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Abstract

Optical communication and imaging systems that bene�t from the transmission and

detection of light propagated through the atmosphere have become essential for nu-

merous practical applications, e.g., for long distance communication, LIDAR systems

or imaging. In many applications light is used for target tracking and distance mea-

surements or for telescopes used in astronomical observations. However, the irregular

motion of air can distort optical light �elds, therefore hindering the performance of

optical systems. This happens due to density 
uctuations which result in refractive

index 
uctuations that randomly perturb the optical phase of the light. The result

is near �eld phase 
uctuations, which in severe cases may lead to far �eld intensity

variations, giving rise to unwanted distortions. For this reason, the analysis of such

e�ects on optical systems remains topical and of practical relevance.

In this dissertation we will focus on the impact of atmospheric turbulence on the

transmission of spatial modes of light. We will explore techniques for characteris-

ing optical turbulence and simulating its phase distortions in the lab environment.

We use the simulated turbulence to study its impact on laser beams propagating in

freespace and turbulence. The laser beams studied here are eigen-modes of freespace

that can carry orbital angular momentum (OAM). The modes are associated with

spatially inhomogeneous polarisation �elds, known as vector vortex modes, having

spatial pro�les that are characterised by the Laguerre-Gaussian (LG) modes. We will

discuss the principle of generating and detecting such spatial modes by tailoring the

dynamic phase of the spatial mode of light using Liquid Crystal (LC) displays and

digital micromirror devices (DMDs). Subsequently, we study how both the polarisa-

tion and spatial components are a�ected by turbulence using the same tools. Finally,
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we will introduce a device called the sonic anemometer to extract velocity data, and

we will use this data to calculate parameters that quantify the levels of atmospheric

distortions due to optical turbulence. A modern digital micromirror device (DMDs)

will then be used to execute a turbulence simulator and show that using digitally

encoded phase screens we can accurately mimic realistic turbulence.
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Chapter 1

Introduction

Temperature 
uctuations, humidity, and air velocity changes contribute to the ab-

sorption, scattering, and refractive index (or phase) 
uctuations that are experienced

by light �elds when propagated through the atmosphere. Physically, these characteris-

tics cause deleterious e�ects such as beam wander, loss of coherence, beam directional


uctuations and irradiance 
uctuations, limiting the performance optical systems that

are used for communication or imaging purposes. For this reason, studying the be-

haviour of optical turbulence though statistical models (such as those introduced by

Kolmogorov [3]) have played a vital role in understanding how it a�ects light beams.

In particular, careful attention has been given to how it a�ects the transverse spa-

tial modes of light that are compatible with free-space propagation and therefore the

atmosphere.

Transverse spatial modes of light are essential in understanding how optical tur-

bulence distorts the wavefront of light �elds. In this chapter, I will give an overview

of these transverse modes of light. Next, I will discuss the Kolmogorov's statistical

theory of turbulence, as it is well-established and widely-used for studying and char-

acterising turbulence. Furthermore, I will demonstrate the e�ects of turbulence in

optical systems, by simulating the near-�eld turbulence.
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1.1 Background

The Earth's turbulent atmosphere can induce blurring e�ects on images taken from

telescopes or imaging devices located far away from an object plane [4{8]. The blurring

arises from refractive index 
uctuations that randomly perturb the optical phase of

the light [9], resulting in distorted optical wavefronts. As a consequence, the spatial

resolution of an optical imaging system, and the range at which a target may be

detected, recognised, or identi�ed can be a�ected. This has adverse e�ects on the

images required for observations made in astronomy [10{12], range �nding, and line

of sight optical communications [13{15]. For this reason, numerous studies have been

conducted to overcome some of these unwanted e�ects, opening up a broad �eld of

study that focuses on light delivery through the turbulent atmosphere [9,16{21].

Turbulence is an important question in Physics. Modeling the velocity �elds of

turbulent 
ow [22] is amongst the turbulence problems in physics. However, this

becomes problematic because the 
ow becomes non-steady (with many coupled spa-

tial and time scales of variation) and is computationally hard to solve because of

its non-linearity. Alternatively, statistical approaches by Kolmogorov and Obukhov

[23], permitting us to quantify small scales of turbulence, have shown promise. Scin-

tillometry and point source imaging have been the main techniques for turbulence

strength in the �eld experimentally [24,25]. However, these techniques are limited in

providing a measure of turbulence strength that is integrated over the entire optical

path because they only measure turbulence in a �xed position. Atmospheric physics

which includes the study of meteorological �elds in the surface layer of a turbulent

atmosphere shows that ultrasonic equipment can be developed using the Kolmogorov

and Obukhov law [26{28].

Several techniques to generate atmospheric aberrations have been studied, includ-

ing wind channels [29], phase screens [30,31], moving plates [32], liquid crystal (LC)

displays [33, 34] and digital micromirror devices (DMDs) [35]. Moreover, since the

time scale at which turbulence changes is given by the Greenwood frequency [36],

devices such as DMDs are ideal candidates for real-time simulation purposes: they
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have modulation speeds of kilohertz, allowing accurate simulation of fast changing

turbulence. In general, all the aforementioned devices are ideal for creating dynamic

and deterministic wavefront aberrations for studying turbulence e�ects on optical

beams [35].

This research work described in this dissertation aims to demonstrate the e�ects

of turbulence on optical �elds. The results of our work have important implications

for atmospheric laser communication systems that employ both classical and quan-

tum encryption. These results can be useful in the design of practical free-space

and turbulent quantum communication systems. Firstly, we explore the description

of transverse modes of light, mainly spin and orbital angular momentum (OAM)

modes. We identify scalar modes, where the amplitude and polarisation components

can be treated independently of each other. Subsequently, we focus on vector modes,

where the amplitude and polarisation components are not separable (they cannot be

treated independently of each other). We study techniques to detect OAM modes by

encoding the optical phase of light onto spatial light modulators. Next, we deploy

a sonic anemometer to acquire atmospheric data. A sonic anemometer is a solid-

state, ultrasonic instrument which measures wind velocity in three orthogonal axes

as well as the sonic temperature (Ts). Further detailed are provided in Chapter

3. We extract all the parameters to synthesise phase screens that mimic atmospheric

turbulence through the Zernike polynomials and Fourier power spectrum turbulence

models. Furthermore, we narrow our interest to vector vortex modes, which exhibit

azimuthal symmetry in amplitude, polarisation and we study their resilience against

turbulence. Lastly, we build a DMD system that simulates turbulence in real-time

(using components from old projector).

1.2 Outline

The structure of this dissertation is as follows:

In Chapter 2 we will review and characterise the techniques used to obtain beams

of light with speci�c characteristics. We will explore two types of spatial modulation,
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one based on liquid crystals and the other on digital micromirrors. Lastly, we discuss

methods to characterize optical beams through free-space and noisy channels.

In Chapter 3 we demonstrate the installation and operation of an ultrasonic

anemometer. This instrument maps the spatio-temporal distribution of 
uid veloc-

ity in the real-world. Using this data one may determine or calculate the refractive

index structure function. We generate real-time turbulence phase screens and we en-

code them onto the DMD by using the Fourier power spectrum. This experimental

testbed in the laboratory allows one to characterize the optical e�ects caused by tur-

bulence. We employ DMDs to execute a turbulence simulator that is real-time. Fur-

thermore, we generate scalar or vector beams (through the multiplexing method),

by loading a computer generated hologram into a liquid crystal display and we de-

tect these modes using a DMD. We demonstrate and characterize the propagation

of these optical beams through turbulence and free-space channels. In addition, we

describe the importance of studying entanglement using classical light. Through this

technique, we investigate the contribution of mode separation on the non-separability

of a vector mode state to demonstrate resilience for higher order OAM state spaces.

In Chapter 4 we draw conclusions based on the result obtained and discuss future

work.

1.3 Optical modes

The transverse spatial pro�le, polarisation, and the wavelength of light are properties

(degrees of freedom) upon which a myriad of technologies in optical imaging and

communication are based on. In this section we explore these properties because they

will be crucial in understanding how light �elds are a�ected by optical turbulence

in later chapters. We only focus on monochromatic (single wavelength) light �elds

generated from coherent lasers, focus our attention to the polarisation and transverse

spatial modes, and focus some of their interesting properties. Firstly we introduce

the polarisation of light, and then introduce the transverse spatial modes of light

as solutions to the Helmholtz equations. In particular, we will focus on a special
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set of solutions that describes spatial modes that are associated with the orbital

angular momentum of light. These modes are attractive for their high information

capacity. Lastly, using these two properties, (polarisation and spatial modes), we will

introduce a set of modes that are coupled in both degrees of freedom resulting in

spatially varying polarisations.

1.3.1 The polarisation of light

Polarisation plays a vital role in optical communications [37{39] and in imaging [40{

42]. What does it mean for a light �eld to be polarised? Firstly, a paraxial optical

�eld is a transverse wave that oscillates perpendicular to the direction of motion.

When the electric �eld oscillation direction is well de�ned, the light beam is said to

be polarised, If not, it is said to be unpolarised. For unpolarised light �elds, the

oscillations occur in random directions. Examples of polarised light sources can be

laser, while light sources like the sun and incandescent light bulbs produce unpolarised

light.

In the transverse plane, light �elds can be decomposed into two orthogonal compo-

nents. For example; a light �eld propagating in thez direction and having a uniform

amplitude in the transverse plane can be decomposed into thex (horizontal or H)

and y (vertical or V) components on the cartesian plane (see Fig. 1-1). In general

such a �eld can be written as

E = E0x êH + ei� E0yêV ; (1.1)

whereE0x and E0y are maximum amplitudes for thex and y directions respectively,

while the orthogonal unit vectors

êH =

2

4
1

0

3

5 ; êV =

2

4
0

1

3

5 ; (1.2)

represent thex and y directions, respectively. The vectors are commonly known as

horizontal (H) and vertical (V) polarisation states. The complex factorei� represents
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a relative phase (delay) between the two orthogonal components [43]. By changing

the amplitudes and phase (� ) it is possible to generate arbitrary polarisation states.

For example one can generate the right (R) or left (L) circular states when� =

� �= 2, resulting in the states

êR =
1

p
2

(êH + ei�= 2êV ); êL =
1

p
2

(êH + e� i�= 2êV ); (1.3)

the rectilinear diagonal (D) and anti-diagonal (A) states for� = 0 or � = � , yielding

êD =
1

p
2

(êH + êV ); êA =
1

p
2

(êH + ei� êV ); (1.4)

respectively. Note that for the circular and rectilinear statesE0x;0y = 1. For unequal

amplitudes, i.e.,E0x > E 0y or E0x < E 0y and � = (0 ; �= 2) the polarisation is elliptical

with various orientations [43]. A convenient way of parameterising the polarisation

states of light is with the Poincare Sphere (PS), depicted in Fig. 1-1, as a unit sphere

with various polarisation states located on the surface. Using the PS, we can represent

all the polarisation vectors as

j� i = cos(�=2) jRi + ei� sin(�=2) jL i (1.5)

where the azimuthal angle� determines the orientation of the vector and� controls

the amplitudes. The braket vector notation,j�i , is equivalent to the unit vector nota-

tion used above. At the poles of the sphere, one �nds the circular polarisation states,

while the linear polarisation states lie on the equator. Notice that in our description

of polarisation modes, we treated the �eld spatial pro�le as an independent factor. In

the next section we consider the spatial distribution of light and introduce transverse

spatial modes.

6



Figure 1-1: (a) A Poincar�e Sphere (PS) representation of the polarisation of light. The
right jRi , and left jL i circular polarisations, the diagonaljD i and anti-diagonal jAi ,
horizontal jH i and vertical jV i polarisation modes. (b) Analogous representation of
OAM states in a given subspacej`j of a Bloch sphere. The term Bloch sphere refers to
a geometrical representation of the pure state space of a two-level mechanical system.

1.3.2 The scalar spatial modes of light

Previously, in describing polarisation states, we assumed a uniform amplitude in the

transverse plane. However, in general optical �elds can have a variety of spatial

pro�les, satisfying the Helmholtz equation [44]

(r 2 + k2)U(r ; z) = 0 ; (1.6)

wherer 2 is the Laplacian operator,k represents the magnitude of the wave-vector and

U(r ; z) = u(r ; z)eikz is the complex �eld function. Under the paraxial approximation

(the limit of small beam divergence in the traverse plane), it can be assumed that

u(r ) is a slowly varying function ofz and therefore the paraxial inequality

j
@2

@2z
u(r ; z)j << k j

@
@z

u(r ; z)j; (1.7)

can be satis�ed. Subsequently, the Helmholtz equation can be approximated by

(r 2
? + ik

@
@z

)u(r ; z) = 0 ; (1.8)
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wherer 2
? represents the transverse coordinates of the Laplacian. A separable solution

of this equation in cylindrical coordinates is

U(r; �; z ) = U(r; z)ei`� : (1.9)

Here � and r are the azimuthal and radial coordinates,̀ is an azimuthal charge and

U(r; z) is the radial pro�le of the beam.

Figure 1-2: The intensities of Laguerre-Gaussian modes. The` index controls the size
of the vortex seen as a zero intensity and as a phase singularity. Thep index controls
the number of concentric radial zero-intensity rings.
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Figure 1-3: Phase maps of Laguerre-Gaussian modes depending on the` and p
indices.

In cylindrical coordinates, the solutions are known as the Laguerre-Gaussian (LG)

modes, given by

LG `;p =

s
2j` j+1 p!

� (p + j`j)!
1

p
w(z)

Lp;l

�
2r 2

w2(z)

� � p
2

r
w(z)

� j` j

e� � r 2

w 2 ( z ) (1.10)

� e
� ik r 2z

2( z2
R + z2 ) ei`� e� i (2p+ j` j+1) tan � 1 ( z

zR
) ;

where `, p represents the azimuthal and radial indices, whileLp;` (x) represents the

associated Laguerre polynomials. For̀ > 0 one will observep + 1 concentric zero-

intensity rings around the origin of the beam cross-section with̀ determining the

size of the vortex.

The beam width, w(z), is given by w0

q
z2+ z2

R
z2

R
, it is the distance from the axis to

a point, along thez axis of the transverse plane, where the intensity of the beam falls

to 1=e2 of its r -axis and the amplitude falls to 1=e of its axial value. Here,w0 is the
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beam waist atz = 0, and zR is the Rayleigh range de�ned as the distance where the

beam area doubles, given byzR = �w 2
0

� :

The family that take more fundamental, it is where the radius of curvature is a

minimum, the description given in Eq. (1.9). Another family of exotic spatial modes

are the Airy beams [45]. In Fig. 1-2 and 1-3 we show a graphical representation of the

intensity and phase pro�les of several optical beams. These LG beams are intriguing

in studying vector modes through turbulence.

1.3.3 Vector modes

In the previous sections, we considered the spatial and polarisation degrees of freedom

of optical beams as independent components. Optical beams with spatially varying

polarisation states are called vector modes [46]. Owing to their rich structure, vector

modes have become a venerable topic of study [47{49] featuring in diverse applications

ranging from optical trapping [50, 51], �eld microscopy, [52] to classical [53, 54] and

quantum communication [55{57] because the state of polarisation of a vector mode

does not get a�ected through turbulence. Before we describe what vector modes, are

it is essential to �rst understand what a scalar mode is. In the previous section, we

showed that the scalar Helmholtz equation yields scalar solutions. In general, these

modes have a homogeneous polarisation state. When we say that the spatial mode

is scalar, we mean that the polarisation and spatial components can be written as

separable products, i.e.,

U scalar (r ) = u(r ) � êV ; (1.11)

where the �eld has a transverse pro�le given asu(r ) and a uniform linear vertical

polarisation state êV . In practice the polarisation component can be anything (e.g.,

linear or circular). We see that beams of this form have uniform polarisation states

across the transverse plane as illustrated in Fig. 1-4 (a).

In contrast, vector modes have non-uniform polarisation states across the trans-

verse plane. As a result, the electric �eld has a strong coupling between the polari-
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sation and spatial components. To illustrate this, consider a vector mode described

by

U vector (r ) = u(r ) � ê1 + v(r ) � ê2; (1.12)

where,u(�) and v(�) are orthogonal spatial modes, and ^e1;2 are orthogonal polarisation

modes. The �eld in Eq. (1.12) represents a beam with a spatially non-homogeneous

polarisation vector �eld. A typical example is a radially polarised beam [37]. In the

LG basis, it can be written as a superposition of states

E+ (r ) = LG1;0(r ) � êR + LG � 1;0(r ) � êL ; (1.13)

where the spatial components are eigenmodes of optical beams that carry OAM.

Accordingly, in Eq. (1.13) the right and left circular polarisations are marked with

orthogonal OAM modes having topological charges̀= � 1, respectively. The inten-

sity and polarisation �elds of an LG beam are shown in Fig. 1-4(d), where the �eld

vectors are pointing radially and have rotational symmetry. The direction of the �eld

vectors are determined by the phase, between the terms in the superposition. Other

orientations can be obtained by varying this relative phase, e.g, as observed with

azimuthally polarised beams shown in Fig. 1-4(e) described as

E � (r ) = LG1;0 � êR � LG � 1;0 � êL : (1.14)

Here, the superposition has the same terms as the radial mode in Eq. (1.13) but the

relative phase is� . Consequently, the relative phase rotates the polarisation vectors

by an angle of �
2 . These two spatial modes are widely produced in optical resonators

[58] and naturally generated in step-index and graded-index �bers [59]. Many other

vector modes can be generated by simply producing superpositions of scalar modes

possessing orthogonal spatial components that have a distinct polarisation.
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Figure 1-4: The superimposed polarisation and intensity �eld of a (a)-(c) scalar and
a (d)-(e) vector modes. The arrows indicate the vector of the polarisation distribu-
tion. This �gure will be useful in Chapter 3.

Although scalar and vector modes can be distinguished by their polarisation dis-

tributions (uniform or non uniform), a more concrete distinction can be made be-

tween them by borrowing tools from quantum mechanics [60], which can quantify

the degree of coupling between the polarisation and spatial components. Firstly, an

analogy between the separability in the components of the properties of the opti-

cal �eld and quantum states can be made: the state vector of Eq. (1.14) cannot

be rewritten as a scalar product of the spatial and polarisation components, i.e.,

Uvector 6= aspatial � êpolarisation , in analogy to an entangled state describing two photons

(see ref. [61]). Such vector states have non-separable polarisation and spatial compo-

nents similar to quantum entanglement and have been used to study the quantum-like

features of optical beams [62{65].
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1.4 Optical turbulence structure simula-

tion

Transverse modes of light propagating in free-space experience random 
uctuations

due to 
uctuations in the refractive index of the atmosphere (as shown in Fig. 1-5)

[9]. These 
uctuations are caused by random variations in temperature giving rise

to atmospheric turbulence. Atmospheric turbulence is the limiting factor to the de-

ployment of free-space optical communications [66]. The composition of transverse

spatial modes, particularly, vortex modes remain unchanged as they propagate in

vacuum. In general, the spatial structure (amplitude and phase) of all spatial modes

are not maintained when there is atmospheric turbulence along the propagation path

[14,67], the modes get distorted. Here we introduce the concept of atmospheric turbu-

lence, resulting in the modes to get distorted and explore some of the statistical tools

that are commonly used to model atmospheric turbulence. In particular we focus on

the Kolmogorov theory of turbulence. We use this theory to introduce the structure

function and structure constant. Lastly, we show how the structure constant can be

measured directly using a sonic anemometer.
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Figure 1-5: Distortion of a spherical wavefront in turbulence (shown as pink el-
lipse). This result the �nal wavefront at some distance away from the normal. The
laser beam intensity reduces as the beam propagates further due to the obstacles
(e.g., turbulence or aerosols).

1.4.1 Turbulent 
ow

Several studies have shown that the atmosphere can be considered as a viscous 
uid

with two distinct states of motion, laminar and turbulent [9,68{71]. The distinction

between these motions is that mixing does not occur in steady laminar 
ow for which

the velocity 
ow characteristics are uniform and parallel. Whereas, in turbulent 
ow,

the velocity �eld of the air
ow becomes di�erent due to dynamic mixing and random

displacements caused by the speed of the air
ow. A graphical view of the two motions

is depicted in Fig. 1-6.
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Figure 1-6: Fluid motion; namely, laminar (top) and turbulent (bottom) 
ow. Here
the arrows for laminar 
ow indicate uniform air
ow of the velocity. Whereas the
velocity of the air
ow (shown as random arrows) for turbulent 
ow medium indicate
random speeds of the liquid.

The change from laminar to turbulent 
ow can be described by the dimension-

less quantity known as the Reynolds number. Over decades, Reynolds developed a

similarity theory to de�ne a non-dimensional quantity to characterize the 
ow. De-

veloped equations that showed the relationship between inertia and viscous 
ow may

be referred as the type of 
uid 
ow in which there is a continuous steady motion

of the particles (the velocity at a �xed point always remains constant). Viscous 
ow

theory does have limitations, especially in the high Reynolds number turbulent 
ow

regime. The 
ow undergoes random 
uctuations and is only modeled on a semi-

empirical time-mean or statistical basis [9]. Although geometry and 
uid buoyancy

are critical, the primary controlling parameter is the dimensionless Reynolds number

in all viscous 
ows and it is presented as [72,73]

Re = V ld=n; (1.15)
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whereV and ld are the characteristic velocity (shown as arrows in Fig. 1-6) and one

dimensional 
ow (in metre/second and metre) andn being the kinematic viscosity (in

units of m2=s). The transition from laminar to turbulent 
ow takes place at a critical

Reynolds number, above which the motion is considered turbulent. For laminar 
ow

and turbulent 
ow, the Reynolds number isRe < 2300 andRe > 4000.

In the next section Kolmogorov theory, which is respectively a statistical approach

to turbulence, will be discussed.

1.4.2 Statistical models of turbulence

In 1941 Kolmogorov and Obukhov developed a statistical model for turbulence, which

allows for the computation of statistical quantities that can be simulated and mea-

sured in a turbulent system [23]. Kolmogorov's theory of turbulence assumes the at-

mosphere is homogeneous, isotropic and independent from large scale turbulence. To

illustrate this, consider Fig. 1-7, showing how the energy is shoot-up into two turbu-

lent media (the large spatial scales, also known as the outer scale,L0, as well as the

inner scale (l0)). Both of these e�ects are deleterious to optical imaging systems. In-

ner scales distort the wavefront of the light rays, resulting in a randomly aberrated

system at the detector plane, while the outer scales causes a propagating beam to be

randomly diverted along its path, resulting in image motion, such as beam wander

and angle-of-arrival 
uctuations at the receiving aperture. These e�ects cause "image

dancing" on an imaging system [74{77]. For example, the accumulative random phase

change due to turbulence for a paraxial laser beam of wavenumber,k0, propagating

in vacuum along thez direction and travelling from a source at the planez = 0 is

� (X ) = k0

Z L

0
�n (x)dz; (1.16)

whereX = ( x; y), � n (x) is the refractive index 
uctuation at point x = ( x; y; z), and

z = L is the distance the light has propagated in thez direction [3]. Understanding the

parameter� n , is the �rst step to understanding turbulence. However,� n varies rapidly

and hence stochastic methods are better suited for its description. These methods are
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Figure 1-7: Representation of the stages involved in creating turbulent 
ow. Here,
(l0) and (L0) are the inner and outer scale of turbulence. Kolmogorov turbulence
assumesl0 = 0 and L0 = 1 which simpli�es the model signi�cantly [1].

central to the statistical nature of the model; the variations in the inertial subrange

are statistically isotropic. This approach allows structure functions, moments and

probability density functions (PDFs) of the refractive index �eld to be computed. As

such, information about the refractive index structure function can be retrieved from

the correlation functions. The structure function of the refractive index 
uctuations,

Dn (x1; x2), at any point in space can be computed from

Dn (x1; x2) = h[�n (x1) � �n (x2)]2i : (1.17)

Accordingly, in the inertial subrange it can be found to be

Dn (r ) =

8
><

>:

C2
n l � 4=3

0 r 2; 0 � r � l0

C2
n r 2=3; l0 � r � L0;

(1.18)
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wherer is the spatial scale between two points given by,j ~r1 � ~r2j. The symbol,C2
n is

the refractive index structure parameter, measured in m� 2=3, and is given by

C2
n = (79 � 10� 6 P

T2
a

)2C2
T : (1.19)

HereP is the pressure in millibars,Ta is the absolute temperature in Kelvin, andC2
T is

the temperature power spectrum which characterizes the size of the 
uctuations as a

function of temperature. TheC2
n estimates the strength of optical turbulence and this

constant is considered important when characterizing atmospheric turbulence. Typ-

ical values ofC2
n vary from 10� 17m� 2=3 in \weak" turbulence up to approximately

10� 13m� 2=3 in \strong" turbulence [9]. The refractive index auto-correlation function

is related to Dn by [78]

h�n (x1)�n (x2)i = h� 2n(0)i �
1
2

Dn (r ): (1.20)

The auto-correlation function depends only on the di�erence between the coordi-

nates, according to the assumptions of the homogeneity and isotropy. This means

h�n (x1)�n (x2)i = h�n (0)�n (x2 � x1)i . Moreover, using the Wiener{Khinchin theorem

(which states that the auto-correlation function of a wide-sense-stationary random

process has a spectral decomposition given by the power spectrum of that process),

the power spectral density (PSD) of the refractive index 
uctuation, �n (k), is the

Fourier transform of this auto-correlation function [79],

� n (k) = Ffh �n (0)�n (x)ig(k); (1.21)

wherek is the three-dimensional wavevector. If we assume the turbulence is Marko-

vian (a stochastic model used to model randomly changing systems). �n (k) is a

measure of the statistical distribution of the abundance and size of the turbulent

eddies. By combining equations 1.18 and 1.21, the Kolmogorov refractive index PSD

becomes

� n (k) = 0 :033C2
n jk j � 11=3: (1.22)
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The power spectral density of the refractive index 
uctuations shows a relationship

to the refractive index structure function, C2
n .

There are a number of turbulence power spectrum models with increasing com-

plexity, for example the Hill power spectrum (which has no analytical solution), the

Tatarskii power spectrum, and the von K�arm�an (vK ) power spectrum, which can be

written as [9]

� vK
n (�; l 0; L0) = 0 :033C2

n
exp (� � 2=k2

m )
(� 2 + k2

0)11=6
for 0� �< 1 ; (1.23)

where � = 2� (f x � x̂ + f y � ŷ) is the angular spatial frequency vector, the subscript

vK denotes von K�arm�an, km = 5:92=l0, and k0 = 2�=L 0. A popular power spectrum

is the Modi�ed Atmospheric Spectrum, and builds from the von K�arm�an and Hill

(vKH ) spectrums:

� vKH
n (�; l 0; L0) = 0 :033C2

n

�
1 + 1:802

�
�
kl

�

� 0:254
�

�
kl

� 7=6
#

exp (� � 2=k2
l )

(� 2 + k2
0)11=6

for 0� �< 1 ;
(1.24)

where kl = 3:3=l0 and the subscript vKH denotes von K�arm�an and and Hill. We

choose these power spectrums to generate individual phase screens of turbulence with

appropriate statistics [80] in Chapter 3.

The Fried parameter,r0, commonly known as the atmospheric coherence length,

is a useful alternative toC2
n . The coherence length for a plane wave (approximately

a collimated Gaussian beam) in Kolmogorov turbulence is given by

r0 = 1:68
�
C2

nLk 2
� � 3=5

: (1.25)

while in an unspeci�ed coherence length (r0), turbulence is given by

r0 =
�

0:423k2
Z L

0
C2

n (z)dz
� � 3=5

: (1.26)
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The atmospheric coherence length is the radius after which the atmospheric turbu-

lence becomes uncorrelated. For example, two beams separated by at leastr0 will

experience uncorrelated, independent distortion.

A common parameter to specify turbulence strength is the Strehl Ratio (SR),

de�ned as the ratio of the on-axis intensity in the presence of atmospheric turbulence

to the on-axis intensity of the turbulence. The Strehl Ratio of an optical system for

a plane wave in Kolmogorov turbulence is given by

SR =
I (0)
I 0(0)

�
1

[1 + ( D=r0)5=3]6=5
; (1.27)

where I (0) and I 0(0) are the on-axis intensities with and without turbulence. D is

the aperture diameter. Turbulence leads to scintillation, beam wandering and other

e�ects, resulting the on-axis beam intensity,I (0), reduced on average.

We shall simulate turbulence numerically in Chapter 3. We extend the theory in

propagating optical beams in turbulence by multiplying the input beam with tur-

bulence phase screens. The phase screen model is most popular for simulating beam

propagation in a turbulent medium. The phase screen model takes into account phase

modulations, as the beam propagates in space. Figure 1-8 shows a Gaussian beam,

propagating through a series of turbulence phase screens, demonstrating that the out-

put beam is distorted. In addition, we discuss the extraction of turbulence parameters

from a sonic anemometer.
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Figure 1-8: Free-space propagation of an optical beam through a turbulent
medium. Here the Gaussian beam is propagated through random turbulence phase
screens and the �nal wavefront gets distorted.

1.4.3 Sonic anemometer

Turbulence near the input aperture of an imaging system (\near-�eld" turbulence) is

particularly detrimental to the image quality. Scintillometry and point source imaging

have been the main optical techniques to measure turbulence strength [81{83]. How-

ever, these techniques are limited to providing local measures of turbulence. Here we

review a technique called sonic anemometry, commonly studied by atmospheric re-

searchers to analyse small volumes of turbulence in the near-�eld [84{87]. To do this,

we �rst review the principles of a sonic anemometer, and subsequently show how

to extract the parameters necessary to calculate turbulence from this instrument. A

sonic anemometer is a solid-state ultrasonic instrument having the ability to measure

wind velocities in three orthogonal axes (U; V;and W) and supplies sonic temperature
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[87]. The instrument consists of three pairs of transducers that are orthogonal to one

another. Each pair of transducers act alternately in the transmitting and receiving

mode, sending ultrasonic pulses between the pair. Figure 1-9 shows the layout of the

instrument head. The vertical sti�ener member is used as a reference against which

to place a spirit level in order to align the instrument head.

Sonic anemometers have made the task of compensating turbulence on imaging

systems much easier, by acquiring turbulence parameters for near-�eld and inputting

them into the optical elements design. In the last chapter we deploy a sonic anemome-

ter to acquire velocity data of the air
ow outside a �eld optical test facility and we

calculate turbulence phase screens from it.

Figure 1-9: Two views of a sonic anemometer transducer, dotted lines show transducer
pairs. The angle between these three transducers is 60 degrees, which means that no
ultrasonic pulse can interfere with the other. TheU, V, and W component represent
the \red", \green", and \blue" colours.

Extraction of velocities from a sonic anemometer

A sonic anemometer measures the velocity of the air
ow at a �xed position in

space. The instrument uses ultrasonic pulses to measure the air
ow.

Figure 1-10 shows an example of a pair of transducers, sending and receiving

pulses to one another. The transducers are separated by distanced, and the travelling

time for each pulse is measured (t1 and t2). By measuring the times of 
ight of

each ultrasonic pulse (from eitherU; V; or W vector component) along the path, the

velocity of the air
ow from the three components (U; V; or W) can be calculated
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separately and simultaneously using,

v =
d
2

�
1
t1

�
1
t2

�
: (1.28)

Figure 1-10: Time of 
ight mechanism. The transducers are separated by distance,
d. The symbol t1 and t2 are the travelling times for each sonic pulse.

Most sonic anemometers measure the sonic temperature (the temperature mea-

sured by the sonic anemometer's thermometer) through [88]

Ts =
d2

1612

�
1
t1

+
1
t2

�
+

1
403

(v2
U + v2

V ); (1.29)

whered is the distance between the transducers, andv2
U + v2

V are the velocities of theU

and V vector components. From sonic temperature measurements, one can estimate

turbulence. The intermediate to which this is strongly related is the temperature

structure function constant, C2
T , and is given by [89]

C2
T =

1
n

nX

i =2

(Ts(i ) � Ts(i � 1))2

vs( i ) + vs( i � 1)

f samp

; (1.30)

where f samp is the sampling frequency.vs and Ts are the wind speeds and sonic

temperature for measurementi and n is the number of raw measurements [89]. In

optical terms, the most common measure of turbulence strength is the refractive index

structure function constant C2
n .
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Chapter 2

Experimental techniques

Much of the work described in this dissertation involves controlling the amplitude

and the phase of light. I want to achieve this in a binary fashion and therefore employ

techniques developed by the beam shaping community. Currently the most convenient

way to control light is with holographic �lters that imprint the desired phase and am-

plitude via spatially structured gratings. In this chapter I will discuss the use of these

devices, and show some of the standard techniques. Next, we test the performance of

the spatial modulators using optical beams. We explore characteristics that are im-

portant for optical pattern recognition, such as image correlation and visibility. We

compare simulated optical beams with experimental ones. Furthermore, we generate

vector modes using SLMs via a multiplexing approach in an interferometer. Lastly,

we introduce the vector quality factor (VQF), for characterising vector beams. The

VQF technique is useful in showing the disparity between purely scalar and purely

vector beams. These tools will become crucial in Chapter 3. We will use them to

generate and characterize vector beams in turbulence.
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2.1 Controlling the phase and amplitude

of light with digital devices

A spatial light modulator (SLM) is a pixelated display screen with individually-

addressed micron-sized mirrors or liquid crystals. Spatial light modulators o�er a

simple, fast and digital approach to controlling the amplitude, polarization, and phase

of light. Depending on the characteristics of the display and using a relevant holo-

gram preparation procedure, speci�c �eld pro�les can be encoded on light beams. In

this section we will explore SLM technologies that use digital micromirror devices

(DMDs) and liquid crystal (LC) cells.

2.1.1 Generation of digital holograms with an amplitude-

only device

Figure 2-1: A digital micromirror device (DMD) display. The DMD is made up of
micromirrors and can be controlled in a binary fashion (the micromirrors can be set
to +12 degrees and -12 degrees from its normal), using DLP Lightcrafter software.

25



A digital micromirror device (DMD) is a device that can only modulate the amplitude

of a beam (see Fig. 2-1). Given this limitation, the modulation technique must be

tailored to alter both the amplitude and phase of the beam.

To achieve this, a technique was applied to achieve both amplitude and phase

control via binarised holograms [90{92]. We will outline this technique here.

Firstly, consider a binarised amplitude grating with a transmission function given

by [91]

T(x) =
1X

m= �1

rect
�

x � (m + p)x0

wx0

�
; (2.1)

where the function rect(x) =

8
><

>:

1 jxj � 1
2

0 otherwise
, x0 de�nes the amplitude of the function

rect with parametersp and w controlling the position and width of each contributing

pro�le and resulting in a uniform grating. By judiciously selecting these parameters it

is possible to construct a binary grating that imparts the desired phase and amplitude

information onto an optical beam.

The transmission functionT(x) is periodic and can therefore be expanded as a

Fourier series following

T(x) =
1X

m= �1

Tmei 2x
x 0 ; (2.2)

wherem indexes the contributing harmonics andTm are the complex coe�cients that

depend onw and p (width and position),

Tm (x) =
sin [�mw (x)]

�m
ei 2�mp (x) : (2.3)

Assuming thatp andw are dependent onx and observing the �rst order expansion,

we obtain

T1(x) =
sin (�w (x))

�
ei 2�p (x) : (2.4)

The modeT1(x) in this form is a product of an amplitude and phase. As such, the

function w(x) can be interpreted as relating to the amplitude whilep(x) is related to
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Figure 2-2: Examples of holograms created to shape light using a digital micromirror
device. (a) Field amplitude with an increasing azimuthal index of Laguerre Gaussian
(LG) beams. (b) Binary phase holograms. (c) Binary amplitude-phase holograms.

the phase. The analysis above is presented for one dimension; in two dimensions it

can be shown that the hologram will take the form

T(x; y) =
1
2

�
1 + sgn

�
cos

�
2�

x
x0

+ �p (x; y)
�

� cos (�w (x; y))
��

; (2.5)

where the function, sgn(x) =

8
>>><

>>>:

1 if x > 0;

0 if x = 0;

� 1 if x < 0

. Given a desired �eld function of

the form U(x; y) = A(x; y)ei� (x;y ) , we can show that [91],

w(x; y) =
1
�

arcsin(A(x; y)) ;

p(x; y) =
1
�

� (x; y): (2.6)

We have assumed that the �eld contains no singularity and thus its amplitude can
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be normalized to have a maximum of unity (Note that the factor� in the argument of

arcsin is dropped since the maximum amplitude is normalized to unity). We have de-

signed two-dimensional binary amplitude holograms to generate Laguerre-Gaussian

(LG) modes. Figure 2-2 shows sampled holograms (binary phase and binary am-

plitude) designed for the generation of vortex OAM and LG modes using a DMD.

The blazed gratings chosen to create these vortex modes have a fairly uniform width

across their aperture, whereas, for the case of LG modes the blazed grating gradually

disappears where the amplitude gets negligibly smaller.

In this section, we have created various two-dimensional binary amplitude and

phase holograms using a digital micromirror device. In the next section, we explore

a phase-only device and a di�erent technique to create holograms.

2.1.2 Generation of holograms with liquid crystal

displays

Among the various devices that can be used to tailor the amplitude, phase or polari-

sation of light, liquid crystal displays are widely used [93{95].

The technology is based on manipulating the orientation of the liquid crystals

situated in each pixel of the display. Each of these pixels can be controlled indepen-

dently to achieve the relevant phase transfer to an optical beam. Phases transfers as

large as 2� , 4� or 8� can be achieved. The phase function of a desired light �eld is

encoded as a grey level image that is loaded on the LC display.

SLMs are pixelated displays consisting of a multitude of individual micron-sized

liquid crystals. The angle of the liquid crystals inside the cells are electrically adjusted

with an applied voltage. The voltage alters the orientation of the crystals resulting

in a phase shift that is proportional to the magnitude of the �eld. The crystals are

birefringent and modulate only the horizontal axis of the incoming beam.
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Liquid crystal displays

Liquid crystals are composed of organic molecules that exist at the interface between

liquid and solid phase states. They have elongated rod-like structures whose orien-

tation can be a�ected by thermal, mechanical, and electrical stimuli. Depending on

their orientation, they can classi�ed as nematic (randomly oriented), smectic (or-

dered in position), and cholesteric (helical twisted arrangement which are sometimes

referred to as twisted nematic crystals). The nematic (shown in Fig. 2-3) and smectic

type di�er in the ordering of the crystals; however, in both instances the crystals

are aligned in one direction. By contrast, the cholesteric crystals possess a helical

orientation that is associated with a rotation angle and have stronger binding forces

to avoid separation.

Figure 2-3: A liquid crystal display spatial light modulator. Here, the crystal cell
display is nematic.

Most displays make use of nematic crystals cells in which the crystals are addressed

by means of an electrical �eld, controlling the orientation and alignment of the crys-

tals. The alignment of the crystals can be classi�ed as vertically aligned nematic

(VAN), parallel aligned nematic (PAN) and twisted nematic (TN), which depend on

the kind of display used. The displays can either be transmissive or re
ective. The
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transmissive variety use transparent liquid crystals while the re
ective variety have a

silicon substrate, hence called Liquid Crystal On Silicon (LCOS).

The VAN and PAN displays have the liquid crystals sandwiched between a silicon

substrate and a transparent electrode for controlling the crystal orientation, which is

proportional to the applied voltage. Moreover, the crystals line up according to the

strength of applied voltage. The phase shift for each pixel of the liquid crystal display

is given by

� � =
2�
�

nL; (2.7)

where n is the refractive index andL is the thickness of the cell. Importantly, the

anisotropic crystalline structure makes the liquid crystals in each pixel birefringent

and allow modulation to happen. Consequently, the refractive index is larger in the

slow axis than in the fast horizontal axis because of the material's density. As such,

the phase velocity is larger in one direction upon traversing the crystal.

Amplitude and phase modulation of optical beams with phase-

only spatial light modulators

Customizing optical �elds requires control of both the amplitude and the phase of

a beam. Here we explore how both modulation techniques can be achieved using a

phase only device.

Suppose we have an optical �eld pro�le given as

U(x; y) = a(x; y)ei� (x;y ) ; (2.8)

where a(x; y) is the amplitude and � (x; y) is the phase. The aim is to encode the

�eld function U(�) onto an incoming beam, preferably a plane wave. How do we

achieve this with phase only modulation? Here we employ an approach derived by

Arrizon [96{98]. Other methods which use similar approaches have also been proposed

[99,100].
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The �nal hologram is expected to take the form

H (x; y) = ei (a;� ) ; (2.9)

The function  (a; � ) is the phase modulation encoding both the amplitude (a) and

phase information (� ) of U(x; y) in Eq. (2.8).

By �rst considering the Fourier expansion of the modulation functionH (x; y)

H (x; y) =
X

q

ca
qeiq� ; (2.10)

where the coe�cients ca
q can be computed from

ca
q =

1
2�

Z �

� �
ei (a;� ) eiq� d�; (2.11)

for eachqth harmonic in the Fourier series [91]. The �rst order harmonic gives the

relevant phase modulation ifca
1 = Aa. Using this condition we �nd that the imaginary

and real parts ofca
1 must satisfy

Z �

� �
sin ( (a; � ) � � ) d� = 0; (2.12)

Z �

� �
cos ( (a; � ) � � ) d� = 2�Aa: (2.13)

The conditions above imply that  (a; � ) must be selected from a class of functions

with odd symmetry.

One such class can be chosen as

 (a; � ) = f (a) sin (� ); (2.14)

with f (a) satisfying

J1 [f (a)] = Aa; (2.15)
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where J1[�] is the Bessel function of the �rst kind [101]. Accordingly, the function

f (a) is obtained from the numerical transform inversion ofJ1 [f (a)]. The minimum

value for A is 0.5319, corresponding to the maximum value of the �rst order Bessel

function J1[x] occurring whenx �= 1:84.

The creation of vortex beams can be accomplished by encoding an azimuthal

variation modulus 2� and a blazed grating to separate the �rst order from the other

orders, taking the form

�( �; ' ) = mod[ l' + 2 � (Gxx + Gyy); 2� ]; (2.16)

where mod is the modulus function,Gx and Gy are the grating frequencies along

the x and y directions respectively. Figure 2-4 shows the phase and intensity pro�les

created for a phase-only device.

Figure 2-4: Examples of holograms created to shape light using a liquid crystal device.
(a) Field amplitude with an increasing azimuthal index of Laguerre Gaussian beams.
(b) Phase-only holograms. (c) Amplitude-phase holograms.

In this section we have designed holograms suitable for LC displays. We have

simulated intensity pro�les for di�erent LG modes. In the next section, we characterize

spatial light modulators to test their optical performance using optical beams (written
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as holograms on the SLM).

2.2 Characterising digital devices

We have introduced two methods for generating spatial modes using digital displays

namely, DMDs and phase-only liquid crystal SLMs. As shown, these devices pos-

sess the ability to modulate the phase and amplitude of light in a controllable fash-

ion. These tools will become crucial for generating vector modes and for simulating

optical turbulence in the lab environment. However, to achieve this, we �rst char-

acterise the devices. We will explore the operation of the DMD and measure its

conversion e�ciency. We will generate di�raction gratings on liquid crystal devices

and characterise them with the aim of generating multiplex beams for the purpose of

using them to generate vector beams.

2.2.1 Digital micromirror characterization

In our work we used a DLP3000 DMD, purchased from Texas Instruments. This device

consists of square shaped micromirrors of 7.5� m length and a resolution of 608� 684

pixels. Unlike the liquid crystal displays that only have a refresh-rate of several tens of

Hertz, the refresh rate of this device is approximately 4 kHz. The mirrors are designed

to tilt in a binary fashion by setting the de
ection angle of each individual mirror to

� 12� . Here, we measured the e�ciency of three di�erent states (ON-state, OFF-state

and 24� alignment). The ON-state refers to when the micromirrors are rotated +12�

from their normal whereas, the OFF-state refers to when the de
ection angle between

the micromirros and normal is� 12� . The 24� alignment angle is regarded as the most

e�cient, according to the supplier's manual. The 24� alignment is the angle that the

incoming laser beam hit the surface of the DMD. This angle can be achieved when

you set the DMD to the OFF-state mode and then re
ect the beam (with the DMD)

to the incoming laser beam. Once this is set, the 24� angle will appear if you turn the

mirrors to the ON-state mode.
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The percentage e�ciency of a di�racted order from the DMD without a holo-

graphic grating can be computed by

E�ciency =
I out

I in
� 100; (2.17)

whereI out and I in are the intensities measured from a desirable order and the incident

beam. We experimentally measured these e�ciencies using Fig. 2-5 (a), where a plane

wavefront of a helium neon laser is illuminated at the DMD. The beam gets di�racted

by the pixelated device and each order is detected at the power meter, the di�racted

beam is shown in Fig. 2-5 (b).

Figure 2-5: (a) An experimental arrangement to measure the DMD e�ciency of the
di�racted beam for each state of the micromirrors. Here the lensesL1 (f = 50 mm) and
L2 (f = 150 mm) magni�ed and collimated the laser beam by 3� onto the DMD. A
pin hole (PH) was used to isolate the �rst di�raction order. (b) Di�raction patterns
obtained at various states (� 12� , and 24� alignment), respectively. The di�raction
patterns were recorded with a commercial cellphone camera since the pattern was
too large to �t on a CCD chip.

Figure 2-5 (b) shows the results from three di�erent states. We are mainly inter-

ested in the di�racted order (�rst-order) in which the modulated mode from the DMD

is displayed. Here the �rst-order di�raction beam refers to the �rst principal maxima

from the zeroth-order. When the mirrors are set to the OFF-state (� 12� ), more than
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Figure 2-6: (a) An experimental arrangement to generate Laguerre Gaussian (LG)
beams. Here the lensesL1 (f = 50 mm) and L2 (f = 150 mm) magni�ed and collimated
the laser beam by 3� onto the DMD. (b) A normal amplitude only hologram (left)
and a stretched hologram, suitable for the dimensions of the DLP3000 DMD (right).
(c) Visibility check of an LG intensity pro�le, �ltered by a pinhole (PH) and observed
at the Fourier plane of the second lens of the 4-f system (L3 and L4 of f = 150 mm)
using a CCD camera.

half of the intensity goes onto the higher orders with only< 0:5% remaining in the

�rst order. Accordingly, if the mirrors are set to the ON-state (+12� ), more than half

of the intensity goes onto the zeroth-order while the intensity of the �rst-order is 4:2%.

Whereas, if the mirrors are set to 24� and the re
ected light is directly 24� apart from

the incident beam while the DMD is switched on, 4:6% of the amount of light goes

into the �rst-order. Signi�cantly, it can be seen that the zeroth order is brighter than

the higher order modes in Fig. 2-5 (b). Note that the e�ciency results are wavelength

dependent because DMDs have anti-re
ection coatings which change e�ciency based

on the wavelength and the di�ractive properties of the DMDs are also wavelength

dependant, so at a di�erent wavelength a di�erent amount of energy will end up in

the zeroth-order. Recent studies have shown that the e�ciency of any given digital

micromirror device is highly sensitive to the values chosen for each mirror width (w)

and the spacing between mirror centers [102]. Having characterised the operational

(ON and OFF) states of the DMD, we proceeded to generate optical modes using the

binary hologram generation technique [91] (see Fig. 2-6 (a)).

We generated Laguerre Gaussian modes with varying topological charges,` =
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0; 1; 2; and 3. To test this we expanded and collimated the beam produced by the

helium neon (He-Ne) laser using two sets of lenses with 50 mm (near the He-Ne laser)

and 150 mm (near the DMD) focal lengths. We mounted the device in a identical

orientation to the one recommended by the manufacturer (24� alignment). Computer

generated holograms were created and encoded onto the DMD [91]. The holograms

for generating optical beams were created by modulating a grating function with 20

micromirrors per each period. These holograms were illuminated with the expanded

beam and were di�racted by the DMD. Note that the displayed hologram at the

DMD (in Fig 2-6 (b)) is stretched in its y-axis compared to the one on the left-hand

side. This is because the DLP3000 screen is not a square. We designed the hologram

to compensate the dimensions of the DMD so that it can �t on the DMD screen. A

�rst-order of the generated LG beam was �ltered using a pinhole and it was imaged

using a 4-f system, from the DMD to the camera. The 4-f system reproduces a near-

�eld of the generated optical beam. We used the DLP-lightcrafter software (o�ered

by manufacturer) to load the holograms on the DMD. We also optimised the gain

and exposure of the camera to avoid saturation so that the beams could be correctly

identi�ed.

The experimentally measured beams were compared to their matched simulation

via the image correlation method. Image correlation is a basic tool which is often

used to measure the correlation between simulated and experimental intensity pro-

�les. The process involves overlapping the simulated and the measured intensities,

and computing the non-localized correlation function. The correlation function de-

termines the level of resemblance between two selected sub-images [103{105], and is

expressed as

C =

P
m

P
n

�
Amn � A

� �
Bmn � B

�

r � P
m

P
n

�
Amn � A

� 2
� � P

m

P
n

�
Bmn � B

� 2
� : (2.18)

A and B are the images which have to be compared. The subscript indicesm and

n denote the pixel location in the image. When two selected sub-images are exactly

the same, the correlation functionC is 1. If there is no correlation between two
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sub-images, the correlation function is 0.

Here we performed a correlation between two selected images: the reference image

(simulated using Matlab), and the experimental image. Figure 2-7 shows a correla-

tion of these LG beams. The results show an average of 98%, which implies a good

indication that the simulated modes are reproduced experimentally.

Figure 2-7: Simulated OAM modes (l = 0; 1; 2; and 3 from left to right) are compared
with experimental beams using a correlation method. The correlation method works
by comparing the intensities of the experimental results with simulated results.

In this section we have characterized digital micromirror devices and have outlined

a tool for characterizing the quality of structured light beams generated in the labo-

ratory. In the next section we will characterize a liquid crystal display and generate

both scalar and vector beams.

2.2.2 Conversion e�ciency of a liquid crystal dis-

play

Calibrating liquid crystal displays is critical. In principle, the correct way to calibrate

a liquid crystal device is by adjusting the voltages to acquire the desired phase change

while the digital hologram is displayed on the screen. This can be done using a 150

mm lens, a double pinhole, and a webcam detector. But here we used an LC device

which was already calibrated, we only considered testing the conversion e�ciency of

the device. The reason for testing the conversion e�ciency of the LC device is because

of their capability of shaping light in di�erent ways.

Here we show how to measure the optical e�ciency of a liquid crystal display. We
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employ a technique that exploits the superposition principle of optical beams to allow

simultaneous generation of vector vortex beams using a single digital hologram, shown

in Fig. 2-8 (a). Prior to measuring the �rst-order e�ciency of a multiplexed beam,

it is essential to �rstly encode a single hologram onto the spatial light modulator,

and to compare e�ciencies of the �rst-order against the zeroth-order with di�erent

grating periods (shown in Fig. 2-8 (c)), using the experimental arrangement shown in

Fig 2-8 (b). The intensity results were measured at a far �eld of the LC device, using

a 300mm Fourier lens (FL). Our results show that choosing a smaller grating allows

more light to be modulated into the �rst-order, the intensity pro�les are shown in

Fig 2-8 (e).

With all the conclusions made with a single hologram, we further encoded a multi-

plexed hologram using the same experimental arrangement to see whether the results

will vary or not. We measured the multiplexed mode intensity of the �rst-order

against the zeroth-order and the results are shown in Fig. 2-8 (d).

To experimentally generate multiplexed beams using Eq. (2.16), one must place

a unique carrier frequency (grating) between them. Take note that when the carrier

frequency between the multiplexed beams is increased, i.e., 60 mm� 1, more power goes

onto the zeroth-order. This deprive the amount of light from getting modulated by

the �rst-order. Therefore, more intensity should go to the order of interest. When the

carrier frequency between the multiplexed beams is reduced i.e., 20 mm� 1, it almost

impossible to separate the modulated multiplexed beam with a D-shaped mirror, the

beam gets cut out by the edges of the mirror. In our work, we selected two reasonable

grating frequencies, one between the OAM modes is (Gx = Gy = 30 mm� 1) and the

other between zeroth-order and �rst-order is (Gx = Gy = 60 mm� 1), accordingly. The

results show that the multiplexed beams have uniform intensity. This means that any

mode can be encoded on any channel.
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Figure 2-8: (a) Two holograms (Holo.1 and Holo.2) combined to form a multiplexed
hologram (Multi.), and is displayed at the LC display. (b) Experimental arrangement
to measure the conversion e�ciency with a multiplexed hologram on a liquid crystal
device. Here FL is the Fourier lens of f=150 mm. (c) First-order and zeroth-order
results with an increasing grating frequency (Gx = 20 � 70 mm� 1). (d) Zeroth-order
and a multiplexed mode with a grating period of 30 mm� 1 and an OAM of ` = 1. (e)
Results of �rst-order power with their respective gratings.
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2.2.3 Fringe visibility of an interferometer

In this section we design an interferometer that will be used to generate vector

modes. Liquid crystal displays will be used to generate two distinct beams that will be

combined using a beamsplitter [101]. To characterize the quality of the interferometer

we measure the visibility, which determines how coherent the two beams are.

The fringe visibility is described in terms of the observed intensity maxima and

minima in an interference pattern by

VM =
I max � I min

I max + I min
; (2.19)

where I max and I min are the maximum and minimum intensities. IfI min = 0, VM

becomes 1. This means that the visibility is the optimum. Likewise, IfI max = I min ,

VM becomes zero.

Figure 2-9 (b) shows an example of two beams propagating in di�erent paths (A

and B) that are combined using a beamsplitter (BS). A spatial �lter is introduced

after the BS to �lter out higher spatial frequencies. The generated hologram in Fig. 2-

9 (a) is a multiplexed hologram and has a topological charge of zero. This means that

both carriers have a Gaussian element only. The combination of the beams after

the beamsplitter is viewed using the CCD camera. Because of their small angle of

separation, the beams interfere fringes are observed (see Fig. 2-9 (c)). The analysis

of the interference pattern is shown in Fig. 2-9 (d). We performed a theoretical �t of

the measured cross-section intensity by superimposing two identical Gaussian beams

with a slight angular separation and the beams were not so destructive.
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Figure 2-9: (a) A set of two digital holograms merged into a multiplexed hologram. (b)
An experimental arrangement to check the fringe visibility of the interferometer using
two multiplexed Gaussian beams. (c) Visible fringes produced when the angle of the
beam between path A and B are interfered. (d) A curve-�t of the intensity pro�les
using the interference pattern results.

The small angle between the beams often occurs when using interferometers to

build an experimental arrangement. This is because interferometers are highly sen-

sitive to vibrations, especially if the optical bench is not stable. Vibrations slightly

change the path length of the arms. A note to be considered when building an inter-

ferometer to generate optical beams is that, the path length must be equal on both

arms (from the LC to the beamsplitter, where they combine) and the beams should

overlap co-linearly.

The results show that small angles cause interference on input Gaussian beams

and this must be controlled in the laboratory.
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2.3 Generating vector beams using an in-

terferometer

In the previous sections we have characterized two di�erent spatial light modula-

tors. In this section we discuss the generation of scalar and vector vortex beams, and

we characterize these two classes of spatial modes, using the experimental arrange-

ment in Fig. 2-10. We provide tips and precautions to consider when generating large

OAM modes with a multiplexed beam on an SLM. We experimentally generate these

beams in free-space. Both spatial light modulator's grating frequencies are set to their

best contrast. While we also included a DMD in the experimental arrangement, it

will only be used later for encoding turbulence onto vector modes. Here we only used

it to di�ract the input (vector) mode into the �rst order and �nally characterised the

beams by using a polariser and a CCD camera.

Figure 2-10: An illustration of the experimental arrangement. A Helium Neon (He-
Ne) laser was expanded and collimated onto a liquid crystal (LC) display. Two
modes were generated simultaneously from the SLM and were then separated using
a D-shaped mirror (DM) and recombined with a beamsplitter (BS). The recombined
modes were imaged to the digital micromirror device (DMD), where the turbulence
was encoded in combination with the detection holograms. A polariser (P) was added
in-order to change the polarisation states. The resulting modes were propagated to the
far �eld with a 500 mm Fourier lens (FL), where the on-axis intensity measurements
were performed.

We now describe the vector mode generation process. Firstly, we use a He-Ne
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laser to illuminate a multiplexed hologram, displayed on a liquid crystal device. Our

liquid crystal display only modulates horizontally polarized light. We check the visi-

bility of the modulated beam prior to introducing additional optical elements. This

minimizes the misalignment of a system and the e�ciency for each digital device is

controlled without a�ecting the e�ciency of the DMD screen. Secondly, we propagate

a multiplexed beam from the liquid crystal to the beamsplitter. We observe the fringe

visibility when the beam passes through the BS. If fringes appear destructively, we

control the angles from both arms until the fringes disappear and a desired intensity

pro�le is observed. This indicates that the two beams are well overlapped. The con-

trolling of angles involves tilting the BS (either up or down) by a few microns. This

means that, the beamsplitter must be mounted on a rotational tilting stage. The

last step is performed only once the system is properly aligned and no fringes ap-

pear. The last measurement involves bouncing the beam onto a DMD and observing

the visibility. It is advisable to switch o� the air-conditioner in the laboratory when

working with interferometers to avoid perturbations of the beam.

To generate scalar beams with a multiplexed hologram, we encode` = 1 and

` = � 1 on the two holograms, and propagate them towards the BS. A �rst-order

is �ltered using a pinhole from the DMD and Fourier transformed by a lens (of

500 mm focal length) to its Fourier plane where the CCD camera is located. Fig-

ure 2-11 (a) shows experimental results of superpositions,` = 3; 5; 10; and 20 and

` = � 3; � 5; � 10; and � 20 of the multiplexed scalar beams. The patterns observed

in the Fourier plane of the DMD are known as petals. The scalar beam's intensity is

uniformly distributed, even in the higher-order topological charges, likè = 20. How

does the petal structure arise? Firstly, since the two beams have the same polarisa-

tions, they superimpose coherently. That is, in the azimuthal coordinate,� , the �elds

add up and result in an intensity pro�le j1=
p

2 (exp(i`� ) + exp( � i`� )) j2 / cos2(`� )2,

where� ` are the corresponding OAM charges of the beam. Consequently, this means

that the petal structure will have 2 � j `j petals about the azimuth of the �nal beam.

During the experiment process in the laboratory, we realised that when the pin-

holes (placed between the LC device and DMD) are set to only �lter lower-order
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modes, e.g., (̀ = � 3) to generate beams, the intensities of large OAM modes would

be cut-o�. Therefore, it is important to make sure that all pinholes in between the LC

device and DMD are controlled frequently to allow higher-order beam's intensity to

be detected when large OAM holograms are encoded at the LC display. The pinholes

must also be controlled even when lower-order modes are being generated, to �lter

out stray light and higher order modes from interfering with the desired results. Note

that any generated mode from the LC device must still �t on the DMD screen. This

means that the incident beam size must not be larger than the DMD screen.

Figure 2-11: (a) Superposition of OAM modes. Here we tested modes of OAM sub-
spaces of̀ = � 3; 5; 10; and 20 (from left to right). (b) Experimentally generated
vector beams with superpositions of̀ = 3. Here the arrows represent the polarisation
states (horizontal, diagonal, vertical, and anti-diagonal) that the OAM mode was
projected at a time.

Furthermore, we generated vector vortex beams using the same experimental ar-

rangement that we used to generate scalar beams; except that in this case, one arm

had a half-wave plate. A rotatable polarizer was added between the DMD and the

camera to change the polarisation of the incident light. The aim was to make the

polarisations of the generated �elds orthogonal. As such we marked the,` = � 3 mode

with a vertical polarisation (êV ) and the ` = 3 mode with a horizontal polarisation
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state (êH ). The desired vector mode can be expressed as

U (r ) = u� ` (r ) exp(� `� )êV + u` (r ) exp(`� )êH : (2.20)

In this case, the vertical,êV and horizontal, êH polarisation modes were coupled to

the spatial modes of OAM,u� ` (r ) exp(� `� ), having identical radial amplitudes and

orthogonal and azimuthal phase fronts that are distinguished by their topological

charge � `. Unlike superpositions with identical polarisations, the polarisation �eld

determines the observed spatial mode, in the vector modes. In our experiment, to

generate such a mode, a horizontally polarized beam is impinged onto a liquid crystal

display, where it acquires a topological charge, let's say` = +1 and is multiplexed with

its opposite charge. Using a D-shaped mirror, the multiplexed beam was separated

into two di�erent arms before reaching the beamsplitter. One beam remains with the

horizontal polarization component and the other beam passes through a half wave-

plate (HWP), where its polarization component is converted to the vertical state. The

�nal projection is performed with a linear polariser, which projects onto various linear

polarisations states depending on its orientations. Figure 2-11 (b) shows horizontal

jH i , diagonal jD i , vertical jV i , and anti-diagonal jAi polarisation projections (from

left to right) results. We projected the vector mode onto the horizontal, vertical

and their equally weighted superpositions of diagonal (^eH + êV ) and anti-diagonal

(êH � êV ) states. The orientation of the polariser is shown in Figure 2-11 (b) as

arrows relative to the horizontal polarisation state is aligned with the horizontal axis

or its orthogonal vertical axis, the intensity pro�le resembles a well de�ned OAM

mode. The results show that when the polariser is oriented in the diagonal or anti-

diagonal (� 45� ) states, azimuthal fringes are observed showing 2� j `j = 6 resulting

from the interfering OAM modes due to the polarisation measurement.

In this section we have demonstrated the generation of structured light beams,

both scalar and vector in nature, in the laboratory. In the next section, we introduce

a technique to characterise them quantitatively.
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2.4 Vector quality factor

In the previous section we introduced tools to generate spatial modes that have cou-

pled spatial and polarisation components. The principle result was the generation of

vector vortex beams. Such beams have recently attracted interest in diverse �elds

including optical microscopy [46, 106], optical tweezers [51, 107], atmospheric turbu-

lence [67, 108], quantum memories [109], and data encryption [110]. Although we

only demonstrated an interferometric approach that is commonly used to prepare

them [101, 111{114], numerous tools have been developed to generate them using

laser cavities ([115, 116]) or by using custom elements [117{126]. Similarly, various

techniques have been developed to detect and characterise vector modes, for example

using rotating analyzers with interferometers [127], as well as geometric phase plates

in combination with single-mode �bers [53], and through quantitative measures such

as the vector quality factor methods [128].

In this section we explore the last method, VQF, as it is crucial in investigating

the e�ects of turbulence on vector modes. The vector quality factor (VQF) method

di�erentiates vector modes from scalar modes based on how non-separable (entangled)

the spatial and polarisation components are.

It is instructive to consider a transverse electric �eld in a coordinate system in the

form

U (r; �; � ) = cos(� )exp(� i`� )eL + sin( � ) exp(i`� )eR ; (2.21)

where eL and eR denote left- and right-handed polarization states associated with

OAM carrying spatial modes distinguished by a topological charge� ` being the

azimuthal index of the beam. For brevity, we only used the azimuthal component of

the spatial pro�le since the OAM basis modes are cylindrical symmetric. In general,

the radial component has to be considered. The parameter� speci�es whether the

transverse mode,U(r ; � ), is purely vector (� = (2 n + 1) �= 4) or purely scalar (� =

2n�= 2), wheren is a positive integer.
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We use a quantity from quantum mechanics, namely the concurrenceC [129]

(being the degree of entanglement) to de�ne VQF as [128]

V QF = Re(C) = Re
� p

1 � s2
�

= j sin(2� )j; (2.22)

wheres is the length of the Bloch vector, de�ned as

s =

 
X

i

h� 2
i i

! 1=2

: (2.23)

Here, i = 1; 2; 3 and h� i i are the expected values of the Pauli operators, representing

a set of normalized intensity measurements. In practise,s corresponds to the degree

of polarization of the averaged polarization.

For a left-(right-)circularly polarized scalar vortex mode,� = 0( �= 2). To calculate

s, 12 normalized, on-axis intensity measurements are required: six identical measure-

ments performed for two di�erent basis states. The intensitiesI ij , normalized to the

maximum of I , are de�ned by the chosen measurement basisi , with six projective

measurementsj . If circular polarization is chosen as the measurement basis, for in-

stance,i = f L; Rg; the projection measurements are represented by two pure OAM

modes,� `, and four superposition states, exp(i`� ) + exp( i� ) exp(� i`� ), de�ned by

the inter modal angle� . Importantly, the polarisation measurement basis must match

the modes marking the independent spatial modes. For example, using the linear ba-

sis, for a vector mode in Eq. (2.20), the polarisation projections can be mapped as

i = f H; V g. Table 2.1 presents the intensities assigned to its respective basis state

and projective measurement for a �rst-order vector vortex mode. Note that the polar-

isations can be de�ned in any orthogonal basis and therefore the measurement bases

must be adapted accordingly.
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Polarisation projections `1 � `1 � 1 � 2 � 3 � 4

L I 11 I 12 I 13 I 14 I 15 I 16

R I 21 I 22 I 23 I 24 I 25 I 26

Table 2.1: Normalized intensity measurements. The symbol� 1 = 0; � 2 = �= 2; � 3 =
�; and � 4 = 3�= 2 are the relative phases for the spatial mode superpositions.

The six OAM state measurements quantify the higher-order Poincar�esphere vector

[119]. This traditional technique is adapted from a full-state tomography often used

for quantum entangled states, where an over-complete set of measurements is used

to determine the full density matrix and compute the degree of entanglement [130].

The expected values of the Pauli operators are computed from the intensities (I ) as

follows:

h� 1i = ( I 13 + I 23) � (I 15 + I 25); (2.24)

h� 2i = ( I 14 + I 24) � (I 16 + I 26); (2.25)

h� 3i = ( I 11 + I 21) � (I 12 + I 22): (2.26)

These expectation values bear a resemblance to the Stokes parameters used to re-

cover the polarization distribution of a beam [131]. However, they are fundamentally

di�erent since they do not represent a series of polarization measurements but rather

a series of holographic measurements of the spatial �eld. They give a measure of the

degree of nonseparability of vector beams.

Figures 2-12 (left and right) shows 12 normalized intensity measurements of a

vector and scalar vortex beam, respectively. In this case, the circular polarization

basis was chosen and six di�erent OAM projections were made for both the left- and

right-circular polarization states.
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Figure 2-12: Intensity measurements corresponding to those in table 2.1. Two exam-
ples are illustrated, a vector vortex mode (left) and a scalar vortex mode (right). The
vector vortex mode exhibits both polarization states and is non-separable, whereas
the scalar mode subplot has one polarization component and is separable.

2.5 Experimental VQF measurements

Using the experimental arrangement in Section. 2.3 we generated vector modes and

characterised them quantitatively using the VQF measure. This section shows the

proof of concept for the VQF theory explained above. The experimental results

are shown in Fig. 2-13 as points while the corresponding theory is shown as dot-

ted lines. We generated vector modes following Eq. (2.20), in the linear polarisation

basis. To control the weightings between the horizontal and vertical components,

we varied the grating depth by changing the relative weightings between the multi-

plexed holograms such that the �nal hologram was �(x; y) = mod f aHol` (x; y) + (1 �

a)Hol� ` (x; y); 2� ], with Hol ` (x; y) encoding the �rst ` = 1 mode while Hol� ` (x; y)

encoded the` = � 1 mode. The weightings were adjusted so that,� � a�= 2 for

a = [0; 0:5]. Accordingly, the measured VQF followed the theoretical relationV =

j sin(2� )j (see Eq. (2.22)). For� = 0 and �= 4, we obtained a VQF ofV = 0:012� 0:006

and � = 0, V = 0:999� 0:006 while a perfect system would haveV = 0 and 1, re-

spectively, indicating that we have generated purely scalar and vector modes. The

states between these two extremes were also generated successfully, however, with

a slight deviation from theory. For example, for� = �= 8, we measured a VQF of

V = 0:609� 001 while the theory value should beV = 0:701. The results show a

good quantity of the vector mode.
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Figure 2-13: Experimental generation and characterisation of vector modes ranging
from completely scalar to (VQF=0) to vector VQF(1).

In this section, we have discussed the VQF tool used to measure separable against

non-separable modes of light. In the next chapter we will use this tool to generate

and characterize vector modes in turbulence.

2.6 Conclusions

In this Chapter, we introduced a toolbox for tailoring the amplitude and phase of op-

tical beams. Firstly, for full control of optical �elds, we employed two types of spatial

light modulators in the form of digital displays: a liquid crystal display and a digital

micromirror device. These devices control the dynamic phase and amplitude of light

by addressing individual pixels. We demonstrated how to generate holograms using

spatial light modulation. As a result, we successfully generated gratings imprinted

with the desired �eld information. As an example, we generated optical modes car-
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rying orbital angular momentum with high accuracy.

To complete our tool box, we demonstrated two techniques used to character-

ize structured light beams: the correlation method and the VQF. The �rst method

measures the correlation between simulated and experimental images. This technique

was used to measure the intensities that is lost from a beam. The VQF quanti�es

beams from purely scalar (0) to purely vector (1). We experimentally demonstrated,

the distinction between scalar and vector vortex beams in terms of the separability

of their degrees of freedom. The analysing of information carried by spatial modes,

also provides the ability to study light propagating through random media.

In the next Chapter, we create phase screens to simulate turbulence using two

di�erent turbulence data and two models, and we experimentally analyse the pertur-

bations caused by the phase screens on a laser beam. Using the SLMs and the VQF

technique, we demonstrate optical turbulence in the form of digitally encoded random

phase screens using Kolmogorov's statistical models for turbulence. Furthermore, we

explore the transfer of vector vortex modes information through free-space and tur-

bulence channels, and we demonstrate the robustness of large OAM modes through

turbulent atmosphere.
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Chapter 3

Experimental results

Thus far, we have demonstrated the generation of spatial modes using spatial light

modulators and shown how they can be characterised using simple linear optical

elements. In particular, we showed that the polarisation and spatial components of

optical beams can be characterised using quantitative methods like the vector quality

factor (VQF), enabling us to distinguish purely scalar and purely vector beams. The

VQF measure may be used as a powerful tool for studying deleterious e�ects that

impact the transmission of information encoded in the transverse spatial modes of

light. For example, it has proven useful in demonstrating the reconstruction of the

phase, amplitude and polarisation of light after encountering absorptive obstructions

[64]. Moreover, it has also been proven to be useful in characterising quantum systems

with phase dependent aberrations due to optical turbulence at the single photon level

[132] owing to the entanglement-like-nature of the nonseparability arising in vector

modes.

While the VQF tool o�ers a novel method of investigating the e�ects of turbulence

e�ects on optical modes, it is also essential to devise methods for measuring turbulence

directly so we can gain better insight into how it evolves. We are able to use this

information to accurately model how turbulence a�ects optical beams and to develop

better compensation and adaptive methods to ameliorate the e�ects of turbulence.

In this Chapter we calculate the strength of optical turbulence and synthesise

phase screens. Subsequently, we then demonstrate the bene�t of using such phase
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screens for studying the e�ects of optical turbulence on vector modes. To achieve,

this we describe the installation and operation of an ultrasonic anemometer. This in-

strument maps the spatio-temporal distribution of turbulence in the atmosphere. The

instrument measures the wind velocity, and we derive the refractive index structure

function from the data acquired. We develop an experimental test bed to characterize

optical turbulence, using an old commercial projector (that has a DMD in it). Fur-

thermore, we use the VQF technique to characterize scalar and vector beams through

turbulence, and in free-space channels. We investigate the contribution of mode sep-

aration on the non-separability to demonstrate resilience for higher order OAM state

spaces against turbulence.
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3.1 In-situ velocity measurements

The work herein has been accepted by IEEE Photonics Society (IPS) Journal of

Selected Topics in Quantum Electronics.

To acquire the atmospheric data we deployed a three-dimensional wind vector

instrument, a sonic anemometer. A photo of two of these devices attached to the

rail of a building in the optical test facility at the CSIR is shown in Fig. 3-1. The

location where the instrument is installed is used for testing optical performance of

surveillance systems. The main purpose of installing the instrument was to map the

velocities of the air
ow in-order to calculate and study deleterious e�ects of near �eld

turbulence on imaging systems.

An additional temperature sensor, a platinum resistance thermometer (PRT),

was mounted near the sonic anemometer heads to measure the temperature. The

mounting was done �rm to prevent inaccurate measurements. The structure to which

the mounting bar was attached was on the downwind side of the probe to minimize

shadowing of the wind (as shown in Fig. 3-1), the instrument does not move from

its position. For best results, the probe was mounted on a boom laterally from the

structure. The output cables were fed through the mounting bar and connected to

the end of the probe array. The instrument was slid into the mounting bar, lining up

the holes in the probe array with the thumbscrews in the mounting bar. The array

is secured using the thumbscrews. The other end of the output cable was connected

to the serial port of a computer and power source to supply communication.

The sonic anemometer is supported by a number of electronic components, re-

sponsible for converting ultrasonic signals into readable results. Myself, together with

the optronics sensor systems team at the CSIR, we designed, and integrated the elec-

tronic control system (shown in Fig. 3-2) which involves the sonic anemometer, the

PRT sensor and the two main communication interface. The Gill electronic box con-

tains a six digitized analogue input connections. The components were dispatched

to the power and communications interface anemometer (PCIA) in the RS485 data

stream, enabling external sensors to be connected. We also installed a sensor to ac-
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