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Laser beam shaping with a uniform flattop profile has become a topic of in-
terest in many industrial fields such as high-power beam delivery to a point
of contact for laser cutting, welding and additive manufacturing. These ap-
plications require point of contact delivery through an optical fiber, hence
we investigate how the flattop beam has changed (in terms of modal content
and polarisation) when emerging from the fiber. These modes are not eigen-
modes of free space as such they change their intensity profile as they propa-
gate, and this may be overcome by the generation of vector flattop beams. In
this research we exploit the polarisation dependence of a Spatial Light Mod-
ulator (SLM) to generate a vector flattop beam that preserves its intensity
profile as it propagates. For this research we have experimental generated
and simulated the vector flattop beam and the correlation between the two
was found to be 86%. We propagate the vector flattop beam into a few mode
step index fiber and apply a holistic classical toolkit to analyse the modal
content and Stokes polarimetry of the vector flattop beam before and after
propagating through the fiber.
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Chapter 1

Structured light

In this research we study the different properties of light and how we can
tailor this properties to generate what we call a vector flattop. We exploit
the polarisation dependence of the Spatial Light Modulator (SLM) to gener-
ate vector flattop beam. We study the propagation of light (Gaussian beam)
through an optical fiber and calculate the coupling efficiency. Lastly we prop-
agate the vector flattop beams through the fiber. The aim of this research is
to study how the properties (modal content and Stokes Polarimetry) differ
before and after the fiber.

1.1 Introduction

Archimides was the first physicist to demonstrate beam shaping between
213 to 211 BC, in which a set of mirrors were devised using polished pieces
of flat metal to break up incident light and focus it onto a single target [1].
French physicist called Augustine-Jean Fresnel developed the Fresnel lens in
the 1700s, which was the first physical beam shaping optical element used
in a lighthouse for navigating the cruise ships along the coastline [1]. The
technology of beam shaping can be applied to both coherent and incoher-
ent light. In the 1900s newer techniques for shaping incoherent light were
introduced which involved the non-imaging methods and the use of reflec-
tive and refractive optical systems in order to increase the intensity of solar
radiation by focusing it the desired region [2]. During the 1980s the shap-
ing of coherent light took place after the emergence of the laser, with its full
evolution established over the following decades. Early laser light shaping
was first performed using the reflective, refractive and adaptive optical sys-
tems to modulate the phase and amplitude of the laser both externally and
internal to laser resonator cavities. Lately modern techniques that involve
encoding digital holograms on computer controlled light modulator devices
made up of pixelated array of micro-mirrors and cells of liquid crystals are
used to shape light. These devices provide more control and robustness in
optical experiments, because the orientation of the micro-mirrors are com-
puter controlled and enable dynamic beam shaping abilities.
Beam shaping refers to the process of altering the phase, amplitude and po-
larisation of the initial beam to obtain a desired beam. The beam shape is de-
scribed by the intensity distribution. The phase of the generated beam plays
a crucial role in determining the propagation properties of the beam profile,
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for example, a beam with a uniform wavefront will maintain its profile over a
considerable propagation distance. Different beams can be used for different
applications, e.g in laser material processing, a uniform intensity profile with
steep edges is used. In laser disk technology a focused beam with fewer side
lobes is used to minimize cross-talk which can be explained as a spacing be-
tween neighbouring interconnection shrinkage which results in an increase
in coupling capacitance between wires. Many other beams of interest in in-
dustrial, optical communication and medical applications such as Laguerre-
Gaussian beams, vector beams and Hermite-Gaussian beams among others
are used [3]. Experimentally beam shaping can be referred to as a process in
which an incident light source is directed onto an optical system such as a
Spatial Light Modulator (SLM) or a Digital Micro-mirror Device (DMD) that
modulates either the phase and amplitude or both to generate the desired
output beam at the observation plane. This can mathematically be expressed
as follows

u(x, y) = A(x, y)eiϕ (1.1)

where ϕ is the phase of the beam and A is the amplitude. Figure 1.1 below
shows a simulation of structured beams that can be generated in the labora-
tory.

FIGURE 1.1: 2-D intensity profiles of different beams that we
can generate in the laboratory.

From fig. (1.1) shown above, (a) is the intensity profile of different Laguerre-
Gaussian (LG) beams, (b) are the petal beams that can be generated by su-
perposition of two or more LG beams and (c) is the 2-D intensity profile of
Hermite-Gaussian beams.
In this chapter we derive the Helmholtz wave equation. This equation is a so-
lution to many beams such as the Gaussian beam, Laguerre-Gaussian beams
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and Hermite Gaussian beams among others. We discuss the orbital angu-
lar momentum (OAM) and show examples of beams that posses OAM. We
look at the difference between scalar and vector beams, and lastly we look
at different techniques that we can use to generate vector flattop beams and
compare the properties of vector flattop and scalar flattop beams.

1.2 Paraxial wave equation

Maxwell’s equations will be used to derive the Helmholtz wave equation
which governs the propagation of electric and magnetic waves and also ap-
ply to the paraxial equation to simplify the Helmholtz equation further [4].
Maxwell’s equations contain the wave equation for the electromagnetic wave.
The Maxwell’s equations in their differential form can be written as follows

∇× E = −∂B
∂t

, (1.2)

∇× H = −∂D
∂t

+ J, (1.3)

∇ · D = ρ, (1.4)

∇ · B = 0. (1.5)

The bold format represents the vectors and ∇ = ∂x̂
∂x + ∂ŷ

∂y +
∂ẑ
∂z is the del oper-

ator in 3-dimensional Cartesian coordinates, spanned by the orthogonal unit
vectors denoted as [x̂, ŷ, ẑ]. These equations are used to describe the relation-
ship between electric field (E), magnetic flux density (B), electric flux den-
sity (D), the magnetic field strength (H), current density (J) and the volume
charge density (ρ). The (H) magnetic field strength and the flux densities for
both the electric and magnetic cases in vacuum can further be expressed as
follows

D = ϵ0E, (1.6)

H =
1
µ0

B. (1.7)

Where ϵ0 and µ represents the permittivity and permeability of the free space
respectively [5]. The above equations are a special case for a more general
relation in any medium, and can be expressed as follows

D = ϵ0E + P, (1.8)

H =
1
µ0

B − M. (1.9)

Where P denotes the polarisation density and D is the dielectric properties of
the medium, M represents the magnetization density and H is the magnetic
property of the medium.
In the absence of currents and sources the Maxwell’s equations result in the



4 Chapter 1. Structured light

wave equation for both magnetic and electric fields. We can derive the elec-
tric field in a vacuum.
Considering the curl of Faraday’s law of induction, which is shown in Eq.(1.2)

∇× (∇× E) = ∇× −∂B
∂t

. (1.10)

By implementing the identity ∇× (∇× E) = ∇(∇ · E), so that

∇× (∇× E) = ∇(∇ · E)−∇2E = ∇× (−∂B
∂t

) (1.11)

Assuming that the is no charge density (ρ = 0), Eq.(1.11) becomes

−∇2E =
∂(∇× B)

∂t
(1.12)

The magnetic field can be eliminated by exploiting Eq.(1.3) and Eq(1.6-1.7)
and assuming that in a vacuum J = 0

∇× H = 1
µ0
∇× B = − ∂D

∂t + 0 = −ϵ0
∂E
∂t ,

∇× B = −µ0ϵ0
∂E
∂t

. (1.13)

By substituting Eq.(1.13) into Eq.(1.12) to obtain the wave equation given by

∇2E = µ0ϵ0
∂2E
∂t2 . (1.14)

The same relation also exist for B The electric field in the spatial and temporal
domains is given by

E(x, y, z, t) = U(x, y, z)T(t). (1.15)

Most of the solutions used are associated with the scalar Helmholtz equation,
the Helmholtz equation can be derived as follows, by substituting Eq.(1.15)
into the wave equation given by Eq.(1.14) yields

∇2U(x, y, z)T(t) = 1
c2

∂2

∂t2 U(x, y, z)T(t),

T(t)∇2U(x, y, z) = 1
c2 U(x, y, z) ∂2

∂t2 T(t),

1
U(x, y, z)

∇2U(x, y, z) =
1

c2T(t)
∂2

∂t2 T(t). (1.16)

In such a way that the spatial and temporal functions are separated from each
other. Since the two variables are not dependent on each other, the change in
one variable will not affect the other. Assuming that both sides of Eq.(1.16)
equals to constant -k2,we have

1
U(x,y,z)∇

2U(x, y, z) = 1
c2T(t)

∂2

∂t2 T(t) = −k2.



1.3. Gaussian beam 5

By replacing the right side of Eq.(1.16) with the constant −k2, we can elimi-
nate the temporal function. From rearranging Eq.(1.16) we obtain the Helmholtz
equation

1
U(x,y,z)∇

2U(x, y, z) = −k2,

∇2U(x, y, z) = −k2U(x, y, z),

(∇2 + k2)U(x, y, z) = 0. (1.17)

Where k denotes the wavenumber and it is defined as k = w
c = 2π

λ and w is
the angular frequency. The structured beams, such as the Gaussian, Bessel,
Hermite-Gaussian beams among others are all mathematical functions that
solve the Helmholtz equation.

1.3 Gaussian beam

Over the past decade the use of laser beams has grown exponentially [6].
Laser beams are used in many fields such as in science and technology, medi-
cal, military and commercial [7–9]. The paraxial Helmholtz equation is known
as the foundation of all the fundamental light beams and by solving this
equation in cylindrical coordinates from this equation becomes a solution
for the Gaussian and structured light beams such as the LG modes and the
Bessel mode [7] is found. The paraxial Helmholtz equation can be written as
follows

∇2E + 2ik
∂E
∂z

= 0. (1.18)

Where E is the electric field, k = 2π
λ is the wavenumber and z is the direction

of propagation. Assuming a Gaussian beam profile, the electric field is given
by

E(r, z) = EO(
ω0

w(z)
) exp(

r2

ω(z)2 ) exp(iφ(z)). (1.19)

Where r is the radial coordinate,wo is the waist radius and E0 is the peak of
the amplitude of the electric field. The function φ(z) describes the phase of
the wave and is given by

φ(z) = kz − arctan(
z

zR
) +

kr2

zR(z)
. (1.20)

Where zR =
πw2

0
λ is the Rayleigh range, R(z) = 2[1 + ( zR

z )2] is the radius
of curvature of the wavefront, and k is the wavenumber. Substituting the
Gaussian beam profile equation in the paraxial wave equation we get [10]

E(r, z)(
∂2

∂r2 +
1
∂r

+ 2ik
∂

∂z
) = 0. (1.21)



6 Chapter 1. Structured light

Then we can now separate the radial and axial dependence of the electric
field by assuming a solution of the form

E(r, z) = u(r)ω(z). (1.22)

Substituting this solution into the paraxial wave equation and dividing through
by E(r, z), we obtain

1
u

d2u
dr2 +

1
r

du
dr

+
2ik
ω

dω

dz
= 0 (1.23)

Since the first two terms on the left hand side depend only on r and the last
term depends only on z, the equation can be satisfied only if each term is
equal to a constant. We can choose the constant to be −k2, which gives two
separate differential equations

d2u
dr2 +

2
r

du
dr

− (k2 − r2

ω2 )u = 0. (1.24)

d2ω

dz2 +
2k
k2 (k

2 − r2

ω2 )ω = 0. (1.25)

The Eq.(1.24) is the radial part of the wave equation and has a solution of the
form

u(r) = C exp(
r2

ω2 ). (1.26)

Where C is the constant and w(z) is the radius of the beam size in the z di-
rection. Substituting this equation back in the paraxial wave equation, gives
Eq. (1.25) which has the following equation

w(z) = exp(iφ(z)) (1.27)

Substituting Eq.(1.26) and Eq.()1.27) back into the Gaussian beam profile we
obtain

E(r, z) = E0
ω0

ω(z)
exp(

−r2

ω(z)2 ) exp (i[kz − arctan(
z

zR
) +

kr2

2R(z)
]) (1.28)

Which is the Gaussian beam equation in polar coordinates. Where r =
√

x2 + y2

is the transverse radial coordinate. Properties that characterize the prop-
agation of the Gaussian beam and how it changes as it propagates in the
z-direction are shown in Eq.(1.28). An illustration that shows how the Gaus-
sian beam changes as it propagates in the z-direction is shown in fig.(1.2).
The vertically curved lines inside the beam are showing the wavefront of the
composing waves. It can be seen that the beam width which is denoted by w
converges before z = 0 and diverges after z = 0 as it propagates. At z = 0 the
beam waist (denoted by w0) is at its minimal and it increases gradually as it
moves away from the focal plane [11].
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FIGURE 1.2: A cross-section of the center of a Gaussian beam
indicating its characteristics and evolution during propagation.

The Rayleigh range can be used to explain how the beam width changes
as the beam propagates. The Rayleigh range can be defined as the distance
at which the beam width is larger than the beam waist by a factor of

√
2, and

it can mathematically be expressed as follows

ZR =
πω2

0
λ

(1.29)

Where λ is the wavelength. From Eq.(1.29) we can see that the Rayleigh range
is directly proportional to the smallest transverse cross-section and inversely
proportional to wavelength.
The intensity distribution of the Gaussian beam can be calculated with rela-
tion to the complex-amplitude equation in Eq.(1.30) [12].

I(r, z) = | ω0
ω(z) e

r2

ω(z)2 e
−ikr2

2R e−iϑ|

= ( ω0
ω(z) e

r2

ω(z)2 )2(e
−ikr2

2R e−iϑ)(e
ikr2
2R eiϑ)

I(r, z) = (
ω0

ω(z)
)2 exp(−2

r2

ω(z)2 )
2 (1.30)
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FIGURE 1.3: A (a) 3D plot and (b) 2D density profile of a Gaus-
sian beam intensity distribution at the beam waist (z = 0).

Figure 1.3 illustrates the Gaussian beam intensity distribution as calcu-
lated in Eq.(1.30). Gaussian beams have a distinguished intensity profile
which can be mapped to the exponential term of Eq.(1.18). Gaussian beams
are known for having a peak intensity at the center of the beam where r = 0
and z = 0, and it gradually decreases as it moves outwards along the radial
direction (r → ∞). This can be clearly seen in fig.(1.3a) which shows a 3D
intensity distribution of the fundamental (Gaussian) beam, fig.(1.3b) is a 2D
intensity distribution of the Gaussian beam.

1.4 Laguerre-Gaussian beams

1.4.1 Mathematical description

By solving the Helmholtz wave equation in cylindrical coordinates, we ob-
tain a another set of solutions know as the Laguerre-Gaussian beams[13] .
These beam play a very crucial role in our experimental work as such it is
important for us to explore them. Unlike the fundamental Gaussian beam
with a plane wavefront, the LG modes have helical wavefronts and these
modes are usually called the doughnut shaped modes [14, 15]. The complex
amplitude for the LG beams can be written as follows

E(r, ϕ, z) =

√
2p!

π(p + |l|)! (
r
√

2
ω

)|l|L|l|
p (

2r2

ω2 )e
−r2
ω2 eilφe

−ikr2
2R e−iϑp,l , (1.31)

where r =
√

x2 + y2 is known as the transverse radial coordinate, ϕ is the az-
imuthal angle and Lp|l|(x) is the Laguerre polynomial of the order p ≥ 0 for
ϵ Z, l ϵ Z. If l = p = 0, Eq.(1.31) reduces to a Gaussian solution. In comparison
with the Gaussian beam solution in Eq.(1.28), the LG and Gaussian beams
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have similar terms such as the beam waist (w), radius of curvature among
others. The Gouy phase in this case depends on the l and p indices which is
given by

ϑ = (2p + l + 1) arctan(
z

zR
). (1.32)

The intensities related to the LG modes can be obtained through the same
method outlined for the Gaussian beams

I(r, z) =
2p!

ω(z)2π(p + |l|)! (
r
√

2
ω(z)

)2|l|[|LP||l|(
2r2

ω(z)2 )]
2e

−2r2

ω(z)2 (1.33)

FIGURE 1.4: Simulated LG modes with various azimuthal (l)
and radial (p) indexes

LG beams are derived from combining Gaussian beams and the Laguerre
polynomial. Figure (1.4) illustrates various LG beams. Due to the coordinate
space and cylindrical variables of this beams, they have circular symmetry.
The p determines the number of radial nulls in intensity, which results in p
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+ 1 concentric rings occurring in the profile distribution [16]. For instance, if
[l, p] = [0,2], two rings are observed inside the intensity distribution, which
indicated intensity nulls, as such three intensity rings occur with correspon-
dence to p + 1 = 3. As a result the p index is often referred to as the radial
index. If we consider the l index from Eq.(1.33) a nonzero solution should be
observed in order to obtain a central null (r = 0) in intensity. This null can
be linked to ( r

√
2

w )2|l| in Eq.(1.23), in which the l-value modulates the Gaus-
sian intensity distribution. LG beams are known to posses an OAM which is
describe by eilφ, in the complex amplitude equation shown above.In the next
section we discuss what is OAM.

1.4.2 Orbital Angular Momentum

The electromagnetic waves are composed of both energy and momentum,
where the momentum is made up of the linear momentum P and angular
momentum L. The angular momentum has an extra component associated
to polarization, spin angular momentum (SAM) and OAM, which is associ-
ated with the spatial distribution of the beam [17]. The OAM is the sum of
the total angular momentum linked with the transverse spatial profile of the
photon [18]. From the complex amplitude equation of the LG mode shown
in Eq.(1.31), we notice the term eilϕ. Where ϕ denotes the phase and l is
the azimuthal index or the topological charge. OAM is the twisting of the
wavefront, and it can posses both positive and negative integers i.e l =[...-2,-
1,0,1,2...] [18]. We demonstrate that the OAM density is directly proportional
to the topological charge l by calculating the Poynting vector [19]

S =
E × B

u0
. (1.34)

The vector potential in the Lorenz gauge for a linearly polarized beam prop-
agating in the x̂ direction is given by

A(x, y, z, t) = U(x, y, z) exp (i(kz − wt))x̂, (1.35)

We can now represent the electric field (E) and magnetic field (B) shown in
Eq.(1.34) as follows

B(x, y, z) = ∇×A(x, y, z) = ik exp(i(kz−wt))(U(x, y, z))ŷ+(
i
k

∂U(x.y.z)
∂y

)ŷ,

(1.36)

E(x, y, z) =
ic2

w
∇×B(x, y, z) = iw exp(i(kz−wt))(U(x, y, z))ŷ+(

i
k

∂U(x.y.z)
∂y

)ŷ.

(1.37)
By substituting Eq.(1.36) and (1.37), we can calculate the Poynting vector the
following equations

E =
1
2
(E + E∗), (1.38)
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B =
1
2
(B + B∗). (1.39)

By evaluating the Poynting vector from Eq.(1.38) and Eq.(1.39), we obtain

S = εc2⟨Ereal × Breal⟩ =
ε0c2

4
(E × B∗ + E∗ × B)

= (
ε0wc2

4
(i(U∇U∗ − U∗)∇U) + 2k|U|2ẑ).

The acting Poynting vector in cylindrical coordinates along the azimuthal
direction can be written as

Sr = 0, (1.40)

S0 =
lwε0U2

0
2r

, (1.41)

Sz = kε0wU2
0 . (1.42)

The equation of the total momentum density can be written as follows

Lz =
1
c2 (r × S)z. (1.43)

The total OAM density can be obtained by substituting Eq.(1.40), Eq.(1.41)
and Eq.(1.42), which is expressed as follows

Lz =
lwε0U2

0
2c2 (1.44)

It can be noticed from Eq.(1.44) that OAM density is directly proportional to
the topological charge l. This expression eilϕ introduces an azimuthal phase
dependence of the beam as it propagates which is influenced by l. And re-
sults in the azimuthal rotation of the wavefronts, the number of rotations per
wavefront depend on the absolute value of the l index [16].

FIGURE 1.5: Illustrates (a) the 3D wavefronts and (b) the trans-
verse intensity distribution for l = [-3,3].
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This is usually referred to as helical twisting along the direction of prop-
agation, and this twisting can be seen in fig.(1.5a). The l index affects the
handedness, such that a positive l is associated with a right rotation and a
negative l is associated with an left rotation. This twisted form of a wave-
front is associated with OAM which is conveyed by the beam in the paraxial
regime such that it possesses an OAM of lh̄ per photon [13], l determines the
azimuthal index of the vortex beams, the higher the l value the bigger the
vortex as seen in fig.(1.5b).

1.5 Hermite Gaussian beams

HG beams have a rectangular symmetry and are usually used for modal anal-
ysis of radiation from a laser of which the laser cavity design is asymmetric in
a rectangular manner. Over the past decades research has been done on both
theoretical and experimental aspects of HG beams e.g Saghafi researched the
characteristics of elegant and standard HG beams [20], Lu′ looked at the dif-
ference between the two beams (elegant and standard HG beams) [21], the
elliptic HG beams were later introduced by Cai, and they also determined
the propagation of HG beams by using a misaligned optical system which
involved a vector integral [22]. Hermite-Gaussian beams are solutions to
the Helmholtz wave equation using the paraxial approximation and it can
also be referred to as a higher order Gaussian beam mode. HG beams are
mathematically presented in terms of a Gaussian function and the Hermite
polynomial Hn(x) as follows

HGnm(x, y, z) = E0
ω0

ω(z) exp (− x2

ω(z)2 )Hn.Hm(
√

2 y
ω(z)) exp (− y2

ω(z)2

.exp (i[kz − (1 + n + m) arctan( z
zR
) + k(x2+y2

2R(z) ]

Where n, m ∈ Z represents the indices of the Hermite polynomials Hn and
Hm respectively, if n = m = 0 it can be seen from fig.(1.6) that the HG beam
equations becomes the fundamental Gaussian solution. The Gouy phase in
this case has changed and can be written as follows

ψ(z) = (N + 1)arctan(
z

zR
). (1.45)

The total order of the mode N is represented as N = l + m.
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FIGURE 1.6: 2-D intensity profiles of HG beams.

The shape of the profile in the direction x and y is obtained by the indices
n and m. The intensity profile of the HG beams have n nodes in the horizontal
and m nodes in the vertical as shown in fig.(1.6).

1.6 Vector beams

In order to understand vector beams we first have to discuss the polarisation.
A vector nature can be represented by the polarisation structure linked to the
light wave. Consider any arbitrary polarisation state which relates to a light
wave that can be expressed by two orthogonal and linearly polarised fields
as follows [23]

E(z, t) = Ex cos (wt − kz + δx)x + Ey cos (wt − kz + δy)y. (1.46)

Where w = 2π f represents angular frequency, the wavenumber is given by
k, the corresponding phases are given by δx and δy, Ex and Ey are the ampli-
tudes of the fields. Using Jones vector notation we can represent Eq.(1.46) as
follows

E(x, y) =
[

Ex
Ey

]
=

[
Ex cos (wt − kz + δx)
Ey cos (wt − kz + δy.

]
(1.47)

In complex notation Eq.(1.48) can be written as follows

E(x, y) = exp i(wt − kz + δx)

[
Ex

Ey exp (iδ).

]
(1.48)



14 Chapter 1. Structured light

Where δ, given by δ = δy − δx represents the phase difference between the Ex
and Ey fields. The common phase factor can be neglected for simplicity and
Eq.(1.47) becomes

E(x, y) =
[

Ex
Ey exp (iδ).

]
(1.49)

Equation (1.49) represents the electromagnetic wave equation in Jones vector
notation. The normalised Jones vector of the electromagnetic wave equation
can be written as follows

E(x, y) =
1√

E2
(x,y) + E2

(x,y)

[
Ex

Ey exp (iδ).

]
(1.50)

The Jones vector equation shown in Eq. (1.50) is used to represent any arbi-
trary polarisation state of a field, e.g a linearly polarised state can be acquired
when Ex = cos (θ), Ey = sin (θ) and δ = 0. For horizontally and vertically
polarised states θ = 0 or θ = π

2 respectively, we can also obtain any other
linear polarisation by varying θ provided that δ = 0. By superimposing Ex
and Ey we can obtain circular polarisation but this requires a relative phase
shift of δ = −π

2 or δ = π
2 for the LCP and RCP respectively between the two

fields. The vertical (V), horizontal (H), Right circular polarisation (RCP) and
left circular polarisation (LCP) can be expressed using Jones vector notation
mathematically as follows [24]

V =

[
0
1

]
, H =

[
1
0

]
, LCP =

1√
2

[
0
−i

]
, RCP =

1√
2

[
0
i

]
We can expressed the diagonal (D), anti-diagonal(A) , RCP and LCP as linear
combinations of the horizontal and vertical polarisation state as follows

A =
H − V√

2
, D =

H + V√
2

, LCP =
H − iV√

2
, RCP =

H + iV√
2

. (1.51)

Now that we have discussed how light can have different polarisation states
and how we can use the Jones vectors to describe various states of light, next
we will discuss vector beams. Vector beams can be described as fully po-
larised beams that have locally varying polarisation states. These beams can
be generated by tailoring the polarisation state of the incident field, which
modulates the direction of the electric field E.
Taking into consideration the transverse plane given by x − y, we can choose
the electric field E independently to orientate either along the x for Ex or y
for Ey directions. As such we can define the polarisation state of the elec-
tromagnetic wave as polarised in the x direction for Ex and y direction for
Ey. Vector beams are generated by super-positioning two fields (Ex) and (Ey)
with orthogonal polarisation states x and y and each field having a unique
amplitude and phase component. The coaxial superposition of the two fields
amplitude will result in a transverse intensity profile given by E2. Vector
beams are characterised by inhomogeneous polarisation distribution across
their spatial intensity profile.
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Cylindrical vector vortex beams are the most common vector light fields
and are solutions to the Helmholtz wave equation in cylindrical coordinates.
Cylindrical vector vortex beams can be described as linear combination of
scalar vortex beams with opposite OAM indices and orthogonal polarisation.
These beams can mathematically be expressed as follows [25]

U(r, θ) = AR(r)eil1θ1 R̂ + [AL(r)e−il2θ2 ]eiδ L̂. (1.52)

Where L̂ and R̂ represents the left and right circular polarisation vectors, the
radial profiles of the beams are represented by AL and AR. The OAM is
given by l and θ denotes the azimuthal angle, eiδ, where δ = [0, π] introduces
a new phase term. A common set of cylindrical vector vortex beams can be
obtained by setting l1 = l2 = ±1, θ = θ1 = θ2 and δ = 0 or π as shown by the
following equations

TM = 1√
2
(eiθ R̂ + e−iθ L̂),

TE = 1√
2
(eiθ R̂ − e−iθ L̂),

HEe = 1√
2
(eiθ L̂ + e−iθ R̂),

HEo =
1√
2
(eiθ L̂ − e−iθ R̂). (1.53)

Equation (1.43) describe the first low order cylindrical vector vortex beams,
where TE is the transverse electric, TM is the transverse magnetic and HE is
the Hybrid electromagnetic modes. Illustration of the spatial and polarisa-
tion relations of the scalar and vector beams are shown in fig.(1.7)

FIGURE 1.7: (a) is the example of scalar beams and (b) is the
vector vortex beam profile intensities with uniform and non
uniform state of polarisation, the arrows indicate the linear
polariser which projects the beam into respective polarisation
states which results in the intensity distribution shown on the

right.

Figure.1.7(a) illustrates the scalar beam. The arrows represents the direction
of the electric field oscillations around the beam profile. By putting a linear
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polariser in front of the beam, it can be projected to the horizontal and ver-
tical polarisation basis by assuming associate directions. The black arrows
represents the polarization possessed by the beam. It can be observed that
the spatial phase of the beam remains unchanged, which indicates the sep-
arability of the properties as well as the uniformity in the polarisation state.
It is also important to note that the different polarisaton state comes as a
results of the heterogeneous phase along the cross section of the beam [26].
Figure.1.7(b) illustrates the vector beams, it can be observed that the polarisa-
tion arrows on the beam profile, illustrate a clear variation in the polarisation
state of the beam as the phase profile is traversed. This is observed more
clearly by projecting in the horizontal and vertical basis which results in a
change in the phase profile of the original beam. Even though the polarisa-
tion is limited to two orthogonal basis, the spatial mode orthogonal basis can
go beyond an infinite range. Vector modes can be categorised into various
orders depending on their phase profile mode order [27], the number of spa-
tial bases increase with an increase in the order number. The spatial modes
are paired with the polarisation states such the state of any vector mode is
confined to a 2D combination in its simplest term [27].
The Poincaré sphere can be used to express all possible vector beams in a spe-
cific spatial mode to polarisation basis combination. Milione et.al [28] were
the first to demonstrates the concept of the Poincaré sphere, which gave more
understanding to the spatial and polarisation state of vector beams. This
optical portrayal of vector beams were named high order Poincaré spheres
(HOPSs). Figure 1.8 illustrates an example of HOPSs for vortex beams (±l).
The states are demonstrated in Dirac notation with OAM used to illustrate
the phase profile of the LG beam in order to emphasis the change and con-
servation of angular momentum as the sphere is traversed.
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FIGURE 1.8: An illustration of a higher order Poincaré sphere
for ± l where l = [-1,1].

The beams on the poles of the Poincaré sphere contain one basis pair
and describe the contributing scalar beams that produce the vector beams.
This is represented by the uniform circular polarisation distribution along
the cross section as shown in the poles of the sphere. Any other state are non-
factorizable as such regarded as vector beams. The polarisation state of the
modes located at the equator is linear, this follows from the equal weighting
of opposite circular polarisation. Looking in the longitudinal direction, the
polarisation state has been changed from circular to elliptical polarisation. It
is very important for this research to understand the properties of scalar and
vector beams, in the following section we will discuss the difference between
scalar and vector flattop beams.

1.7 Flattop beams

Most lasers possess the Gaussian beam intensity profile. Gaussian beams
are the fundamental beam as such making them easy to manipulate during
experiments for structured light. We look at how we can manipulate the
fundamental Gaussian mode into a flattop beam.
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FIGURE 1.9: illustration of a Gaussian beam with a decay in-
tensity from the center of the beam and a flattop beam with a

uniform intensity profile.

Gaussian beams have a high intensity at the center of the beam and de-
creases gradually from its maximum on the beam axis to zero, which can be
seen on fig.(1.9). On the other hand flattop beams have a uniform intensity
profile with steep edges and have over the years become a topic of interest,
this is because of many applications in which this profile is preferred such as
for optical trapping and laser material processing [29]. Flattop beams have
a continuous tunable order parameter p that can be used to transform the
electric field E(r) from a perfect Gaussian at p = 2 to a flattop at p = ∞ [30]

E(r) = exp [−(
r
w
)p]. (1.54)

And the intensity distribution of the flattop can be written as follows

I(r) = Ip exp [−2(
r
w
)p] (1.55)

The higher the value of p the steeper the intensity gradient and flatter the
intensity at the center of the beam. From fig.(1.10) it is observable that when
p = 2 we have a perfect Gaussian beam and when p = 10 we have a flattop
beam.
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FIGURE 1.10: Illustration on how we can transform a Gaussian
beam at p = 2 to a flattop beam at p = 10.

Flattop beams can be categorised into either vector flattop beams or scalar
flattop beams depending on their characteristics and properties. Scalar beams
are not eigenmodes of free space, as such the desired intensity profile can
only be observed at the exact single plane and changes drastically during
propagation as illustrated in fig.(1.11). This change in the spatial distribution
of the scalar flattop makes optical delivery very difficult [31].

FIGURE 1.11: 3D intensity profile of a scalar beam as it propa-
gates in the z direction over a distance of 4m.

The main focus for this research is on the vector flattop beams. The elec-
tric field of the vector flattop beam can be expressed as follows [31]

E(r, ϕ, z) =
√

1 − αLG0,1(r, ϕ, z) ˆeH +
√

αLG0,0(r, ϕ, z) ˆeV . (1.56)
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Where êH and êV represents the horizontal and vertical components of the
Jones matrix and α represents the angle of the half-wave plate (HWP).

FIGURE 1.12: Intensity distribution of a LG00 (Gaussian), LG01
(vortex) and resultant flattop beam.

The intensity of vector flattop beams depends on the polarisation of the
initial beam (Gaussian beam), which can easily be alter by the use of wave
plates and polarisers as shown in fig. (1.12) and it can generally be written as

I(r, ϕ, z) = α|LG0,0(r, ϕ, z)|2 + (1 − α)|LG0,1(r, ϕ, z)|2 (1.57)

FIGURE 1.13: Propagation of a vector flattop beam over a dis-
tance of 10m.

This beam can be generated by using a SLM, whereby the polarisation de-
pendence of the SLM can be exploited. This can be done by super-positioning
a Gaussian and vortex beam (with orthogonal polarisation) and the resultant
is a vector flattop beam which can be seen on fig.(1.13). By simply tuning the
polarisation of the initial beam we can see an evolution from the Gaussian
beam to vortex then a vector flattop (where the weighting between the Gaus-
sian and vortex beam are nearly the same). Since the Gaussian and vortex
beams are eigenmodes of free space their superposition is also an eigenmode
of free space [31]. Figure 1.12 shows that vector flattop beams are invari-
ant during propagation. In the next chapter we will discuss in detail SLMs
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and how they can be used to generate different beams, and look into how to
generated vector flattop beams in the laboratory.
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Chapter 2

Experimental techniques

In this chapter we discuss the mechanism of Spatial Light Modulator, how
to calibrate them and the importance of calibrating them for a specific wave-
length. We look at the characteristics of a Digital Micro-mirror Device (DMD)
and how they work. We illustrate how to generate various modes by using
a SLM and calculate the correlation between the simulated and experimental
modes. This is done by overlapping (cross-correlation) two modes together
and a good correlation is between 60% and a 100%. Lastly we discuss Stokes
polarimetry and modal decomposition techniques which will help us analyse
our mode’s spatial profile and polarisation content.

2.1 Spatial light modulator

2.1.1 Mechanism

A SLM is a device that uses liquid crystal molecules to alter the phase and
amplitude of light by applying a controlled voltage [32]. Liquid crystals
where first introduced back in 1985 as Hughes liquid crystals valve [26]. Over
the years more affordable Liquid Crystal Display (LCD) technology where
manufactured for the development of SLM applications such as resolution
and speed [33]. This device can be used for image projection, holographic
data storage , optical computing as well as for shaping ultrashort pulses [34–
36]. Nematic LCDs are the most commonly used type and can be used for
phase-only modulation, they are constructed as a two dimensional array of
pixels, where each pixel is filled with a nematic liquid crystal material [37].
These molecules can be represented by a cigar-shaped ellipsoid which has
an extraordinary refractive index donated as ne and an ordinary refractive
index as n0 [38]. The modulation of light depends on the arrangement of the
molecules on the LCD within the pixels of micro-displays, which can be clas-
sified as vertically aligned nematic (VAN), parallel aligned nematic (PAN) or
the twisted nematic (TN). The type determines how the incident light beam
will be modulated, it can either be phase-only, amplitude-only or both phase
and amplitude modulation [39–41].
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FIGURE 2.1: A conceptional cross section of a liquid crystal
SLM. For an incident beam that has the polarisation e0 and en a
spatially varying phase delay θ(x, y) can be observed by rotat-

ing the liquid crystals on the SLM.

SLMs allows for the phase information to be encoded on the on computer
controlled display. SLMs use liquid crystals (LC) an interface between the
solid matter phase and the liquid to alter either the phase or amplitude of
the beam, it can also be used to modulate both (phase and amplitude). The
LC are sandwiched between an array of electrodes as shown in fig.(2.1). The
orientation of the crystal vary depending on the voltage applied between
the electrodes which enables each pixel’s refractive index to be altered. The
change in phase can be written as

δd =
2πVL

λ
. (2.1)

Where V is the applied voltage across the electrodes, L represents the depth(which
is the measurements of an object from the back to the front) of each pixel and
d is the thickness(which is the measure of the object in the direction perpen-
dicular to its surface) of the pixel. Liquid Crystals are made up of elongated
birefringent material which allows the modulation of horizontally polarised
light (along the slow axis). The applied voltage determines the index of re-
fraction, as such the phase retardance can be varied through controlling the
voltage which allows quick variation of the phase information encoded on
each pixel. In our group we use HoloEye PLUTO SLMs, which are designed
to modulated only the phase of the incident light and not the amplitude, but
we can manipulate them to modulate both the phase and amplitude of the
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incident beam. The display screen of the SLM has 1920 × 1080 pixel resolu-
tion and each pixel is 8µm in size which has an 8-bit encoding capacity that
is addressed with a gray scale image that ranges from black (0) to white (255)
which corresponds to 0 to 2π phase shift. The gray level depends on the ap-
plied voltage as they are associated with the LC. The pixels have a refresh
rate of 50 Hz.
SLMs use digital holography to modulate the intensity of the light, this can
be implemented by the use of generated computer holograms. Appropriate
encoding techniques which map each pixel of the SLM onto a coordinate ma-
trix with dimensions equal to that of the SLM are used to generate digital
holograms. A digital hologram is a digital display of the transmission func-
tion that acts on an incident beam. This hologram is displayed on the SLM
as a gray scale level image with 256 colours from 0 which is black to white
represented by 256, which relates to the phase change of the device. The
SLM is made up off thousands of pixels, which diffracts the incident beam
into many diffraction orders and the modulated mode is obtained from the
1st order mode . A diffraction grating such as sinusoidal or blazed grating is
normally encoded with the hologram to separate the diffraction orders.
The advantage of using a SLM is that, SLMs are easy to use as the device
does not require any software to function. They use high definition media
interference (HDMI) cables which provide versatility and dynamic control
in optical experiments. However SLMs also have some limitations which in-
clude the fact that they are polarisation sensitive (only modulate horizontally
polarised light), because of this they only have one degree of freedom (phase)
and require the use of optical elements such as wave plates and a polariser
in a case where beams of different polarisation are required. They have very
low frame rates which limits the dynamic control in optical experiments and
lastly they are very expensive. The above mentioned disadvantaged can be
overcame by the use of DMDs which will be discussed in detail in section 2.2.
It is important to first calibrate your SLM for your wavelength in order to get
the correct phase shift. In the next section we will discuss how to calibrate
SLMs for use in optical experiments.

2.1.2 Calibration

It is important to calibrate the SLM in order to obtain the desired phase shift.
A SLM is used as an external display which shows the gray scaled image,
where the 256 shades ranges from 0 (black) to 256 (white) corresponds to
the phase retardance starting from 0 to 2π. In order for this to work the ap-
plied voltages mapped to the shades should be calibrated for that specific
wavelength in order to convey the correct crystal rotations, and this can be
done by adjusting the applied voltages in order to get the desired phase. An
easy method that can be used to achieve this in the laboratory is performed
as follows. Two lenses l1 and l2, having focal lengths f1 << f2 are posi-
tioned a distance f1 + f2 apart from the front of the laser source (633nm HeNe
laser). The light is then expanded and collimated after passing through the
two lenses such that the beam waist w is very large. The laser source that
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we use in the lab is usually coherent light that emits a Gaussian beam with a
planar phase. The central region of the uniform intensity of this beam after
expansion can be treated as a plane wave with constant amplitude, passing
this beam through a mask (double pinhole) yields two identical plane waves
which are illuminated on two halves of the SLM screen and reflected off. Af-
ter being reflected off the SLM screen a third lens is used to spatially overlap
the beams in the far field, generating an interference pattern. The objective
lens is then used to expand the interference pattern and then measured us-
ing a CCD camera . One half of the screen is kept constant (either with black
or white shade) and the other half is displayed with different gray shades
from 0 (black) to 256 (white) and the phase retardance resulting from the de-
fault voltages can be determined using the observed fringe shift. A diagram
demonstrating this process is shown in fig.(2.2). The voltage mapped to the
gray shades are found in a ’gamma file’ included with the SLM.

FIGURE 2.2: Schematic diagram that shows an experimental
setup for calibrating a SLM.

The HoloEye SLM systems use a translucent (LCD) or reflective (LCOS)
liquid crystal micro-display. HoloEye provides a calibration software called
phaseCam which is an automated program that can simultaneously change
the gray level scale of the hologram encoded on the SLM screen and also
monitor the location of the maximum interference pattern as it shifts across
the camera. This software is used to generate a 1 dimensional intensity pro-
file of the interference pattern of each gray level as shown by fig.(2.3) below
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FIGURE 2.3: A plot showing the 1 dimensional intensity distri-
bution of the interference pattern of a particular gray level.

Figure (2.3) is a graph that shows the phase shift before and after cali-
bration. The CCD camera was used to measure the maximum phase shift
of the SLM. The HoloEye calibration excel file creates a gamma file from the
measured phase shift. This gamma file is a file that is loaded on the SLM and
instructs the SLM to modulate the phase optimally. The SLM is said to be cal-
ibrated if it modulates from 0 gray scale level to 2π gray scale level adjusted
accordingly.

FIGURE 2.4: Plot showing the phase shift before and after cali-
bration.

From the graph shown in fig.(2.4) we can see that before calibration that
the phase shift was below 2π and the graph is not linear, after calibration
with a linear graph with phase shift of 2π was obtained. Now that we have
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shown how to calibrate SLM to get the desired phase shift, next we will dis-
cuss how to generate beams with SLMs.

2.2 Generation of spatial modes

2.2.1 Laguerre-Gaussian modes

SLMs can be used to generate vortex (OAM) modes by modulating the phase
only, this can be done by encoding a phase-front associated with the field
desired on the SLM display screen. This is associated with the following
transmission function

Tl(ϕ) = eilϕ, (2.2)

where ϕ represents the azimuthal coordinate and l denotes the topological
charge of the OAM. The argument of the transmission function is encoded on
the SLM display function in a form of a gray scale image. A Gaussian beam
from the laser source will interact with the hologram and the wanted phase
fronts will be diffracted into the first order of the output beam in order for a
vortex beam to be generated. It should be noted that not all of the incident
light will be modulated. The 0th order, which is the light that is unmodulated
propagates on axis with the diffracted modulated first order, causing them
to interfere. A periodic grating is added to separated the 0th order from the
first order, in order to retrieve the modulated light. An aperture can then be
used to filter out the modulated first order. Now, the transmission function
is given by

Tl(ϕ) = e(−ilϕ+2π x
tx ). (2.3)

Where tx is the periodic grating and x is the coordinates in Cartesian form,
as such the diffraction order from the SLM will be diffracted horizontally. It
is important that any direction can be chosen for the grating i.e replacing x
with y means that the diffraction order will be diffracted vertically. Figure.
2.5 illustrates how to generate and detect a vortex beam. As demonstrated a
Gaussian beam with a plane wavefront is illuminated on an SLM screen with
a computer generated hologram phase only encoded with a desired trans-
mission function.
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FIGURE 2.5: Mode generation and detection using digitally
encoded holograms on the SLM. A Gaussian beam is illumi-
nated on the phase-only SLM that is encoded with an azimuthal

phase profile. The output is a vortex mode.

SLM can also be used to tailor both the phase and amplitude of an inci-
dent beam. One way that an SLM can tailor light is by modulating the phase
of light. By changing the phase of the light waves in a controlled manner,
an SLM can create interference patterns that can be used to shape the light
in specific ways . This is associated with the transmission function given as
follows

T(ϕ) =
A1

A0
exp [i(ϕ1 − ϕ0)]. (2.4)

From Eq.(2.4) we notice that in order to generate a spatial mode we should
have both the phase and amplitude modulation. Since we are having a phase-
only SLM, we require a phase transmission function which can be written as
follows

T(Φ) = exp(iΦSLM). (2.5)

A spatial mode can be generated by encoding a hologram with a transmis-
sion function T of amplitude 1 as shown in Eq.(2.5), which takes more light
towards the zeroth order [42] and results in the creation of spatial modes.
The holograms encoded on the SLM display screen with both the phase and
amplitude term can be written as follows

ΨSLM = mod[Φ(r, z) + 2π(x
Gx

λ f
+ y

Gy

λ f
), 2π], (2.6)

where Φ(r, z) denotes the phase of the spatial mode in the transverse orien-
tation. A lens is placed a focal length away from the SLM display screen in
order to separated the 1st order mode (desired order) from the 0th and higher
order modes. Gy = gyλ f and Gx = gxλ f are the grating which is periodic
along the x and y direction and are related to the grating frequency (gy and
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gx) and are depended on the focal length of the lens used. Gratings are used
to disperse desired mode into different directions, let Gxx = 0 Gyy = 0 the
modes will scatter in the x- direction and vice-versa. By varying both Gyy
and Gxx the orders will disperse diagonally. There are many types of grat-
ings, for our research we will discuss the sinusoidal grating which is usually
used in the generation of LG modes. Figure (2.6) shows a sinusoidal grating
encoded on an SLM screen for beam generation

FIGURE 2.6: Encoded SLM holograms displaying a sinusoidal
gratings.

The sinusoidal grating can be written as

Φ = sin (G · r + ϕ). (2.7)

Where Φ ϵ[−π, π] is chosen to be symmetrical about zero in order to remove
any additional phase modulation and G denotes the grating.
Victor Arrizon and et. al. [43], published a paper in about different tech-
niques that can be used to generate spatial LG modes using pixelated phase
computer holograms. Arrizon suggested that the complex field can be writ-
ten as

u(x, y) = A(x, y) exp [iϕ(x, y)], (2.8)

where A(x, y) denotes the amplitude and ϕ(x, y) in the phase and can take
intervals [0,1] and [−π, π], respectively. The encoded complex field can be
written in terms of the phase transmittance Computer Generated Holograms
(CGH) as follows

T(x, y) = exp(iϕ(A, Φ)), (2.9)

where CGH ϕ(A, Φ) represents the function of the amplitude denoted by
A(x, y) and Φ(x, y) is the phase of the desired field. Equation (2.8) can be
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written as a transmission function in the domain Φ transform as follows

U(x, y) =
∞

∑
q=−∞

CA,n exp(iqΦ). (2.10)

By multiplying both side of Eq.(2.10) by einΦ and integrating from π to −π
we obtain∫ π

−π
T(x, y) exp(−inΦ)dΦ =

∞

∑
q=−∞

CA,q

∫ π

−π
exp(i(q − n)Φ)dΦ, (2.11)

By using Euler’s formula on the right side of Eq.(2.11) we obtain∫ π

−π
exp(i(q − n)Φ)dΦ =

∫ π

−π
cos(q − n)ΦdΦ + i

∫ π

−π
sin(q − n)ΦdΦ. (2.12)

If q = n = 0 and q ̸= n and Eq. (2.12) = 2π, we can now write Eq. (2.12) as
follows ∫ π

−π
exp(iϕ(A, Φ) exp(−inΦ)dΦ = CA,n2π, (2.13)

Where Ca,n is the coefficient of the Fourier transform which can be expressed
as follows

CA,n =
1√
2

∫ π

−π
exp(iϕ(A, Φ)) exp(−inΦ)dΦ. (2.14)

If we use the Euler’s formula, Eq. (2.14) becomes

CA,n =
1√
2
[
∫ π

π
cos (iϕ(Φ, A)− nΦ)dΦ + i

∫ π

−π
sin (iϕ(Φ, A)− nΦ)dΦ].(2.15)

It can be observed that Eq.(2.15) depends on amplitude (A), from Eq. (2.15)
we can obtain the complex field by choosing the first order (n = 1) the com-
plex field signal encoding condition can be satisfied when n ≥ 1

Ca,1 = na. (2.16)

The following conditions should be met in order for Eq. (2.16) to be satisfied∫ π

−π
sin(Ψ(Φ, A)− Φ)dΦ = 0 (2.17)

∫ π

−π
cos(Ψ(Φ, A)− Φ)dΦ = 2πnA. (2.18)

We can obtain suitable CGHs from Eq.(2.17) and (2.18).
Figure. 2.7 illustrates an experimental setup used to generated structured
modes. An incident Gaussian beam is illuminated on the SLM screen with
a digital hologram encoded, Lens-1 and Lens-2 are used to expand and col-
limate the incident light illuminated on the SLM display. We use lenses to
separate diffraction order and image to the desired plane. Lens-3 is used to
separate the diffraction orders at the Fourier plane, an aperture is used to
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isolate the desired order and lens-4 is used to image the SLM screen (mode)
into the camera and record the intensity profiles. Figure 2.8 shows the 2-D in-
tensity profile of the generated and simulated LG mode with l and p indices.

FIGURE 2.7: An experimental setup that we use to generate spa-
tial modes. A laser (Gaussian) beam is illuminated on the SLM
display screen encoded with a hologram with a transmission

function given by Equ.(2.9).

Figure 2.8 shows some of the LG modes (l = p = [0,2]) that we generated
in the laboratory and the simulated LG modes.
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FIGURE 2.8: 2-D intensity profile of the LG modes with indices
l and p. The inserted diagrams are the simulated LG beams.
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FIGURE 2.9: Graph illustrating the correlation between LG
modes (l, p) = (1, 0), the purple line represented the simulated
LG and the oriange line represents the experimentally gener-

ated mode.

Figure 2.9 shows the calculate correlation between the the simulated and
experimental LG beams, we found that the correlation is 92% which shows
that the generated beams are indeed LG modes, we can conclude that the
generated LG beams agree very well with the simulated LG beams. We used
the least-squares method to determine the correlation between the simulated
and experimental LG beams.

2.2.2 Vector flattop beams

Here we outline the concept of generating vector flattop beams, this will be
done using the experimental set up shown in fig.(2.10). A Gaussian beam
propagating through a half-waveplate (HWP) was illuminated on the SLM
display screen. The HWP is used to control the polarisation state of the inci-
dent beam. The SLM was set to modulate horizontally polarised light when
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vertically polarised was reflected off the SLM screen unmodulated. To gen-
erate the vector flattop beam a vortex phase-only hologram with azimuthal
index l = 1 was encoded on the SLM screen, see fig.(2.10), with no gratings
resulting in co-propagation between the unmodulated (Gaussian mode) and
the modulated (vortex mode) being reflected off the SLM. The vector flat-
top is acquired by altering the polarisation state of the input beam, such that
near equal weighting is obtained between the Gaussian and vortex beams.An
aperture is used to filter out the unwanted order in the Fourier plan of lens-1.
And lens-2 is used to image the SLM screen to the camera which records the
intensities. Figure 2.11 shows the superposition of the Gaussian beam and a
vortex to generate a flattop beam as we rotate the HWP, this can be achieved
by rotating the angle (θ) on the HWP. If θ = 0 we have a vortex, if θ = π

2 we
have a Gaussian and if we have an equal weighting between the two beams
we have a vector flattop beam.

FIGURE 2.10: Experimental setup used to generate vector flat-
top beams.
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FIGURE 2.11: By rotating the angle on the HWP, we can show
the evolution from a Gaussian beam, vortex beam to a vector

flattop beam.

FIGURE 2.12: Illustration of 1-D intensity profile of the correla-
tion between the simulated and experimentally generated vec-

tor flattop beams.

The correlation between the simulated and experimental vector flattop
beam was calculated as shown on fig.(2.12), and we observe a 86% correla-
tion between the two beams. Which we can conclude that our experimental
results agree with the simulated.

We can also generate what we call an elongated (rectangular shaped) flat-
top beam. This can be achieved by superposition of a vortex with azimuthal
indices l =1, l =-1 and a Gaussian beam. This beam exhibits the same prop-
erties and characteristics as the beam discussed above. Fig.(2.13) shows a 2D
and a 1D intensity profile of a simulated elongated flattop beam.
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FIGURE 2.13: Schematic diagram of a simulated elongated vec-
tor flattop beam.

For this research optical fibers are used to direct beams to a point of con-
tact. Optical fibers change both the polarisation and phase of the initial beam,
this is because of modal coupling between different mode groups inside the
fiber, we will only use the cylindrical shaped flattop beam as it is easier to
propagate in an optical fiber.

2.3 Digital micro-mirror device

A DMD was first introduced back in 1987 as a deformable mirror device that
uses a micro-mechanical analog light modulator and were first manufactured
for use as a liquid crystal display alternative [44]. Over the years the device
properties have improved which allowed for more suitable applications in
projection. The first ever DMD to ever be manufactured was a T1 DMD2000
airline ticket printer that replaced the laser scanner with a DMD.
Fig.(2.14) shows the arrangement of the micro-mirrors in a form of arrays in
a DMD [45].
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FIGURE 2.14: DMD chipset with a microscopic structure of
the two dimensional array and a close-up view of the single

pixel[46].

A DMD chip surface is made up of hundreds of microscopic mirrors that
are arranged in a square array that corresponds to the number of pixels in the
image to be displayed on the screen [47]. Fig.(2.15) shows the DMD in three
different states.

FIGURE 2.15: A schematic showing the three possible states of
the DMD, on-state, parked state and the off-state.

The mirror can be titled ±120 to an on or off state. The on state is when
the light from the incident beam (light source) is reflected to an angle of +120

into the lens making the pixels appear bright on the DMD screen, on the
other hand the off state is when the incident beam is reflected at the angle
−120 making the pixels on the DMD screen to appear darker. If the DMD is
un-powered this means that the DMD is off and no hologram is encoded on
the DMD screen, the pixels remain in what is called the parked state and the
mirrors are not titled in either direction. In order to generate gray-scales on
the DMD, the mirrors are togged on and off several times at a high speed.
The ratio between the on time and off time determines the shade generated
(binary pulse-width modulation).
DMDs can generate up to 1024 different shades of gray (10 bits). These mir-
rors are made from aluminum and are around 16 micrometers in size. The
DMD is made up of two discrete mirror layouts which is the Cartesian layout
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and the Diamond layout, when a hologram is encoded on the DMD screen
the mirrors may only be on the off-state or the on-state. Each pixel has a di-
mension of 0.4um, and each mirror is attached to the yoke which is connected
to two support posts by compliant torsion hinges, where the axle is fixed on
both ends and twisted in the middle due to the small scale, hinge fatigue
is not a problem [48]. The electrodes adjust the position of the mirrors by
electrostatic attraction. Each pair of the mirror is attached to an electrode on
either side of the hinge, with one of the pairs acting on the yoke and the other
pair acting directly on the mirror. In most cases both sides of the mirror ex-
perience the same bias charge applied simultaneously [49]. DMDs are used
to display binary holograms, these are images that consist of ones and zeros,
acquired through complex amplitude modulation. The DMD has a maxi-
mum efficiency of 62% with no hologram encoded on. When a hologram
with grating is encoded the DMD efficiency drops to 6.2%, the value of the
grating number chosen doesn’t affect the efficiency of the DMD and this is
because for all the binary amplitude gratings exactly half of the mirrors will
always reflect on the off-state and half will always reflect on the on-state. The
grating number only affects the separation of the diffraction orders, as such
the smallest number possible should be chosen for the grating to get a clear
separation at the desired plane. In this work we use a DMD to detect modes
for modal decomposition. The DMD is an amplitude modulating device, as
such in order to control both the phase and intensity a complex amplitude
modulation technique should be implemented. For modal decomposition
we encode a complex conjugate of the mode present in the output field on
the DMD screen then the mode is being reflected off. A lens is used to sepa-
rate the orders in the far field where a camera is used to record the intensity
detected. This technique will be discussed in more detail in section(2.5).

2.4 Stokes Polarimetery

The Stokes vector S⃗ is made up of four real components S⃗ = (S0, S1, S2, S3),
known as Stokes parameters. Stokes parameters are used to describe the
intensity and polarisation state of light. S0 is the first Stokes parameter which
is the total intensity of the field and is proportional to the optical intensity
and dependents on three parameters which can be expressed in terms of the
Cartesian co-ordinate points of the Poincaré sphere [50] - such that

S0 =
√

S2
1 + S2

2 + S2
3 = ExE∗

x + EyE∗
y (2.19)

S1 = S0 cos 2χ cos 2ψ = ExE∗
x − EyE∗

y (2.20)

S2 = S0 cos 2χ sin 2ψ = ExE∗
y + EyE∗

x (2.21)

S3 = S0 sin 2χ = i(ExE∗
y − EyE∗

x). (2.22)

Where χ and ψ represents the angles which describe the ellipticity and
orientation of the polarisation ellipse with respect to the x − y plane as can
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be seen in Fig.(2.16), and thus fully describes the polarisation state of the light
[51].

FIGURE 2.16: Diagram visualising the relationship between the
polarisation ellipse and Poincaré sphere [52].

Equation (2.19) to (2.22) describes the Stokes parameters in terms of the x
and y components of the electric field amplitude. It can be observed that the
stokes parameters are intensity distributions which also describe the polari-
sation state of the field. Stokes parameters involve the use of a phase retarder
which is used to change the phases of the electric field amplitudes according
to the following equations [53]

E′
x = Exeiϕ, (2.23)

E′
y = Eye−iϕ. (2.24)

The field propagates through a polariser orientated with its transmission axis
at an angle θ resulting in a total transmitted electric field amplitude of

E = Exeiϕ cos θ + Eye−iϕ sin θ (2.25)

Which has an intensity denoted by I = E · E∗, expanding out and apply-
ing appropriate double angle trigonometric identities together with the cosine
Euler identity the expression for the transmitted intensity becomes

I(θ, ϕ)= 1
2

[(ExE∗
x + EyE∗

y) + (ExE∗
x − EyE∗

y) cos (2θ)+(ExE∗
y + EyE∗

x) cos (ϕ) sin (2θ)]
1
2 i(ExE∗

y + EyE∗
x) sin (ϕ) sin (2θ)

then, substituting the above intensity equation to Eq.(2.19) - Eq.(2.), the
intensity is given by:

I(θ, ϕ) = [S0 + S1 cos 2θ + S2 cos ϕ sin 2θ + S3 sin ϕ sin 2θ]
1
2

. (2.26)
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We can now determine for which retarding ϕ and polarisation orientation
θ the observed intensity pattern I(θ, ϕ) will directly give simple linear com-
binations of Stokes parameter pairs [53].

It can be observed that I(θ = ϕ = 0) = 1
2(S0 + S1), I(θ = π

4 , ϕ = 0) =
1
2(S0 + S2), I(θ = π

2 , ϕ = 0) = 1
2(S0 − S1) and I(θ = π

4 , ϕ = π
2 ) =

1
2(S0 + S3).

The experimental determination of the Stokes parameters can be obtained by
acquiring these four intensity measurements and taking the following linear
combinations [53]:

S0=I(θ=ϕ = 0) + I(θ = π
2 , ϕ = 0)

S1=I(θ = ϕ = 0)− I(θ = π
2 , ϕ = 0)

S2=2I(θ = π
4 , ϕ = 0)− I(θ = ϕ = 0)− I(θ = π

2 , ϕ = 0)
S3=2I(θ = π

4 , ϕ=π
2 )− I(θ=ϕ = 0)− I(θ = π

2 , ϕ = 0).

We can note that the only required phase retardation of ϕ = π
2 can be

achieved through the implementation of a quarter waveplate (QWP) orien-
tated with its fast axis at 45◦.

The State Of Polarisation (SOP) is described by the orientation and ellip-
ticity of the polarisation ellipse can be determined using the Stokes parame-
ters - this can be used to reconstruct the SOP.

Figure.2.17 shows the simulated intensity measurements of a vector flat-
top beam and using the measure intensity measurements we can determine
the Stokes Parameters

FIGURE 2.17: Intensity measurements of a vector flattop beam,
from the intensity measurements we can determine the Stokes

parameters.

Using the obtained intensity measurements presented in Fig.2.17, we can
determine the Stokes parameters according to

S0 = IR + IL,
S1 = 2IH − S0,
S2 = 2ID − S0,
S3 = IR − IL.

Figure 2.18 shows the Stokes parameter of the vector flattop beam obtained
from the intensity measurements.
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FIGURE 2.18: Stokes parameters of a vector flattop beam.

Lastly from the Stokes parameters we can reconstruct the polarisation
state of the field. The Stokes Polarimetry can be calculated from the inten-

sity measurements by using the following equation
√

S2
1+S2

2
S2

0+S2
1+S2

2
. Figure (2.19)

shows the polarisation state of the vector flattop beam.

FIGURE 2.19: Reconstructed polarisation state of a vector flat-
top beam.

Fig.(2.20) shows an experimental setup that illustrates how to determine
the Stokes parameters in the laboratory [50].
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FIGURE 2.20: Experimental setup used to determine the Stokes
parameters. A 633 nm HeNe laser was passed through a HWP,
a diagonally polarised beam was illuminated on the SLM dis-
play encoded with a phase-only vortex to generate a vector
flattop beam. A QWP and linear polariser (LP) were then ori-
entated at various angles to acquire four intensity measure-
ments, of polarised components, which can be used to obtain

the Stokes parameters.

A QWP and linear polariser (LP) are orientated at different angles to ob-
tain four intensity measurements, of polarised components, which can be
used to acquire the Stokes parameters. Table 2.1 below shows the orienta-
tion of the QWP and linear polariser transmission axis used to acquire the
intensity measurements.

TABLE 2.1: Table showing the orientation of the QWP fast axis
and LP transmission axis used to obtain intensity measure-

ments required.

QWP LP Intensity Component
- 90◦ Horizontal (IH)
- 45◦ Diagonal (ID)

0◦ 45◦ Right (IR)
45◦ 90◦ Left (IL)

It can be noted that for the IH and ID measurements the QWP was re-
moved from the system. In this research we use Stoke polarimetry to deter-
mine how the polarisation state of the vector flattop beam varies before and
after propagating through an optical fiber. In the next chapter we discuss the
various types of fiber and how light propagates through fibers.
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2.5 Modal decomposition

Modal decomposition also referred to as modal analysis can be defined as a
technique used to decompose a complex waveform or system into its con-
stituent modes or eigenfunctions. Modal decomposition is commonly ap-
plied in different field such as acoustics, vibration analysis, optics, and quan-
tum mechanics. This techniques allows for a better understanding and char-
acterisation of the complex waveform’s behaviour by isolating the individual
modes and their contribution [54].
The main purpose of modal decomposition is to determine the modal pa-
rameters of a system, such as the natural frequencies, mode structure and
the modal damping ratios. The natural frequencies refers to the frequencies
at which the system tends to vibrate when excited, mode structure represents
the spatial distribution of deformation associated with the natural frequency
[55]. Modal decomposition involves conducting the experimental tests or
performing numerical simulations to measure the dynamic response of the
system. This response data is then used to extract the modal parameters
through various mathematical techniques such as the Fourier transform, sin-
gular value decomposition, or eigenvalue analysis [55].

Modal decomposition can be used in different fields such as civil engi-
neering, aerospace engineering, mechanical engineering, architectural de-
sign and optics. The modal decomposition technique can be used for several
applications to access the dynamic behaviour of structures, identify potential
resonance issues, optimize structural design, and aid in the development of
vibration control strategies [56]

Modal decomposition is a technique used to determine the modal content
(with respect to the phase and amplitude) of the mode. If the modal content
of a particular mode that is being analysed is known, then it is easier to deter-
mine the properties such as phase, intensity, beam quality and OAM density
of the unknown field [54, 57, 58]. The main purpose of modal decomposi-
tion depends on the fact that structured modes are orthogonal and they span
the infinite dimensional Hilbert space. As such any optical field can be de-
composed into a superposition of basis functions [59] each with a complex
weighting. The optical field can mathematically be written as follows

U(x, y) =
nmax

∑
n=1

cnψn(x, y), (2.27)

where n is the number of modes needed to decompose the optical field U(x, y),
ψn is the spatial mode which satisfies the orthogonality property according
to the following equation

⟨ψn|ψm⟩ =
∫ ∫

dAψ∗
nψm = δnm. (2.28)

Where cn is the expansion coefficient and can be expressed as follows

cn = pn exp (i△ϕn) = ⟨ψn|U⟩. (2.29)
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Where pn is the amplitude of the nth mode and △ϕn is the intermodal phase
difference. The main task of the modal decomposition techniques is to deter-
mine the expansion coefficient denoted by cn. The phase profile and intensity
of the optical field can be determined using the following expressions

I(x, y) = |U(x, y)|2, (2.30)

and the phase profile is given by

Φ(x, y) = arg(U(x, y)). (2.31)

Experimentally modal decomposition can be performed by illuminating an
optical field U(x, y) on a DMD screen encoded with a detecting hologram
with transmission function T(x, y) = ψ∗

n(x, y), where ψ∗ is the complex con-
jugate of the optical field. The first diffraction order refracted from the DMD
is given by

U1(x, y) = ψ1(x, y)U(x, y). (2.32)

Where ψ1 is the hologram of the spatial mode encoded on the DMD. A lens
is then placed a focal length away from the DMD, Fourier transforming the
DMD screen. Then the Fourier transform of the field is expressed as follows

F(kx, ky) =
∫ ∫

dATm(x, y)U(x, y) exp (ikx + iky). (2.33)

If kx = ky = 0 it means we are detecting on-axis. Figure (2.21) shows an
experimental setup used to detect spatial modes in the Fourier plane, with a
camera used to recorded the intensity profile. A single pixel corresponding
to kx = ky = 0 is chosen for signal detection. Which corresponds to the mode
weighting written as follows

|cn|2 = F(0, 0)2 = |
∫ ∫

dAψn(x, y)U(x, y)|2 = |⟨ψn|U⟩|2. (2.34)

This technique can be used to determine the modal content of any optical
field. For this research we want to determine how the modal content of a
vector flattop beam varies before and after propagating through a fiber. Fig-
ure 2.21 shows the experimental setup used to detect the spatial content of
the vector flattop beam before and after propagating through an optical fiber.
The plane of the SLM is imaged into the plane of the DMD. We encode a
match filter on the DMD to decompose the incident beam. A lens (lens-3) is
used to Fourier transform the DMD screen and separate the diffraction or-
der. A match filter is encoded on the DMD screen which corresponds to the
complex conjugate of the input beam. when the match filter matches with
the input mode a signal is detected. When the match filter doesn’t match the
input beam no signal is detected as such we get null.
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FIGURE 2.21: Experimental setup used to generate and detect
spatial modes.

In the next chapter, we discuss the different fibers and their properties.
We discuss how modes propagate through a fiber and investigate how an
optical fiber can change the modal content and polarisation state of an input
beam by making use of the modal decomposition and Stokes polarimetry
techniques.
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Chapter 3

Flattop Beam Propagation In
Optical Fiber

In this chapter we discuss how light travels through a fiber under a phe-
nomenon known as total internal reflection. We also look at the different
types of fibers and their parameters. We calculate the number of modes our
fiber can support as this is crucial for our experiment, the fewer modes prop-
agating through the fiber the better as this reduces cross talk between modes
in the fiber. We measure the Stokes parameters and perform a modal analy-
sis of the vector flattop before the fiber and after the fiber and compare how
the mode changes as it propagates through the fiber. We lastly, look at how
different modes couple inside the fiber.

3.1 Fibers

Daniel Colladon and Jacques Babinet were the first to demonstrate the idea of
guiding light through refraction in Paris in the 1840s. Twelve years later John
Tyndall incorporated a demonstration of it in his public lecture in London.
Tyndall also published a book about the total internal reflection in 1870 [60].
Optical fibers are cylindrical dielectric wave-guides and their main function
is to guide light (light injected in one end of the fiber should stay in the fiber
meaning it must be prevented from escaping the fiber through the surface),
fibers can also be used to transport optical energy and information [61]. Op-
tical fibers can be made up of glass (silica), plastic or copper wires with a
diameter a bit thicker than the human hair [62]. Optical fibers have many
applications such as fiber optical communication, where fibers are used to
transmit information over long distances at low data transfer rates (at higher
bandwidths) than electric cables. Fibers have the following advantages as
compared to the metal wire cables: signals propagate through with minimal
loss and fibers are immune to electromagnetic interference [63]. Fibers can
also be used for imaging and illumination [64], fiber optic sensors and fiber
lasers [65]. Optical fibers are made up of 3 main components as shown in
fig. (3.1), the core (light is being retained inside the core by total internal re-
flection), a transparent cladding with a refractive index a bit lower (by ≈ 1%)
and a protective coating layer which is used to eliminate cross talk between
adjacent fibers and protects the core from micro-bending which can occur
when the fiber is pressed to rough surfaces.
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FIGURE 3.1: Diagram of an optical fiber. The core is used to
guide light through total internal reflection, the cladding has a
lower refractive index as compared to that of the core and the
coating is the outer layer that is used to protect the core of the

fiber.

Light propagating through at one end of the fiber undergoes total inter-
nal reflection and emerges at the other end of the fiber and this is shown in
fig.(3.2)

FIGURE 3.2: The total internal reflection phenomenon is used
to propagate light in a homogeneous optical fiber.

Light refracts towards the normal as it enters inside the fiber, when the
light propagates outside the fiber the incident angle is now less than the crit-
ical angle as such light refracts away from the fiber core into the environ-
ment. In physics, total internal reflection is defined as when light undergoes
a complete reflection at the interference between two mediums with different
reflective indices [66–68]. The angle of refraction at the interface of the two
materials can be expressed using Snell’s equation [69] as follows

n1 sin (θ1) = n2 sin (θ2). (3.1)

The critical angle Qc where n1 > n2 which is between two material bound-
aries can be written as follows

Qc = arcsin (
n2

n1
). (3.2)

The following conditions need to be achieved in order for total internal re-
flection to take place, firstly the incident angle should be greater than the
critical angle Q > Qc. The reflected light does not exists as such the light is
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totally reflected back into the first medium and secondly the refractive index
of the first medium should be greater than the second medium n1 > n2.

3.1.1 Types of fibers

Fibers can be classified into two categories based on the number of modes
they can support.

Single mode fibers

Elias Snitzer published a comprehensive theory about single mode fibers in
the Journal of the Optical Society of America in 1962 [70]. Robert Maurer,
Donald Keck et.al. [71] years later used fused silica (because of its high melt-
ing point and low refractive index) to manufacture a single mode fiber. They
produced circular preforms by putting a purified material from the vapor
phase and adding measured amounts of dopants carefully so that the re-
fractive index of the core is a bit higher than that of the cladding, without
affecting the attenuation [71]. In September 1970 they managed to produced
a single mode fiber with attenuation of below 20 dB/km for a laser with
wavelength 633 nm. A single mode fiber can also be referred to as a funda-
mental fiber or mono-mode fiber, this is because it has a small core diameter
(between 8-10.5um) and it only supports the fundamental Gaussian mode.
These fibers can be used to transmit information over long distances because
of the following advantages, no degradation of signal during propagation
and low dispersion. Figure 3.3 illustrates how light propagates in a single
mode fiber.

FIGURE 3.3: Diagram of a single mode (uni-mode) fiber, the
line represents the Gaussian mode as it propagates through the

fiber.

Multimode fibers

Multimode fibers are mostly used to transfer communication signals over a
short distance i.e such as between buildings or around campus, they can also
be used for imaging because the transmission of image information requires
the use of devices that can support multiple spatial modes. Multimode fibers
have larger core diameter (62.5 or 50 um), which enables them to propagate
multiple modes at the same time [61]. Due to their large core diameter multi-
mode fibers have limited maximum length of transmission because of inter-
modal coupling between the modes as they propagate through the fiber [72].
Multimode fiber can be classified into two categories depending on their re-
fractive index profile. Figure 3.4 illustrates how different modes propagate
through a multimode fiber.
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FIGURE 3.4: Diagram of a multimode fiber, because of its big
core size this fiber can support more than one mode as illus-

trated by the different lines.

These modes are approximated by the linearly polarised (LP) modes, where
l is the azimuthal index. Figure 3.5 shows the first six guided modes of the
set LPl,p.

FIGURE 3.5: Illustration of the first 6 LPl,1 modes guided
through multimode optical fiber, r represents the core radius
of the optical fiber and n(r) is the refractive index of the fiber.

Step index fibers

A step index fiber has a core characterised by a uniform refractive index and
it is slightly higher than that of the cladding, the refractive index decreases
at the cladding-core interference as shown in fig.(3.6). The change in the
refractive index of a step index fiber can be expressed as follows
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FIGURE 3.6: Diagram of a step index fiber. The core possesses a
high but uniform refractive index as compared to the cladding.

△ =
n1 − n2

n1
<< 1. (3.3)

Where n1 is the refractive index of the core which is usually between 1.44
and 1.46 and n2 is the refractive index of the cladding. The solution of the
paraxial wave equation in fibers differs depending on the refractive index of
the core [73]. Step index fibers are the most commonly known types of fibers.
For a step index fiber, The Helmholtz solution can be expressed as follows

(∇2 + n2k2 − β2)E(r, ϕ) = 0, (3.4)

two sets of solutions are obtained for the reduced wave equation, for the first
group of modes β > k0n2 which these modes are core modes and propagate
at the core/cladding interface; for the second group of modes β < k0n2, β
represents the different modes in the fiber. Which these modes are cladding
modes and propagate at the cladding/air interface.

can be approximated by the (LP) modes shown in fig.(3.5) and the optical
field is given by

E(l, p) = Rl,p(r)Φl(ϕ), (3.5)

where

Rl,p(r) = J|l|(
ur
a )/Jl(u) for r < a

= K|l|(
wr
a )/K|l|(w) for r ≥ a

and

Φl(ϕ) = cos (lϕ) for even modes
= sin (lϕ) for odd modes,

where a denotes the radius of the core. Jl represents the lth order of the Bessel
function, Kl is the lth order of the modified Bessel function, u and w repre-
sents the normalized propagation constants and can be expressed as follows

u =
√

k2nco − β2

w =
√

β2 − k2ncl.

Where nco and ncl represents the refractive index of the core and cladding
respectively and k = 2π

λ .
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Graded index fibers

Graded index fibers have a core whose refractive index decreases with an in-
crease in the radial distance from the optical axis of the fiber. Parts of the core
which are closer to the radial axis have a higher refractive index as compared
to those that are near the cladding-core interference. Light rays experience
different velocities and follow a sinusoidal path as they propagate through
the fiber. The refractive index can be approximated to be nearly parabolic,
which minimizes modal dispersion resulting in continual refocusing of the
rays inside the core of the fiber [74]. Figure 3.7 illustrates the profile of a
graded index fiber.

FIGURE 3.7: Illustration of a graded index fiber. The refrac-
tive index approximates a parabolic function and decreases as

it moves away from the radial axis.

The graded index refractive index can be represented as follows

n2(r) = n2
co(1 − 2△r2). (3.6)

In the paraxial regime △ ∼= (nco − ncl/anco), supports LG modes and petal
modes that can be mathematical written as

LGe
l,p = Al,p(r, z) cos (lϕ) = Al,p(r, z)[exp (ilϕ) + exp (−ilϕ)], (3.7)

LG0
l,p = Al,p(r, z) sin (lϕ) = Al,p(r, z)[exp (ilϕ)− exp (−ilϕ)], (3.8)

where Al,p(r,z) represents the LG radial profile. Table 3.1 contains the differ-
ence between the step index and graded index fiber.
For our research we use the step index fiber, because of its uniform refrac-

Step index fiber Graded index fiber
Has both SMF and MMF Only MMF

MMF has a core size (50 or 62.5 um) Core diameter of 50 um.
Light propagates in zig-zag manner Light propagates in sinusoidal manner

Has low attenuation for SMF and high for MMF Has high attenuation
Has low bandwidth Has high bandwidth

No. of modes it can support Nstep = v2

2 No. of modes it can support Ngrad = v2

4 .

TABLE 3.1: Table of the difference between the step index fiber
and graded index fiber [75].

tive index profile. Modes propagating through the fiber experience the same
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velocity as such reaching the end of the fiber simultaneously. Next we will
discuss different parameters of the fiber that will help us determine the num-
ber of modes our fiber can support.

3.1.2 Fiber parameters

In this research we use a 780HP single mode fiber from Thorlabs, this fiber is
designed to work for wavelengths ranging from 780 - 970 nm. If the wave-
length used is less than that of the cut-off wavelength then the fiber acts
as a few mode fiber, for example the wavelength used in the experiment is
less than the recommended wavelength as such allowing multiple modes to
propagate through, for this research a 633 nm wavelength was used. There-
fore our fiber acts as a few mode fiber. The cut-off wavelength is the wave-
length at which the fiber acts as a single mode fiber. The cut-off wavelength
can mathematically be expressed as [76]

λc =
2πa
Vc

√
n2

co − n2
cl. (3.9)

Where λc is the cut-off wavelength, a is the core radius, nco and ncl is the
refractive index of the core and cladding respectively and Vc is the cut-off
Vnumber given by 2.405.
It is crucial for this experiment to know the number of modes the fiber can
support, as the fewer modes propagating through the fiber the less the cross
talk between the modes as they propagate. This parameter is known as the V
number. The V number, also known as the normalized frequency parameter,
is to determine the number of modes an optical fiber can support at a given
wavelength. The V number can mathematically be expressed as follows [77]

V =
πd
λ

√
n2

co − n2
cl. (3.10)

Where d is the core diameter of the fiber. IF
V < 2.405 the fiber is said to be a single mode fiber.
V > 2.405 the fiber is a multimode fiber
V = 2.405 the fiber corresponds to the cut-off wavelength.
For a step index fiber the V-number is given by

N =
V2

2
. (3.11)

We can now calculate the number of modes (N) that can be supported by the
780HP single mode fiber at a wavelength of 633 nm. Refractive index of the
core is given by 1.4540 and of the cladding is given by 1.4482 with the core
diameter of 4.4 um

V =
2π

λ
d
√

n2
co − n2

cl = dNa. (3.12)

From the above equation V is 4 shown on the dispersion curve in fig. (3.9) ,
the number of supported modes is 8.
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FIGURE 3.8: Modes that are supported by the 780 - 970 nm sin-
gle mode fiber when used with the 633 nm wavelength.

These modes can be represented on a dispersion curve of HE and TE
modes as they propagate in an optical fiber as shown In fig. (3.9), where the
doted line represents the calculated V parameter.

FIGURE 3.9: Dispersion curve of different modes as they prop-
agate through the fiber, the doted line represents the V param-
eter given by 4 in this case meaning the fiber supports 4 modes

and the fundamental mode [78] .

3.1.3 Coupling efficiency

Light propagating in a single mode fiber with high coupling efficiency has
many applications in optical communication because of high bandwidth,
suitability for long distance and minimal modal coupling. Beam coupled
inside the fiber typically refers to a process of injecting a laser beam into an
optical fiber so that the light is confined within the fiber’s core and travels
along its length. Coupling efficiency is the representation of how well the
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incident beam can be coupled inside the fiber. This can be mathematically
expressed as the function of the total power in the optical beam which is cou-
pled in the fiber [79]. In order for light to be launched successfully into a
single mode fiber the following steps need to be followed [80].
1. The beam radius size should approximate the fiber mode size.
2. The fiber tip should be at the focal plane of the beam waist.
3. Lastly the fiber should be aligned such that the beam waist enters the fiber
at the correct orientation.
In order to obtain a high coupling efficiency the Gaussian mode from the
laser source and the fiber mode should overlap perfectly and this can be rep-
resented by the overlap integral equation as follows [81]. If f (r) is the field
of the incident beam and g(r) is the field of the fiber mode. Assuming that
f (r) = g(r), we have

f (r) = ∑
i

gi(r), (3.13)

=⇒ f (r)g∗i = ∑i cigi(r)g∗i (r),

=⇒
∫

s f (r)g∗i (r) =ci
∫

s gi(r)g∗i ,

now solving for ci, we get

ci =

∫
s f (r)g∗i (r)ds∫
s gi(r)g∗i (r)ds

, (3.14)

the coupling efficiency can mathematically be written as

η =
Pout

Pin
. (3.15)

We can now relate the coupling efficiency to the coefficient ci in Eq.(3.14)

Pout =
|ci|2

∑i |ci|2
Pin, (3.16)

where Pout is the output power, |ci|2
∑i |ci|2

is the normalized power and Pin is the
input power.
Since ∑i |ci|2 = Pin from Eq.(3.16) we get

Pout =
|ci|2
Pin

Pin = |ci|2, (3.17)

therefore coupling efficiency can be written as

η =
|ci|2
Pin

. (3.18)

Where |ci|2 can be expressed as

|ci|2 =
|
∫

s f (r)g∗i (r)ds|2

|
∫

s gi(r)g∗i (r)ds|2
. (3.19)
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The incident light of the Gaussian mode can be written as follows

f (r) =
2Pin

πw2 exp−(
r
w
)2. (3.20)

The fiber mode can be written as

g(r) =
2

πŵ2 exp−(
r
w
)2. (3.21)

Where ŵ = w. The overlap integral in cylindrical coordinates can be written
as follows

|ci|2 =
|
∫ ∫

f (r)g(r)rdrdθ|2

|
∫ ∫

g(r)g∗(r)rdrdθ|2
, (3.22)

= 4Pin
(wŵ)2[ 1

w2 −
1

ŵ2 ]
.

Theoretically, coupling efficiency can be expressed as

η =
4

(wŵ)2[ 1
w2 − 1

ŵ2 ]
. (3.23)

Experimentally the coupling efficiency can be written as follows

η =
Pout

Pin
. (3.24)

It is nearly impossible to couple all the light from the incident source into
the fiber, this is due to the imperfection of the fiber during manufacturing
and it is difficult to experimentally align the single mode fiber. Figure 3.10
compares the simulated and experimental results for the coupling efficiency.

FIGURE 3.10: Plot of the experimental and theoretical coupling
efficiency for a single mode fiber.
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It is impossible to couple all the light into the fiber, when the incident
mode is less than the fiber mode. Light injected into the fiber is lost into the
cladding and excites the cladding mode. When the beam size of the fiber is
bigger than the fiber mode, most of the light gets lost to the environment.
From the graph we can notice a 88% coupling efficiency was obtained when
the core radius of the fiber and the incident beam waist were approximately
equal. A 430 nm - 633 nm wavelength single mode fiber with a core radius
of used was 0.5 um.

3.2 Vector Flattop beam propagation in optical fiber

Figure 3.11 illustrates the experimental setup used to generate and detect
vector flattop beams propagating in an optical fiber. A 633 nm HeNe beam
was passed through a HWP that changes the polarisation state of the incident
light to diagonally polarised light. It was then illuminated on the SLM dis-
play screen encoded with a hologram with azimuthal charge l = 1 with no
grating and the modulated and unmodulated beams were reflected off the
screen propagating collinear to each other, thus producing a vector flattop
beam. Lens-1 and the objective lens were used to image the SLM screen, and
an aperture was then used to filter out unwanted orders. The objective lens
was also used to focus the beam waist into a 1 m with wavelengths ranging
from 780 nm -970 nm step index fiber with a core radius of 2.1 um. The fiber
coupler with lens (3 mm) and lens-2 were used to image the fiber plane to the
DMD screen. The DMD screen was encoded with the complex conjugate of
the generated mode for modal decomposition. Lens-3 was used to transfer
the DMD plane to the Fourier plane and the camera recorded the intensity
profiles of the detected modes. In this section we investigate how the fiber
changes the polarisation state and modal content of the injected vector flattop
beam.
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FIGURE 3.11: Experimental setup used to generate a vector flat-
top beam, which was coupled into a step index fiber and sub-

sequently detected after emerging from the fiber.

Figure 3.12 is a comparison of the vector flattop beam before and and
after propagating through a few mode fiber. We calculated the correlation
between the vector flattop before the fiber and after the fiber and we found a
84% correlation.

FIGURE 3.12: 1-D intensity profiles of the vector flattop beams
before and after propagating through the fiber and the 2-D in-

tensity profiles of the flattop before and after the fiber.
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3.3 Polarisation and mode coupling analysis

3.3.1 Stokes Polarimetry

The state of polarisation of light can be defined using the orientation of the
electric field which is given by E(x, y, z, t), which depends on both position
(x, y, z) and time t. The electric field vector field travelling in the z - direction
across the fiber can be written as

E(x, y, z, t) = Re[( fx(x, y)Ax(z, t))x̂ + (Fy(x, y)Ay(z, t))ŷ]. (3.25)

Light can be described as two orthogonal electric field vectors which differ
in both amplitude (A,F) and phase as follows

Ex(z, t) = E0x cos (τw + ϕ0). (3.26)

Ey(z, t) = E0y cos (τw + ϕ0). (3.27)

Polarisation of light occurs when the two electric field vectors differ in phase
and amplitude [82]. The change in polarisation of the modes as they propa-
gate through the fiber is caused by a phenomenon called birefringence when
light is separated into two paths. This birefringence is caused by the imper-
fections of the fiber such as stress applied on the fiber by bending it or the
change in atmospheric temperature. In this research we use the technique of
Stokes Polarimetry to show how the state of polarisation of a vector flattop
beam changes as it propagates through a step index, few mode fiber. In or-
der to obtain the Stokes parameters we first need to determine the intensity
measurements of the desired field. Figure (3.13) shows the intensity mea-
surements of the flattop (a) before and (b)after propagating through the fiber.

FIGURE 3.13: Illustrates the intensity measurements of the vec-
tor flattop: (a) is the intensity measurements before the fiber

and (b) is the intensity measurements after the fiber.

From fig.(3.13), we can observe the change in the intensity measurements
of the vector flattop beam before and after propagating through the fiber. As
already stated in Chapter 2, from the intensity measurements we can deter-
mine the Stokes parameters. Figure 3.14 compares the Stokes parameter of
the vector flattop beam (a) before and (b) after the fiber.
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FIGURE 3.14: Illustration of the 2-D Stokes parameters of a vec-
tor flattop beam: (a) before the fiber and (b) after the fiber.

The Stokes parameters shown in fig. (3.14) can be used to reconstruct
the polarisation state of the vector beams. Figure 3.15 shows the comparison
between the reconstructed polarisation state (a) before and (b) after the fiber.

FIGURE 3.15: 2-D polarisation state of the vector flattop beams:
(a) before the fiber and (b) after propagating through the fiber.

From the reconstructed polarisation states shown in fig. (3.15), we can
observe how the polarisation of the output mode has changed compared to
the input mode. Fibers are very sensitive to work with. It was also observed
during the experiment that by applying any force (bending) or stretching the
fiber the polarisation state of the output mode can be changed. Changing the
injection position of the fiber can also change the polarisation of the output
mode.

3.3.2 Modal coupling

Modal coupling in fibers can be defined as a process in which there is a trans-
fer of energy between neighboring modes as they travel through the fiber and
this can change the input mode. Mode coupling in fibers can be caused by
a number of factors such as the imperfection of the core during the manu-
facturing process, by external perturbation experienced by the fiber such as
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variation of the refractive index, bending of the fiber or the change in room
temperature which can cause the fiber to expand or shrink [83, 84].

FIGURE 3.16: Modal decomposition of a vector flattop beam:
(a) before the fiber and (b) after the fiber.

Figure 3.16 illustrates the modal decomposition of the vector flattop beam
(a) before the fiber and we can only notice two peaks, which represents the
Gaussian and vortex beams used to generate the vector flattop beam and (b)
we can see several peaks which tells us that the modes couple as the prop-
agate through they fiber. The bending or stretching of the fiber not only af-
fects the polarisation of the mode propagating through it, but it also affects
which modes are being excited subsequently affecting how the modes couple
among each other. By injecting only a Gaussian beam into the fiber we can
produce a flattop beam after the fiber, this means that the Gaussian beam can
excite and couple with the l = 1 mode inside the fiber as it propagates gen-
erating a flattop beam. This can also be achieved by injecting a vortex beam
into the fiber coupling and exciting the Gaussian mode to produce a flattop
beam. Figure 3.17 shows the 1-D intensity profile of the and experimental
vortex and Gaussian beams which were injected individually into the fiber.
The calculated correlation between the simulated and experimental vortex
and Gaussian beams was found to be 85% and 91% respectively.
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FIGURE 3.17: 1-D intensity distribution of the simulated and
experimental vortex and Gaussian beams

We simulated the Stokes parameters and modal analysis of the vortex
and Gaussian beams before propagating through an optical fiber. Figure 3.18
shows the 2-D intensity measurements of the vortex and Gaussian beams
before the fiber

FIGURE 3.18: 2-D simulated intensity measurements of (a) the
vortex beam and (b) the Gaussian beam before the fiber.

From the simulated intensity measurements we can now calculate the
Stokes parameters of the vortex and Gaussian beams before the fiber. Fig-
ure 3.19 illustrates (a) Stokes parameters of the vortex beam and (b) is the
Stokes parameters of the Gaussian beam before the fiber.
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FIGURE 3.19: Illustrates simulated (a) Stokes parameters of the
vortex beam and (b) is the Stokes parameters of the Gaussian

beam before the fiber.

From the Stokes parameters we can then reconstruct the polarisation states
of the two fields. Figure 3.20 shows the reconstructed polarisation states of
the Vortex and Gaussian fields respectively before the fiber.

FIGURE 3.20: Simulated reconstructed polarisation state of the
vortex and Gaussian beam respectively.

Figure 3.21 shows the 1-D intensity profile of the flattop beam before the
fiber, flattop generated by injecting only a Gaussian and flattop generated by
injecting only a vortex. On top is the 2-D intensity distribution of the vector
flattop before the fiber, generated by injecting a Gaussian and vortex beam
respectively.
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FIGURE 3.21: Illustration of 1-D intensity profiles of the vec-
tor flattop beams before the fiber, generated by injecting only a
Gaussian beam into the fiber and generated by injecting only a

vortex beam into the fiber.

Another method of generating a vector flattop beam is by injecting only
a Gaussian beam or only a vortex beam into the fiber. Firstly we injected
the Gaussian beam only to generate the vector flattop beam and this was
compared with the vector flattop generated in free space with a correlation of
62%. Thus we can conclude that we can generate a vector flattop by injecting
only a Gaussian beam.
Secondly we injected only a vortex beam into the fiber to generate a vector
flattop beam and the correlation with the vector flattop beam before the fiber
was calculated to be 78% as such we can conclude that we can generate the
vector flattop by encoding only a vortex beam. This is because modes that
are close together or in the same group are more likely to couple than those
that are further apart from each other. We also performed Stokes parameters
and modal coupling analysis.

FIGURE 3.22: 2-D intensity measurements of the flattops after
the fiber (a) generated by injecting only a vortex and (b) gener-

ated by injecting only a Gaussian.

Figure 3.22 shows the intensity measurements of the flattops after the
fiber (a) generated by injecting only a vortex mode and we can see two petals
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on the diagonal polarisation which indicates coupling between the mode
l = ±1 and (b) generated by injecting only a Gaussian beam. From the inten-
sity measurements we can determine the Stokes parameters.

FIGURE 3.23: Stokes parameters of the flattop beam after the
fiber (a) generated by injecting only a vortex and (b) generated

by injecting only a Gaussian.

Figure 3.23 shows the Stokes parameters of the flattop beam after the fiber
(a) generated by injecting only a vortex, because of the coupling between
l = ±1 we notice a change in the shape of the flattop. We can see how the
S0 in fig 3.23 (a) has an elongated shape as compared to fig. 3.19 (b), this can
also be seen in Chapter 2, section 2.4 (b) which has a circular shape. We can
now reconstruct the polarisation state of the flattop beams after the fiber.

FIGURE 3.24: 2-D reconstructed polarisation state of the flattop
after the fiber (a) generated by injecting a vortex and (b) gener-

ated by injecting only a Gaussian beam into the fiber.

Figure 3.24 is the reconstructed polarisation state of the flattop after the
fiber (a) generated by injecting only a vortex, which we can see an elongated
shape which is caused by the coupling between l ± 1 and l = 0 and (b) gen-
erated by injecting only a Gaussian beam. The fiber did not only change the
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shape of the output beam but also the polarisation state. The fiber acts dif-
ferently depending on the mode injected thus we see the difference in the
polarisation of the flattop beams.
Figure 3.25 shows the simulated modal decomposition of the (a) vortex beam
and (b) Gaussian beam respectively before the fiber. We notice only one peak
in both cases.

FIGURE 3.25: The simulated modal decomposition of the (a)
Gaussian beam and (b) Vortex beam respectively before the

fiber.

Modal decomposition was also used to determine how the modes couple
into each other as they propagate inside the fiber.

FIGURE 3.26: Modal decomposition of flattop beams after the
fiber (a) generated by injecting only a vortex and (b) generated

by injecting only a Gaussian beam.

Figure 3.26 shows the modal content of the flattop beam after the fiber
generated by (a) injecting only a vortex and we can see three main peaks
(l = ±1 and l = 0), and we can also see the small peaks which shows the
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transfer of energy between modes as they propagate through the fiber. (b) Is
the modal decomposition of the flattop generated after the fiber by injecting
only a Gaussian beam. We can only notice two peaks and small peaks that
also suggest we also have modal coupling between the modes as they travel
through the fiber. We can conclude from the results obtain in this section that
it is better to generate a vector flattop beam before propagating through the
fiber than generating a vector flattop beam by only injecting a Gaussian beam
or vortex beam.
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Chapter 4

Conclusion and Future Work

In this dissertation we discuss the properties of a uniform flattop beam and
how it changes as it propagates through a few mode fiber. We compare the
Stokes polarimetry measurements before and after the fiber, and also the
modal content of the initial and emerging flattop mode. In Chapter 1, we
discuss the theoretical behaviour of light by using Maxwell’s equation to de-
rive the Helmholtz wave equation. Different types of laser beam parameters
such as the radius of curvature, Rayleigh range, beam waist were discussed.
We also discuss the solution to the wave equation i.e the fundamental solu-
tion to the wave equation (Gaussian beams), the LG modes with both radial
and azimuthal dependence, the vortex which only depends on the azimuthal
index, the HG modes with Hermits polynomials (m, n indices) and lastly we
discuss the vector flattop which is generated from the superposition of the
Gaussian and vortex modes which are orthogonal to each other.
In Chapter 2, we discuss how to generate and detect spatial modes, using a
SLM. We firstly give a brief introduction of how SLMs work, and how holo-
grams are encoded digitally to shape light dynamically. We discuss the im-
portance of calibrating SLMs for specific wavelengths before implementing
beam shaping,for our research we used a 633 nm HeNe laser. We also discuss
how we calibrate SLMs using interferometric techniques. We show how the
calibration curve looks like before and after calibration, with the phase shift
ranging from 0 to 2π after calibration. We discuss the two techniques that we
use to shape light in the laboratory by using SLM, which is the complex am-
plitude modulation and the phase only modulation. We look at the charac-
teristics of a Digital Micro-mirror Device, and how it is used to tailor different
properties of light. The generation and detection of modes was demonstrated
in the laboratory as a proof-of-concept showing the different LG mode in-
tensity profiles, which had a correlation of 86% between the simulated and
experimentally generated LG modes. The SLM was used to generated vector
flattop beams by modulating only the phase of the incident beam. We calcu-
lated the correlation between the simulated and experimental vector flattop
beams and obtained a correlation of 92%. We discussed how to measure the
Stokes parameters and how it can be used to determine the change in polar-
isation state of an optical field. In order to determine the Stokes parameters
we should first obtain the intensity measurements of the desired field and
from the Stokes parameters we can reconstruct the polarisation state of the
field. We discuss how to use a DMD to perform modal decomposition on the
field of interest by encoding a complex conjugate hologram of the desired
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mode on the DMD display screen.
In Chapter 3 we discuss how light propagates through an optical fiber. We
also look at the different types of fibers and their parameters, for this re-
search a 1 meter step index few mode fiber with V parameter of 4 was used.
We measured the coupling efficiency of a Gaussian mode as it propagates
through a single mode fiber and the experimental results and a coupling ef-
ficiency of 88% was achieved. A flattop beam was propagated through a few
mode fiber and the correlation between the flattop before the fiber and af-
ter the fiber was obtained to be 86%. Stokes polarimetry measurements and
modal decomposition analysis were made. It is observed that the fiber alters
both the polarisation state and modal content of the input mode.

4.1 Future Work

Applying stress (such as bending the fiber) or applying pressure to the fiber
can change the modes excited by the fiber, and can also change how the
modes couple as they propagate through the fiber.

FIGURE 4.1: Illustration of how the fiber sees the modes propa-
gating under different condition, with no stress or bending and

when the fiber is bent.

Figure (4.1) shows how the mode changes inside the fiber if stress is ap-
plied to the fiber. An experiment can be conducted to see how the modes
change as they propagate through the fiber, when the fiber is exposed to dif-
ferent stresses and pressure and the Stoke polarimetry measurements and
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modal decomposition analysis can be performed. The angle at which the in-
put beam enters the fiber also determines which modes get excited and how
modes couple into each other as they propagate. During my MSc we have
played with the angle at which the mode enters the beam and we were able
to detect vector modes by changing the angle of incident. We can perform
and experiment where we change the angle at which the mode enters the
fiber and measure how the Stokes polarimetry and modal content of the in-
put and emerging mode changes. For future work, we can propagate radial
modes into the fiber and analyse the modal decomposition and Stokes po-
larimetry before and after the fiber.
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