated shell targets are spherical and assumed to oscillate harmonically within
the optical trapping potential. The surrounding medium applies a damping force in the
form of Stokes drag dependant on the medium’s viscosity and the geometry of the shell.
Additional forces such as thermal forces from the surrounding medium will result in small
stochastic fluctuations in the shell’s position. We can generalise these forces as driving
terms which act external to the trapping potential. The motion of the levitated shell can
then be described by the Langevin equation given in Eq. 6.20. This equation is valid for
small thermal perturbations, but will breakdown when the shell’s behaviour is no longer
harmonic, such as in the case of large displacements from its equilibrium position.
2

‘; tf +7th t ko= Fomt (6.20)
The first term on the left side denotes the inertial force of the trapped shell of mass m,
with its position coordinate denoted x. The second is the damping term due to viscous
drag from the surrounding medium and characterised by the damping coefficient v. The

third term is the restoring force applied by the optical potential.

To reveal the frequency components in the shell’s oscillations, we begin by taking the
Fourier transform of Eq. 6.20.

d?z dx

Flm—s+7 dt+m:} F{F} (6.21)

We will tackle this in parts. For F{m dtQ} we use the standard result F{% dtn }:
(iw)" T (w)
d*x 9.
f{mw} = —mw T (w)
Similarly, for F{y4%}:
d
Fly=} = i@ ()

and finally,
F{rx} = kT(w)

Combining these results and solving for #(w) gives an expression for the oscillatory be-
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haviour of the shell’s position in frequency space,

. F{F}
= 6.22
W) —mw? +iwy + K (6.22)
The power spectral density is computed using Eq. 6.17 to give [131],
1 2|F(w)]?/m?
Sy (w) = F()l*/m (6.23)

T theo t |—w2+iwﬁ—|—w8|2

A factor of 1/m is taken out to replace x with the oscillator’s resonant frequency w = x/m,
and a constant 8 =+/m is introduced. The power spectral density of Z(w) looks like the
power spectral density of F(w) in the limit t — oo scaled by 1/m?-1/(—w? —iwf +w})?

so we can rewrite S;(w) in terms of Sp(w). The denominator is simplified so the S, takes

the form,
Sp(w)/m?

Sz (w) = 6.24
(w) (wE —w?)2 + w22 ( )

We can relate this to the positional variance of the shell using Eq. 6.19.

o0 ©  Sp(w)/m? TSF(w)
2

t) = Sy dw = / dw = 6.25
20 =[Sy do= [T o= T (6.25)

A nice solution to the integral is presented Ref. [132].

6.5 System damping

Many sources in the literature will demonstrate optical trapping of small microbeads sus-
pended in aqueous solution or similar liquid media. Here the viscous force terms dominates
the inertial term so that the oscillator becomes overly-damped. Drag from the surrounding
medium results in kinetic energy loss in the absence of a driving mechanism. The time by

which the system energy drops by a factor of 1/e is given by,

m
tehar = — (6.26)
Y

A fused silica bead of radius 1 pm suspended in water at 20 °C will have .4, = 0.5 ps. This
is an important consideration for electronic sensing to ensure the positional variations are
sampled with sufficient time resolution. A position sensor operating at a modest 10kHz
would lack sensitivity by several orders of magnitude at these time scales. The assumption
here for an over-damped system would therefore be valid, removing the need for the inertial
force term in Eq. 6.20 as high frequency dynamics are neglected. Comparing this to the
case of a shell target of radius 50pm levitated in air at the same ambient temperature
gives tepgr = 4.3ms. This is unsurprisingly far greater than the value seen above and in
fact lies within the sensitivity of typical position sensors. Chap. 5 will discuss the position

sensing setup and procedures used in greater detail. For now, if we take a similar example
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of a position sensor operating at some 10kHz, it would provide adequate sampling of the

oscillation period with .4, being 65 times slower than measurement interval.

Conversely, when trapping in a less viscous medium or where the medium has been re-
moved, such as when trapping at low pressure, the damping decreases. Since the resonant
spectral features are broadened by the damping terms, as the damping term weakens,
spectral features can appear sharper and more pronounced. The lack of damping however
also affects the stability of the trap and often will require supplementary stabilisation

mechansims that artificially modify the damping term.

6.5.1 Pressure dependent damping

The length scales over which interactions that result in Brownian motion or those that
dampen oscillatory motion can be characterised by the Knudsen number. It relates the
mean free path, l,,, of the surrounding air molecules of diameter d to the macroscopic

interaction length scale, L, which here is the trapped shell diameter.

m T
Kn:l— Ry

M 6.27
L  \2rd®PL (6.27)

The Knudsen number can be modified if the static pressure, P, is varied. When Kn <<
1 we assume the regime of a continuous medium to describe continuous-flow molecular
interactions. In the opposite extreme of Kn >> 1 we enter the free-molecular flow regime
where the mean free path is larger than L and so interactions are discrete. Flow regimes

can be classified depending on their respective Kn-number [133].
e Kn <0.01 - Continuous flow
e 0.01 <Kn<0.1- Slip flow
e 0.1 < Kn <10 - Transition flow
o Kn>0O(10) - Free-molecular flow

Values of Kn calculated at pressures used in our experimental work are listed in Tab. 6.1.

At lower pressures, the damping term accounting for large Kn can be found from kinetic

Kn vs Pressure

Pressure (Pa) 10° 10* 103 10? 10 1

Kn 1.36x1073 | 1.36 x 1072 [ 1.36 x 107! [ 1.36 | 1.36 x 10T | 1.36 x 102

Table 6.1: Knudsen numbers for varying ambient pressures. Values calculated correspond
to a trapped shell diameter of 50 pm and gas particle size of 3.7 x 10~% pm [134].

theory of gases (KTG) [135] as given in Eq. 6.28

0.619 ( 0.31Kn )

_ 6.28
0.619+Kn +O.785+1.152K7’L—1—Kn2 ( )

v =67na
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v (kg/m)

10 10 10> 10’ 10 10
Pressure (Pa)

Figure 6.3: Damping curves for 50 pm shell at T'= 300K and constant dynamic viscosity
within the pressure range. (Red) Stokes’ law assuming constant v with pressure. (Blue)
KTG-v varying with pressure. 10% deviation in v at 3 x 103 Pa.

Notice in the limit Kn << 1 Eq. 6.28 reduces to Stokes’ drag. Fig. 6.3 compares v derived
from KTG and when assumed constant with pressure using Stokes’ to show when pressure

considerations to damping may become significant.

6.5.2 Damped oscillator

The nature of the damping in our system is currently unclear. Literary works involving
silica or polystyrene microbeads trapped in liquid suspension justifiably assume their sys-
tem to be overly damped as the viscous term dominates in the limit m — 0. Mediums
such as water or oils are also selected for better impedence matching. The combination of
a massive target by comparison trapped in a less viscous fluid would imply less damping
than that seen in these examples. We follow a similar approach to the generalised case as
seen in Sec. 6.4, but now for the case of an over-damped oscillator. We begin by drop the

inertial force term so that the Langevin becomes,

d
'yd—f +ha = F(t) (6.29)
so that we have,
F 2
a(w)P= L)l (6.30)

T W24 K2
and as before, we can calculate the one-sides power spectral density using Eq. 6.17

Sy(w) = }2|F(W)\2 _ Sp(w)  4kpTy

= = = 6.31
im0t w22+ k2 W2+ K2 w22+ k2 (6:31)
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Finally the positional variance of the over-damped oscillator can be found using Eq. 6.19

o2 (t) = /0 - m deo = Sp(w)5 (6.32)

Again you may refer to Ref. [132] for the solution to the integral.

6.6 Thermally driven oscillator

When trapping a target in a viscous medium such as air we observe random jitter in
its position measurement. Even under what appears to be stagnant conditions, diffusive
molecules from the surrounding medium will collide with the target and apply small "kicks"
to its surface. The random nature of these collision over the entire surface of the target
results in motion described by Brownian dynamics dependent on the ambient temperature

of the surrounding medium.

6.6.1 Brownian dynamics

The motion of a small particle in a fluid is given by [136],

m% +y(t)v=£&(¢) (6.33)

for velocity , v, mass m, friction constant vy and a random fluctuation term £(t) that
behaves as (£(t)) = 0 and (£(¢)&(t')) = 2kpTvd(t —t'). The mean value of £(t) is shown
to be zero implying no net force is applied over a long measurement period. The auto
correlation of £(t) shows it to be a stochastic process so that the noise is time independent.

In the substitution we then have solutions to the velocity of the particle in,
st L[N Bty gy
v(t) = vpe +7/ e ¢()dt (6.34)
m.Jo

The positional evolution of the particle can be found by x(t) = zo+ [, v(t')dt’. Applying
a substitution for displacement s = x(t) —z¢ the mean square displacement can be shown
to be [137], b T
b

(s(t)”) = B
Applying the limits ¢t << 1/ and t >> 1/ we obtain the short and long time behaviour
of the particle. In t << 1/8 we have (s(t)?) ~ kyT/m -t which is Ornstein’s (1917) result
where the particle is ballistic at its initial velocity as ~ t*. When ¢ >> 1/ we have Ein-
stein’s (1905) result (s(t)?) ~ 2k,T/m3 -t = 2Dt describing uniform or "diffusive’ motion

as damping ensures the velocity doesn’t scale with time. Instead the motion is influenced

(Bt—1+ePh). (6.35)

by random thermal forces. These results are collectively known as Einstein-Ornstein-
Uhlenbeck (EOU) theory for the Brownian motion
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6.6.2 Thermal noise power density

The time-behaviour of the particle is an important consideration when taking measure-
ments as it influences our expectations on the form the shell’s motion will take. If we
consider the general case, the thermal term from EOU is treated as a small perturbation

applied to the right-hand side of Eq. 6.20 where the external force is given by,
Fy, = (2kgT~)?n(t) (6.36)

v = 6mup is Stokes law for a spherical object of radius p and kg7 is the thermal energy
term. The thermal force is represented as white-noise resembling a random Gaussian
process where (2kpTyn(t)) =0 and 2kgTy(n(t)n(t')) = 2kgTvd(t —t'). The mean value
of n(t) is shown to be zero implying no net force is applied over a long measurement
period. The auto correlation of n(t) shows it to be a stochastic process so that the noise
is time independant. Thus thermal noise satisfies the conditions for a WSS process. The

one-sided thermal noise power spectral denity is,
Sr,, (w) =4kpTy - Sy(w). (6.37)

Since S, (w) is unitary for white noise with (n(¢)) = 0, it has uniform distribution scaled to
4kpT~. We can substitute this result into Eq. 6.24 to obtain the one-sided power spectral

density of a thermally driven harmonic oscillator [131, 138],

AkpT B /m
(w2 — wd)2 + w232

Sp(w) = (6.38)

Berg-Sorensen et al. [139] demonstrates this analysis for optical tweezers where the Einstein
result is taken. This is due to the high damping present in these systems that reduces
the characteristic timescales over which the energy in the particle is lost to the medium
and its motion equilibrates. In this case, the power spectral density takes the form of a

damped oscillator as,
2D

Sm(w) = w(2]+w2

(6.39)

where D is Einstein’s coefficient. Alternatively, when the thermal force term is not explic-
itly given, the particle’s motion may simply be equated with the thermal energy in the
system via the equipartition theorem, 1/2- kT = 1/2-mwd(s(t)?) [140, 141]. The mean

square displacement can then be found as,

BT
Comwd

(s(t)) (6.40)
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6.7 Parametric oscillator

A parametric oscillator is a type of oscillator in which a varying system parameter is used
to drive a response that would otherwise not occur under conditions where the parameter
is stationary. An example of this is seen by modulating the trapping beam’s power.
A fixed frequency sine-wave passed into the beam delivery can be used to drive shell
motion. Starting from equilibrium, as the power increases, the shell is forced to react to
the radiative pressure by rising higher in the optical trap. As the power decreases the shell
falls under gravity or partially supported by the diminishing beam intensity. The cycle

then continues. The force exerted on the shell by the modulating power is,
Frod = £K'x (6.41)

The modulating power directly influences the trap stiffness to produce an oscillating restor-
ing force. We can modify Eq. 6.20 to include the modulation term so that we have,

d*z dx
mﬁ +’YE+(/€Z|I/€/)$ = Fegt (642)

We can see the parametric behaviour directly affects the natural resonance of the oscillator
driven by the modulation frequency. Rather than applying the modulation at equilibrium,
the modulation can instead be timed to match the phase of the shell velocity. The force
due to the modulation can be equivalently expressed in terms of the shell velocity as,

dzx
Frog = 7 — 4
d Y dt (6 3)

The peak of the modulation corresponds to when the trap is at its stiffest; the modulation
trough is when the trap stiffness is at its weakest. Matching the modulation and velocity
in phase results in self-excitation as the supplied energy adds to the oscillation amplitude.
Applying the modulation out of phase with the velocity ensures the shell always sees a
heightened potential so to reduce its displacement amplitude as shown in Fig. 6.4. This
can acts as an axial position stabilisation mechanism. However, since the natural motion
of the trapped shell is driven by the thermal energy bath of its surroundings, the stochastic
nature of Brownian motion then requires continuous phase correction of the modulation
to coincide with when the shell is ballistic. Stabilisation of the shell beyond the Brownian
level leads to the realisation of parametric cooling [142]. As demonstrated in Ref. [143]
activating parametric stabilisation brings additional damping (d+) and frequency (dw)

contributions in the power spectral density as,

4kyTo/m?

Sg(w) = ([wo + dw]? —w)? + w?[y0 + 67]?

(6.44)
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Figure 6.4: One must imagine Sisyphus happy

6.8 Photophoresis

When under direct illumination, a (weakly) absorbing target suspended in a fluid, such
as water or air, will experience a peculiar class of thermally driven effects collectively re-
ferred to as photophoresis [144]. These are distinct to the Brownian fluctuations discussed
previously which too are of thermal origin. Whereas Brownian motion is due to ran-
dom collisions between the trapping target surface and the molecules of the surrounding
medium, photophoresis results from the difference in temperature over the target surface
and the surrounding medium. This causes fluid molecules to "creep" across the heated
surface in the direction of the temperature gradient. For strongly absorbing particles this
force can be several times greater than the radiative force and even facilitate the optical

trapping of these particles in a Gaussian beam [145, 146, 147].

6.8.1 Photophoretic force

The photophoretic force comes in two types, the AT-force and the Aa-force. One-sided
illumination of the trapping target, as in single-beam optical levitation, will heat the
target to produce an asymmetric temperature distribution across its surface AT pointing
from hot to cold. Depending on the optical properties of the target medium, this will
result in positive or negative photophoresis corresponding to motion directed in or against
optical propagation. The second type occurs for targets with an asymmetric thermal
accommodation coefficient, Aa. This can be due to changes in material composition of
the target surface, which even under uniform surface illumination will still result in an
asymmetric temperature distribution with the force pointing from the region of higher to
lower thermal accommodation coefficient. Note that while the AT-type is fixed relative to
the side of illumination, the Aa-type is body fixed. Measures can be taken to fix the latter
to an external reference by gravity [148], or by an external electric/magnetic [149]/optical
field to apply a torque to orient the target in the desired direction. Although we have
observed hairline fractures and geometric irregularities in the shells under microscope
imaging, their effects on the thermal accommodation coefficient must be large for the
effects of Aa-type photophoresis to be significant. Assuming a fixed coating of silver
on the target surface and idealising the shells to be perfectly spherical, we will assume

photophoresis occurs of the first type.

The study of photophoresis originated in the investigation of absorptive spherical aerosol
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particulates and has predominantly remained so [144, 150, 151, 152]. We first see Hettner’s

(1926) formulation of radiometric force acting on a spherical particle in Kn >> 1,

B 3 ulr RV Ty

F
PM

(6.45)

for universal gas constant R, pressure P, molecular weight M and internal temperature
gradient VT;,;. Where a particle is illuminated from one side, the temperature gradient
can instead be given in terms of the gradient through the poles as VT, = I/2(k, + ky) for
intensity I and k, and ky are the thermal conductivities of the particle and surrounding
fluid. This gives an order of magnitude estimate of the photophoretic effect [153]. Tong
(1972) derived an more accurate expression for the photophoretic force in the free molecule
and transition regimes [154] with Reed (1976) covered the Kn << 1 limit. Finally, Ro-
hatschek [151] presented a unifying model using a semi-empirical approach valid for both

A« and AT type forces and pressure regimes.

Dgr? ( P\7!

phns<t = =9 () I 6.46
2k, \ Px ( )
Dyr? (P

pRn>>l = 9 <> I 6.47
2k, \ Px (6.47)

Here, Px is the characteristic pressure Px =3D,T/nr, r is the trapped particle radius,
and Dy is a constant determined by the state of the gas Dy =7/2-\/Kpcm/3-vp/T where
Krpe is the thermal creep coefficient and v = \/8RT /7 M is the mean velocity of the gas

molecules.

6.8.2 Photophoresis on coated hollow shells

Few works relate this phenomenon to particles of properties similar to those of our metal
coated shells. The discrete boundary layers varying in material composition and thermal
properties require a tailored approach to account for changes in thermal conductivity and
heat transfer. The uncommon combination of trapping reflective shell targets, and a high-
power annular trapping beam in the absence of stabilisation motivates it investigation

particularly in light of the changes in target stability observed at lower pressures.

Ref. [155] presents an approach for radially varying thermal conductivity in aerosols. It
was argued the thermal conductivity’s dependence on 6 is weak due to symmetry yet
strong in 7 due to the aerosol formation mechanism - liquid is condensed at nucleation
sites then solidifies to form a shell while its internal inhomogeniety is maintained. By
applying appropriate boundary conditions to match the discrete layers of silver, glass and
the gas filled core, the approach of a radially varying thermal conductivity can be adapted

to model heat transfer through our hollow microspheres.
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Shell structure
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Figure 6.5: Microshell is illuminated in the +z-direction. It has d = 100pm with 0.1 pm
thick silver (Ag) layer, and 0.85 pm total wall thickness.

Thermal boundary conditions

We considered a multi-layered spherical geometry comprised of an outer silver shell, an
intermediate glass layer, and an internal gas filled core as shown in Fig. 6.5. We assume the
surrounding air to act as a thermal bath at room temperature and initially at atmospheric
pressure. The Knudsen number is Kn << 1 so that the surrounding medium is in the
gas continuum regime and we assumed thermal conduction is the primary mode of heat

transfer.

The shell is illuminated in the 4z direction. This generates thermal energy sources g;
which we confine to only the lower hemisphere of the outer metal coating. Due to the
spherical symmetry of the system, the problem becomes well-suited for solutions in spher-

ical coordinates. Here, the heat diffusion problem is governed by Poisson’s equation,

J(r,0)

*T(r,0) = —
v (T,) k

(6.48)

for temperature T'(r,0) and thermal conductivity k, and thermal source density distribu-
tion J(r,6). We then apply the following boundary conditions, imposed by the structure
of the layered interfaces [156].

o1y
ki ——| =k o= 6.49
! 87‘ R 2 aT‘ Ry ( a‘)

0Ty
Bolg, — Tilg, = CrKm Ry — - . (6.49D)
1

8T2 6T3
ke == =ks - 6.49
2 87" Ro 3 87" Ry ( C)
To|g, = T3l g, (6.49d)
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T, 0Ts
kg =7 =hs—- 6.49
g 87“ Rs 3 87’ Rs ( e)
oT,
Tyl g, — Tslp, = CrKnRs 871"9 . (6.49f)
3

Ry is the internal core radius, Ry is the outer radius of the intermediary glass layer, and
R3 is the outer radius of the silver layer. The boundary conditions enforce continuity of
heat flow at each interface through Eqgs. 6.49a, 6.49c and 6.49e. Temperature continuity
is ensured by Eq. 6.49d. Additionally, in Egs. 6.49b and 6.49f, a thermal jump coefficient,
Cr, is included to account for the finite temperature discontinuity at the solid-gas inter-
faces. This discontinuity arises due to rarefied gas effects, characterised by the Knudsen

number, Kn, which modifies the effective heat transfer at these interfaces.

Heat transfer solution

The symmetry of this configuration relies on the z-axis alignment of the illumination source
and the spherical symmetry of the shell target. The heat transfer problem is then axis-
symmetric with the temperature term dependent only on r and . The analysis is greatly
simplified by the fact there is no azimuthal dependence on the distribution. Legendre
polynomials P, (cos#) which form an orthogonal set over the interval 6 € [0,7] form an
appropriate solution basis. While spherical harmonics also provide a complete basis, their
solutions are unnecessarily complicated due to their ¢ dependence. The general solution

to Eq. 6.48 in the literature is commonly expressed as,

T(r,0) =Tos+ Y _ TPa(cost) (6.50a)

n=0
A 1 1 r r dr
T, == nl%l n "dr — nJ/ n } '

(r) o +7r + @nt Dk [t /qu (r)r"dr —r qu ('r)rn_l (6.50b)
41 [7

gn(r) = ”; / J(r,0) Py (cos0) sin 0d6 (6.50¢)
0

The temperature T'(r,0) is expressed as the sum of the distant environment temperature
T and the Legendre expansion with Legendre polynomials P, and argument cosf. A,

and B, are boundary coefficients.

For the first layer the solution must be finite as r — co and with no heat sources the
solution simplifies to,
o
Ti(r,0) =T + Z 7" B1n Pp(cosf). (6.51)
n=0

Similarly, we assume no heat sources in the glass shell layer which gives,

AQn
Tn+1

75039)217&3+'§:
n=0

—H“"Bgn] P, (cos?) (6.52)

Since we assumed all ¢; to be on the shell surface we include heat sources for the metal
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coating layer,

T3(r,0) = Tos+ > _ T3nPp(cosb) (6.53)
n=0
A3 1 1 r r dr
T . _ n nB " " n+2d _ n/ n ]
an(r) el St (2n+1)ks L“"H /qu (r)r T qu (T)T"_l

and finally for the air medium we have the following for a finite solution as r — oo,

A
Ty(r,0) = Too + W%Pn(cos 6) (6.54)
We are seemingly presented with an infinite set of solutions as we must determine the

respective A; ,, B; ,, coefficients.

Panao et al. [156] uses this approach and shows in fact only Ay and A, are required to
derive an expression for the photophoretic force. Their model includes further consider-
ations of fluid flow around a spherical body, which we will be exclude for now as it falls
out of the scope of our work but the full work can be found in their paper. Their final

expression is given as

. 4WM§A91(3KszfKn + KTC)
(1 + 3kaKn)R§TgSpg

Ky is the kinetic friction coefficient, Kp. is the thermal creep coefficient. Completed

o = (6.55)

expressions for the coefficient values and dependent terms can be found in their paper
Ref.[156]. This model was tested by the authors and verified using CFD software. The
analytical result up to the second order Legendre polynomial in Eq. 6.54 was demonstrated
to agree with simulations, with negligible contribution from the third order polynomial

term. We however were unable to replicate the analytical results due to time limitations.

6.9 Summary

This chapter provides background theory to various opto-mechanical and thermo-mechanical
interactions that influence the behaviour of a levitating target. We begin by deriving the
static radiative forces acting on a reflective spherical shell in the ray-optics regime. This is

necessary to determine the balancing of inertial forces that give rise to optical levitation.

We then explore the time-dynamics of a levitating shell by modeling the system as a
mechanical oscillator and apply Fourier-based tools to determine its spectral properties.
Here we relate the power spectral density of the shell’s positional time-series to its response
in frequency-space. We assume the time-dynamics are stochastic in nature which allows us
to relate the model, in the form of our power spectral density expressions, to the variance
in the experimental data. We show the influence damping and pressure variation has on
these results. This is of particular interest as we aim to determine the damped nature

of the oscillator and how this evolves at reduced air pressure with the long term goal of
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high-vacuum optical levitation.

The stochastic behaviour of the shell can be considered using Brownian dynamics realised
through a thermal noise driven oscillator. This relates the mechanical properties of the
oscillator to its thermal energy. In the long-term limit as ¢ >> 1/ the shell’s motion is
diffusive. From this we find a limit in the shell’s spatial confinement dominated by thermal

fluctuations in the absence of active stabilisation methods.

By modulating the power of the trapping beam, the oscillator becomes parametric. This
directly modifies the trap-stiffness and damping of the levitation system and can be used
to counter-act Brownian fluctuations. This leads to the realisation of active stabilisation
in the form of "parametric cooling" to stabilise levitation targets beyond the thermal noise

limit of their system.

Finally, we explore photophoretic forces. The one-sided illumination of our single beam
setup generates asymmetric heating of the shell’s surface. The this produces a surface
temperature gradient dependent on the thermal conductivities of the shell and surrounding
gaseous (or generally fluid) medium. Air molecules exhibit "creeping" over the shell surface
along the temperature gradient resulting in an attractive or repulsive force relative to
the heating source. Experimental observations have shown anomalous instabilities when
trapping at low pressure which we suspect to be photophoresis. The form this force takes
is given as seen generally in the literature. However, due to the inhomogeneous internal

composition of our shells, the force expressions for this geometry is also presented.

We now have developed an understanding of key details relating to the forces and time-
dependant behaviour of our optically levitated reflective shells. By comparing these mod-
els to experimental results we can find areas of agreement and instances where further
development is required. We will now employ these insights to experimental results in
Chap. 7.
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Chapter 7

Levitated reflective microshells

This serves as the primary results chapter for our work on optically levitated reflective
microshells. These consist of experimental and computational findings to provide a broad
understanding of the shells’ mechanical response and stability characteristics inside the
optical trap. Due to the unpredictability of the trap lifetimes and inherently destruc-
tive nature of certain measurements, results are complied from several instances of shell

trapping ranging a variety of shell sizes.

The goal of this chapter is to also provide key procedural insights on how results are
currently obtained so that these methodologies can be further developed as our analysis

and diagnostics capabilities improve.

7.1 Thermal study on laser induced heating

Laser heating of the shell surface is an important consideration, particularly in developing
our understanding of photophoretic instability and how this evolves with pressure. We sus-
pect, as pressure decreases, heat loss mechanisms become increasingly reliant on radiative
heat loss. Convection and conduction heat loss requires interaction with the surrounding
medium whose influence is reduced as the chamber is pumped down. Prior work has al-
luded to a "death-valley" zone at which the pressure becomes too low for the surrounding
medium to dampen instabilities yet still high enough for molecular-surface interactions to
be non-significant. We think photophoretic instability here becomes a dominating force,
requiring active feedback stabilisation in order to maintain stable levitation. A thermal
study was conducted looking at heat transfer across the poles of the shell surface at varying
static pressures. In our current understanding, the surface temperature at these pressures
and to what degree loss mechanisms contribute to surface heating is entirely unknown.
Mapping the temperature distribution over the shell surface will allow us to investigate the
size of the temperature gradient between the poles and thus the force differential acting

on the shell because of it.
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Thermal simulations were run on QuickField - a finite element analysis (FEM) package
used for field modelling and analysis. We would like to acknowledge contributions of Dr.
Wong from the University of Strathclyde whose expertise was enlisted to assist in the

setup and running of the simulations.

7.1.1 Simulation setup

We assume the shell core to be gas filled - its true gas composition is unknown but likely
to be dependent on the proprietary processes used to manufacture the hollow shells. For
simplicity, we attribute it similar material characteristics to that of air, with density
peore = 1.293kg/m3, specific heat capacity ceore = 1000J/(kgK) and thermal conductivity
Ecore = 0.025W/(Km). Due to the thermally insulating properties of gases in general, we
can expect the core to be resistant to heat transfer processes through the shell interior
leading to an overall low effective thermal conductivity. Similarly, the glass composition
and exact thickness of the internal walls are also unknown. One may see vast variation
in material properties depending on the type of glass considered, be it soda glass, UVFS,
BKY7 or others. This limits the accuracy of the simulations but we can make reasonable
estimates. We chose the following, pgiass = 2320kg/m?, cgiass = 840J/(kgK) and kyqss =
1.38W/(Km). For the outer silver layer we use pa, = 10.490kg/m?, ca, = 233J/(kgK)
and ks =430W/(Km).

The mass of the levitating shell determines its axial equilibrium position along the trapping
beam’s path. The beam is also expanding as it propagates so the overlap of the shell’s
cross-section with the beam profile will also differ for two shells varying in size. This makes
it difficult to experimentally determine the intensity overlap and the degree of heating the
shell experiences. Instead, we can take a computational approach by taking the example of
a d = 50pm shell. The outer silver layer is estimated to be 0.1 pm and the glass thickness
0.75pm in line with wall thickness estimates given in Sec. 5.1. This gives an expected
mass of 21 ng and require 2.1 x 10719 N of force to balance it weight against gravity. The

incident power required to generate this radiative can be roughly calculated as,
Frpa=(14+R)P/c= P=Fc/(1+R)=31.56mW (7.1)

The power is distributed over the cross-sectional area of the shell giving an incident beam
intensity of I,.,q = P/Across—sec. However shell heating results only from the portion of
the intensity absorbed by the shell, 1.

Ips = (1= R)I,.4q = 48kW /m? (7.2)

The absorbed intensity was calculated to be 48 kW / m?. I, was used as input parameter

defining the direct heat flux applied to the shell surface.

The vacuum chamber that housed the optical trap is not thermally isolated from the

surrounding laboratory environment. As a result the air inside does not follow typical
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(a)

Figure 7.1: (a) Radial temperature distribution extending to 2.5x shell radius. Shell
boundary indicated by the solid line (b) Full simulation domain with zero flux boundary
at 5mm radial distance from the shell center.

ideal gas law’s relating pressure and temperature. The chamber was pumped slowly over
a period of several minutes, granting the internal temperature time to thermalise with
the external environment. This heat exchange allows us to assume the average internal
temperature is approximately steady with room temperature. Simulating heat transfer
across the entire chamber would be computationally inefficient, especially since most of the
volume remains thermally inactive. Instead, a boundary was applied to enclose the shell
and its immediate surroundings to define the simulation domain. A zero heat flux condition
was applied at the boundary to ensure heat transferred from the shell to the surroundings
did not reflect off back into the system which would otherwise lead to artificial heating
of the domain. It also prevented thermal energy from escaping the system, avoiding any
unphysical loss of heat. These conditions were applied by placing the boundary sufficiently
far away so heating did not extend past this point thereby justifying the assumption of
an ambient temperature, T, = 293 K. The boundary was placed at 5 mm from the shell’s
center. Fig. 7.1 shows an example run of the heat transfer simulation with the boundary

in place.

7.1.2 Thermal simulations

The poles of the shell are oriented horizontally and heating was applied from the right-hand
side of the shell in Fig. 7.1(a). The transient heat transfer computation was rotationally
symmetric about the horizontal axis. A heat flux of 48 kW /m? was applied to the shell
surface, in accordance with Sec. 7.1.1. Despite the radial distribution of the beam intensity,
for simplicity the flux was applied uniformly as a first-order approximation at the beam

center.
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Figure 7.2: Average surface temperature-time plots for 34 pm shell for various static pres-
sures. We find rapid increase in average surface temperature as pressure decreases due to
increased reliance on radiative heat loss.

Simulations were run at static pressures of 10° Pa, 10% Pa, 103 Pa, 10? Pa and finally 1 Pa as
an extreme case. The thermal conductivity of the surrounding air medium was adjusted to
compensate for reduced pressure. However, the thermal conductivity was fixed within each
simulation. Future work could allow variable thermal conductivity within the simulation
to better replicate the properties of increasing component temperatures as they heat up.
Each simulation computed 20 sec of heating. This was determined based on the time-frame
over which the heating leveled off as seen in Fig. 7.2. Heat loss was primarily considered
through conduction and radiation. Convective heat loss was neglected due to the physical
conditions of the system namely, the shell is suspended in near-static air, with slight

motion arising from shell oscillations or low-level creeping flow.

At 10° Pa we see heating of the shell surface up from room temperature to just below 50 °C.
Fig. 7.3 shows the surface temperature distribution at equilibrium as a function of polar
angle @ where 6§ = 0 is normal to laser incidence. We have an average surface temperature
of 49.43°C with a polar temperature difference of 0.46°C. Recall from Sec. 6.8, the
temperature gradient between the poles due to asymmetric heating of a particle in a fluid
can be expressed as function of the illuminating intensity over the thermal conductivities
of the particle and the surrounding medium, VT = I/2(ks+k¢). We can then obtain
the absolute difference in temperature between two points by scaling the gradient by their
separation, Ar, which in this case would be the shell diameter. We assign kg as the thermal
conductivity of the shell and k; as that of the fluid or air. We can then solve for &, to
give an effective thermal conductivity of 2.58 W/(Km).

Fig. 7.4 shows the internal temperature distribution from pole to pole. The layer bound-

aries are indicated by the red vertical lines. The temperature distribution through the
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Figure 7.3: Simulated temperature distribution over shell surface against radial position.
The shell is centered at 0 and heated from below.

solid layers is near uniform. In contrast, the core exhibits a slight radial non-linearity
in temperature with radial position. This results in a 6 % deviation in the value of the
gradient when obtained through calculation of VT to that obtained directly from Fig. 7.4.
The gradient is negative in the direction of the upper pole. This indicates the core to be
in fact hotter on average than the upper hemisphere which was unexpected; it was ini-
tially thought thermal sources would readily form over the entire outer layer due silver’s
high thermal conductivity. However, the result obtained is not unreasonable. The core
can be considered to be surrounded by thermal sources distributed over the shell surface
but whose density diminishes with polar angle, so heat flowing into the core from the

illuminated lower hemisphere escapes only through the "dark" upper surface.

As pressure decreases, conductive heat loss to the surrounding air is hindered, resulting
in an increase in shell temperature. This is confirmed in Fig. 7.5 which shows a rise in
shell temperature at 10* Pa to 312 °C. However, both the surface and radial temperature
distributions are similar to those seen previously. Interestingly, despite the higher average
surface temperature, the temperature difference between the poles remains comparable
at 0.46°C - confirming its dependence on the thermal properties of the shell and fluid
medium used above. As the temperature difference remains the same but the average
surface temperature is increasing, this indicates a relative homogenising of the temperature

distribution at lower pressures.

At 103 Pa the pressure has now dropped by 90% of its initial value. In experiment,
we begin to see a rise in the shell’s vertical position and perhaps our first indicator of
possible photophoretic forces influencing shell behaviour. The shell continues to rise until
settling again at 102Pa. On the other hand, the simulations show intense heating as

simulated surface temperatures reach 1526 °C. This far exceeds the melting point of the
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Figure 7.4: Simulated temperature distribution of shell interior from —r to r. Shell layer
boundaries indicated by the red vertical lines.
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Figure 7.5: (a) Simulated surface temperature distribution of shell under 10 Pa of pres-
sure. (b) Internal shell temperature distribution.
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Figure 7.6: (a) Simulated surface temperature distribution of shell under 10® Pa of pres-
sure. (b) Internal shell temperature distribution.

silver coating and possibly the inner glass wall which would lead to severe surface damage
or complete destruction of the shell wall. Upward displacement of the shell in the beam
focus would weaken the laser intensity incident on its surface until the forces are once again
balanced now accounting for photophoretic contributions. It is possible heating is subdued
to below damage threshold due to the lower intensity. However, the degree to which the
heating would need to be reduced would be quite considerable. Instead, it is likely our
previous simplifications assuming an almost stationary target or slow fluid flow regime is
invalidated by photophoretic instability. The shell’s motion through the air should induce
forced convection currents to enhance heat transfer, drawing heat away from the surface,

to the surroundings.

At 10?2 Pa and 1Pa as an extreme case, we obtain a simulated surface temperatures of
1840°C and 1874 °C respectively. These temperatures are, of course, too high to sustain
shell trapping for reasons already discussed. Experimentally, although the shell’s vertical
position has settled, we see significant instability at 1 x 102 Pa and below, often leading to
ejection of shells from the trap. We have only observed two instances of shell levitation

at 1 Pa, however in both cases the shell was ejected before measurement could be taken.

As we continue to develop our understanding, we speculate on a number of possibilities to
determine the origin of the instabilities observed at the tested pressures. Photophoretic
instability due to high surface temperatures is highly likely as observations have been
replicatable and align well with the changes in pressure-based interaction regimes described
in Sec. 6.5. Natural resonances or instabilities from external noise sources may become
more apparent due to the reduced damping under these conditions leading to greater shell
oscillation amplitudes or ejection. Finally, the high shell temperatures predicted by the
simulations could hold some truth as heat loss to the surroundings becomes increasingly
reliant on radiation. A rapid increase in temperature could result in structural damage to
the shell’s walls. Alternatively, oxidation of the silver coating would diminish its reflectance

or create changes to its thermal accommodation resulting in an imbalance of inertial forces.
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7.1.3 Photophoresis: briefly revisited

We can use the simulation results to predict the magnitude of photophoretic forces acting
on the shell at varying pressure. At 10° Pa we assume an average air temperature of
20°C. We set R =8.314J/(molK), M = 0.029kg/mol so that the average gas velocity
is v = 462.86m/s. We take the thermal creep to be Kyc = 1.152 so Dy = 4.97 x 1075
which gives the photophoretic force in the continuous-flow regime acting on a d = 50 pm
shell to be FpII(,"<<1 = 1.62pN. This is ~ 130 times weaker than the weight of the shell
(mg = 210pN). We can repeat this for pressures 10* Pa and 10% Pa. We must then scale
v, Dy and p* accordingly. For simplicity, we assume the thermal creep coefficient to
be constant as we remain in the Kn << 1 limit. Then Fplgn<<1]p:1074: 16.2pN and
sz§7l<<1|p:10_3: 162pN. Interestingly, the force F;;"<<1\p:10_3 now begins to approach
the force required to balance the weight of the shell, additional to the radiative pressure

already supporting levitation. The result is a net force accelerating the shell upward.

The characteristic pressure p* denotes the pressure at which the mean free path of the air
equals the shells size. For our 50 pm shell this is when p* = 557Pa. The photophoretic
force is maximised when p = p* giving Fpp|p=s57=290pN - a force greater than the shell’s
weight. Then finally for completeness, we continue the photophoretic force calculations
for K,, > 1 giving F;;”M]p:wfz: 52.2pN, a quarter of the shell’s weight showing the

downward descent of the shell to its original equilibrium.

7.2 Discrete Fourier analysis

Later in this chapter we will present the analysis of experimental shell position data.
However, before we get to that stage, we first provide practical insights on how the data

was processed.

Chap. 6 presented background on using Fourier analysis to model the expected behaviour
of levitated shells. Transformation of the time varying position measurements allows us to
reveal its frequency spectrum and inspect key properties such as resonant frequencies and
other spectral features. In practice, the idealised continuous data stream is now replaced
with discrete measurements in time and so we instead use the Discrete (-time) Fourier
transform (DFT),

N-—1 mk
Qg = mz_:oam exp (—2772'N> . (7.3)

where a,, = exp(2w fmAt). The time interval between consecutive samples is At and
frequency f is the reciprocal quantity. The DFT can be efficiently calculated using fast-
fourier transform (FFT) methods available in Python’s NumPy [157] or similar packages.
The DFT can be used to obtain the power spectrum (units: pm?), the power spectral
density (units: pm?/Hz) or their respective linear analogues (units: pm and pm/v/Hz
respectively). Knowing what form of the DFT one requires and applying the appropriate

normalisations can feel unintuitive at times and lead to some confusion. Therefore for
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purposes of clarity, and to standardise notation for compatibility with future works, we

will take some time go through definitions and terminology.

It can be seen from Eq. 7.3, increasing samples N, increases the amplitude of the frequency
bins. This is problematic if trying to compared spectra of different lengths and so Eq. 7.3
must then be normalised so that it is not dependant on N. The normalisation depends
on the type of spectrum required by the analysis. The total power in the original data a,,

can be expressed in the following ways [158],

N-1
a2, = sum squared amplitude (7.4a)

m=0

1 N1 .

N a;, = mean squared amplitude (7.4b)

m=0

N-1
At a2, = time-integral squared amplitude (7.4c)

m=0

We can then use Parseval’s theorem to determine the appropriate normalisation to its
Fourier counterparts. The theorem still holds for DF'Ts but is modified to accommodate

discrete sampling,

N-1 1 N1
> laml =5 > laxf? (7.50)
m=0 k=0

1 N1 , 1 N-1 ,

N Z |am|” = N2 Z || (7.5b)
m=0 k=0
N-1 N

AL am|* = ~ > lagl? (7.5¢)
m=0 k=0

We opted for the mean squared amplitude due to its intuitive result, computational
simplicity and its generally preference in periodic signals processing resources. Another
viable option could be the time-integral squared amplitude. It does not change with total
measurement time nor with sampling rate for equal measurement time and so is suited
to the factors relating to the measurement procedures we use. The time-integral form is
usually used in the analysis of impulse or transient signals where the total energy over the
measurement period is of interest rather than the average power. A change in the number
of samples does however affect the frequency bin width and must be compensated when
comparing two spectra of different lengths, and its relation to the power spectral density

is less straightforward.

The power spectral density describes how the power is distributed in the frequency domain.
If only the real parts of the DFT are considered as is often the case for physical systems,
then we calculate the one-sided PSD. Parseval’s theorem can be maintained by symmetry

of the DFT power spectrum. We scale by a factor of 2 to account for the power lost in
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the complex components of the DFT.

2
PSDj, = k=0,1,..N/2 (7.6)

The PSD will show spectral sensitivity up to the Nyquist frequency, fyyq = fs/2. The fre-
quency bin width in the PSD is given by Af = f;/N. Although this form is dimensionally
correct, further considerations may be required before it is used in analysis. This will be

discussed in the next part.

7.2.1 Signal widowing

The DFT assumes the signal to be periodic, however typical finite time series data will
resemble a small portion of a signal of seemingly infinite length. The ends of the data
will have discontinuities that to not transition smoothly as would be expected of a true
periodic signal. This leads to spectral leakage in the DFT spectrum resulting in a less
accurate spectral representation of the signal. Window functions are applied to taper the
edges to zero so that the data does in fact resembles a periodic signal. This minimizes
the introduction of artificial high-frequency components and the power spectrum is con-
centrated more around the true frequencies. However this may be at the cost of reduced
response amplitude in the frequency domain. Suppose a window, wj, is applied to the
initial signal, then the PSD is defined as [159],

2lay

PSD;, = ——%
T N Woorm

k=0,1,..N/2 (7.7)
where @}’ is the DFT of the windowed data. The sampling frequency fs is scaled by
the noise bandwidth of the analysis window. This step is necessary to ensure the PSD
is independant of the specific analysis bandwidth used in its calculation. The window

normalisation term for the PSD takes the form,

1 N-1
Waorm = — Y We. (7.8)
N m=0

When no windowing is applied it is equivalent to applying a uniform/rectangular window
length N. Then the noise bandwidth is the actual bandwidth of the system which is equal
to the number of samples N, and W, ,m is equal to 1 so the PSD is unchanged.

7.2.2 DFT summary: worked example

Suppose real position time series data, b,,, is obtained from a live experiment. Windowing
is applied so that the data appears periodic to the DFT. We can apply a Hanning window,
which is a weighted sum of cosines window, commonly used to reduce spectral leakage. It

takes the form,

M form=0,1,..,N—1 (7.9)
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The DFT, E}f, is then calculated to transform the windowed position data into its frequency

domain.

N-1
) k
= 3" by exp (—2m‘";/,>, k=0,1,..,N—1

m=0
As we are only interested in the PSD, we may by-pass calculating the power explicitly and

go straight to the PSD without further compensation,

2|y |2

PSDy = — 1k
b N'fS'Wnorm

k=0,1,...,N/2

The N f; normalisations ensures sample length invariance, in line with the mean squared
amplitude. Since a window was applied prior to the DFT calculation we must ensure
that to is appropriately normalised using Eq. 7.8. For a Hanning window this comes out
at Whorm = 0.375. Assuming the data to be stochastic, we can use the properties of its
variance as a sanity check to ensure the calculations were performed correctly. Recall from
Chap. 6 we can relate the variance in position to the sum of the PSD over the frequency

domain.
N/2

0 (bm) =Y _ PSDyAf

The variance can be calculated directly from the position data and compared with the
PSD sum provided. Minor discrepancies may arise due to the finite frequency resolution
in the DFT.

7.3 Analysis of shell oscillations

An oscillating shell’s position is tracked by imaging its scattered light onto a position
detector (PD). Fig. 7.7 shows a photograph of the diagnostics layout consisting of the shell
imaging and position sensing setups. The light was collected using a single 2" f = 15cm
aspheric lens (mounted inside the chamber) that provided a magnification of 1.5x. Position
measurements were taken initially under atmospheric pressure using two linear PDs for

the vertical and horizontal spatial axes.

Spatial distribution of an oscillating shell

The vertical PD operated at a Nyquist frequency of 4.7 kHz, collecting 10 samples in 106 s.
The recorded position data is plotted as a time-series in Fig. 7.8(a). The measurement
indicates asymmetry in the shell’s motion evident by the sharp upper edge in the data -
in contrast to the less well defined lower edge. The scatter signal produces an inverted
image so negative vertical positions on the sensor correspond to a higher position inside
the trap. The position data demonstrates the asymmetry in the vertical distribution of
radiative pressure as downward displacement is restricted as the beam intensity increases
lower in the trap. There is less resistance in the upward direction with only the weight
of the shell and Stoke’s drag counteracting any upward motion. This creates a weaker

confinement boundary in the upward direction.
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Figure 7.7: Diagnostics setup for the vacuum chamber levitation system. Imaging and
position sensing arms were installed on a raised breadboard platform.

The spatial distribution of the shell’s position measurement can be better visualised by the
histogram shown in Fig. 7.8(b). Here we can see the equilibrium position at 0 pm and what
resembles two distinct distributions. Video footage of the levitated shell showed relatively
slow cyclic oscillations with large vertical displacement from its equilibrium position in
line with the profile seen in Fig. 7.8. The pronounced asymmetry in its histogram is then

likely due to these dynamics.

Brownian dynamics would dictate the distribution to be Gaussian-like. Rough Gaussian
fits were applied to the respective histogram distributions shown in Fig. 7.9. The distri-
butions are visualised in (a) linear-linear and (b) log-linear axes to inspect the quality of
the fit particularly towards the limbs. The Gaussian profiles largely fit well, however there
is noticeable deviation at the limbs indicating additional mechanisms that are currently

unaccounted for.

Unlike the vertical position data, horizontal dynamics should not exhibit the same asym-

metry since the force distribution is symmetric about its equilibrium. For the same lev-

114



CHAPTER 7. LEVITATED REFLECTIVE MICROSHELLS

- =20.37um

g 100 2

S

g

£ 09

g

= -1001

()

,J:: T T T T T T

4 0 20 40 60 80 100
Time (sec)

(b

) | T
o L

-125 -100 =75 50 25 0 25 50
Shell position (um)

Figure 7.8: Vertical stability shown as (a) position time series data over 106s duration
and (b) position histogram for 37 pm shell.

itated shell as before, Fig. 7.10(a) shows the horizontal position time series to be much
more evenly distributed about equilibrium. We so note a larger displacement amplitude
than the vertical likely due to the weaker radial stiffness of the trap. Gaussian profiles were
applied to the linear-log and log-log histograms, which show a more favorable fitting than
before. The two-peak distribution is much more subtle possibly due to some horizontal

coupling of the external driving forces.

Spectral analysis of an oscillating shell

To deepen our analysis we proceed to look at the Fourier spectrum of the previous spatial
data. Fig. 7.12 plots the position PSD. The expected profile characteristic of Brownian-
like motion is indicated in green. We have a flat low frequency region that begins to slope
down at a corner frequency of around 100 Hz before hitting the high frequency noise floor.

The brownian portion of the PSD plot was fitted using,

_ AkTTy 1
C@rpPm? (f2- 1)+ 252

S(f) (7.10)
which appropriately scales the S(w) — S(f) domain transformation. Additionally, Fig. 7.12
shows the lower frequencies to be dominated by external driving forces that aren’t ac-
counted for by the thermally driven oscillator model. These sharp spectral features are
due to anomalous oscillations at 2 Hz frequency that were confirmed by comparing frames
captured using a fast video camera operating at 159 frames/sec. Higher harmonics of the

primary peak are also present due to additional components in the oscillation’s Fourier
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Figure 7.9: Vertical position distributions shown in (a) Linear-linear axes histograms with
fitted Gaussians and (b) the same fittings plotted on Log-linear axes with an additional
sum fit to show the combined profile contributions.

decomposition. The peaks were fit using a modified damping dependence that quadrati-
cally weakens with the harmonic order. This fitting was somewhat arbitrarily chosen as an
attempt to understand the dependence of the fitting variables on the observed dynamics.

Further investigation is required to better understand this behavior.

7.3.1 Spatial variance of an oscillating shell

We have three methods to determine the variance in shell position. The first is by Eq. 6.25
(restated here as 02 (t) = 4wk, TT /Bwim?). This is the expected variance for a thermally
driven oscillator as derived in Chap. 6. The second is directly from the position data
as simply var(x) for position x. We can then compare these quantities to confirm the
stochastic nature of the position data, or lack thereof, in which case the result would
allude to the presence of other driving mechanisms. The final method is from the sum of
the PSD. Its agreement with var(x) confirms whether the PSD was formed correctly from

the position data with the appropriate normalisations.

The variance results for the vertical data are presented in Tab. 7.1. We find a stark
difference between the expected and experimentally obtained results. This is not surprising
given the anomalous profile of the shell’s position distribution. Additionally, windowing
the data appears to slightly worsen the variance result. This result is unexpected and
may indicate a small error in the PSD pipeline. The total energy of the signal should
be reduced because most windows scale the amplitude near the edges of the signal. The

normalisation aims to compensate for this but it may be imperfect. This would result in
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Figure 7.10: Horizontal stability shown as (a) position time series data over 106 s duration
and (b) position histogram for 37 pm shell.

an under-estimation whereas we see an overestimate. Windowing is primarily applied to
reduce spectral leakage, however applying it to sharp resonant features may smear the
energy into neighbouring bins leading to an over-estimation in power and, as we see, the
spatial variance. It is worth noting the period of the 2 Hz oscillation can be distributed
as whole integer cycles within the 106 s measurement duration, and so it is possible the
original data had little spectral leakage to begin with leading to an over-correction. This

appears to be a quirk of this particular dataset and may not always be the case.

Tab. 7.2 again compares the expected and computed spatial variances, this time for the
horizontal data. We see good agreement in the experimental methods but again significant
deviation from the thermally driven oscillator expectations. This allows us to definitively
conclude the driving mechanisms acting on this shell are dominated by factors other than

thermal.

Table 7.1: Comparision of results for expected variance based on a thermally driven os-
cillator, variance computed directly from position data and variance computed from the
sum of the PSD over the frequency domain. It is often more intuitive to work in terms of
standard deviation and so corresponding values are included.

47kyTT /Bwim?  Var(position) S (PSDAY)
no-window window
o?(pm?) 0.0167 415 415 438
o(pm) 0.13 20.37 20.37 20.94
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Figure 7.11: Horizontal position distributions in (a) Linear-linear axes histograms with
fitted Gaussians. (b) The same fittings plotted on Log-linear axes.

Table 7.2: Similar to Tab. 7.1 the entries show the expected and computed spatial variance
and standard deviation in the horizontal axis data.

4k TT /Bwdm?  Var(position) Y (PSDAY)
no-window window
o?(nm?) 0.0138 3779 3779 3829
o(pm) 0.12 61.47 61.47 61.88

7.4 Optical levitation at low pressure

A second levitation system was constructed inside a vacuum chamber for low pressure
optical levitation. Fig. 7.13 shows the chamber installation with Fig. 7.14 showing a

levitating shell inside the chamber.

Fig. 7.15 present results taken from a 90 pm shell optically levitated at lower pressure. The
shell was initially captured at atmospheric pressure. The chamber was sealed shut and
the pump was engaged to begin reducing the pressure. Stability measurements were taken
at reduced static pressures. The motivation here was to demonstrate optical levitation
at reduced pressures approaching the conditions appropriate for use as laser firing targets
and to observe any changes in pressure-dependent behaviour such as spatial stability or
changes to natural resonance. In most instances, the position data was shown to be
Browinian-like with the exception of Fig. 7.15(b) and to an extent (e). The tail of the
histogram in Fig. 7.15(e) corresponds to the large spikes seen around the 20s mark in the

time series data. In spite of these anomalies, the shell is shown to be highly stable at
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Figure 7.12: Power spectral density of 37 pm shell using 10% samples collected over 106 s.
Brownian (green) and rough oscillatory motion (orange) modelled applied to fit the spec-
trum. Low frequency oscillations at 2 Hz oscillation with higher harmonics indicating
complex oscillation structure.

the tested pressures with deviations being on the order of < 8% of the shell diameter. A
common 30 Hz feature is present in the PSD plots attributed to laser fluctuations. The
PSDs are largely featureless with estimated f. on the hertz-level. In instances such as
Fig. 7.15(b) and (c), the corner frequency may perhaps be sub-hertz, however the data
resolution is insufficient to fit lower frequencies. To check this, the corner frequency of a
90 pm shell with o ~ 5pm is expected to be on the mHz level assuming the oscillator is

purely thermally driven.
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Figure 7.13: Vacuum chamber setup.

Figure 7.14: Levitating shell inside the draft collar of the vacuum chamber. The shell is
back illuminated using a green LED.
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Figure 7.15: Position-histogram and PSD results for 90 pm shell levitated at (a) 10° Pa
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(b) 7x 10*Pa (c) 4 x 10* Pa (d) 8 x 103 Pa (e) 1 x 10® Pa. 10° samples were obtained at a
rate of fnyq = 3.6kHz. In all cases the PSD fit shows f. around the Hertz level or lower.
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Where Fig. 7.15 shows results down to 1 x 103 Pa, stable levitation at lower pressures has
also been demonstrated. Fig. 7.16 shows position data and the power density spectrum of a
80 pnm shell levitating under 500 Pa. Additional spectral features are seen in at 195 Hz and
its harmonics that do not correspond to the laser fluctuation lines seen in Fig. 7.15. Further
yet, levitation of a 60 pm at pressures as low as 100Pa have been observed. However it

was loosely confined by comparison with o, ~ 20pum.
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Figure 7.16: (a) Position-histogram and (b) PSD results for 80 pm shell levitated at 500 Pa
pressure.

] ()

Power spectral density m?/Hz

Counts
o

7.5 Vertical position stabilisation

Power modulated stabilisation was intended to be used as a general correction mechanism
against vertical instability in the levitated shells. The methodology here is similar in
principle to methods in parametric feedback cooling [142, 143]. Here, the trapping beam
power is modulated based on the target’s position inside the trap. Data is relayed from
position sensors to external drivers to vary the trapping beam power based on the target’s
oscillation about it equilibrium. Constant phase correction of the modulation signal is re-
quired to coincide with the target’s trajectory so that a kick can be applied to counter-act
unwanted motion rather than to excite it. In our case, we expected fixed-phase single-
frequency modulation so suffice. This is because the expected dynamics timescales for our
targets trapped in air was expected to be sub-100 Hz while the modulation drivers can
operate at the kHz level. Therefore, the target would only see an averaged effect. Suc-
cessful demonstrations had been seen in previous MSc projects on oil droplets. Eventually
further improvements were seen in implementing a variable modulation approach based
on the target’s trajectory. This was achieved by tracking the oil droplet’s position using
its scattered signal then using time interpolation methods to predict is trajectory over a

small time interval and compute the change in power required to correct it.

The setup in Fig. 7.17 was used to modulate the trapping beam power. However, we
ran into key systemic issues that made translating a direct copy of this technique to our

system unachievable without modification of our position measurement technique, and so
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the improvement to shell stability was not clear. This is because the shells were mostly
stable by themselves up to the micron level and for most of the experiential time were
near the resolution limit of the sensor’s spatial sensitivity - sensor sensitivity was later
improved. Position correction where the modulated power was adjusted to the shell’s
trajectory was later implemented, however this too was unsuccessful. This was due to
the feedback loop correcting against erroneous position data due to rotational scattering

being confused with vertical position change.

Previously, rotation could only be observed when a small defect or surface protrusion was
visible. Otherwise it could sometimes be indicated in the position data as a highly periodic
signal. However shells have also been observed to show strong oscillatory behaviour and
so the nature and origin of the signal was not always clear. By removing the filter in
the imaging microscope the scatter could more clearly be seen as being rotational even
for shells that seemed to be perfectly spherical. This scattering was found to be more
common than previously thought. However the strength of the signal varied case by case
- sometimes not visible at all. Given this unpredictability, our method for stabilisation

could not be implemented and required a rework of our detection proceedures.

Figure 7.17: Power modulation setup. Due to low driving voltage range of the HV-drivers,
two Pockels cells were used in series to get 10 % swing.

7.6 Trapping power modulation response

We have previously mentioned concerns in reliably predicting the spectral characteristics
of our levitated shells’ oscillations. Additionally, as discussed in the last section, the shells
seemed to be robust against fixed frequency modulation or at least their effect was unclear.
Assuming the undriven system is still harmonic, the lack of reliable measurement could be
due the resonant power being too weak relative to the background to measure accurately,
or that broadening effects acted to smooth its spectral prominence. To test this hypothesis,
a frequency sweep was conducted by modulating the trapping beam power using a signal
generator connected to Pockells cells via a high-voltage driver. The idea here is that when

the modulation frequency coincides with resonance, the spectral features in Fourier-space
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will be magnified due to self-excitation.

Modulation frequencies were driven from 20 Hz to 100 Hz. The peak amplitude of their
respective power spectra was recorded. This is shown in Fig. 7.18. The trend shows a
generally diminishing power share at the modulation frequency for increasing modulation
frequency. The power amplitude doesn’t appear to show signs of levelling off at the low
frequency end. This could allude to the resonant frequency being below the range that
was tested. Given the shell FF'Ts are sensitive to a magnitude or so below the Hertz level,
there is scope to reduce the low end of the modulation frequencies for further testing.
However care must be taken to select frequencies that aren’t too slow so that the shell
doesn’t risk being dropped out of the trap. The FFTs also have reduced data resolution
at low frequencies. Since sensitivity here is dependant on the integration time, longer

measurement periods may be required to accurately sample these frequencies.

Fig. 7.18 shows a prominent feature at 50 Hz. It is possible the modulation is being
magnified by self-excitation. The sensors have been shown to be resistant to mains and
other electronic noises as confirmed from previous testing. The BNC cables connecting
the electronics have been shown to pickup various RF sources from the lab and so it is
possible the sensors are noise adverse yet the driving electronics are still susceptible to
bleed through or antennae pick-up. Results at 40 Hz and 60 Hz appear to be positioned

in line with the general trend.
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Figure 7.18: Peak oscillation amplitudes in the FFT power spectra of the respective mod-
ulation frequencies is plotted.

7.7 Multi-shell levitation

Our work so far has exclusively looked at spherical shell levitation. The symmetry of the

annular beam and smooth shell surface geometry ensures a balanced distribution of optical
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forces that facilitates stable levitation. However, on several occasions we have observed
the levitation of multi-shell and non-spherical targets. In this section we showcase a few
such examples. It is useful to note that future applications of levitated shells in high-
intensity laser experiments could benefit from the ability to create arrays of targets which

may boost the local-electric field in a plasmonic-like resonance structure.

7.7.1 Spatially separated shells

We have observed instances of spatially separated dual-shell levitation. Fig. 7.21 shows
two 30 um shells vertically displaced by 20 um and stably trapped under continuous il-
lumination. The lower shell fell out of the trap when exposed to fixed frequency power
modulation - the upper shell remained trapped. Two 50 pm trapped shells have also been
observed this time vertically separated by 15pum. Unlike the previous case these were
highly unstable with the upper shell exhibiting rapid oscillations while the lower was sta-
tionary. The two then combined to form a more stable arrangement but were observed
to flip orientation several times over the observation period. The orientation changes
were not continuous gradual changes but sudden and remained in this position until flip-
ping again (~ 5— 10min between flips). It is thought the flips were perhaps triggered by
small fluctuations in the trap either due to the beam or environmental factors perturbing
the shell cluster to position itself in to an alternative stable orientation. Stranger yet,
Fig. 7.19 shows a peculiar instance of a two-shell cluster with a third shell that was both
vertically and radially separated, likely indicating the creation of a secondary trapping

region down-stream of the lower shell.

Figure 7.19: (a) Two 67nm trapped shells with a third vertically and radially separated.
Deep-red spots on the lower surfaces denote scattering of the trapping beam. (b) The lone
shell was observed to loop underneath and attached itself to join the cluster.

The mechanism by which this type of trapping occurs is currently unclear. It is thought
mutual interactions may be at play - static charge could build from the shell plume when
loading into the trap or opto-thermal effects are likely to contribute [160, 147]. There may
be a size preference for similar sized shells as seen in the above cases. Further investigation
is required simulating the optical interactions to better understand the exact nature of

the trapping mechanism.
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Figure 7.20: (Left to right) Images of two 50 pm shells initially separated by 15 pm then
combine to form shell cluster. Cluster is observed to change orientation over time. When
laying flat the shells sat higher in the trap.

Figure 7.21: Two 30 pm levitating shells vertically separated by 20 pm

7.7.2 Shell clusters

The levitation of shell clusters was far more common, and could be somewhat reliably
reproduced by introducing adhesive impurities into the shell samples such as oily fin-
ger prints. Additionally, the frequency of initially spatially separated levitating shells
soon combining to form a cluster is undocumented but provides another route through
which this can be achieved. Various clustering configurations have been observed ranging
from simple vertically stacked shells to more complex structures. Examples are shown in
Fig. 7.22. Not only are the shapes of these levitated targets peculiar but the combined
mass that is being levitated is also remarkable. In the case of Fig. 7.22(c) the total mass
is of order 100 ng. It was levitated with high positional stability with standard deviations
measured to be 10.2um in the vertical and 4.3um in the horizontal. The mass here is
equivalent to a 90 pm shell with a wall thickness and footprint of 60 pm. The stacked
target arrangement then concentrates more mass into a smaller cross-sectional area. This
possibly enhances stability as it experiences greater trap stiffness as it sits deeper in the

trapping potential.

The possibility of levitating non-spherical targets opens an exciting avenue to explore the
levitation of targets for applications where bespoke target arrangements of geometries
may be required or beneficial. In the realm of high-intensity laser-target interactions, the
proximity of metallic surfaces could increase the apparent field intensity through plasmonic
enhancement [161, 162] facilitating the excitation of higher intensity interactions that the

firing laser itself cannot directly probe.
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Figure 7.22: (a) Optically levitated 4-shell cluster (b) cluster rotated. (c) Vertical stack
of three 60 pm shells. (d) Top-heavy stack. (e) The Mickey Mouse cluster comprised of
three 43 pm shells (f-g) cluster rotated.

Applications may also be found in levitated sensors for gravitational wave detection [163].
The frequency scaling of these opto-mechanical systems is much more favourable than laser
interferometric sensors as the former is limited by Brownian noise rather than shot noise.
It is proposed that a 75 pm sphere in a 100m cavity could extend the search volume of
sources between 10-300 kHz by 10-103 times when compared with Advanced LIGO [164].
Additionally the projected force sensitivity is determined by the photon recoil limit and
the scattering regime of the target as shown in Fig. 7.23 and improves with target size.
Further enhancements have been proposed through the use of thin stacked discs or high
aspect ratio prism targets [165] where theoretical studies have shown reduced heating
effects and improve the search volume on the order of a magnitude [166]. However, prior
to our work, little has been shown in the optical levitation of large high-mass targets such
as ours in air or vacuum, and quantum ground state cooling in this size regime to achieve

the required force sensitivities is yet to be demonstrated.

7.8 Summary

This chapter collects various results from our experiments in optical levitation. We begin
by computing the beam intensity required to levitate a 50 um shell. A thermal study was
conducted investigating the extent of shell heating due to the absorbed laser power at static
pressures from 10° Pa to 1 Pa. Heat transfer simulations considering only conduction and
radiation heat loss showed surface temperatures reaching 1526 °C at 103 Pa, and 1840°C
at 102 Pa which would lead to severe damage or complete destruction of the levitating
shell due to the melting point of its wall layers. Further investigation may be required
to confirm these results as shell damage has not been observed under these pressures.
Convective heat loss was not considered as we assumed static or slow fluid flow around

the shell. We now find that perhaps a complete consideration of heat transfer mechanisms
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Figure 7.23: Plot taken from [164]. It compares force and acceleration sensitivity with
radius of levitated silica particle at 1 kHz trap frequency. 5. denotes photon recoil heating

may be required to better model shell heating. However, the thermal simulations did allow

us to get an estimate on the effective thermal conductivity of the shell to be 2.58 Wm /K.

In experiment, we observe significant instability between 103 Pa and 10 Pa alluding to
pressure dependent forces taking effect. The case for photophoretic forces is further
strengthened using force calculations based on the shell’s effective thermal conductivity
obtained from the simulation results. We find the photophortic force balances the weight
of the shell in magnitude at these pressures in addition to the already present radiative

force which would result in the instability that has been observed.

We then shift our focus to the power spectral density analysis of a 34 pm levitating shell at
atmospheric pressure. Here we described the procedure on how experimental position data
was used to reveal spectral characteristics of an oscillating levitated shell and highlight
features in the time-series, spatial distribution and Fourier data that showcase unexpected
behaviour that our that was unaccounted for in our model. We repeat this for a seperate
instance of a 90 um levitating shell but under lower static pressures. We mostly found
Gaussian spatial profiles and power density spectra that show agreement with our fitting
models. However, the main takeaway here was the successful demonstration of a large
levitating shell held with ~ pm stability down to pressures of 103 Pa. In other instances,
levitation at even lower pressures has been observed but with varying degrees of spatial
stability.

To resolve these instabilities we attempted to implement active stabilisation methods firstly
through fixed frequency power modulation and then by shell trajectory correction both
of which were unsuccessful. The lack of success in the latter case revealed operational
limitations in our position sensors which, at times, could not differentiate vertical position

change with what is believed to be rotation induced scattering. Thus a redesign on the
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sensing equipment is required to avoid operating off scatter light.

Finally, instances of non-spherical and multishell trapping are presented. This demon-
strates the system does not require spherically symmetric target geometries but in fact
allows complex target arrangements. This could have interesting applications in the levi-

tation of bespoke application based target geometries.
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Chapter 8

Conclusions & future works

8.1 Thesis conclusion

This thesis has presented research towards the development of a novel optical vortex (OV)
laser along with demonstrations of its application in the optical levitation of reflective

hollow shell targets at long focal range (40 mm) in air and low pressure.

The first half of this thesis focussed on aspects of OV generation. The concept of optical
vortices was first introduced through the example of Laguerre-Gaussian (LG) beams, sup-
ported by a mathematical foundation for describing key properties in their helical phase
structure and possession of orbital angular momentum (OAM). These properties can be
used to discriminate OVs from other annular beams that may at first glance be similar
in appearance. This is achieved by inspecting the propagation of the OV beam’s spatial
profile through a focus or diagnosing its OAM state through interferograms and modal

decomposition.

While various OV generation devices exist today, we direct our focus to interferometric
techniques, namely, in the non-standard use of the wedge-plate shearing interferometer
(WPSI) as an OV mode conversion device. We describe how the interference of two
TEMgo Gaussian beams can generate an LGg; OV in its output and apply this framework
to the specific geometry of the WPSI. Operational guidelines for using the WPSI in a
laboratory setting were provided, including a detailed breakdown of its configuration and
key operating parameters. A notable limitation of the WPSI is found in its poor power
conversion efficiency as the OV is produced through Fresnel reflection, thus converting
~ 2% of the incident TEMyy power.

To address this limitation, an intracavity implementation of the WPSI was explored,
showing greater potential for power scalability for watt-level CW outout power. In this
approach, the transmitted power is simply recycled back into the laser cavity while the
face reflectance acts as the output coupling. By integrating the WPSI as a VOC, any

standard laser cavity can, in principle, be augmented to be capable of OV output provided
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the internal mode oscillates at the TEMyy mode with suitable coherence length. Two
experimental demonstrations are presented for intracavity OV generation: a linear cavity
configuration and a compact ring confuguration. The linear cavity suffered from spectral
bandwidth issues resulting in improper mode conversion of the internal mode. This was
found to be a specific limitation of this particular setup as other works have successfully
demonstrated the linear cavity to work in this way [87]. These challenges were overcome
through the use of a ring cavity where the unidirectional internal mode enhanced the
incident power on the intracavity WPSI and surpressed the broad spectral emission to be
single longitudinal mode. In this way we achieved watt-level OV output power with high
LGo; purity (97.8%) and beam quality (M? = 1.94,2.09). Our work on intracavity OV
generation has been published and can be found in Ref. [167].

The second part of this thesis applied this laser to generate an annular trapping beam
for the capture and levitation of reflective hollow spherical (shell) targets. The optical
design of the levitation system and the choice of target was motivated by possible ap-
plications in high-energy laser experiments, particularly in the generation of high-density
plasmas, point X-ray sources, and charged-particle acceleration. The long focal length of
the trapping region from the final focusing lens ensured such experiments can be performed
away from damage-prone optics or potential coupling into a vacuum chamber. Through
our collaborations, custom in-house built position sensors were developed intended for
semi-disposable per-shot use and (relatively) inexpensive to replace as the high intensity
EM-fields generated through these experiments can leave near by electronics such as sens-
ing equipment prone to damage. In this aspect of the work, we aim to reduce the cost of

replacing more expensive sensing equipment.

A vacuum envelope was used to house to the levitation system and early results at low-
pressure levitation (down to 100-10Pa) were documented. We have identified pressure
instability zones where photophoretic forces dependent on the temperature distribution of
the levitated shell surface and surrounding medium prevent us from achieving levitation as
high-vacuum (<1073 Pa). A combined analytical and numerical study was conducted to
provide deeper insight into these problematic photophoretic forces. Thermal simulations
were performed to investigate laser induced heating of the shell surface and interior, and
heat dissipation to the surrounding volume at pressures coinciding with our experimental
explorations. The point at which the calculated photophortic forces became dominating
against the laser driven radiative force supporting the shell were found to agree with
the pressure instability zones seen in our experiments - further confirming the origin of
these instabilities. Stabilisation mechanisms using active feedback have been devised to
counteract these effects but require further development of the necessary hardware to
fully implement. There is strong motivation to revisit this in future work. Our work on
optical levitation has been presented at conferences [168] with the intention a of journal

publication in the near future.

Alongside our experimental work, background theory drawn from similar studies in the
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literature were collected to analyze the characteristic oscillations of our levitated shells.
Given our unique combination of thin-walled reflective shell targets levitated using an
annular beam in air and at low pressure, much of the expected dynamics were initially
unexplored. Fourier-based analytical tools were employed to identify spectral features in
the shell’s oscillatory motion, which can be linked to trap characteristics such as stiffness,
resonance and the degree of damping in the system and how this evolves with pressure.
Assuming the shell’s motion is stochastic, as in a thermally driven system exhibiting
Brownian-like behaviour, the expected spatial variance can be derived from the power
spectral density of the position time-series measurements. This variance serves as a bench-
mark to compare with theoretical models, enabling the validation of assumptions about
the oscillator’s driving mechanisms. Disagreement then reveals other possible sources such
as laser noise or environmental factors such as vibrational instabilities which might then

be amenable to active feedback control.

8.2 Future work

As is often the case with exploratory research, the road to developing new experimental
capabilities is rarely straightforward. The path is littered with unforeseen challenges
and intricate detours, which once navigated, can illuminate opportunities for refinement.
Hindsight offers a valuable perspective, revealing areas for improvement and new avenues
of inquiry that were not apparent at the outset. This chapter reflects on these insights
and highlights aspects of the experiment that may benefit from revisitation and further

development in future work.

8.2.1 Laser stability

The OV laser was initially constructed for the purpose of demonstrating the use of the
WPSI as a VOC. Its technological requirements were to achieve watt-level output power,
obtain high beam-quality and mode-purity comparable to previous demonstrations and
operate in single-longitudinal mode to alleviate the coherence length issues seen in the

linear cavity arrangement. These objectives were successfully demonstrated.

Power stability was characterised over 2.7h of continuous use. Measurements after 1h
of warm-up time showed 3 % variation in peak-power and 0.6 % in average power. Trap
life-times have since exceeded this by an order of magnitude and in some cases by two
orders however laser stability over these time scales is not well known. Prolonged use
may result in slow degradation in laser output due to thermal drift. Changes in mode
profile have been observed over these long periods where the phase singularity of the OV
has drifted off center. As shown in Chap. 3, the WPSI generated beam profile is coupled
with the reflected power thus influencing long-term spatial stability in the trap. Although
this is not an issue over the short interaction time-scales with high-intensity lasers, it is a
concern for laser alignment purposes or potential applications of a "large" trapped object

in a sensor application as knowledge of the trapping zone is required to spatial precision
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equal to the firing laser’s focal spot-size. A work around to the current system would be

to introduce standard procedures requiring alignment checks prior to firing.

8.2.2 Active feedback stabilisation

Active feedback stabilisation methods were found to be unsuccessful due to unexpected
limitations in our position measuring technique. Position measurements relied on the fact
the scatter point from the shell surface would be a reliable indicator of its position, however
this was found to not always be the case. Rotation in the levitated shells resulted in an
additional strong periodic signal that the sensors confused for changes in vertical position.

This could not be solved using our current approach.

An alternative approach is proposed by using a high spatial uniformity back-illuminated
imaging setup similar to the shell imaging microscope. In this way, the position mea-
surement would be insensitive to shell rotation unless there is a significant structural
asymmetry in the shell. Then instead of tracking the scatter point, the position sensors
would operate in reverse bias to track the shell’s silhouette. This approach comes with
a number of challenges. The first is the brightness sensitivity of the sensors to track a
~ 50um shadow against a bright background. Even with high magnification, tracking
the image over the sensor’s active region will be challenging. Of course equipment with
better sensitivities can be acquired however, the development of our current sensors was
motivated by the need for them to be inexpensive and disposable. We have recently ad-
dressed this by moving to an alternative ADC with both higher bit depth (16 compared to
12) and synchronous capture of multiple channels which further improves data integrity.
Secondly, the noise level in this system will be dominated by brightness stability of the
source. Greater suppression of vibrational noise may be required if other objects such as
impurities in the beam path are illuminated as these may be mistaken for the shell or

contribute to the signal imaged onto the sensor.

8.2.3 Levitation at low pressure

We demonstrated optical levitation at various static pressures earlier in Chap. 7. Although
results have only been presented down to 100 Pa, we have observed levitation at pressures
as low as ~ 1Pa but were unable to record data. There is strong desire to demonstrate
levitation at lower pressures approaching (ultra-) high vacuum (<1073 Pa) to replicate
the pressure conditions under which the shells will be used as firing targets for high-
energy density experiments. However we are currently limited by instabilities below 100 Pa
thought to be due to laser heating induced photophoretic forces and require stablisation

to overcome.

In Chap. 7 we began to investigate the degree of heating experienced by a levitated shell
and how this varies with pressure. We found that heating of the trapping volume results in
photophoretic forces at pressures that match the pressure ranges in which we experimen-

tally observe severe instability. This has limited our low-pressure levitation capabilities
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and requires stabilisation methods to counteract these forces. Our simulations also showed
significant heating of the shell surface and interior. Although we have observed shell falling
out of the trap, the mechanism by which this occurs is not well documented in our case
due to limited high-speed footage of shell ejection from the trap. Others have reported
evaporation [169] and more severe forms of destruction such as burning [170]. Our sim-
ulations have shown the shell core to heat up to several 100 to >1000°C. If the core of
our shells is in fact gas filled, this could result in violent explosion of the thin-walled shells
dependent on the rate at which it is heated. This is assuming the core hasn’t already

leaked diffusively overtime or through the negative pressure environment of the chamber.

8.2.4 High-intensity laser experiments

The previous three sections have detailed short-term performance goals aimed towards
realising applications in high-intensity laser experimentation. Longer-term objectives are
structured in terms of a developmental roadmap leading to the eventual installation of
the levitation system at high-intensity laser facilities such as the Vulcan 2020 multi-PW
system at the Rutherford Appleton Laboratory (RAL).

The current work serves as a bench-top demonstration of the optical levitation of thin-
walled metallic targets that are highly desired in research area of its intended application.
The next milestone will be to overcome the current technological challenges and produce
a working system that can be deployed, or the blue-print transferred, to other University-
scale laboratories that have access to high-power table-top laser systems such as Cerberus.
Further development of the levitation system can take place once experimentation has
begun with possible enhancements to trapping zone distance based on vacuum chamber
constraints, efficient imaging and position sensing diagnostics layout dependent on the
logistical constraints of the laboratory space, improved data acquisition routines, and
possible tuning of beam size and power to accommodate other target types such as opaque
absorbing targets or dielectric oil droplets. Once field deployable demonstrations have been
successful, advanced prototyping may take place for transferal to facilities such as RAL

for higher-power experimentation.

8.2.5 OAM transfer

Opto-mechanical rotators have reported record speeds exceeding 1 GHz in high-vacuum
[171] achieved through SAM coupling. The transfer of OAM onto optically levitated
objects has been reported in the literature [128, 172] and rotation in high vacuum has
been reported at 6 MHz level [173]. We have observed rotation in our levitated shells but
have not conclusively deduced whether this is due to OAM transfer from the OV trapping
beam or thermally induced due to heating [174, 175]. The torque applied by a mode with
indices p and [ onto a surface is given by [176, 127]

2kzp -1
l . | ———+1 . 1
(I+02) +o <2p+z+1+> 1 (8.1)

Pabs
Tr = ——
w
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where w is the angular frequency of the light, o, = 1 for circularly polarised light and
0, = 0 for linear polarisation. Within the paraxial approximation we can remove the
second o, term. The torque applied to spherical body or radius a acts against the torque

drag 75 due to the surrounding viscous medium,
74 = SmpuaQ (8.2)

When the torques are balanced, €1 is the angular velocity of the rotating body,

_Pabs)\l 1
 2mc Smpad

(8.3)

In Chap. 7 we found a d = 50 pm shell is levitated by an incident power 31.56 mW. Adjust-
ing for absorbed power this gives {2 = 7.45 mHz which lies outside of the possible frequencies
detected within our measurement duration. The low frequency signal resolution is depen-
dent on our sampling that can be easily adjusted. The more pertinent limitation is our
current diagnostics setup does not allow shell rotation to be measured easily and required
a re-design or additional diagnostic capabilities. Nevertheless, the measurement of OAM
transfer is still worthwhile. In the context of high-intensity laser interactions, this could
then lead to investigations into the effect of rotating targets on plasma generation and its

resulting dynamics.

8.2.6 Force sensing applications

In recent years we have seen the development of levitated sensors for ultra-weak force sens-
ing. Zeptonewton (1072! N) force sensitivities have been demonstrated with integration
times exceeding 10° s (that is 28 h) [177]. Montiero et al. achieved similar sensitivity using
10 pm silica microsphere (m = 95ng) over 12 h measurement period [178]. Liang et al. first
demonstrated yoctonewton (10724 N) force sensitivity and with 2751s of integration time
(45 min) [90].

Our work has not yet explored force sensing capabilities however we can preform a rough
calculation based on current performance. Through dimensional analysis we can relate the
spatial power spectral density S;(f) (units: m?/Hz) to a force sensitivity Sg(f) (units:
N/Hz'/?) by the following,

Sp(f) = \/m2(2r f)1S.(f) (8.4)

Selecting Fig. 7.15 as a case study, we demonstrate the levitation of a large shell (d = 90 pm
and m = 100ng) at low pressure. For reference, its PSD is shown again in Fig. 8.1(a).
Applying Eq. 8.4 we obtain its force sensitivity spectrum shown in Fig. 8.1(b). It appears
to show attonewton-level force sensitivity in the f = 1072Hz region, however we must

be wary of measurement limitatons before making conclusive performance claims. In the
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Figure 8.1: (a) Same as Fig. 7.15(d) it shows the PSD of a 90 pm shell levitating at a
pressure of 103 Pa. (b) Corresponding force sensitivity as per Eq. 8.4. Red dotted line
denote the thermal noise limit per measurement bandwidth.

Brownian noise limit the minimum measurable force is given by,

where St is the thermal noise PSD as seen in Chap. 6 and b is the measurement bandwidth.
Levitated sensors are resonant-type systems whose sensitivity peaks when the frequency
of the incoming signal coincides with the resonance band of the oscillator [179]. The
frequency scaling of the noise is dependent on the specific characteristics of the system
and its limiting noise sources. In the above, the noise limit is set by thermal noise but
this may be substituted for photon-recoil, laser shot noise or similar. A tutorial on various
aspects of levitated sensors and their applications can be found in Ref. [180]. The OV
laser in our work demonstrated sufficient stability for our intended application. For this
system to be adapted for applications in optically-levitated force sensing, stabilisation of

the levitation target and laser power is strongly recommended.

8.2.7 Final remarks

This thesis has presented work on OV laser development and its implementation in the
optical levitation of reflective shell targets at long focal length. The OV laser deomon-
strated excellent performance for our application meeting our requirements for target size
and low vacuum stability with areas on immediate improvement already underway in the
next generation of this work. The levitation system was successful in its objectives and
shows great promise for further work.
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