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Abstract

Optical light fields can interact with atoms, molecules and colloidal

particles through to biological cells, such interactions enable the cooling,

guiding, trapping and optical manipulation of these particles. The abil¬

ity to create extended light patterns in two-dimensions and even three-
dimensions has greatly increased the versatility of this field and the re-

configurability of these extended optical potential landscapes is a theme
of current interest. One way to achieve reconfigurability is through holo¬

graphic generation of the light patterns, in this thesis investigation into
the use of a Spatial Light Modulator (SLM) in particular is considered.

An SLM consists of an array of liquid crystals, each of which can be

individually addressed so as to allow us to sculpt or tailor an incident

light beam. The pixels of the SLM can be repetitively altered to allow

reconfigurability and dynamic alteration of the output. This not only
allows novel light beams and patterns to be created in a much simpler
manner than previously, it also facilitates the manipulation ofmatter in
real time. In this thesis these advances are considered for applications

in the fields of Atom Optics, Optical Trapping and light scattering for

Biophotonics. Initially the calibration of the devices is considered and
their use in the creation of existing novel light beams. Generation of a
new beam is also undertaken; the extension of a light bubble, or optical

bottle, to form a three-dimensional array of optical bottles which has

potential applications in Atom Optics and Optical Trapping.
In Atom Optics guiding is demonstrated along Spatial Light Modu¬

lator (SLM) created hollow Laguerre-Gaussian modes to allow compari-



son of atomic flux versus azimuthal index. Further to this complex pat¬

terns such as interferometers and splitters are designed and realised to

demonstrate advances possible by utilising SLMs. In Optical Trapping
the integration of an SLM into a conventional setup is discussed and dy¬
namic holograms are utilised alongside time-share techniques to facili¬
tate one of the first demonstrations of the creation of a three-dimensional

structure in an optical tweezer setup. Finally the wavefront and phase-
front properties of light beams are varied for investigation ofpropagation
behaviour through turbid media, an important consideration in Biopho-
tonics applications.
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Glossary ofAcronyms
Abbreviation

AA

AOM

AOD

BB

BEC

BNS

CCD

CHO

CW

DBS

DC

DM

DOE

EASLM

ECDL

EFT

FLC

FWHM

GPC

GS

HeNe

HG

Meaning

Adaptive-Additive (algorithm)

Acousto-Optic Modulator

Acousto-Optic Deflector
Bessel Beam. Propagation invariant laser mode, zeroth-
order beam has a solid central core and concentric ring

structure. Higher-order beams have a hollow central core
Bose-Einstein Condensate

Boulder Nonlinear Systems

Charged Coupled Device
Chinese Hamster Ovary (cells)
Continuous Wave

Direct Binary Search (algorithm)
Direct Current

Dichroic Mirror

Diffractive Optical Element

Electrically Addressed Spatial Light Modulator
Extended Cavity Diode Laser
Fast Fourier Transform

Ferroelectric Liquid Crystal
Full Width Half Maximum

Generalised Phase Contrast

Gerchberg-Saxton (algorithm)
Helium-Neon (laser)

Hermite Gaussian. Rectangularly symmetric laser mode,
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higher-order beams have nodes in the horizontal and
vertical axes

HOBB Higher-Order Bessel Beam
HOT Holographic Optical Tweezers
IFTA Iterative Fourier Transform Algorithm
IR Infra-red (light)
LCD Liquid Crystal Display
LG Laguerre-Gaussian. Circularly symmetric laser mode

with a helical phase structure and phase singularity
at its centre

LUT Look Up Table
MOT Magneto-Optic Trap

Na Sodium (atom)

NA Numerical Aperture

ND Neutral Density

Nd:Van Neodymium Vanadate (laser)
NIR Near Infra-red (light)

NLC Nematic Liquid Crystal
OAM Orbital Angular Momentum

OASLM Optically Addressed Spatial Light Modulator
OCT Optical Coherence Tomography
PAL Parallel-Aligned Liquid Crystal
PBS Polarising Beam Splitter
PCF Phase Contrast Filter

PDT Photodynamic Therapy
PMT Photomultiplier Tube

PPM Programmable Phase Modulator
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Rb Rubidium (atom)

SAM Spin Angular Momentum
SLM Spatial Light Modulator
SPM Spatial Polarisation Modulator

TEMmn Transverse Electro-magnetic mode with m nodes in the
x-direction and n nodes in the y-direction. The
fundamental Gaussian mode is TEM00

Ti:Sapph Titanium-Sapphire (laser)
Yb Ytterbium (laser)
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Chapter

Introduction

In optical physics the use of a single light beam, or spot in the beam
cross section, has provided the basis for many experiments. In order
to further the field it is advantageous to be able to create an array or

pattern of these light spots. The ability to engineer the wavefronts of

light and to multiplex these in order to form these potential energy op¬

tical landscapes is therefore an important skill. Making and controlling
a distributed pattern of light can influence the behaviour and interac¬
tions between molecules, atoms and particles. For example, in colloidal

physics by varying the spacing between light potential wells, or trap

sites, the spacing between colloids can be determined and subsequently
the interactions between adjacent particles controlled and investigated.
In general optical landscapes have allowed for advances in all areas of

light-matter interactions such as guiding, trapping and manipulation.
The way in which these interactions result will be discussed in more de¬
tail in chapter 2 of this thesis, here it is sufficient to consider that these
events can occur.

Originally optical experiments in micromanipulation were limited to

1



the use of a single Gaussian light beam, this only allowed for the trap¬

ping of one particle in the beam centre and also limited the guiding of

particles to a path down the high intensity central region. With the ad¬
vent of novel light beams and novel optical potentials the accessibility,

variety and versatility of these applications has been extended to facil¬

itate the trapping and guiding of different atomic species and matter,

the trapping of multiple particles and guiding and trapping in complex

potentials or light patterns.
There are a number of different methods that enable the creation of

these novel beams and complex fields. Different techniques lend them¬
selves to different applications or to the creation of only specific output

patterns. One method which allows the creation of novel light beams,

complex optical landscapes and arbitrary light potentials is through holo¬

graphic techniques. Extension of the abilities of a hologram to allow a

reconfigurable output can be achieved by using a device called a Spatial

Light Modulator (SLM), which can be thought of in simple terms as a

refreshable hologram. A hologram allows any incoming light beam to
be sculpted into almost any output light potential desired, the reconfig¬
urable nature of the SLM allows this output to be altered and updated
as required and even dynamically controlled.

The use of such a device in fields of optical physics such as atom

optics, optical trapping and scattering studies has facilitated the easy

creation of novel light beams and complex light potentials enabling the
fields to progress from the utilisation of one light beam to more com¬

plex studies and applications where novel light beams and patterns are

included. In some cases the same results could be achieved using an al¬

ternate method of creation but this thesis aims to demonstrate some of

2



1.1. SYNOPSIS OF THESIS

the advantages of using an SLM and some of the advances that are fully
reliant on the technology.

1.1 Synopsis of Thesis

After this initial introduction the next chapter looks at the interactions
between light and matter both in the atomic regime and in the case of
dielectric particles used in optical trapping. The dipole and gradient
forces of light onmatter will be considered and also the Mie and Rayleigh

regimes, which are determined by the size of a particle and alter the way

light will interact with it.
The third chapter looks at SLMs and the different types available,

more specifically it is concerned with the models used for experiments in
this thesis and the creation of holograms for display on these SLMs.

The fourth chapter introduces the use of SLMs to create novel light
beams by considering three complex light fields; Laguerre-Gaussian beams,
Bessel beams and Optical Bottle beams. A description of each of these
beams is given and the classical means of creation considered before dis¬
cussing how to create the beams using an SLM. In the case of the optical
bottle beam the SLM is used to generate a new, three-dimensional array
of optical bottles.

The last four chapters are more specifically concerned with the ap¬

plications of SLMs in experimental fields. The fifth chapter looks at
the application in atom optics. Initially the basic setup for a Magneto-
Optical Trap (MOT) is described and then guiding experiments using
Laguerre-Gaussian and Bessel beams are discussed briefly. Building on

these results an SLM generated Laguerre-Gaussian beam is introduced

3



1.1. SYNOPSIS OF THESIS

to allow investigation of the atomic flux guided for different azimuthal
index values of the beam. Further to this more complex splitter and
interferometer patterns are created using the SLM in order to demon¬
strate the possibility of previously unrealisable, all-optical potentials for
atomic guiding and interferometry applications.

The sixth chapter is a review chapter describing the applications of

SLMs in optical tweezer setups where they are utilised to create dy¬
namic and interactively controlled two- and three-dimensional arrays of

particles. A number of different techniques are discussed. The seventh

chapter looks more closely at optical trapping, first considering the use

of a commercial microscope for optical trapping, with particular refer¬
ence to utilising phase contrast techniques in order to try to improve

understanding of existing experiments. The inclusion of an SLM in a

simple tweezer setup is then discussed before the demonstration of one
of the first methods for creating three-dimensional structures in an opti¬
cal tweezer setup.

The final chapter is concerned with the scattering of light through
turbid media and novel light beams are employed and investigated to

try and provide a better understanding of this field. The aim is to try
and facilitate better penetration of light through biological matter, such
as skin and tissue. This is an important consideration for medical appli¬
cations of light.

4



Chapter

Light-Matter Interactions

2.1 Introduction

Light and matter can interact in a variety of ways depending on the

properties ofboth. This chapter acts to explain some of these different in¬
teractions and the mechanisms behind them. Of particular interest are
those relating to atomic cooling, atom guiding and optical trapping; the

topics considered in this thesis. The radiation pressure and dipole forces
which light exerts on matter allow the cooling and guiding of atoms,
while refraction and absorption of light by dielectric materials allow the

trapping of particles. More detailed explanations of how these interac¬
tions relate to individual fields are discussed in the relevant chapters.

5



2.2. OPTICAL FORCES

2.2 Optical Forces

As far back as the seventeenth century it was believed that light carried
momentum and could therefore exert a force. Kepler [1,2] postulated
that the tails from a comet pointed directly away from the sun as the
result of a pressure caused by the sun's light. It was not until Maxwell's

electromagnetic theory of light in 1873 [3] that some semblance of a
mathematical explanation for this phenomenon was established.
It is now an accepted fact that light can behave as both a wave and a

particle. However, this understanding came about only at the beginning
of the 20th century with the advent of quantum theory. Prior to this
there was confusion with experiments seeming to prove both sides of the

argument and duality not yet being a considered option. Young's dou¬
ble slit experiment [4] illustrated diffraction of light and hence proved
its nature as an electromagnetic wave, whereas Einstein's photoelectric
effect [5] demonstrated unequivocally the particle nature of light. Fi¬

nally Planck's theory [6] for the quantisation of electromagnetic fields
allowed the unification of these conflicting results into the model used to¬

day. Planck proposed that the absorption and emission of light occurred
in discrete energy packets, or 'quanta'. Each of these energy packets

possesses an energy E — hu, where h is Planck's constant and u the

frequency of the light. Einstein's explanation of the photoelectric effect
showed that each quantum of light, named a 'photon', has an associated
momentum ^ with c being the speed of light. The final step was de
Broglie's [7] postulation that all matter, not just light, demonstrates a

wave-particle duality governed by the equation A = where A is the
wavelength and p the momentum.

These theories lead us to an understanding of the behaviour of light

6
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Figure 2.1: The behaviour of a light beam incident on an optical boundary between
air and another, more optically dense medium, a) shows the reflection of

the light beam and b) shows the transmission with refraction of the beam

into, and subsequently out of, the medium.

in a single medium, but its behaviour at a transitional surface is an

important consideration. When light is incident upon such a boundary
it will be either reflected or refracted by the material, scattered or ab¬
sorbed. Depending on this behaviour the light can transfer energy and
momentum to the matter in order to conserve the energy of the system.

In a simple consideration of a ray-optics approach light incident on a

boundary will either be reflected, as is the case in figure 2.1 a), or it will
be refracted, as shown in figure 2.1 b). As a light ray passes through any

medium its speed and direction are determined by the refractive index
of the medium, n. When a light ray is refracted its' speed and direction
are subject to change. The magnitude of these changes is determined by
the change in refractive index (n2 — ni) as the light passes from mate¬
rial 1 to material 2. The simplest case of this transition is when light
travels from air into a higher refractive index material, then the velocity
of the light beam will be reduced and its direction refracted towards the
normal, as shown in figure 2.1. This change in direction is governed by

7



Snell's law,

nisin#j = ri2 sin 9r (2.1)

where n\ and n2 are the refractive indices of the two media and 9i and

9r are the angles made between the normal and the incident and re¬

flected rays respectively. The angle of incidence plays an important role
in determining whether the light ray will be refracted or reflected. The
critical angle, 9c, where sin0c = ^, is the maximum angle at which a ray
can be transmitted into a material. At this angle the resultant ray actu¬

ally travels along the surface of the material upon which it is incident.
At angles above the critical angle the resultant ray is reflected, at angles
below it the resultant ray is refracted.

The refractive index is obviously an important factor in determining
this angle. The way in which light interacts with matter is determined,
not only by the properties of light, but by the properties of the material
as well. This thesis is concerned with a number of different microscopic

species of particle; atomic species and colloidal samples are considered
in the fields of atom optics and optical trapping and scattering. The in¬
teraction of these particles is considered in a more complex form than
the ray optics approach discussed, but the refractive index still plays an

important role in determining and effecting the behaviour. Although it
is possible to draw analogies between the interactions in each of these
fields it is simplest to consider them as separate scenarios and as such

light-matter interactions for atom optics will be considered in the next
section of this chapter before light-matter interactions for optical trap¬

ping in the subsequent section.

8
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It

\
Tweezed r^_
Particle Atom Cloud

Figure 2.2: Different mechanisms of trapping particles. A 2pm silica particle held
in an optical trap (left) and a cloud of cold Rb atoms in a Magneto-Optic

Trap (right).

2.3 Atomic Species

The refractive index of a material has both real and imaginary compo¬

nents, the result of this being two different methods of interaction be¬
tween the medium and the light. The real component of the relationship
is related to the phase gradient of the light beam and the force produced
is called radiation pressure. The imaginary component is caused by the

intensity gradient of the light beam and described as the dipole force.
In atom optics the radiation pressure allows cooling of the atoms and
the dipole force is used in guiding atoms. Both of these procedures are

discussed in more detail in chapter 5.

2.3.1 Radiation Pressure

The knowledge that electromagnetic radiation could exert a pressure

upon any surface was deduced by James Clerk Maxwell [8] in 1870 and
was subsequently proven experimentally by Lebedev [9] in 1900 and
demonstrated by Nichols and Hull [10]. It was this pressure force that

\
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Kepler had observed pushing the comet's tail away from the sun.

Radiation pressure can be described in terms of the particle-like na¬

ture of photons. During the absorption and emission of photons by a

material conservation ofmomentum must be maintained. If a material

absorbs a photon then the photon must transfer its momentum to the

atom absorbing it. A photon of wavelength A has linear momentum hk,
where k = ^ and is referred to as the wavevector, h = ^ and A is the
wavelength of the light. The radiation pressure force is the force im¬

parted by the momentum transfer from this photon to an atom [11]

f = % = 7TS (2'2>
where r is the natural lifetime of the excited state of the atom and / is

the fraction of time that an atom spends in the excited state.

This force, as already stated, is used in atom optics to facilitate the

cooling of atoms to temperatures in the /xK range. As each individual

photon carries little momentum the force exerted as radiation pressure

is quite weak, hence the fact that all objects are not 'buffeted' by the suns

rays. The effect is therefore only observed on microscopic particles inside
a high photon flux field, for instance a laser beam. Using such a laser
beam to cool atoms relies 011 the careful choice of laser frequency so as to

coincide with an atomic transition and hence an absorption frequency for
the atom. This means that an atom will absorb a photon, as described
before. The photon will then be isotropically re-emitted, again as dis¬
cussed, but due to the movement of the atom this emitted photon will be

Doppler shifted to a higher frequency than the incident photon. In order
to satisfy conservation laws this means that some of the atom's thermal
energy must be imparted to the emitted photon and hence the atom is
slowed and cooled by the process. This continual cycle of absorption and

10
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spontaneous emission of photons is often referred to as the 'cooling cy¬

cle' and is examined in more detail when atomic cooling is considered in

chapter 5.

2.3.2 Dipole Force

The dipole force depends upon the real part of the atomic susceptibility,
or its refractive index. The dipole force can be seen as the absorption
of a photon followed by its stimulated emission resulting in the redis¬
tribution of the photons in the laser field, in other words refraction of a

light beam in the ray optics approach discussed previously. Classically
the dipole force is defined as

Fd = p.VE (2.3)

where p is the dipole moment and E is the electric field. If an atom is

placed in a high intensity optical field, for example a laser beam, then it
will acquire an optically induced dipole moment

p = aE (2.4)

where a is the polarisability of the atom. For an atom in its ground state

then a is dispersive and can be linked to frequency by the Kramers-

Kronig relationship [12,13], as shown in figure 2.3

For an atomic transition with frequency u>0 then the absorption spec¬

trum of the atom will be as shown by the black curve. That is they will
be centered on uj0 as the maximum absorption frequency and decrease
to either side of this value. At cj0 the polarisability, a, will be zero and
therefore there will be no associated dipole force. For frequencies below

resonance, or lo0 the polarisability of the atom will be positive, as illus¬
trated by the green curve. This results in a dipole force which is positive

11
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co„
Frequency

Figure 2.3: Classical description of the dipole force. For an atom of resonance fre¬

quency u)0, with an absorption profile as shown by the black curve, the

polarisability, a, is given by the green curve, with a positive value when
the laser frequency is detuned below resonance, zero on resonance and

negative above resonance as defined by the Kramers-Kronig relationship.
The background shading indicates the detuning of light at these frequen¬
cies.

and acts to pull the atom towards the light, or high intensity region of a
laser beam. For frequencies below the resonance value of u;0 the polar¬

isability is negative and this results in a negative dipole force repelling
the atoms from the high intensity region of the beam .

The optical dipole force allows the guiding of atoms in either red- or
blue-detuned light guides. Red-detuned guides are those used when the

detuning of the light is chosen to give a positive polarisability and the
atoms are therefore confined to a high intensity region of a light beam.
Blue-detuned guides are those used for detunings above the resonance

frequency uj0 when the polarisability is negative, in this case the atoms
are guided in a low intensity region of a light beam.

In this section a classical description of the dipole force has been dis-
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cussed. A more detailed description of the quantum approach is consid¬
ered when atomic guiding is discussed in chapter 5.

2.4 Optical Trapping

There are two regimes that are generally considered when looking at op¬
tical trapping and the related interactions between particles, or matter,
and light. These regimes are the Mie and Rayleigh regimes. The first is
concerned with the interactions that occur when the size of the particle
is larger than the wavelength of the light incident upon it. The second,

Rayleigh regime, is concerned with the interactions that occur when the

particle is much smaller (less than twenty times smaller) than the wave¬

length of the light hitting it. The intermediate case, where the particle is
of comparable size to the wavelength of the light is usually approximated
to the Mie regime [14].

a) b) c)

ill %

0
Figure 2.4: The Mie, Intermediate-Mie and Rayleigh regimes, a) in the Mie regime

the particle size is larger than the wavelength, b) in the Intermediate-
Mie regime the particle is of comparable size to the wavelength and c) in
the Rayleigh regime the particle is much smaller than the wavelength of
the light.
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2.4.1 Mie Regime

In the Mie regime the forces caused by reflection and refraction of light
as it passes from one material to another are considered in an approach

analogous to the ray optics approach discussed in the first section of this

chapter. An incident laser beam can be thought of as a number of rays
and the path of each these rays as they are incident on a particle is
considered as a weighted array dependant on the intensity of each ray.

A photon has momentum p — where h is Planck's constant and A

is the wavelength. A light ray, consisting of photons, will have an as¬

sociated momentum. When a light ray strikes a particle a percentage

of the light will be reflected and the remainder will be transmitted. In

optical trapping the simplest case is for a transparent, solid sphere in

a Gaussian light beam (one which has a high intensity centre and over¬

all Gaussian intensity profile). In this case a very small percentage of
the input ray is reflected, the majority of the light is transmitted and
refracted by the particle. Ashkin [15] describes the resultant transfer
of momentum in terms of a scattering force and a gradient force. The

scattering force resulting from rays parallel to the incident ray and the

gradient force from rays perpendicular to the incident ray. The gradi¬
ent force is the same as the dipole force discussed for atomic species.
The incident light rays on a particle will be refracted as shown in fig¬
ure 2.5. Newton's third law tells us the light will push the particle with
an equal force in the opposite direction; the gradient force. This force is
a result in the change in momentum over time, For a particle with
a refractive index higher than the surrounding medium the net result,
when intensity is considered, is to push the particle to the centre of the
Gaussian beam (as for red-detuning of an atom). For a particle with a
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Intensity of Beam

Net Force

Figure 2.5: The refraction of light through a high refractive index, dielectric sphere
and the resultant forces acting on a particle in a Gaussian beam (left)
and a focussed beam (right).

low relative refractive index the net result is to push the particle out of
the high-intensity centre of the beam (as for blue-detuning of an atom).

This momentum transfer accounts for the trapping of a particle in
the xy plane, considering the forces in the z-plane allows particles to be

trapped in three-dimensions. A tightly focussed beam passing through
a particle will experience refraction of its rays as shown on the right
in figure 2.5. The off-axis rays gain momentum in the direction of the
beam's propagation, the z direction. These rays are refracted and pushed

away from the beam's focal point. This push on the light by the particle
results, again in accordance with Newton's third law, in a force on the

particle towards the beam's focus.
The equilibrium position for a particle is reached when the forces act¬

ing on the sphere are balanced. In the case of a conventional tweezer the
scattering force and gravity both act downwards, these are balanced by
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the axial gradient force acting upwards. For an inverted tweezer the

scattering force acts upwards as well as the axial gradient force to over¬

come gravity. The result of this is that the trapping position is normally

slightly displaced from the beam's focal point. The on-axis rays are ac¬

tually detrimental to the z-trapping ability of an optical trap, the back
scatter from these rays resulting in a force on the particle away from the
beam's focus and the best trapping region of the beam. A more detailed
consideration of the balancing of the forces and the trapping of low index

particles is discussed when optical trapping is considered in chapter 7.

2.4.2 Rayleigh Regime

For a particle much smaller than the wavelength of the light the ray

optics approach does not provide an accurate model. This is because only
a fraction of the light interacts with the particle and the electric field can

only be considered over this small region, effectively providing a uniform
field. In this Rayleigh regime the forces can be calculated by following
the Rayleigh-approximation. The particle is therefore considered as a

small induced dipole in an oscillating optical field of frequency v. There
are two forces acting on this small dipole, namely the radiation pressure

and the dipole force discussed for atom optics. The radiation pressure

results from momentum changes in the light caused by scattering and
the dipole force results from the Lorentz force acting on our induced

dipole [14]. The radiation pressure is proportional to the laser intensity
and acts to push the particle along the axis of propagation of the laser, it
is the scattering force discussed in the Mie regime. The dipole force acts
on the particle depending on the refractive index, this is the gradient
force. The resonance frequency of the dipole is u0, if the optical field is
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red-detuned (v < vQ) then the dipole, or particle is attracted towards the

high intensity region of the beam. If the optical field is blue-detuned

(v > vQ) then the reverse is the case and the particle is repelled from
the high intensity region. Within the zeroth-order approximation for a
Gaussian beam, in other words assuming the wavelength of the laser is
much less than its beam waist, then the radiation pressure and dipole
forces are given by [14]

t-I / \ -n2 1287r5a6 (m2 — 1\2Fscatt(r) = z— ^ [jJJT+2 / (r) (2-5)
Fgrad(r) = 2ttn2e0a3 V|E2(r)| (2.6)

where a is the particle radius, A the wavelength of the light, r is the

position vector at the beam centre of the beam waist, z is the unit vector

along the z-axis or propagation direction, e0 is the dielectric constant in a

vacuum, c is the speed of light and m is the ratio between the refractive
index of a particle nj and that of the surrounding medium, n2. /(r) is the

time-average of the Poynting vector [16] S(r, t) which is related to the
electric (E(r)) and magnetic (H(r)) components of the field by [14]

zl(r) = <S(r, t))T = l-Re[E(r) A H+(r)] (2.7)
= i!^2£E(r)2 (2.8)

Outwith this zeroth-order approximation, when the laser beam is tightly
focussed, then higher-order contributions must be considered when de¬

scribing the transverse and longitudinal components of the electric and

magnetic fields. This is discussed further in references [17,18].
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2.4.3 Intermediate-Mie Regime

The Rayleigh approximation fails for the case when a particle is of com¬

parable size to the wavelength of the incident light. The generalised
Lorentz-Mie theory, which is an extension of the original Mie theory,

provides the best means of calculating the radiation pressure and dipole
forces for a particle ofarbitrary size placed in a Gaussian beam [19] or in¬
deed in a more general profile. This is a complex approach and although
it provides the most accurate results the Mie and Rayleigh approaches

are found to be adequate considerations in this thesis where we are gen¬

erally concerned with Mie regime particles.

2.5 Conclusion

The different interactions between light and matter that enable atom

trapping, guiding and optical trapping are described here, they will also
be discussed more specifically in the relevant chapters of this thesis. The
fields emerged from the use of Gaussian modes but have progressed to

be concerned with novel light beams and patterns. This thesis is con¬

cerned with the creation of these novel beams and patterns using an

SLM and their subsequent application to the discussed fields. The in¬
teractions considered here for Gaussian light beams can be extended to

consider more complex light patterns quite simply, the basic physics de¬
scribed being the same. The need for complex patterns has arisen as the
fields have progressed. New and interesting discoveries are being fueled
and allowed as the basic science has been expanded to incorporate mul¬

tiple light beam configurations. As the need for advance is what drives
research there is an increased demand for novel light patterns and con-

18



2.5. CONCLUSION

figurations. In this thesis we demonstrate how this need can be fulfilled

using an SLM to create novel light beams, potentials and arrays.
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Chapter

Dynamic Holographic Light

Shaping

3.1 Introduction

In this thesis dynamic holographic generation is considered for appli¬
cations in optical micromanipulation and biophotonics. The use of the

emergent technology Spatial Light Modulators (SLMs) provides a suit¬
able means for the creation of such dynamic holograms. This chapter
considers the basic theory behind holography and hologram creation
with particular reference to creating holograms that can be displayed
on the SLM. The description of an SLM is then considered and the mod¬
els used in this thesis are discussed in more detail. The aim is to provide

a background and understanding of how the SLMs allow dynamic holo¬

grams to be created for the applications discussed in later chapters of
this thesis.

3
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3.2 Holography and Hologram Creation

There exist a number of techniques for the creation of novel light beams

and complex output light potentials and landscapes. Some novel light

beams can be created using conventional techniques such as laser cavi¬
ties or mode converters, but for many it is necessary to develop a holo¬

gram to determine the required output phase. This is discussed in more

detail in chapter 4. Complex optical landscapes can also be created us¬

ing more classical methods. For example the interference pattern formed
between two or more light beams will provide a periodic landscape [20]
but this will be limited to a repetitive array distribution. Acousto-optic
deflectors and modulators [21,22] can use raster scanning techniques to

build up arrays of light spots, but these trap sites will be intermittent
and the number and effectiveness limited as such. Holographic tech¬

niques allow complex light fields to be created without the problems of

time-sharing or limitations to distribution pattern. As has already been

stated, the use of a Spatial Light Modulator (SLM) allows the advan¬

tages of holographic techniques to be combined with reconfigurability
and ease of creation.

Traditionally holography is a recording of the interference pattern

between the input beam and the desired output potential [23]. This can

take many forms, even allowing for white light holography which is the
most well known form and can be seen in everyday examples such as the

holograms on credit cards or validation stickers. Traditional holographic

techniques do facilitate the creation of light beams, but only if the beam

already exists in order to record the interference pattern between this
beam and the reference beam. This means that it is not possible to cre¬

ate a light beam from a conventional hologram if it cannot already be
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realised using alternate techniques.

Computer designed holograms provided a breakthrough, allowing for
the possibility of creating holograms without the need to realise the in¬

terference pattern in a lab. Mathematical models of both the input and

output beams can be produced and interfered to simulate the pattern

required. More complicated holograms start to emerge using special en¬

codings to write the interference pattern [24]. The main advantage of

these computer generated holograms still remains the fact that the out¬

put field is not required to exist physically in order to facilitate their

creation. However, there are also other, secondary advantages such as

the optimisation of signal-to-noise ratios and diffraction efficiencies.
It is possible to record the created interference pattern in two dif¬

ferent ways. If the pattern modifies the transparency of the hologram
then this is known as an 'amplitude hologram'. However, if the output

is reconstructed by altering the phase of the reference beam then the

hologram is known as a 'phase hologram'. The efficiency of a hologram is
defined as the ratio of the intensity in the output field to the intensity of
the input, or reference beam. An ideal phase hologram will transmit, or
reflect all of the incident light allowing a theoretical efficiency of 100%,
which is not possible when the amplitude is being modulated.

3.2.1 Etching and Static Holograms

The most common means of creating a hologram is by etching the pat¬

tern into a glass substrate. This can be done for both amplitude and

phase holograms. In this thesis phase holograms are considered, there¬
fore it is this type that shall considered in more detail in this section.
For amplitude holograms the etching procedure inherently changes the
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transparency of the glass. For phase holograms the pattern is built up
in a number of layers, each layer being etched on top of the previous one.

Increasing the number of layers of the hologram increases the number of

phase levels, which creates a better quality hologram. However, as the

number of layers is increased so the time taken to create the hologram is
increased and the accuracy of the hologram can suffer. The accuracy is

affected because each layer of the hologram has to be carefully aligned on

top of the previous; any misalignment that can occur during this stage

or during the etching process, leads to deformations in the hologram and
reduces its accuracy and efficiency. There is also a physical limit to the
number of etching procedures that can be carried out on any one sub¬
strate and as such these holograms are usually only binary or few-phase
level examples.

3.2.2 Holograms for the SLM

Different types of SLM can act as either phase or amplitude modulators.
The SLMs used in this project are phase only devices, although it is pos¬

sible to encode amplitude modulation onto them by using more complex

algorithms. Light is of a premium in the applications discussed in this
thesis because it supplies the forces required to manipulate particles and
to guide and cool atoms. Therefore the efficiency advantage afforded by

using phase modulation over amplitude modulation is utilised.
The SLM encodes an input beam with the relevant phase required to

produce the desired output light potential given by

A(r) = Ao(r)j*W (3.1)

where A0(r) is the complex amplitude of the input beam. The phase term
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used to modulate this beam, el^^x,y\ can be calculated quite simply for
some of the output patterns required, while in other cases a more com¬

plicated procedure is necessary. The more simple case, where the phase

term can be easily calculated, is for beams and patterns that have rela¬

tively easily determined phase. One such light potential is the Laguerre-
Gaussian beam, which has a helical phase front. Such a phase front can
be created using a spiral phase plate. This requires a phase term ell(t>
where I is the azimuthal index of the beam and 0 the azimuthal angle.
Other light potentials, such as Bessel beams and optical bottle beams,
can be created in a similar manner and this will be discussed in more

detail in chapter 4. Holograms for light potentials with more complex

phase terms need to be calculated using an alternate method.

3.2.2.1 The Iterative Fourier Transform Algorithm

A number of techniques for creating novel light potentials are reviewed
in chapter 6. The technique used in this thesis is the Iterative Fourier
Transform Algorithm (IFTA). Although this algorithm is commonly re¬

ferred to as the Gerchberg-Saxton (GS) algorithm [25] it should actually
be attributed to Lesem, Hirsch and Jordan [26] who developed it for de¬

signing phase only holograms, or kinoforms. This algorithm is an error

reduction algorithm in which a 'phase guess' of the output beam is taken.
This phase profile and the desired intensity distribution are then trans¬
formed and the resultant complex amplitude, F(£, r/)is replaced with
F(£, 77) according to

F&ri) = Boi^F^imv)}-1 (3-2)

where B0(£, 77) = ^/|/0(£, 77)!, /0(£, T7)is the required intensity in the image
plane and £ and 77 are the co-ordinates as shown in figure 3.1.
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Figure 3.1: Schematic diagram of image generation using kinoforms, or phase only

holograms. Reproduced from reference [27].

The inverse transform of this new function is then taken to give

W{u,v), the complex amplitude in the kinoform's plane. This new func¬
tion is then replaced according to

A0(u,v)W(u,v)\W(u,v)\~1 , (u,v)eQ
W(u, v) = (3.3)

0 , (u,v) 3 Q

where A0{u, v)is the amplitude of the illuminating beam and Q is the
kinoform's aperture shape.

The process can be repeated, or iterated, until the errors are stable.
At this point the function should represent the kinoform required for cre¬

ating the desired phase of the output beam. The method used for creat¬

ing the holograms in this project was similar to this GS method, only this
time an Adaptive Additive (AA) algorithm suggested by Soifer [27] was
used. Instead of simply replacing the function, as with the first equation
in the GS method, a weighted linear combination of the desired and the

computer generated functions is taken. This is then used in the next
iteration of the algorithm and the process iterated to produce a kinoform
suitable to create the required output beam (figure 3.2). There are a

number of advantages to the new AA algorithm over the GS, specifically
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Figure 3.2: Flow chart detailing the process of forming an output kinoform using the

adaptive-additive algorithm. Reproduced from reference [28].

that this AA algorithm is more accurate and converges faster.
The programme used to create holograms in this manner was writ¬

ten in IDL and requires an input grayscale image showing the desired

output intensity distribution and having the same dimensions as the
desired output kinoform. The programme, "optphase" is included in Ap¬

pendix A, along with the subroutines "phase" and "frnhfr". The pro¬

gramme can be used to create a phase hologram for any purpose, not

just for use with an SLM. It requires user input of the wavelength of the
light that will be incident on the SLM, or indeed whatever form of holo¬
gram is to be created, the number of phase levels of the device and the
focal length of the lens that will be used to Fourier transform the holo¬
gram into the desired output phase field (n.b. this is the last lens before
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the image, not the first lens after the SLM). The programme also re¬

quires to know the number of iterations it should make before returning
the output. Detailed descriptions of the required, and optional, inputs
are given at the beginning of the programme.

3.3 Spatial Light Modulators

Spatial light modulators (SLMs) consist of an array of reflective, liquid

crystal pixels, each of which is able to locally change the phase or ampli¬

tude of an incident beam, hence any light beam hitting an SLM's surface
can be sculpted to form a a variety of output potential of two- or three-
dimensional extent. There are various different types of SLM available.
The most notable differences between them are whether the device is

electrically or optically addressed and whether the liquid crystal is fer¬
roelectric or nematic. They can also be transmission or reflection devices.

Using these criteria the SLMs can be classed into different types.
The difference between the optically and electrically addressed SLMs

is self-explanatory. Optically addressed SLMs (OASLMs) have an illumi¬
nation system within the unit which is used to write to the pixels of the

liquid crystal display. Electrically addressed SLMs (EASLMs) contain
no such internal laser and instead the pixels are written to using an ap¬

plied voltage. The choice of ferroelectric or nematic liquid crystal affects

greatly the uses of the SLM. Ferroelectric liquid crystal (FLC) SLMs act

primarily as a half-waveplate with the optic axis of the device rotating
with the applied field. Nematic liquid crystal (NLC) SLMs act as vari¬
able birefringent devices with the phase retardance of the device varying
with applied field to create a phase shift. FLC devices are considerably
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faster, having higher refresh frequencies. However, the output is limited
to a binary hologram, having only two phase levels. Transmission and
reflection SLMs are self-explanatory, the difference being merely in their

optical properties and the resultant alignment of the device.
An SLM will be designed around a number of set parameters, as well

as the more obvious properties like type. Each SLM will be designed
for use with a specific wavelength, or range of wavelengths. This wave¬

length will be that at which the anti-reflection coatings are optimised

and, by choice of liquid crystal thickness, the SLM will provide the best

phase throw at this value. The number of phase levels achievable by the
SLM will vary, this is reflected in the design of a hologram with more

phase levels providing better detail and a smoother profile and hence

output. The number of pixels making up the SLM's active area can also

vary, the size and number of these pixels affecting the fine detail of the

hologram which in turn affects the output. The pixellation of the device
also results in the output diffraction pattern. Finally the refresh fre¬

quency, or time taken to load an image, can vary. This is an important
consideration in dynamic applications where the frequency affects the
animation and control of the output. However, for static applications it
is not of importance.

All of the SLMs discussed in this thesis are nematic liquid crystal

devices, however one is an EASLM and the other two are both OASLMs.
As a general rule the EASLMs tend to be the faster devices while the
OASLMs offer a non-pixellated surface. This means that the two types
of device are better suited to different purposes, this will be discussed
further at the relevant junctures in the thesis.
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Figure 3.3: Pictures of the Spatial Light Modulators used in this thesis. The left
hand image shows the Boulder Nonlinear Systems EASLM and the right
hand image the Hamamatsu OASLM.

3.3.1 Boulder Nonlinear Systems SLM

The EASLM used is a Boulder Nonlinear Systems 512x512 pixel SLM
and is designed for use with light of wavelength 1064nm. As the voltage
of each pixel is changed so the retardance of the liquid crystal varies, as
such the SLM can alter the light beam hitting its surface to sculpt the
desired output beam profile. There is a nonlinear relationship between
the modulation level and the pixel voltage, this is corrected by using a

look up table (LUT). A LUT is a file that contains a table of numbers, the
user selects the appropriate one and this is applied to the hologram im¬

age in order to scale it correctly to give the desired output. The Boulder
SLM has 256 discrete voltage states, however, when no field is applied
then the voltage level is 127 and there is a 2ir phase shift, but when the
maximum field is applied then the voltage level is either 0 or 255. This
means that there are only really 128 discrete states. As with other SLMs
true and inverse images must be written to the SLM alternately in order
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Figure 3.4: Experimental setup of the Boulder SLM for measurement of LUT values
or for creation of light potentials if the power meter is replaced with a

CCD camera. The left hand image shows the setup using a polarising
beam splitter and the SLM angled as shown in the inset. The right hand

image shows the equivalent setup for use of 45° polarised light and the
SLM at a slight angle to the input beam.

to maintain a DC balance and prevent images from being burnt into the

liquid crystal display. The load period, or time taken to load an image

onto the SLM, is 164.1 /is and the toggle rate, or frequency, at which it
can change between images is 150Hz.

A number of LUT are provided with the software for operating the
SLM. However, it is possible to create a file specifically for one set up.

This was done for this SLM setup as shown in figure 3.4. A Ytterbium

(Yb) fibre laser (IPG Photonics) was used, this provides 1070nm laser

light and was generally run at 500mW. In normal use the SLM should
be hit with incident light polarised horizontally, or in the s-direction. For
the purpose of calibrating the system the SLM should be hit with inci¬
dent light polarised at 45°. The suggested method of alignment is to use

a polarising beam splitter in front of the SLM, as shown on the left hand
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side in the figure 3.4, this would allow s-polarised light to be separated
for use with the SLM and allow the image to pass back through either
to a power meter as shown, or to a CCD camera for recording. In order
to achieve the correct relationship between the liquid crystal alignment
and the light polarisation the SLM had to be angled at 45°, as shown
in the inset. However, this setup is not stable and the SLM tended to

slip in the mounting to return to a horizontal alignment. Instead an al¬

ternate setup was tried with the SLM being used as shown in the right
hand image of figure 3.4. The SLM is angled slightly with respect to the

input light beam so that the output light will travel along a different

path. This allows the output beam to be detected or viewed offset from

the input beam. In this case the polarisation was controlled by rotating
the laser head so that the output light was polarised at 45° to the SLM.
The laser provides linearly polarised light of a 100:1 purity ratio.

In both setups lenses are illustrated, these are used to telescope the
laser beam so as to fill the SLMs active area. Choice of the lenses is

dependent on the size of the input beam and the active area as the re¬

lationship between these determines the telescope required. It is not es¬
sential to fill the active area of the SLM however, using a smaller region
reduces the number of pixels used and hence diminishes the detail and

quality of the hologram and the resultant output pattern. The use of a

telescope also allows the SLM to be illuminated using the approximately
flat wavefronts of the central region of a Gaussian beam, which simpli¬
fies hologram design. In this experiment then /=100mm and /=38mm
lenses were used. These provided a x2.63 telescope, expanding the beam
size from 4mm to 10.5mm, adequately filling the 10.8mm diagonal of the
active area for this application although overfilling is advantageous for
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Figure 3.5: Graph showing the experimental phase variation of the Boulder SLM for

hologram use, as discussed.

In order to determine the LUT values a series of grayscale images

were created, each one representing a flat tone image from the range

0 to 127. A power meter reading of the output beam for each of these

grayscale images was taken. The power readings are then related to

phase according to

where I is the intensity and K a constant. Using this equation a graph
of the phase versus the pixel value was obtained as shown in figure 3.5.

The graph is expected to represent half a bell shaped curve, the re¬

sult appears to approximate this, although it looks to be acting more like
a binary output device than expected. Discussion of these results with
Boulder led to them testing the device further and providing a person-

different input pixel values.

(3.4)
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alised LUT.

It is important not to exceed the maximum power rating for any SLM
as this could cause damage to the liquid crystals active area. For the

same reason it is important not to focus light beams onto the active area

of the device and to consider absorption effects carefully if the wrong

wavelength is being used. The Boulder Nonlinear Systems (BNS) SLM
can be fitted with a thermoelectric cooler which enables the maximum

incident power used to be increased as the overheating effects are com¬

pensated for. This device was fitted to our SLM during the later stages
of my PhD. Further to considerations of maximum power it is also im¬

portant to keep the SLM clean, as it is a static device it is advisable to

cover the active area while not in use in order to prevent dust and dirt

clinging to the surface.

3.3.2 Hamamatsu SLM

The optically addressed SLMs (OASLM) are both Hamamatsu PPMX8267
series SLMs (PPM: programmable phase modulator). The only differ¬
ence between the two being that one is designed for use with light of

wavelength 532nm, and the other is designed for use with light ofwave¬

length 780nm. In both cases the incident light should be polarised hor¬

izontally (s-polarisation). Many nematic crystal SLMs have molecules

arranged in a configuration so that their axes are twisted with respect

to one another, from one side of the liquid crystal layer to the other (fig¬
ure 3.6a). The Hamamatsu model is a parallel-aligned liquid crystal

(PAL) device (figure 3.6b).
The advantage of the PAL arrangement is that it eliminates the un¬

wanted intensity variation in the output beam when only phase modu-
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Figure 3.6: Principle of phase modulation in a) twisted nematic and b) parallel

aligned nematic liquid crystal SLMs. Note the change in output field
between the two. Reproduced from reference [29],

lation is required. This is because all of the molecules are parallel. Ap¬

plication of a voltage causes these molecules to lie along the optic axis,
thus applying a phase shift to the output light polarised in the direc¬
tion of the molecules. Light polarised perpendicular to the molecules is
unaffected. In a twisted configuration all polarisations will be affected
at least a small amount causing some intensity variation in the output

beam. It is therefore not possible to achieve pure phase only modulation

using the twisted nematic configuration [29].

The Hamamatsu SLM has a 768x768 pixel liquid crystal display (LCD)

however, the actual SLM output is not pixellated. This is achieved by
the use of a set of imaging lenses within the SLM to spatially filter the

frequencies associated with the grating structure of pixellation. The un-

pixellated output means that there is no related diffraction of the output

light into unwanted diffraction orders. As with the Boulder SLM, the
Hamamatsu is a reflective device. The voltage applied to the liquid crys¬

tal increases with the intensity of the light from the internal write laser,
therefore the liquid crystal layers birefringence changes according to the
electro-optic modulation. As the birefringence of each pixel is altered so
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the SLM is able to sculpt the light hitting its surface into the desired

output profile. The Hamamatsu SLM has a non-linear relationship be¬
tween the modulation level and the pixel voltage. However, while the
Boulder SLMs non-linearity is corrected by the user applying a LUT file
to the hologram image, the Hamamatsu is corrected internally prior to

shipping so that the relationship perceived by the user is a linear one.
When the polarisation of the incident light is parallel to the axis of

the liquid crystal then a phase variation of greater than 2-n radians can

be obtained. However, by aligning the polarisation perpendicular to the

liquid crystals axis then the phase variation becomes negligible, there¬
fore it is important to align the laser correctly in order to obtain the

phase variation required. The output to the SLM from the computer is
a bipolar square wave with an amplitude of 5V oscillating at lKHz as

standard, although this frequency can be adjusted through the range

0.83Hz to 1MHz using DIP switches on the internal pc board of the SLM
controller. The purpose of this oscillation is to prevent image burning on

the liquid crystals display. In order for the SLM to work properly it is ad¬

vantageous to illuminate fully the active area, which is 20mm x 20mm,
with a close to uniform field. A non-uniform field can be compensated
for in the hologram design by consideration of its field when designing
the interference pattern. For simplicity a Gaussian beam is expanded so

that the central region of the beam, which approximates a uniform field,
is incident on the active area of the SLM.

The power limitations of the Hamamatsu SLMs are higher than the
BNS device however, these SLMs are not fitted with cooler attachments
and the ratings must still be adhered to in order to prevent damage to
the liquid crystal. If the device is being used as a mirror with the power
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turned off, it is important to remember that this does not change the vul¬

nerability of the active area. The active area should always be covered
when the device is not in use in order to keep it clean and care should be

taken if this is to be cleaned as solvents can damage the liquid crystals
and coatings.

3.4 Use of an SLM at the Wrong Wavelength

The spatial light modulators used in this thesis are all designed for use
with a specific wavelength of input light. When used with the correct

wavelength the SLM will provide at least a 2ir phase variation over the
maximum number of phase levels. For the Boulder SLM this is 128

phase levels, or a nbit value of 7; for the Hamamatsu SLMs this is 256

phase levels and an nbit value of 8. The nbit value is related to the num¬

ber of phase levels as shown in equation 3.5 and is used in most of the
IDL programmes discussed in this thesis.

phase levels = 2nbit (3.5)

If an SLM is used with incident light of the wrong wavelength then
the full 27r phase throw will not be as expected by the hologram and
therefore the output potential will be corrupted. When calculating the
holograms it is possible to compensate for the reduced number of phase
levels and therefore use the SLM with the wrong incident wavelength.
This is obviously not ideal as the reduction in phase levels will result in a

reduction in the quality of the output image. However, the reduced num¬

ber will still provide a larger number of phase levels than, for example
an etched or binary hologram.
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The moptimum value of the highest phase level, according to Swan-
son and Veldkamp [30], is 7r for a 1-bit hologram, 1.57T for a 2-bit holo¬

gram and for an n-bit hologram is given by
2-K(2nbit — 1)

optimum maximum level - (3.6)

From this we can see that as the value of nbit increases so the maximum

phase level approaches, but never reaches 27r. However, from the manual

for the SLMs, particularly the Hamamatsu, we know that the maximum

phase level in fact exceeds 27r, despite the nbit value remaining at 8.

Therefore a more realistic approximation for the SLMs was introduced

into the optphase programme. This variable was 'max_grey' which uses

the maximum grayscale value available for the SLM in calculations of
the holograms. This value is 255 for the Hamamatsu SLMs and 127 for
BNS SLM.

If incident light of the wrong wavelength for the SLM is used then
it is possible to alter the value of 'max_grey' to compensate for the re¬

duced phase variation available. The maximum phase shift of an SLM

depends on the thickness of the liquid crystal layer and the wavelength
of light being used. Dispersion of the light in the liquid crystal can be

approximated by using a quadratic form of the refractive index

n = n(A = oo)[1 + A2] (3.7)
A

where n is the refractive index of the liquid crystal, A the wavelength
of the incident light and A0 is determined by the liquid crystal used to
make the SLM. This approach gives us a maximum phase shift of

= 27Ty = (2ir|)n(A = 00)[1 + (^)2] (3.8)
where <j) is the phase shift and t the thickness of the liquid crystal layer.
The limit of this approach is reached when longer wavelengths are used
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until only a 7r phase throw is available. It should be noted that while

this approach does compensate for the reduction in the maximum phase

level, this does impede the quality of the hologram. More importantly
no compensation can be made for any coatings on the SLM and the ap¬

proach is not an ideal solution.

3.5 Conclusion

Although Spatial Light Modulators provide an invaluable means for cre¬

ating dynamic holograms and a simple way to facilitate static holograms
it is important to note that they do not always provide the best solu¬
tion. There are situations where although an SLM could be utilised an

alternate technique would provide better results. SLMs provide expen¬

sive alternatives where static beam or simple pattern creation is the

only necessity and the losses associated with the devices do not make
them viable for all applications. Static optical elements, such as axicons
are much more efficient and cost effective. Etched glass holograms can

also provide better resolution and efficiency with adequate output qual¬

ity and lower cost. SLMs do offer reconfigurability to such static applica¬

tions, eliminating the need for realignment and simplifying a situation
where it is necessary to switch output beams or patterns often. SLMs
also offer dynamic hologram generation, which is not feasible through
alternate means. It is therefore necessary to consider the application

carefully before deciding on the means of creation.
In this thesis the applications of SLMs for creating novel light beams

and optical potential landscapes in the fields of atom guiding, optical
trapping and light scattering are considered. The actual applications of
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SLMs reach beyond these fields and hence it is only a small part of their

contribution to physics that can be considered here. The discussion of ap¬

plications is also restricted to NLC devices, although some applications
of FLC SLMs will be touched upon. The limitations of SLMs in these
fields are finite, their use specified and restricted by design characteris¬
tics and attributes. In many cases their usefulness and potential appli¬
cation range would be greatly extended by advances in their design. As
the field of SLMs is still an emergent technology there is scope to hope
that such advances may yet be feasible. Improvements in the refresh
rate of NLC devices, larger numbers of pixels per area and broadband

operating wavelengths being some possible areas that would further the
research discussed here.
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Chapter L+

Novel Light Beams

4.1 Introduction

Spatial Light Modulators (SLMs), and holographic techniques in gen¬

eral, have afforded the ability to create novel light patterns and true

transverse laser modes. Such novel beams have found applications in
fields as diverse as quantum communication and nanofabrication. There
exist a number of types of novel light beams. This chapter is concerned
with three different types; Laguerre-Gaussian (LG) beams, Bessel beams
and Optical bottle beams. An optical bottle is a dark region surrounded
by light forming a 'bubble', or bottle. Methods for creating these beams

historically and using an SLM will be discussed. The realisation of LG
and Bessel beams using an SLM is necessary for experiments discussed
later in this thesis. Optical bottle beams are not propagation invariant,

originally a single optical bottle was created using a superposition of two
LG modes, this approach is discussed after the LG section of this chap¬
ter. A three-dimensional array of optical bottles is demonstrated for the
first time [31] and this is discussed in the final section of this chapter.
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4.2 Novel Light Beams

A laser cavity will only support a given light beam if it fulfills the bound¬

ary conditions of the laser cavity [32]. An electromagnetic field that sat¬

isfies these criteria and propagates as a light beam is referred to as a

'laser mode'. The spatial properties of a laser beam are described in

terms of transverse and longitudinal modes. The longitudinal and trans¬
verse modes result from the fact that the resonated field has to reproduce
itself after every round trip of the laser cavity. The result of this is a con¬

straint on the wavelengths producible from a given laser cavity as an

integer number of the wavelengths has to fit into the cavity length in or¬

der to create a standing wave. Altering the cavity length determines the

producible wavelengths. The requirement that the electromagnetic field
must fall to zero away from the propagation axis of the light beam leads
to the transverse mode structure. Transverse modes describe the cross-

section of a light beam. Most laser beams operate in the fundamental
transverse mode (TEM00), more commonly described as being a Gaus¬
sian beam, this description arises because the cross section, or profile of
the beam is Gaussian, as shown in figure 4.1a). Transverse laser modes
are typically described by the product of two independent Hermite poly¬
nomials with a Gaussian, these are known as Hermite-Gaussian (HG)
beams. This provides us with one solution to Maxwell's free-space parax¬
ial wave equation, which has rectangular symmetry. HG modes are de¬
scribed by TEMmn the integer subscripts m and n denoting the order
of the polynomial in the x and y directions respectively. The order of
the polynomial corresponds to the number of nodes that exist across the
profile in that plane, as shown in the examples in figure 4.1. These trans¬
verse modes are structurally stable.
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Figure 4.1: Intensity distributions of transverse laser modes; a) shows a fundamen¬
tal Gaussian mode (TEM00), b), c) and d) show higher order Hermite-
Gaussian modes with indices m=3 and n=0, m=l and n=l and to=2 and
n=4 respectively

4.3 Laguerre-Gaussian Beams

Another set of structurally stable solutions to Maxwell's wave equation
are Laguerre-Gaussian (LG) modes. Instead of having rectangular sym¬

metry in the cartesian co-ordinate system these modes use radial sym¬

metry in the cylindrical co-ordinate system. The electromagnetic field

amplitude of this set of Laguerre-Gaussian modes ulp is given by

U>= I W1 (r^)'1 tjjl((4.1)V 7r(p + |f |)! w \ w I F \wz J
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where Llp is the generalised Laguerre polynomial and the other terms are
as expected from standard definitions for Gaussian beam parameters:

where 2 is the distance from the beam waist, r is the radial distance

from the beam axis and A is the wavelength. The spot size, w(z), is
defined as the radius at which the Gaussian term falls to \ of its onez

axis value, w0 is this value at the beam waist. The Rayleigh range, zR,

is the propagation distance from the beam waist to the point where the
beam diameter has increased to \f2u}0. The Gouy phase ^ is the phase
shift that a fundamental Gaussian beam undergoes compared to a plane
wave when going through a focal point.

Laguerre-Gaussian modes are described as LGlp. The azimuthal mode
index, I, gives the number of2n phase cycles around the ring. The radial
mode index, p, determines the number of rings in the mode profile as

p + 1, if I is zero the inner most ring is actually an on axis spot, if I is not
zero the rings are concentric around a hollow core (figure 4.2).

The hollow core in Laguerre-Gaussian modes with l> 1 is caused by
the phase singularity associated with the ell<t> term in equation 4.1. The
phase structure is referred to as a vortex of charge I. In contrast to a

Hermite-Gaussian beam, Laguerre-Gaussian beams have a helical wave-
front structure (figure 4.3). This results in differing Poynting vectors for
the two beam types. The Poynting vector [16] represents the power per

unit area crossing a surface and is directed at a normal to this surface,

radius of wavefront curvature : R{z) = z( 1 + (— )2)
z
z

Gouy phase : *!> (z) = arctan(—)
ZR

(4.2)

(4.3)

(4.4)

Rayleigh range : zR = ™ (4.5)
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Figure 4.2: Intensity distributions of Laguerre-Gaussian modes of indices a) 1=1,

p=0, b) 1=9, p=0 and c) Z=l, p=3

as such it is always perpendicular to the phase fronts in a beam. The

Poynting vector will therefore spiral with the helical phase fronts of the
LG beam to form a 'screwthread' [33], whereas the Poynting vector of a

plane wavefront beam continually points in the direction of that beams

propagation. Increasing the I value of an LG beam from zero produces a

phase change around the circumference of the ring, resulting in the heli¬
cal wavefronts seen. The result of this helical structure is to produce an

on axis, zero intensity spot. Higher azimuthal index beams have larger

regions of zero intensity and a narrower annulus of light with a sharper

gradient to the radial intensity. However, the peak intensity of the LG

ring decreases for higher index beams and the divergence of the beam
around its focal point increases. The azimuthal phase also gives rise to
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an orbital angular momentum of lh per photon [34] due to the azimuthal

component of the Poynting vector rotating around the LG ring. The ring
radius of an LG beam with p=0 is given by

rl
ri=uzy 2 (4-6^

where cuz is the beam size at a distance z from the beam waist, given by

UZ = LUo^l 1 + (—y (4.7)
TTUJo

Figure 4.3: Structure of wavefronts for a Gaussian (TEM00) and helical Laguerre-
Gaussian (LGq) beams.

The Laguerre-Gaussian beam, as a free space solution to the parax¬

ial wave equation, will suffer diffractive expansion as it propagates in
the same way as a Hermite-Gaussian mode. The profile of the beam is

structurally stable and remains constant over propagation and through

focussing of the beam.

4.3.1 Laguerre-Gaussian Beam Generation

As described before Laguerre-Gaussian beams are higher transverse modes
of a laser cavity and, as such it is possible to create a laser that will out-
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put in one of these modes. It is also possible to create these Laguerre-
Gaussian beams in other ways, as detailed in this section.

4.3.1.1 Laser Cavities

In order to generate a Laguerre-Gaussian mode directly from a laser

cavity, the cavity must be perfectly circularly symmetric as any astigma¬

tism inherent in the cavity will cause the laser output to switch to a HG
mode. Therefore, although it is possible to design specific laser cavities
that will fulfill these criteria [35,36] this is rarely the method used to

create these beams.

4.3.1.2 Cylindrical Lens Mode Converter

The difficulties encountered when creating LG modes from a laser cavity

can be bypassed by converting a Hermite-Gaussian mode into a Laguerre-

Gaussian mode instead. This can be done using a cylindrical lens mode
converter [37], which is simply two cylindrical lenses spaced correctly
to impose a | phase difference between modes with a mode-order differ¬
ence of 1. The aim is to decompose the Hermite-Gaussian input mode
into components, the \ phase shift is then applied to one of these compo¬

nents before they are recombined to form the output Laguerre-Gaussian
mode. The lenses of equal focal length / should be placed back to back a

distance d — \/2f apart. The beam should be aligned so that the beam

waist, cv0, of the input Gaussian beam is in the centre of the lenses and

uj0 = (1 + ^)/ ~ • The Gouy phase shift introduced by this system con¬
verts the higher order Hermite-Gaussian mode with indices m and n into
a pure LG mode with indices related by I = (m — n) and p = min(m, n),
see figure 4.4.
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Figure 4.4: Schematic diagram of a cylindrical lens mode converter. This consists
of two cylindrical lenses both with focal length /. When the lenses are

placed y/2f apart the result is a J mode converter. When this is angled
at 45° to the incident beam it transforms an HG mode into an LG mode,

or vice versa. The inset shows a decomposition of the transformation.

This method is very efficient, with the only losses arising from mis¬

alignment in the system and reflection losses of the lenses. However, as
most commercial laser systems are designed to produce a fundamental
Gaussian mode it is more practical to consider a method of production
that utilises this mode.

4.3.1.3 Spiral Phase Plates

One potential method of creating a Laguerre-Gaussian beam from a fun¬
damental Gaussian mode is to use a spiral phase plate. A spiral phase

plate is usually created from an optically transparent substance and has
an optical thickness that increases around a central point. There is a

step height at the point where one rotation has been completed, the
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height of this step should be chosen as follows

s = Z(n — 1)A (4.8)

where s is the optical step height, I is the azimuthal mode index and A is

the wavelength of light being used.

Figure 4.5: Diagram showing a spiral phase plate for creating an 1=1 LG beam. The

step height is determined by the material as well as the desired output
beam.

Spiral waveplates are, by their nature, very efficient and create beams
with well defined helical wavefronts and an overall azimuthal phase

term of eHowever, this resultant is not actually a pure Laguerre-

Gaussian mode, instead a superposition of infinitely many LG modes is
created. The modes all have the same azimuthal index, I, but differing

radial mode indices p [38].
Further to this, if equation 4.8 is considered for the case of the visible

spectrum then it is possible to deduce that the step height required is
smaller than 1/zm. Therefore, although spiral phase plates have been
utilised to create Laguerre-Gaussian beams in the visible range [38] it
is more practical to use them for beams being created in the millimeter-
wave regime [39].
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4.3.1.4 Holograms

In order to overcome the problems of creating spiral phase plates for
use with visible wavelengths, holographic techniques can be used. A

hologram affords us the ability to translate a Gaussian input beam into

a Laguerre-Gaussian beam as described in chapter 3.

Holograms are easier to create than spiral phase plates, but they suf¬
fer the same problem of being a superposition ofmodes instead of a pure

Laguerre-Gaussian mode. In fact it is possible to consider a spiral phase

plate to be comparable to an on axis phase hologram used to create an

LG beam.

4.3.2 Creating an LG beam with the SLM

Creating a Laguerre-Gaussian beam on the SLM requires us to write a

hologram to map the interference pattern that will transform a Gaus¬
sian beam into Laguerre-Gaussian beam. The type of hologram required
for this procedure is referred to in this thesis as a diffractive optical el¬
ement (DOE), the difference between this and the holograms created in

chapter 3 being that a lens is not required to transform the pattern.
The programme used to write the DOEs is included in appendix B. A

feature of this programme, and a number of others is a variable named
'blaze'. The purpose of this setting is to allow us to move the output

beam away from the non-diffracted spot. The way that this is done is to
add a phase ramp across the face of the SLM, shifting the pattern away

from the diffracted spot by an amount determined by the value chosen
for 'blaze'.

The programme is most concerned with the production of higher or-
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der LG modes. The method of creating the hologram for the SLM is sim¬
ilar to that used by Turnbull et al. [39], and not the same as the meth¬
ods more commonly used in optical computer generated holograms [40].

However, a spiral phase plate only simulates a small portion of the phase
term of a higher-order LG beam

kv^"
phase term + (2p+\l\ + l)tf(z) + l(f>

spiral phase plate : l(j) (4.9)

By including more terms of this equation it is hoped a closer approx¬
imation to a high-order LG mode can be achieved. The first term merely

represents a lens function, so is unnecessary. Our programme includes
the additional (2p+ |Z|)^(z) term, or the Gouy phase. It has already been
stated that an LG beam created using a phase plate will be a summation

of a number of modes. The field amplitude of an LG mode is given by

E(LGlp) oc exp
—ikr2z

2(z2 + z2)J
. exp

—r2
LU2

z
. exp[—i(2p + I + 1) arctan(—)].

ZR

V\f^y 9r*^
exp[ifl</>](—l)p(—— )'Lp(—) (4.10)

in which most of the terms are concerned with the translation of a flat

wavefront into an LG beam. As the laser beam being used has a Hermite-

Gaussian output profile then this satisfies the majority of the terms of
the equation and we are only concerned with the (2p +1) arctan(^) term.

In order to create LG beams with high p values then concentric, equally

spaced circles should be added to the hologram. Each circle should cause

a 7r phase dislocation around its circumference. The number of circles

required is determined by the p value of the desired output beam. Exam¬

ples of the DOEs created for different LG beams are shown in figure 4.6
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Figure 4.6: Phase profiles of diffractive optical elements produced in order to create
LG beams with indices a) Z=l, p=0, b) 1=9, p=0 and c) 1=1, p=3.

If too large a phase variation is used then aliasing of the pattern re¬

sults, this is due to discretisation of the SLM caused by the finite number
of phase levels available and the size of the pixels. However, it was pos¬

sible to create LG beams with azimuthal mode index up to 1=20, this is
much higher then the values created using static or etched holograms.
The Z=20 beam exhibits a slightly jagged profile, this is probably caused

by interference with adjacent modes. There is no evidence of the vortex

breakup described by Curtis et al. [41]. They attributed this distortion to
the pixellated nature of the SLM. However, as the effect is not observed
in the Laguerre-Gaussian modes created here it is more likely that the

problem is caused by interference between the +1 and —I modes in a

superposition. This is likely as Curtis et al. use a zeroth-mode output

beam, while our use of the 'blaze' term allows separation of the different
orders.
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4.4 Optical Bottle Beams

An optical bottle is an intensity null surrounded in three-dimensions by
a region of high intensity. This creates, in effect, a bubble or a bottle
of light. An optical bottle beam is a light beam whose on axis intensity
varies so as to cause such a region of zero intensity, surrounded by high

intensity. This total confinement of an intensity minimum makes these
beams different from Laguerre-Gaussian beams and higher-order Bessel
beams where nil-intensity regions propagate throughout the beams.

The fact that the bottle beams profile changes with propagation means
that this is not a structurally stable beam. A structurally unstable beam
is usually formed as the result of the superposition of two, or more struc¬

turally stable modes, or beams. This is indeed the case for an optical
bottle beam which is formed from the superposition of two LG modes.

Optical bottle beams provide the ability to form dipole traps in cold atom
studies and facilitate the trapping of three-dimensional structures of hol¬
low particles in optical-trapping [42].

4.4.1 Creation of an optical bottle beam

The first optical bottle beam was demonstrated by Arlt and Padgett in
2000 [43]. They used a computer generated hologram to form a light
beam with a dark focus surrounded by regions of higher intensity; a

single optical bottle beam. It has already been stated that a struc¬

turally unstable beam, such as an optical bottle beam can be created
from the superposition of two stable beams, and this is exactly the idea
that was used to generate the hologram. At the beam waist of the opti¬
cal bottle beam two beams of the same wave number, but with differing

52



4.4. OPTICAL BOTTLE BEAMS

a)

Figure 4.7: Laguerre-Gaussian modes superimposed to create an optical bottle beam;

a) 1=0, p=0 and b) 1=0, p=2. Reproduced from reference [43]

Gouy phase [44] are coincident. The two structurally stable beams are

Laguerre-Gaussian modes (see equation 4.1) and the total Gouy phase
shift is dependant on the mode indices of these beams as shown

^lg(z) — (2p + I + 1) arctan(—) (4.11)
zr

The relative phase of two different Laguerre-Gaussian modes will

change as they propagate through a beam focus. A superposition of two

Laguerre-Gaussian modes with the same azimuthal mode index 1=0 and

differing radial mode indices, pi and p2 will form an optical bottle beam.
Arlt and Padgett used two beams with indices p=0, 1=0 and p=2, 1=0 re¬

spectively.
The intensity distributions of these two beams are shown in figure 4.7,

it is clear that the first of these two beams is actually the fundamental
Gaussian mode, while the second has an intensity profile of concentric

b)
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circles around the central maximum. If the two beams are aligned, such
that they have a common beam waist position and the on axis intensity
values are equal at this point with the fields out of phase by 7r, then

they will interfere destructively to cause an intensity null. To either
side of this focus the Gouy phases of the beams allow constructive inter¬

ference and therefore the minimum at the beam's waist is surrounded

by high intensity regions to create an optical bottle. By changing the

Gouy phase, which controls the interference, it is possible to change the
size of the created optical bottle. A tighter bottle can be created using

Laguerre-Gaussian modes with larger differences in their radial mode

indices, i.e. p2 — pi > 2; this is because the Gouy phase between these
beams varies faster and the interference region is reduced. The length
and radius of the optical bottle is determined by the Rayleigh range, zR,

and the beam waist, loo, respectively and will vary proportionally to these
values. Focussing the beam alters the ratio ^ and therefore the aspect
ratio of the optical bottle. The intensity profile of the created optical bot¬
tle is not spherically symmetric and the well depth is variable with the

input peak power.
Arlt and Padgett used a computer generated hologram, as shown in

figure 4.8, to create the optical bottle beam. This hologram was a super¬

position of the Laguerre-Gaussian modes 1=0, p=0 and 1=0, p=2, as has

already been stated. The hologram was designed for illumination with a

fundamental Gaussian mode at its beam waist and the bottle should be

formed in the far field. In order to obtain destructive interference at the

beam focus the relative phase of the two interfering LG modes, in the

plane of the hologram should be

= (1 - \p2 - Pi\)tt (4.12)
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Figure 4.8: Computer generated amplitude hologram used to create optical bottle
beam. The phase is the superposition of the LG modes 1=0, p=0 and 1=0,

p=2. Reproduced from reference [43]

The intensity variation of the optical bottle beam to be created and
the input Gaussian beam are accounted for when calculating the am¬

plitude transmission function. The transmission function, or hologram

pattern is then transferred to high resolution holographic film to pro¬

duce the modified diffraction pattern ready for illumination with a laser.
The result observed by Arlt and Padgett showed excellent agreement be¬
tween the theory and experimental actuality. The accuracy of the holo¬

gram is important, as stated before, to ensure no additional modes are

present to detract from the purity of the created optical bottle. Realisa¬
tion of a bottle beam in this manner is by far a more practical approach
than attempting to manually create and align two individual beams.
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4.5 Bessel Beams

In order to create an array of optical bottles it is first necessary to under¬
stand the production of another type of light beam: the Bessel beam. As
such the production of these beams, both classically and using an SLM,
are considered in this section.

It is possible to obtain a set of propagation invariant solutions to the

free-space paraxial wave equation. The beams are described as non-

diffracting, or propagation invariant, beams because they exhibit the

unique trait of undergoing little or no diffractive spreading throughout
their propagation. Although truly diffraction-free beams can only exist
in theory, Bessel beams have been realised over appreciable distances

without suffering significant spreading. This particular set of solutions
of the wave equation was discovered by Durnin in 1987 [45] and the
beams are referred to as Bessel beams because the electric field ampli¬

tudes are proportional to Bessel functions.

where kz and kr are the longitudinal and radial components of the wave

vector k, (k - y/k% + k%) and Ji is the Ith order Bessel function of the first
kind.

The free space wave equation for an electric field is given by

where V2 is the Laplacian operator. An exact solution to this equation is

From this a non-diffracting solution can be obtained by noting that in
order to fill the requirement for non-diffraction there must be axial sym-

Et(r, <f>, z, t) = e<<fc"-wt>.7,(fcrr)e±a* (4.13)

(4.14)
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X k,

Figure 4.9: Angular spectrum of a Bessel beam: a) shows the intensity profile of a
zeroth-order Bessel beam (left) and its Fourier transform, a ring in k-

space (right) b) shows the /c-vectors of the beam arranged on a cone

metry. Meaning that the arbitrary complex function of <j>, A{4>) = ell<t>.
In the case of a zeroth-order Bessel beam this value is 1 and the beam

is independant of <f>. For an /th order beam this gives us the solution
described by equation 4.13.

The transverse spectrum of a Bessel beam can be found by taking
the Fourier transform of the transverse electric field amplitude (equa¬
tion 4.13). This Fourier transform of the Bessel beam gives us a ring

in A;-space, as shown in figure 4.9. A Bessel beam propagating along
the z axis can be considered as a superposition of an infinite number of

plane waves with wavevectors distributed on a cone that is centered on

the kz axis. Bessel beams can therefore be described as having conical

wavefronts.

The intensity profile of a Bessel beam is required to exist over an infi¬
nite plane in order to fulfil the requirements set by the uncertainty prin¬

ciple. The profile (shown in figure 4.10) is independent of z and therefore
remains constant throughout propagation

I(x, y, z > 0) = ^\E(x,y,z,t)\2 = I(x,y,z = 0) (4.16)
The intensity distribution of a zeroth-order Bessel beam is propor-
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Figure 4.10: Experimental intensity profiles of zeroth-order Bessel beam (top) and a

higher-order Bessel beam (bottom)

tional to Jo(kr, r)2, and is therefore not square integrable. This results
in the amount of energy in one ring of the Bessel beams profile being

approximately equal to the amount of energy in any of the other rings of
the beam. In order to satisfy this criterion an infinite amount of energy
would be required. In the experimental production of a Bessel beam then
this requirement is obviously not fulfilled, as such a 'real' Bessel beam

propagates diffraction free only over a finite distance zmax and is an ap¬

proximation to the theory. This distance zmax can be considerably greater
than the Rayleigh range of a Gaussian or Laguerre-Gaussian beam with
a spot size comparable to the central core of the Bessel beam.

Bessel beams are described in terms of zeroth-order and higher-order
beams. The simplest case is the zeroth-order beam, the profile for which
is shown at the top in figure 4.10, this beam has an electromagnetic field

proportional to the zeroth-order Bessel function:

E(r,z,t) = A0e^k"-ut)J0(krr) (4.17)
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The solid central core of this beam is the diffraction free, or propa¬

gation invariant region and has a full width half maximum as given in

equation 4.18. However, the central core is more often defined by the
radius of the first minimum, or dark ring, given in equation 4.19.

FWHM = (4.18)
kr

2-405
(a iQ\r0 = —— (4.19)

Ivy

Higher order Bessel beams (HOBB) are slightly more complex to pro¬

duce, as we will discuss later. Higher order Bessel beams have a helical

phase structure occurring due to the azimuthal phase term, ell<t> in equa¬

tion 4.20. The electric field amplitude of an (th order Bessel beam, where

l>0, is given by

Ei(r, 0, z) = AeikzZ Jl{krr)eil<t' (4.20)

where is the Zth order Bessel function. The profile of a higher order
Bessel beam is shown at the bottom in figure 4.10. It consists of a hollow
central core, again surrounded by concentric rings. The hollow central
core is caused by the phase singularity of charge I associated with the
azimuthal term ell<t>. The radius of the core increases with the order, I

of the beam. The ring formed in A>space is, however of constant radius

kr, independent of I. The only term distinguishing the different Bessel
beams is therefore the azimuthal term ell<t> which can be exploited in their

generation, as shown later.

4.5.1 Self-Regeneration Properties of a Bessel beam

Bessel beams possess the unusual capability to self-regenerate after en¬

countering an object that is placed in their path. Usually, say for a Gaus-
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?
Obstruction

y

Figure 4.11: The self-regeneration of a Bessel beam after obstruction by an object
is shown on the left. The obstruction does not block the outer lobes of

the beam, as shown in the right hand image. Picture courtesy of D.
McGloin.

sian beam, an object placed in the beam would cause distortion and ul¬

timately lead to the degeneration of the beam into a series of bright and
dark fringes, known as the diffraction pattern. The arrangement of this

pattern is dependent on the object placed in the beam. However, the
nature of a Bessel beam allows it to regenerate after an encounter with
such an object, instead of deteriorating. The conical wavefront means

that, although immediately after the object the beam shows signs of dis¬

tortion, a short distance behind the object the beam centre starts to re¬

generate itself from the outer lobes of its intensity profile. Bouchal et
al. [46] used Babinet's principle to demonstrate this phenomenon prov¬

ing that the far-field intensity distribution of a Bessel beam is unchanged
with the introduction of a disturbance to the propagating field. This
demonstrates the fact that the light in the central core of the beam is

not transported along the beam axis, but instead is supplied from the

Reconstructed
Beam

Obstruction
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surrounding rings of the beam as the conical wavefronts propagate.

This can perhaps be more clearly considered in terms of figure 4.11.

Provided the object disturbing the beams propagation does not entirely
block the beam then some of the wavefronts are free to pass around its

edge. These wavefronts are, as we know, arranged on a cone and can

therefore propagate undisturbed to form the central region of the beam
without effect from the obstruction. Only the region of the beam that
would have been formed from the now blocked wavefronts is affected.

This shadow region, resulting after the block, can be estimated using a

simple geometric approximation as

Zmin ~ ^ (4.21)
where a denotes the transverse dimension of the object.

This self-regenerative nature has important applications in the fields
of tweezing as will be discussed in chapter 7.

4.5.2 Bessel Beam Generation

There exist a number of methods for generating experimental Bessel
beams from a Gaussian laser source. Some of the more common classical

examples will be described before discussing Bessel beam creation using
an SLM.

4.5.2.1 Annular Slit Method

The original method of production of Bessel beams used by Durnin et

al. [47], was to use an annular slit, placed in the back focal plane of a
lens. This works because the Fourier transform of a Bessel beam, as has

already been stated, is a ring. The slit, which has a width much smaller
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Annulus

Lens

Input beam

Figure 4.12: Generation of a Bessel beam using an annular slit and lens. The beam
is formed in the shaded area of the diagram

than its radius, is illuminated from one side by a plane wave. The slit
causes the light to act as a circular set of coherent point sources. The

lens, which is placed one focal length from the slit, transforms the light

emanating from each point into plane waves creating a light beam with
conical wavefronts.

The opening angle, 6, of this beam is determined by the radius | of
the slit and the focal length / of the lens

tan0 = £- (4.22)

The maximum distance over which this approximation to a Bessel beam
can propagate diffraction free is given by

D
__ Df

Zmax
2 tan9 d

where D is the diameter of the lens.

(4.23)

This method allows an experimental zeroth-order Bessel beam to be
created whose centre propagates approximately diffraction free over an

extended distance. The peak intensity of the central core oscillates over
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the propagation distance before dropping sharply around zmax, as shown
in figure 4.13. This is not a major concern as the intensity oscillations
are relatively small. However, this method of creation is extremely in¬

efficient as the annular slit acts to only let a small percentage of the
incident light through.

z (meters)

Figure 4.13: Propagational peak intensity fluctuations of the central core region of a
Jo Bessel beam created using an annular slit. Reproduced from [47]

4.5.2.2 Fabry-Perot Interferometer

In 1992 Cox and Dibble [48] proposed a method of generation that would
suffer less peak intensity oscillations than the previous method. The
method used is fairly analogous to the annular slit method, and again

only allows for the creation of zeroth-order Bessel beams. A Fabry-Perot

interferometer is used to create a series of concentric rings, the width of
these rings being determined by the finesse of the cavity. As shown in

figure 4.14 these rings are then imaged, using a lens, onto a spatial filter.
The spatial filter only allows one ring to pass through to a lens one focal
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Figure 4.14: Generation of a Bessel beam using a Fabry-Perot Interferometer. The
beam is formed in the shaded region of the diagram.

length away from the filter. The lens then transforms this single ring to

form a Bessel beam as described for the annular slit method.

The ring produced from the Fabry-Perot interferometer has a smooth

profile, which reduces the on-axis intensity oscillations observed when

a series of point sources were imaged previously. Instead a Gaussian

envelope describes the on-axis intensity variation of the beam as it prop¬

agates. Even though the intensity oscillations are not observed the effi¬

ciency of the system is still fairly low.

4.5.2.3 Axicon

An axicon is a conical lens [49] and it can be used to generate an ap¬

proximation to a Bessel beam [50,51] far more efficiently than either of
the previous two methods. Because an axicon is created from optically

transparent material, as a lens, there are hardly any losses from the
conversion.
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Input be

Figure 4.15: Generation of a Bessel beam using an axicon. The beam is formed in

When a plane wave, collimated light source is incident upon the axi¬

con refraction of the light rays through it creates a beam with conical

wavefronts, as shown in figure 4.15. In the paraxial limit the opening

angle of the wavefront cone can be approximated by

where n is the refractive index of the material from which the axicon

is constructed and 7 the opening angle of the axicon as indicated in fig¬
ure 4.15. An efficient way to create a Bessel beam using this method is
to illuminate the axicon with a Gaussian beam whose beam waist sits

at the same position as the back of the axicon. Using this method the
on-axis intensity oscillations are eliminated as a single ring is no longer

being used for producing the beam. Instead the peak intensity follows
a curved envelope as shown in figure 4.16. The maximum range over

which the produced beam can propagate diffraction free is deduced in a

similar manner to before, with the beam waist approximating the radius
of the lens used before.

the shaded area of the diagram.

6 & (n — 1)7 (4.24)

(n - 1)7
(4.25)
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0.07

Figure 4.16: Intensity envelope for the peak intensity variation of the central core of
an axicon generated a Jo Bessel beam. Reproduced from reference [52].

Axicons can also be used to generate higher-order Bessel beams. Ifwe

illuminate an axicon with a beam possessing an azimuthal phase varia¬
tion etl^ then this variation will be conserved in the passage through the
axicon as only circularly symmetric elements are involved. Therefore
the generated beam will have an annular transverse section with az¬

imuthal phase variation, which is an approximation to a higher-order
Bessel beam. If the axicon is illuminated with a Laguerre-Gaussian
beam of azimuthal mode index, l> 1 and radial mode index p=0, in other
words using an annular input beam with electric field amplitude at the
beam waist of

/9r2\^ =£
E{r, <t>,0) = A f-jj e(4.26)

then the generated Bessel beam will be of order I. The peak intensity
value will vary smoothly as in the case of the axicon generated, zeroth-
order Bessel beam.
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4.5.2.4 Holograms

In the same way as it was possible to create a Laguerre-Gaussian beam

using a hologram, it is also possible to create a Bessel beam using holo¬

graphic techniques. The use of holograms allows us to create a higher-
order Bessel beam directly from a fundamental Gaussian mode, which is

advantageous in some situations.

4.5.3 Bessel Beam Creation with an SLM

In order to create a Bessel beam using a spatial light modulator a diffrac-
tive optic element equivalent of an axicon must be created. The pro¬

gramme for this is again included in appendix B.

The programme allows for a blaze to be added to the image in order
to displace it from the undiffracted central spot, as described for the LG
beam. The only variable in the creation of the axicon phase plate is the
value ph_max. The best way to gain understanding of this parameter is
to experiment with the outputs it gives. The value of ph_max describes
the phase difference between the centre of the beam and the corner of
the beam, assuming uniform illumination. If ph_max is set to a value of
6 then the phase lag at the corner of the beam would be zero, while at the
centre it would be 127r. As the value is decreased then the axicon angle
decreases but, conversely the propagation distance of the Bessel beam
increases and the intensity of the core remains higher. However, at the
same time the radius of the core increases, which somewhat undermines

any advantages that the higher power offers in terms of experiments
such as guiding. In effect increasing the value of ph_max will increase
the angle 7 of the virtual axicon, and vice versa, the actual relationship
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is given by
/27rAph max(l — n)\ ,,

7 = arctan i—= (4.27)
\ nu J

where A is the wavelength, n the refractive index of the equivalent axi-
con and u> the beam waist at this axicon. As a rough guide an axicon
with an internal angle 7 = 0.5° illuminated with 1064nm light would be

equivalent to a ph_max value of 10.

Figure 4.17: Examples of DOEs created for making Bessel beams. Left hand image
has a ph_max value of 1, centre image has ph_max of 6 and right hand

image shows the DOE for a HOBB created from centre image and DOE
for an LGq beam.

In order to create higher order Bessel beams a simple combination
of the 'lg' programme and the 'bessel' programme output DOEs is made.
This is because the easiest way to create a higher-order bessel beam is
to illuminate an axicon with an LG beam, as already discussed. This

option is not written into the programme, although it would be possible
to include it. More simply a linear superposition of these DOEs is done

according to

$hobb(x, y) = ($Bess(x, y) + ®ig(x, y))mod(2nblt) (4.28)
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4.6 Three-Dimensional Optical Bottle Array

In this section the generation of a new type of optical bottle beam is
demonstrated for the first time [31]. The method discussed here utilises

an SLM to display the hologram although it would also be possible to

create the beam using conventional holographic techniques, as in the
case for the single optical bottle beam [43]. This new beam is a three-
dimensional array of optical bottles formed along the propagation axis of
the beam. The hologram used to create it provides the equivalent phase
obtainable if an axicon was illuminated with a high p-mode Laguerre-

Gaussian beam. The subsequent formation of multiple Bessel-type re¬

gions leads to the existence of multiple optical bottles, as will be dis¬
cussed.

4.6.1 Creation of a Three-Dimensional Array of Optical

Bottles Using an SLM

Using an SLM it would be possible to create a single optical bottle as de¬
scribed earlier and demonstrated by Arlt and Padgett [43], The hologram
could be calculated and displayed on the SLM and when illuminated by
a Gaussian beam the output result would produce an optical bottle. As
this method was already clearly established and successful the possibil¬

ity of creating multiple bottles along a beams propagation was instead

investigated [31].

As discussed previously, illumination of an axicon produces propaga¬

tion invariant beams known as Bessel beams. Illuminating an axicon

with a Laguerre-Gaussian beam of indices l>0 and p=0 is an established

way of creating higher-order Bessel beams [53]. If a Laguerre-Gaussian

69



4.6. THREE-DIMENSIONAL OPTICAL BOTTLE ARRAY
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Figure 4.18: The formation of HOBB in different z positions depending on the LG
mode used. Left hand HOBB created from 1=1, p=0 and right hand
HOBB formed from /=10, p=0.

beam with radial mode index p>0 is focussed through an axicon then a

Bessel-type beam with a number of optical bottles is produced.

An axicon phase function is given by

$(r) = e^n-ihr (4.29)

where k is the wavevector of the light beam incident on the axicon, n is
the refractive index of the material from which the axicon is made and

7 is the axicon opening angle (see figure 4.15). As discussed previously,
the beam generated from an axicon is an interference pattern created by
waves propagating on a cone.

The ring size of a Laguerre-Gaussian beam (equation 4.6) incident on
an axicon determines the distance after the axicon at which the Bessel

beam starts, this can be seen in figure 4.18 where an 1=1 beam is com¬

pared to a larger ring size of an /=10 beam. A Laguerre-Gaussian beam
with p>0 has an intensity profile consisting of concentric rings, by illu¬

minating an axicon with such a beam it is possible to simultaneously
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Figure 4.19: The formation of three-dimensional arrays of optical bottle beams (left)
and the beams on-axis intensity (right). The arrays of bottles are

formed by illuminating an axicon with high p index LG beams; a) 1=0,

p=1, b) 1=1, p= 1 and c) 1=0, p=5. The number of on axis bottles formed
is equal to p
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generate a number of Bessel beams at different positions, referred to as

a high-p Bessel mode. The spacing of the beams acts to create optical bot¬
tles between them. A number of examples of simulated resultant beams
for different LG mode input beams can be seen in figure 4.19. Additional

interference around the low intensity optical bottle is caused by consec¬

utive beams interfering. However, this does not detract from the quality
or formation of the optical bottle.

Figure 4.20: Example ofhologram used to create a three-dimensional array ofoptical
bottles. The phase is the superposition of two high p index LG modes,
as described.

In order to create the optical bottle beam a hologram was created for

display on the SLM. The basic principle was to create an interference

pattern to simulate the criteria described above. The hologram would
transform the intensity profile of an input Gaussian beam into a bottle
beam without the use of an axicon. The phase information for an axicon
was simply added to the interference pattern used to create the required
LG beam and this addition created a hologram as shown in figure 4.20.
This technique lends both flexibility and simplicity to the optical system.
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PBS

SLM

-i
Figure 4.21: Schematic diagram showing the experimental setup used for the cre¬

ation of the three-dimensional arrays of optical bottles.

The SLM was setup as shown in figure 4.21. The beam from a 1070nm

Yb fibre laser is expanded so that the plane wave approximation at the
centre of the Gaussian profile fills the active area of the Boulder Non¬

linear Systems SLM. This is done using a x3 telescope comprising an

/=50mm lens and an /=150mm lens spaced by the sum of their focal

lengths. The laser power is set at approximately 250mW, the variation
in wavelength from the 1064nm specification is slight enough to ignore.
The SLM is placed at a small angle to the propagation of the incoming

beam so that the output beam is displaced. A polarising beam splitter
is used to set the correct polarisation of the incident light on the SLM,
inclusion of a waveplate prior to the beam splitter would facilitate power

control at this point instead of utilising the laser driver settings. A Pul-
nix CCD camera is aligned to image the output beam and is placed on

a rail to allow easy z-translation. Profiles are taken of the output bot¬
tle beam array every 10mm from 217mm away from the SLM to 849mm

away. This range encompasses easily the propagation of the bottle beam,
which is not formed directly after the SLM. Experimental intensity pro¬

files for a single optical bottle created using 1=0, p= 1 and 1=1, p= 1 beams
are shown in figure 4.22. The beams produced using this technique dif-
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fer from those produced by Arlt and Padgett. Here the optical bottles are
not completely confined by high intensity regions, instead small 'holes'
are created in the surrounding light region. It should also be noted that
the optical bottles are created in an array along the propagation axis,

intensity nulls do exist in other regions of the profile, but these take
the form of rings surrounding the on-axis bottles. Although both types

of bottles were created using holograms, and therefore the simplicity
of the techniques is comparable, the use of an SLM is always advanta¬

geous as discussed in chapter 3, allowing both more flexibility and less

manufacturing. The optical bottles created for both techniques are not

spherically symmetric, however the high-order p mode Bessel beams do

possess non-diffracting cylindrical symmetry . A further advantage to

the Bessel-type beams is the potential for a number more optical bottles
to be created in an array by using higher p index Laguerre-Gaussian
beams. By use of the SLM it is also possible to move the position of the
bottles by the simple addition of a lens to the hologram. Using the dy¬
namic control afforded by SLM devices we can even propagate the bottles

by using a series of holograms with different lenses.
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l=o,p=o
z=i9Qmm 200mm 210mm 220mm 230mm 240mm

250mm 260mm 270mm 280mm 290mm 300mm

1=1, p=l
z=i90mm 200mm 210mm 220mm 230mm 240mm

250mm 260mm 270mm 280mm 290mm 300mm

Figure 4.22: Experimental profiles of three-dimensional arrays of optical bottles.

Top set of profiles are for different 0 positions of an 1=0, p= 1 beam. Bot¬
tom set of profiles are for different ^-positions of an 1=1, p= 1 beam.
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4.7 Conclusion

The use of unusual light beams is of interest in a number of fields, their

existence and hence application pre-dating the use of SLMs and even

holographic techniques. However, the use of SLMs to create novel beams
is a successfully demonstrated technique allowing novel light beams to

be created more easily and altered or switched between very simply. The
demonstration of a new type of beam, for creation of a three-dimensional

array of optical bottles illustrates the versatility of SLM application and
the feasibility of such procedures as the addition of two modes in a sim¬

ple and re-iterable way. In static applications, such as the beam creation

techniques discussed, SLMs will not generally offer the most cost effec¬
tive or efficient means of creating a single beam. The advantage of the

technology lies in its reconfigurability. Therefore, where one beam is not
sufficient for an application the SLM offers the potential to switch be¬
tween different modes of a single beam type, or different beams without
the need for realignment of the system. This reconfigurability without

realignment is an important advantage and one which is utilised in the

applications discussed in the following chapters.

76



Chapter

Atom Optics

5.1 Introduction

This chapter is concerned with atom optics and the utilisation of SLMs
within this field. As discussed SLMs can be used to create novel light

beams and patterns. This chapter considers the use of novel light po¬
tentials to guide, split and confine cold atoms. Initially the theory of cold
atoms will be considered before discussion ofguiding experiments; firstly
without the SLM and latterly with light beams and complex potentials
created using the SLM. Laguerre-Gaussian modes created with the SLM
are used to investigate the variation of atomic flux guided with the az-

imuthal index of the beam [54]. Complex light potentials representing
interferometers and splitters are then demonstrated for future applica¬
tions in atomic guiding. Other possible light fields, creatable using the

SLM, are then considered for applications in atom optics and any draw¬
backs or limitations discussed. The experimental work carried out for

5
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this chapter was undertaken in conjunction with Daniel Rhodes and us¬

ing apparatus originally assembled by Daniel Rhodes and John Livesey.

Although I was involved in all of the experiments discussed my primary
contribution was to the work carried out with the SLM and designing
the novel patterns used in section 5.6.

5.2 Laser Cooling and Trapping

In order to carry out experiments on cold atoms it is first necessary to

cool and trap the atoms. In this thesis a Magneto-Optic Trap (MOT)
is used to confine the cold atom cloud. Before this is discussed in sec¬

tion 5.2.3 the basics of laser cooling are first considered. Laser cooling
uses the radiation pressure of light to reduce the velocity of a particle
and hence its temperature. The narrow linewidth and collimated beam

provided by a laser makes the cooling of atoms with light a relatively

easily achievable goal assuming parameters such as wavelength and in¬

tensity are controlled.
If one photon was to hit an atom, which has substantially greater

mass and size, then the overall result would be negligible. While the ef¬
fect of one photon on the atom is minimal, if a stream of photons were to
hit the atom then the net effect is enough to slow the atom and perhaps
even change its direction. This principle of using many photons to effect
the movement of the atoms is an important tool in atom optics.

5.2.1 The Cooling Cycle

As mentioned in chapter 1, the radiation pressure force is caused by the

absorption of a photon followed by spontaneous emission. The effects of
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this cycle can be used to facilitate laser cooling.
The cycle can be understood by considering the simple case of an atom

being represented by a two level energy system. If a photon with energy

hv is incident on a ground state atom with mass m then the photon will
be absorbed, assuming its energy matches the energy difference between
the two levels of the atom. If this is the case then the energy from the

photon will be used to raise an electron into its excited state. The mo¬

mentum of the system must be conserved, therefore the momentum as¬

sociated with the photon, hk, acts on the atom to produce a recoil. The

corresponding change in velocity Sv has a magnitude ^ and is in the
same direction as the original direction of the photon. After a character¬
istic lifetime, r, dependant on the properties of the upper energy level,
the atom will spontaneously return to the ground state by emitting a

photon. Conservation ofmomentum again determines that the atom will

experience a recoil, this time in a direction opposite to the one in which

the photon is emitted. The atom has returned to the ground state and
is now free to absorb another incoming photon and repeat the process

(see figure 5.1). Because the decay is spontaneous then the direction of
emission of the photon is random. When this direction is averaged over

a number of transitions then the net effect on the atom's motion is zero.

However, at any one moment then the direction of emission is impor¬
tant as it causes a force and results in diffusion of the atom's position.

This diffusion imposes a limit on the minimum velocity, and hence the

temperature, that can be achieved.
The ideal case described above is for a closed transition i.e. a tran¬

sition where spontaneous emission will always return the electron to

its initial ground state. This is fine for a two energy level system, but
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Figure 5.1: An atom at rest with two energy levels separated by /jwltop) absorbs a

photon. This raises an electron to the excited state and imparts a mo¬

mentum 'kick' equal to hk, this results in the atom recoiling with velocity
v. The atom then undergoes spontaneous emission which, when averaged
over many cycles, occurs in any direction so no net force results from this

process. The atom has returned to the ground state but is now moving at

velocity v (bottom).

this is not generally the case. For efficient cooling of a real atom then
it is necessary to match the photon energy exactly to the energy differ¬
ence between the energy levels of interest. However, a laser has a finite
linewidth and therefore off-resonant light can result in the excitation of

atoms to states other than those required. Spontaneous emission from
such an undesired state leaves the atom in a different ground state and

hence ends its participation in the cooling cycle. A real solution to this

problem is to use a secondary laser, called a hyperfine pumping laser.
This second laser is matched to the frequency required to excite the atom
back into the excited state of the cooling cycle, returning it to the process

when it decays back to the original ground state.
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5.2.2 Laser Cooling

The first utilisation of radiation pressure and the cooling cycle to slow
atoms and thus cool them was demonstrated in the 1980s when an atomic

beam was slowed by a laser beam [55]. The laser beam and atomic beam
were aligned so they were counter-propagating. The atomic beam con¬

tained sodium atoms with an average initial velocity of approximately
900ms-1. That meant that in order to slow the atoms to a near zero

velocity each Na atom would have to undergo around 30,000 photon
collisions. The laser is tuned to a frequency just below resonance that
will coincide with the resonance of the atoms when they are moving at

900ms-1; however, as the slowing force reduces the speed of the atom so

the doppler shift is reduced and the laser frequency is no longer at res¬
onance. A number of solutions to this problem have been proposed and

implemented, including varying the laser frequency with time [56] and

changing the atomic spacing, and hence the transition frequency using a

Zeeman shift [57]. This Zeeman technique was the most effective and by

utilising a spatially varying magnetic field the changing doppler shift is

compensated for using the Zeeman shift, see figure 5.2. This initial ex¬

periment provided a source of slow atoms movingwith a mean velocity of
~40ms-1 and a spread of 10ms-1 was obtained. Further work using the
same technique allowed an atomic beam to be completely stopped [58].

This accounts for the slowing of an atomic beam in one direction.
In order for successful laser cooling the atoms must be cooled in three-

dimensions, in other words when they exist in a state other than in
an atomic beam. In 1975 a method to achieve this was proposed [59];
10 years later it was realised [60], This method actually relies on the

Doppler effect that caused the problem previously, it is therefore referred
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Varying field solenoid
Atomic

Figure 5.2: Diagram showing Zeeman slowing of an atomic beam. As the thermal
atoms propagate through the varying magnetic field the Zeeman split¬

ting of the atomic levels compensates for the Doppler shift of the slowing
atoms to maintain cooling. The lower line shows how the magnetic field
varies through the solenoid.

to as Doppler cooling. If the one-dimensional case is considered initially
it is then possible to extend the theory to encompass illumination in all
three-dimensions. If an atom is illuminated by a laser beam, this time
tuned not to the resonance frequency, but instead red-detuned to a lower

frequency, then as the atom travels towards the light source it will see
the red-detuned light Doppler shifted towards its resonance frequency.

Therefore, as the atom travels towards the light it will undergo absorp¬
tion increasingly and its speed will be reduced. Conversely, an atom

traveling away from the light source will see the detuned light doppler
shifted further off resonance and hence suffer reduced absorption. The
result from one laser beam is to exert a net force on the atoms against

the direction of motion.

In order to achieve three-dimensional cooling, as was the aim of this

approach, three orthogonal pairs of counter-propagating laser beams are
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required. Atoms at the centre of this setup will interact with the beam
closest to their axis ofmotion. They will experience a net frictional force

against their motion, damping their velocity exponentially towards zero.

If this process is repeated in all three-dimensions then the atom will

only experience a balanced force at the point where it exhibits no mo¬

tion in relation to any of the beams. The atoms cooled to this point are
referred to as 'optical molasses'. The atoms in the molasses are not ac¬

tually trapped and are free to move around within the overlap region of

the confining beams. If an atom leaves this region then it is no longer

subjected to the cooling forces and is free of the molasses.
This method of cooling utilises radiation pressure, which results in

the constant diffusion of the atoms, which follow a 'random walk' type

path. This means that there is a physical limit to the temperature that
the atoms can be cooled to. The minimum temperature achievable is

determined by the point where the viscous forces of the molasses match
the heating effects on the atoms caused by the continuous absorption of

photons [61],
t - ht -nmin 0 7 W*-*-/

1KB

where F is the natural linewidth of the atomic transition and kLt Boltz-

mann's constant.

The minimum temperature predicted for Rubidium, the atom used
in this thesis, is therefore Tmin sal40//K. The first experiment to demon¬
strate this method of cooling was reported by Chu et al. [60] who cooled
sodium atoms to a temperature of ~240/xK. However, later experiments

using the same techniques [62] achieved temperatures of around 45/xK,
also for sodium atoms. This led to the realisation that there were other

mechanisms contributing to the cooling of the atoms.
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Figure 5.3: The lower image shows the polarisation changes resulting from two

counter-propagating light beams with orthogonal, linear polarisations.
Polarisation changes every eighth of a wavelength between linear and
circular. The upper image shows the effect of this varying polarisation
on the ground state of an atom placed in this region. The energy and

populations vary with the polarisation, and therefore position along 2.

The ground state populations are indicated by the thickness of the line.

In consideration of these new mechanisms then the previous assump¬

tions that an atom is a two-level energy system and that the illumi¬

nating light field has pure polarisation should be ignored. The more

complex considerations result in Sisyphus cooling, a detailed account of

which, both the theory and the experimental procedures, can be found
in reference [63], The counter-propagating light beams used to confine
the atoms into molasses are linearly polarised with the polarisations ar¬

ranged orthogonally. The result of this is an interference effect resulting
in a varying polarisation field as shown in the bottom image of figure 5.3.
The excitation of the atoms is dependant on this varying polarisation.
Consider an atom with energy levels as shown in figure 5.4, with Ej and
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Figure 5.4: Energy levels for an atom in a polarisation gradient. The numbers on the
lines joining the ground and excited states represent the relative prob¬

ability of that transition. Ej and Gj represent the excited and ground
states with total angular momentum J.

Gj representing the excited and ground states of an atom with total an¬

gular momentum J. If this atom is subject to left-hand polarised light,

<j~, then it will be preferentially excited into the G_ 1 state. This is be¬
cause the light will pump the atom through a selection rule AJ = — 1,

i.e. from Gi to E_i. Spontaneous emission occurs as per the probabili¬

ties indicated in figure 5.4. The net result of this probability distribution
over a number of iterations is to pump the atom into the G_i state, as
stated. If the atom is subject to right-hand polarised light, a+ then the
net result is to pump the atom into the G i ground state due to a AJ = +1

selection rule.

An atom traveling along the axis of the counter-propagating beams
will experience this polarisation dependant excitation effect. For exam¬

ple, an atom in the G_ i ground state traveling from light with polar¬
isation a~ to polarisation a+ will climb a potential 'hill' and therefore
lose energy. At this point the er+ polarisation will preferentially excite
the atom to the G i ground state where it is again in a potential 'val-
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Atomic Position

Figure 5.5: Sisyphus cooling in one dimension. An atom moving through the polari¬
sation gradient described in figure 5.3 will experience a potential hill. At
the top of the hill it is optically pumped to a potential valley where the

process starts anew. If, as is shown here, the time taken to reach the top

of a hill matches the time taken for an atom to be optically pumped into
the alternate ground state then cooling will be maximised.

ley'. From here the process can be repeated, the continual motion of the
atom to climb these potential hills resulted in the name Sisyphus cool¬

ing, after the Greek mythology character Sisyphus. The potential lost
with each repeated process causes cooling of the atom. The cooling is
limited by the recoil of the individual atoms at each absorption, whereby
the corresponding minimum temperature is [62]

T - (*J-min j
171kg

where m is the photon mass, kB Boltzmann's constant and k the wave

number.

In order to achieve Bose-Einstein Condensate (BEC) [64,65] the atoms

must be further cooled below this photon recoil limit. BEC occurs when
the thermal de Broglie wavelength of an atom, \dB = h/(3mkBT)5, be-
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comes larger than the mean spacing between the atoms. This overlap¬

ping of atomic wavefunctions results in an atomic state where the atoms

form a coherent cloud and are therefore subject to such effects as inter¬

ference [66]. The most successful means of creating this BEC is to use

conventional cooling methods to initially cool the atoms and then use a

technique called evaporative cooling [67]. This works in a manner sug¬

gested by the name, atoms with higher than average energy are removed
from the system and those remaining stabilise at a lower temperature.
As the atoms cool they occupy a smaller volume, increasing the density
of the sample.

5.2.3 Magneto-Optic Trap

While Doppler cooling and other similar methods afford the potential
to cool atoms into a molasses, this is not strictly speaking an atomic

trap. The particles in a molasses, although confined, are free to move

around and leave the overlap region. The Magneto-Optic trap (MOT)
uses the same principles applied for molasses in order to cool the atoms,

whilst providing a method of extending the theory to allow for the proper
confinement of the atoms and hence their trapping.

The 'Optical Earnshaw Theorem' tells us any trap based solely on

scattering forces, which are proportional to the light intensity, will be in¬

herently unstable [68]. This theory implies that, because the radiation

pressure does not act equally over the whole trapping region then the
force applied will therefore be unstable. By a modification the relation¬

ship between the scattering force and the light intensity can be made

position dependent and therefore stability can be realised. This can be
achieved by the introduction of a magnetic field, the idea for this MOT
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was conceived by Dalibard [69] as a potential solution to this problems

highlighted by the Optical Earnshaw Theorem.
The first demonstration of the simultaneous cooling and trapping of

atoms was achieved in 1987 by Raab et al [70]. The optical molasses were
centered in a spherically symmetric magnetic quadrupole field, gener¬
ated by two anti-Helmholtz coils. The magnetic field is zero at the trap
centre and changes linearly along the x, y and z axes. Circularly po¬

larised light is used for the counter-propagating laser beams in order to

exploit the resultant Zeeman splitting caused by the magnetic field. If
the one-dimensional case is considered for an atom excited from J-0 to

J'=l (where J is the total angular momentum quantum number) and

moving away from the trap centre, then the fine splitting of the excited
level increases. There are three Zeeman components resulting from a

combination of the orbital angular momentum and the electron spin,

each of these can be excited by a polarisation a±. For example, if the
atom moves to the right then the a~ transition will come closer to the
laser's frequency, which is tuned just below resonance. Increased ab¬

sorption of the cr~ photons than the a+ will occur, pushing the atom back
toward the trap centre. The theory from one-dimension can be extended
to explain confinement in three-dimensions. A schematic diagram of the
MOT in three-dimensions is shown in figure 5.6.

The convenience, simplicity and robustness of the MOT has made it
a popular choice for a number of cold atom experiments. The magnetic
field required being far less than for a purely magnetic trap with the

light beams providing the cooling mechanism. The trap is also relatively
insensitive to any perturbations or imbalances in the light beams and is

realistically achievable, in contrast to a purely optical trap.
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Trapping

Figure 5.6: Schematic diagram of a MOT. Six mutually orthogonal, circularly po¬

larised laser beams create a three-dimensional molasses while anti-

Helmholtz coils provide a positional-dependant force.

5.2.3.1 Experimental Realisation of a MOT

The experimental realisation of a MOT relies on a vacuum system in

which the Rb atoms are situated. The optics and magnetic coils are

aligned outside the vacuum chamber, but propagate into it in order to

provide the fields necessary to trap the atoms. This section aims to ex¬

plain how the MOT itself is assembled.
Two coils are placed around the trap in an anti-Helmholtz config¬

uration with their common axis horizontal. Each coil has around 80

turns and carries a typical current of 15A, this produces a field gra¬

dient of ~10Gcm_1. The vacuum chamber used in this experiment is

a drum type shape. The drum is built and sealed and then the whole
chamber is baked at ~150°C for 2 days with a turbo pump attached to
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remove all particles from the system. When this is complete the turbo

pump is removed and an ion pump maintains the system at around 10~9
mbar. The drum has two large glass windows, one on either side, with
the magnetic field coils and associated water cooling sited at their ex¬

ternal edge. Around the body of the drum eight smaller windows allow
access through the stainless steel wall. The counter-propagating beams

pass through 4 of these windows as two diagonal pairs, and also through
the centre of the larger side windows. Waveplates are used to control
the polarisation of the beams and mirrors to reflect them as necessary.

Below the trap is a tube with windows at either end and extensions to

the side to incorporate the getter ovens and ion pump. The getter ovens
are metal envelopes containing, in this case, Rubidium. To start using
the getters they are cracked by running a high current across the metal

casing which causes them to split along a pre-scored line. The getters

are initially sealed to protect them during the bakeout of the trap. After
the getters have been cracked they release a vapour of Rubidium ions

dependant on the current running over the getter, and hence the size of
the opening in the envelope. The trap is mounted as shown in figure 5.7.

The exact alignment and position of the various beams varies slightly,
and is discussed in the experimental sections of this chapter as neces¬

sary. The cooling and hyperfine beams are taken from circularised diodes
which are each injection locked to an extended cavity diode laser (ECDL)
in order to maintain the transition frequencies. The output beams from
these two systems are combined to form the cooling beams and then split
to form the counter-propagating pairs necessary to trap the atoms. The
cloud itself is approximately 1.8mm in size and containing 6xl07 atoms

at a temperature of around 160/jK.
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Figure 5.7: Photograph of the atom trap apparatus showing the drum shaped vac¬

uum chamber with the magnetic coils and optics around it for creating
the MOT and the Rubidium getters that release the atomic vapour.

The original design and construction of this trap was carried out by
Daniel Rhodes and John Livesey, alternate designs to the drum chamber
used here are implemented in some of their other cold atom experiments.
When the getter ovens of the trap run out it is necessary to open the
chamber in order to replace them. The chamber then needs to be re-

sealed and re-baked to form the vacuum. This process occurred during
the experiments discussed in this chapter affording me the chance to be
involved in the bakeout and subsequent realignment of the trap system.
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5.3 Atomic Guiding

When atom trapping has been achieved it is possible to carry out further

experiments using the cold atoms, for example atomic guiding. Guiding
atoms opens up new areas, both within the field of cold atoms and out¬

side. By guiding cold atoms not only is it possible to transport them from
one place to another, it is also possible to do atom lithography, interfer-

ometry, coherence studies and even create nano-structures by guiding
one atom at a time. Through guiding, cold atoms can be used in simi¬

lar applications to lasers and with greater effect in experiments such as

rotational and g sensors due to the higher mass of the atoms.

It is possible to guide cold atoms in a variety of different ways. Mag¬
netic fields have seen significant progress in terms of controlling and

manipulating atoms. They have been implemented in the majority of
Bose-Einstein Condensate (BEC) guiding experiments [71] and 'atom-

chip' devices [72,73]. BEC is formed when the de Broglie wavelength as¬

sociated with the atom is larger than the separation between two atoms.

The wavelength will increase as the atoms are cooled and confined.

An atom interferometer allows atoms to be split and recombined in
order to study the interference and hence the phase difference. Atomic
interferometers offer higher sensitivities than optical counterparts. Ini¬

tially current carrying wires allowed cold atoms to be transported [74,75]
as the magnetic field created by the wire provided an attractive force to

the atoms whose magnetic moment was parallel. The atoms orbited the
wire thus preventing detrimental collisions with it. In principle complex

patterns can be created by shaping the wires as desired. However, there
are problems associated with trying to design magnetic interferometers
as only small angles can be realised otherwise the atoms will not follow
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the guide wire.

Magnetic guides have shown problems of fragmentation when used
to guide BEC [76], probably due to deformations in the current carrying
wires. Shot noise in these wires can also cause problems with unwanted
localised heating of the cold atoms [77]. Furthermore loading the atoms

into the guides requires careful alignment and the guides must be in¬
cluded inside the vacuum chamber during its manufacture. Large cur¬

rents are required to generate sufficiently large fields and this can be

problematic if thin wires are to be used. Atoms with magnetic moments
not parallel to the field generated by the wire are not guided and will
be lost unless this problem is addressed. Therefore, although magnetic

guiding affords complex geometries not conventionally achievable with

light there are significant drawbacks to the technique.

Hollow fibres have provided another successful means ofguiding cold

atoms [78, 79]. The fibre guides used are analogous to those used in

the field of optics and have similar advantages over other methods. The
fibre can be taken outside of the vacuum system and can be bent around
corners and directed as required. Fibres also offer the advantage ofbeing

fairly robust with respect to the other options.

5.4 Laser Guiding

Light itself can be used to guide cold atoms through the dipole force, this
is the method demonstrated in this thesis. Light is perhaps an obvious
choice as a guide as it is already an intrinsic part of the cooling and

trapping processes. Light beams offer the further advantage that Van
der Waals forces are not a consideration owing to the fact there are no
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walls. Also, a laser beam, as we already know from cooling, can easily
enter the vacuum system. However, one advantage that light cannot so

readily offer is the ability to bend around corners.

Spatial Light Modulators (SLMs) afford the possibility of creating
novel light beams and novel light potentials. The advantages offered

by creating such novel potentials is that light can now be sculpted into

shapes such as interferometers and splitters where previously alternate

techniques, such as magnetic or fibre guiding, had to be used. Novel

light beams for atomic guiding are considered here, first created conven¬

tionally then with an SLM, finally complex light potentials are demon¬
strated.

The initial experiments considered, carried out with conventionally

created light beams, were carried out in assistance to Daniel Rhodes [80].

They provide interesting results and the background work to the later
SLM created LG guiding experiment, which was again carried out with

Daniel. The later design and realisation of complex light potentials was

done independently.

5.4.1 Red- and Blue-Detuning

In chapter 1 the Dipole force was discussed and a relationship between
the polarisability, a, of an atom and its dipole moment given in equa¬

tion 2.4. At frequencies below resonance then a is positive, at resonance
it is zero and above resonance a is negative. The direction of the resul¬
tant optical dipole force varies in accordance to the sign of a, the light
either pulling the atom towards the high intensity region or repelling it.
The case where the detuning is below resonance and the atom is pulled
toward the higher intensity region of the light beam is referred to as red-
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detuning and the reverse scenario, for a beam tuned above resonance, is

blue-detuning.
If the dipole force is considered in terms of quantum mechanics then

we consider the effect of the atom on the intensity gradient field as a

redistribution of photons. An atom placed in an optical field is subject
to an a.c. Stark shift of its ground state which causes a change in the

potential energy of the atom. In a low intensity light field then the dipole
force is conservative and is given by

where A = lul — uj0 and is the detuning of the laser frequency from the
atomic resonance, T is the natural linewidth of the transition and u>R is

the Rabi frequency. The Rabi frequency is given by

where d is the dipole moment for the atomic transition, ISat is its satu¬

ration intensity and E(r) is the laser field amplitude. The direction of
the dipole force is dependant on the laser detuning, as discussed before
in terms of the Kramers-Kronig relationship (see figure 2.3). For red-
detuned light A is less than 0, for blue-detuned light A is greater than 0
and for resonance light, at frequency u0, then A is zero.

For red-detuning then the atom is held in the high intensity region

of a light beam. This results in relatively high photon scattering which,
as well as causing radiation pressure, also heats the atoms and upsets

their coherence. As the detuning becomes further from resonance then
the detrimental effects are reduced, the scattering decreasing with ^
while the dipole force only decreases with

(5.3)

(5.4)
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For blue-detuning the atoms are repelled from the high intensity re¬

gion of the beam, therefore in order to confine atoms a beam with a hol¬

low profile must be used. The reduction in photon scattering due to the
reduced light-matter interaction is advantageous as no reduction in cool¬

ing or coherence is observed.
Both red- and blue-detuned light can be used to guide atoms, this

merely determines whether the atoms are guided in a high intensity re¬

gion or a low intensity region of the beam. However, as stated, it is

preferable to use a blue-detuned guide as this reduces the interaction
between the light and the atoms and hence minimises the heating of the

atoms. Experimentally this has advantages as well. Red-detuned guides
need to be detuned far from resonance in order to reduce the heating

effects and this requires a lot of power. Nevertheless it is possible and
has been successfully demonstrated for cold atom applications [81], but
not for BEC. While red-detuned guiding can be done using a fundamen¬
tal Gaussian mode, blue-detuned guiding requires hollow light beams.
There are a number of possible hollow beams that can be used for guid¬

ing, the simplest ofwhich are Laguerre-Gaussian [34,40] and Bessel [34]

beams, it is also possible to utilise more complex fields such as optical
bottle beams [43] to trap and transport the atoms.

5.4.2 Blue-Detuned Guiding with Hollow Light Beams

With a MOT setup as described before we can release Rubidium (Rb)

vapour into the vacuum from the Rubidium ovens. Rubidium exists in
two stable isotopes, 85Rb and 87Rb, the former is the most prevalent and

therefore, although both isotopes can be trapped, this is the one that
is used. Instead of using one laser beam for the trapping beams, the
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F=4 (+100MHZ)

Figure 5.8: Energy level diagram for 85Rb showing the cooling and hyperfine transi¬
tions. The values shown on the right are in MHz.

hyperfine and cooling beams are combined and then this new beam is

split into three to form the counter-propagating pairs. The energy level
transitions relevant for the trapping of the 85Rb is the 5Si —>5/J|. Due
to hyperfine interactions between the spin angular momentum of the
nucleus and spin orbit coupling these levels split, see figure 5.8. The

energy level transitions for guiding and cooling are the 5Si F=3 and 5P|
F'=4, every 1 in 1000 of these transitions decays into the F=2 level. The
second laser beam (hyperfine) enhances the efficiency of the trapping
beam by exciting these decayed atoms back into the trapping cycle.

97



5.4. LASER GUIDING

It is possible to guide the atom cloud after it has been trapped in the
MOT. This can be done in a number of different ways. One method is by

imaging a guide into the trap so that it overlaps the cloud and extends
below. It should then be possible to drop the cloud, by turning off the

trapping beams, and see it fall through the guide. This offers either
extended distances, splitting or interferometer properties depending on

the guide beam used.

It has already been stated that blue-detuned guides are preferable
to red-detuned guides, with this in mind the next section considers the

guiding of cold atoms in two hollow light beams; Bessel beams and Laguerre-

Gaussian beams. Bessel beams provide a propagation-invariant ring
structure over an extended propagation distance however, the profile is
not maintained into the far field and as such the guiding distance would

ultimately be limited. As blue-detuned guiding is preferential higher-
order Bessel beams (HOBB) are considered in order to provide the nec¬

essary hollow core. The Laguerre-Gaussian beam is a structurally stable
beam whose propagation an be described by diffraction. Both beams pro¬

vide a hollow central core with high-intensity region around in order to
allow blue-detuned guiding. The profile of the Bessel beam allows for
a steeper potential gradient of the inner ring, but has an extended ring
structure over which the power is split. The Laguerre-Gaussian beam
does not have the same power distribution issues but the intensity gra¬

dient of the ring structure is less.

5.4.2.1 Experimental Setup

The experimental setup used to look at the hollow beam guiding of atoms
from a free falling cloud is a simple extension of the basic MOT, described
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in section 5.2.3.1. A cloud dropped from the trapping position inside the
MOT will reach an average velocity of 30cms_1 after 5cm and after it has
been dropped the cloud will disperse. By introducing a guide beam it is

hoped that the atoms can be maintained in a cloud over an extended dis¬

tance, it should therefore be possible to detect the cloud passing through
a probe beam at a distance below the original trapping position.

The MOT was setup as follows, the cooling beam and hyperfine beams
are created from ECDL injection locked to circulase diodes as discussed

before. The cooling beam is split to from the counter-propagating beams
within the MOT. The hyperfine beam is combined with the horizontal

cooling beam to provide the re-excitation into the cooling cycle as nec¬

essary and with minimal optical components around the trap assembly.
The hyperfine beam is gently expanded so that it covers the area of the

whole cloud. The trapping beams are circularly polarised using a half-

waveplate, they are then split and retro-reflected to create the counter-

propagating pairs required. A quarter-waveplate is put in front of each
mirror to maintain the opposite handedness of the beams in each pass of
the trap.

The guide beam is taken from a Titanium:Sapphire (TirSapph) laser

separate from the trapping beams. It passed through the top window
of the trap and passes through a similar window in the tube at the bot¬
tom of the assembly. It is aligned both vertically and to coincide with
the centre of the cloud. A probe beam is created from a combination of

light tuned to the 3Si F=3^3Pa F'=4 transition and the hyperfine beam,
which is tuned to the 3Si F=2—>3Pa F'=3 transition. The light for the

2 2

first transition was created by using two AOMs to frequency shift light

syphoned off from the cooling beam. The probe beam was expanded us-
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Guide
beam

PMT
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Figure 5.9: Schematic diagram of the experimental setup the atomic guiding exper¬

iments. The guide beam shown has an LG profile and is propagating
downwards. The probe beams excites fluorescence in the atoms and this
is imaged onto the photomultiplier tube (PMT).

ing a cylindrical lens to create a sheet of light 1 x 5mm in size. The light
was then passed through the bottom of the large trap window allowing

the cloud to be detected 5cm below its original position, as illustrated
in figure 5.9. The probe light was retro-reflected and its polarisation
rotated in a similar manner to that of the trap beams, this meant that

equal radiation pressure is caused to the atoms in both directions, pre¬

venting them from being pushed out of the guide beam. The fluorescence
from the atoms passing through the probe beams was collected by a lens
and imaged onto a photomultiplier tube (PMT), the signal from which
was recorded on an oscilloscope.
It is not possible to achieve this experiment with all of the beams on

simultaneously. The beams were controlled with shutters and these were
run using a Labview programme on a computer . One shutter was used
to control the trap beams, another for the guide beam. Exact details of
the method and timings can be found in Daniel Rhodes' thesis [80]. The
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trapping beams were kept on in order to create and trap an atom cloud.
When the experiment was ready to run the guide beam was turned on

and the trap beams off simultaneously. This meant that the cloud was

released from the trap and was free to fall through the guide beam and
be detected by the probe.

5.4.2.2 Higher Order Bessel Beam Guiding

Although it is possible to create a Bessel beam in a number of different

methods, as described earlier, the setup described here utilises an axi-
con. This thesis is concerned with the production of patterns and light
beams using an SLM, as such it is obvious to state that the experimental

procedure could easily be altered to utilise an SLM instead. However, an

axicon is a simple, static, more efficient method of creating the Bessel
beam required in this experiment. The experiment was carried out by
Daniel Rhodes and although I assisted it is discussed here to illustrate
the possible use of SLMs and provide a broader background to guiding.
The SLM was implemented instead in the Laguerre-Gaussian guiding
discussed and compared in the next section.

The Bessel beam used as a guide is a higher-order Bessel beam (HOBB)
in order to provide the hollow central core necessary for blue-detuned

guiding, the advantages ofwhich have already been discussed. The beam
must be imaged into the trap as it is not practical to create the beam
within the vacuum chamber. In order to achieve this the first-order out¬

put of an LGq hologram is selected using an aperture as shown in fig¬
ure 5.10. This is then telescoped by a factor of 3 using an /=100mm lens
and an /=300mm lens spaced appropriately. This expanded LG beam
is then incident upon a 0.3° axicon, the output of which is the desired
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Figure 5.10: Schematic diagram of the experimental setup for blue detuned guiding
of cold atoms. The diagram shows the setup for a HOBB, by removal
of the axicon and adjustments to the telescopes an LG beam can be
created instead.

HOBB. This resultant beam is then telescoped again using an /=100mm
lens and an /=600mm lens, this has the dual purpose of imaging the
beam into the trap without any deformation caused by extended propa¬

gation and of allowing the beam size to be controlled to enable compar¬

ison to other guides. For example the ring size can be matched to that
of the LG beams used later. The beam radius used is 600/nm, set by the
choice of telescope lenses. The beam is then steered down through the

trap, as described before, in order to coincide with the position of the
cloud. The power of the beam within the trap is 400mW however, due
to the nature of the beam this power is distributed equally over all of
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Figure 5.11: Atomic flux of atoms allowed to fall freely (top left) and atoms being

guided in a higher-order Bessel beam at varying detuning values. The
line represents a Gaussian fit of the data.

the rings, as such the power in the central ring is only ~33mW as there
are 12 rings in the Bessel beam. The advantage obtained by guiding the
atomic cloud can be determined by comparison of a trace from the os¬

cilloscope of an unguided cloud dropped through the probe, to that of a

guided cloud. The probe is set 10mm below the cloud in both cases and
the trace for the Bessel beam is compared to the that for the unguided
cloud for a number of different detunings, ranging from 2GHz to 10GHz,
see figure 5.11.
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The peak in the trace is much sharper for the graphs showing a cloud

guided by the beam in the near-resonance guides. As the Bessel beam
is detuned further then the peak resembles that of the cloud dropped

freely. The volume under the peak is approximately equal each time as

this represents the number of atoms falling through the probe and this
number should be roughly the same for each cloud. The sharpness of
the peak represents how well confined the cloud is and whether it has

dispersed over the fall. The atomic flux value is smaller than would

perhaps be expected, suggesting that a reduced number of atoms are

reaching the probe beam. This is surprising, because the steep potential
of the Bessel beam combined with its non-diffracting nature might be ex¬

pected to provide an efficient guide. This reduction is attributable to the

ring structure of the Bessel beam which acts to repel some of the atoms

away, preventing such a large volume of the cloud from being encapsu¬

lated and guided and accounting for the reduced area under the curve.

Atoms that escape from the central core to the next adjacent ring, which
is not a huge potential difference, can then escape to the next ring and
so on, until they are free of the beam. Furthermore when the atom is

out of the central region of the beam the imbalance between the dipole

potentials of the adjacent rings actually acts to push the atom further
out of the Bessel beam.

5.4.2.3 Laguerre-Gaussian Beam Guiding

A Laguerre-Gaussian beam can also be used to guide atoms in a sim¬
ilar manner to that described for the Bessel beam. Experimentally a

Laguerre-Gaussian beam was created using a static hologram to facil¬
itate a comparison to the Bessel beam results. The beam used was
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Figure 5.12: Atomic flux of atoms allowed to fall freely (top left) and being guided in
a LG,j beam at varying detuning values. The line represents a Gaussian
fit of the data.

an LGq, the same as that used to illuminate the axicon and create the
HOBB in the previous section. The required output order from the holo¬

gram was selected using an aperture and this beam was then telescoped

using appropriate lenses to provide a beam waist of 600/xm at the po¬

sition of the atomic cloud, this is comparable to the 600/ma ring radius
of the HOBB in the previous section. Figure 5.12 shows the results for
a Laguerre-Gaussian beam with detunings from 2GHz to 10GHz. The

probe beam was set at 11mm below the cloud position, results were also
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taken at 50mm below, these can be seen in reference [80].

The guided atoms arrive at the probe beam earlier than a free-falling
cloud. This acceleration is due to radiation pressure imparted to the
atoms by the guide beam. This happens when the atoms can penetrate

the walls of the beam. The acceleration can enable atoms to gain suffi¬
cient velocity to escape the guide completely, thus reducing the atomic
flux arriving at the probe. The value of the flux reaching the probe beam
indicates the guiding ability of the beam. The atomic flux of the guided

clouds is greater than that of the free-falling cloud. This increase is

greatest for the 2GHz detuned beam, which has the highest dipole po¬

tential and therefore is the hardest beam for the atoms to escape from.

5.4.2.4 Comparison of Results

If the results for the 11mm guide using the LG beam are compared to the

10mm guide using the Bessel beam then it can be seen that the peak for
the LG beam is much sharper and has a significantly larger volume than

that for the Bessel beam. Even the clouds guided over 50mm exhibit

more prominent peak features, especially for low detunings. This can be
attributed to the ring structure of the Bessel beam as the resultant force
acts to push the atoms outward, and the existence of the rings make the

potential difference less than in an LG beam. As such the distribution
of power in a Bessel beam makes it less suitable for guiding, actually

assisting atoms to escape from the confines of the central core. However,
the Bessel beam would offer the ability of longer guide distances due
to its extended propagation length. Investigation of this ability would
have to be undertaken using molasses in order to overcome the problems
associated with the power distribution.
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Laguerre-Gaussian beams offer a means to increase the atomic flux

over extended distances and as such it was decided to investigate the

guiding abilities ofdifferent indexed LG beams using a spatial light mod¬
ulator to create the LG beams and facilitate ease of switching between
the different orders.

5.5 Spatial Light Modulator Created Light Beams

for Guiding

Spatial Light Modulators allow the creation of novel light beams in a

similar manner to conventional techniques. The methods for beam cre¬

ation were discussed in chapter 4. Although it would be possible to cre¬

ate any of these beams, for example Bessel beams, the results of the

previous section clearly highlight the advantage of using a Laguerre-
Gaussian guide over a Bessel beam. Further to this the advantage of

high-azimuthal index LG beams as atomic guides has already been pro¬

posed theoretically [34]. The main advantage of an SLM is the ability to

reconfigure the output without the need for realignment and at the 'flick
of a switch'. In this section this ability is utilised to allow high I index LG
beams to be created and easily changed between in order to investigate
the enhanced guiding abilities of these beams in more depth.

5.5.1 Laguerre-Gaussian Guiding With the SLM

A spatial light modulator can be used to create Laguerre-Gaussian beams
as discussed in chapter 4. The advantage of the SLM in this particular
case is that it allows us to create beams with different indices without
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Figure 5.13: Experimental profiles of Laguerre-Gaussian beams with varying az-

imuthal index, produced using the SLM. a) to d) show beams of 1=2,5,10
and 20 respectively. In d) the interference between adjacent modes ob¬
served for the higher-order beams can be seen.

changing the experimental setup, thus allowing us to compare the guid¬

ing abilities of the beams easily. This is the first comparative study of

hollow beam atom guiding, the SLM allowing direct comparison of the

guided atomic flux for different LG modes. The results discussed in this

section were published in reference [54].

Using the Hamamatsu SLM Laguerre-Gaussian beams with indices
1=1 to 1=20 were created. Prior to this guiding in an LG beam has been
limited to the use of 1=1 beams [82]. Although 1=20 modes were realised
the useful range was limited to 1=15 due to interference effects distorting

the higher-order beams, see figure 5.13. Increasing the blaze value may

reduce the interference by separating the modes, but high blaze values
have problems associated with the large phase ramp required to achieve
them. It is worth re-iterating at this point that although interference
effects were observed the breakdown of the vortices discussed by Curtis
et al [83] are not seen.

The intensity of an LGj, mode is given by [34]

= n(p2f\,\y.S°(z)eXP{^j} (Jm) L'{^k~)) <5'5)
where z is the distance from the beam waist, r the radial distance from
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the beam axis, P0 the power of the beam, A the wavelength, Llp the gen¬
eralised Laguerre polynomial and w(z) the waist size at any position, as
defined in equation 4.2.

For atom guiding the optical dipole potential is given by [84]

rrt \ hA 1 h , I(riZ)/Isat ! tK(/(r.,) =—ln[l+1 + 4(A/r)2] (5.6)
where A = uL — uj0 — kvz is the detuning of the laser frequency lul from
the Doppler shifted atomic resonance u;0 — kvz, T is the natural linewidth

and Isat the saturation intensity.

The peak intensity of the LG ring profile occurs at the beam waist
and is given by

r Po ll+1e~l
Imax o 7. v"' ■ /

nrf l\
where r( is the ring radius of the beam profile. If we use Stirling's ap¬

proximation for l\ then this equation becomes

ImaX=^\/j- (5.8)irrf V 27T

This is accurate to within 10%, or 2% for values of l>4. From this we

can see that the height of the optical potential barrier, at a given ring

size, increases with azimuthal index. The 'steepness' of the profile also
increases. In other words the ring of a higher index beam has a sharper

intensity gradient and a smaller width of ring. This should mean that
the atoms cannot penetrate the walls ofhigher index beams so easily and
should reduce interactions and hence the radiation imparted by high-
order beams should be less. For a given laser intensity the height of the

potential barrier is governed by the laser detuning, A. The maximum
value occurs at

<5.9)
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If Imax ^ hat this results in a potential barrier height of
max

(5.10)

which for a set ring size is approximately proportional to IJ.
To ensure that a fair comparison is made throughout then the experi¬

ment is done firstly with the beam waist matched and secondly with the

ring size matched. The ring size of the beam is a measurement of the

peak to peak diameter of the beams annulus.

x

Figure 5.14: The variation in LG beam profile with varying azimuthal index at a

fixed ring size.

The blaze function, used in the hologram to separate the LG mode
created from the undiffracted light, was set at the minimum value at

which the Z=15 LG beam could be separated without interference from

adjacent orders. A higher value for the blaze function was avoided as

increasing the grating decreases the power made available in the output
beam. The value used for the blaze was 70, this meant that 70 lines were

used in the grating displayed on the SLM. This resulted in an efficiency
of ~50% in the first order and gave ~350mW guide beam power at the
MOT centre.
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400mm 200mm 150mm 300mm

Variable telescope

Figure 5.15: Experimental setup for guiding with SLM created LG beams. The vari¬
able telescope lenses can be switched between to maintain a fixed ring
size of the output LG beam. The dotted lines represent the beam path
for the different telescopes.

The LG beam was put through a telescope to provide the different
beam waists desired within the trap. The lenses used were only 1 inch
in diameter and therefore it was not possible to fill the active area of
the SLM. However, as the radial phase dislocation of an LG DOE is the

important part the reduced size did not significantly degrade the output.

The telescope was setup so that a lens of /i=300mm was placed to image

the beam into the trap, prior to this lenses of /2=150mm, 200mm and
400mm were placed on flip mounts at positions corresponding to /1 + f2

away from /1. This arrangement allowed the beams to be telescoped

by the different amounts and resulted in beam waists of approximately

450/xm, 700//m and 950/im respectively. The Rayleigh range of these
beams is greater than the guiding distance and so the atoms will experi¬
ence an approximation to a non-diffracting tube of light.

The beams were aligned, as discussed previously, with the guide beam
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coming down from above the trap and being aligned vertically and so as

to coincide with the position of the cloud. The timings of the beams again

being controlled by computer operated shutters. The trap beams being
switched off and the guide beam turned on to allow the cloud to fall. The

guide beam is combined with the hyperfine beam so that this beam is

kept on as the atoms fall. This is to maintain the atoms within the cool¬

ing cycle whilst they are being guided. A probe beam is again placed
below the cloud to detect the atoms falling through. The fluorescence

signal is collected by a lens onto a PMT and recorded by an oscilloscope,

as shown in figure 5.9.

5.5.1.1 Same Beam Waist

Firstly the telescope is maintained in the same ratio to allow the com¬

parison of increasing I values with constant beam waist. This results in
the ring size of the LG beam increasing with the I value.

As the ring size increases there is a corresponding decrease in optical

dipole potential. As a guide an /=10 beam has a ring size approximately
three times larger than an 1=1 beam. The 1=1 beam has a beam waist
of 700//,rri, at 2GHz detuning this gives a dipole potential of 7.6mK. The
1=10 beam, with the same beam waist and detuning, has a dipole poten¬

tial of only 2.6mK.
Since there was a lot of noise in the system the results were low pass

filtered to ensure that the signal could be seen adequately. Figure 5.16
shows an example of the results for a constant detuning of 2GHz, over
30mm guide distance for different I values.

(5.11)
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Figure 5.16: Atomic flux of atoms in free fall (top left) and being guided in an LG
beam with varying azimuthal index and constant beam waist, the de¬

tuning was maintained at 2GHz

The results show that for low values of I the cloud falls over the 30mm

faster than for higher I values or for a free falling cloud. This implies
that in the low index beams more radiation pressure from the beam is

imparted to the atoms, accelerating them along the path of the beam.
As the intensity gradient of the LG beams walls becomes steeper (see

figure 5.14), with increased azimuthal index, I, then the walls are less

penetrable and the atoms interact less with the beam. This means that
less radiation pressure is imparted and the acceleration of the atoms is

reduced, hence they arrive at the probe beam later. The atomic flux,
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Figure 5.17: Guided atomic flux for varying azimuthal index LG beams of fixed waist

wo=0.9mm and detuning from resonance of 2GHz. The results have
been separated vertically to aid viewing.

which is the integral of the area under the curves in figure 5.16, gives us

a maximum value for the 1=3 guide beam in this case. However, this is

due to the fact that the ring size of the Z=3 beam matches the diameter of
the cloud and therefore more atoms are guided. If the beam waist value
chosen is changed then a different azimuthal index will provide the best

comparison and this beam will give the higher value of atomic flux.
The data in figure 5.17 shows the guided atomic flux for LG beams of

a fixed waist ofw0=0.9mm and varying azimuthal index. The detuning is

again set at 2Ghz and the guide distance to the probe is still 30mm. The
arrival time of the high index clouds is around the 60-120ms, the same

as the time expected for an unguided, free falling cloud. As I decreases
the time for guiding also decreases. The 1=3 beam is best matched to

the atomic cloud size, therefore although the 1=1 beam gives a higher

guiding potential it clips the edge of the cloud and the atomic flux is
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Figure 5.18: The effect of varying the detuning value on an 1=1 LG guide beam with
a beam waist of ai0=0.9mm. The results have been separated vertically
to aid viewing.

reduced, as seen. The effect of changing the detuning of the laser, and
hence reducing the optical potential and scattering force, is shown for an
1=1 beam in figure 5.18.

The total flux arriving at the probe beam decreases with increased

detuning, while the guide time increases. The fastest guiding times are

achieved at 2GHz, although for 1=1 this has already been shown to al¬
low interaction and heating of the atoms. The higher detunings exhibit
reduced atomic flux.

The smaller azimuthal index values provide faster guiding times and
better spatial confinement of the atomic cloud, however this comes at the
cost of heating of the atoms. The radiation pressure that results from
the interactions between the cloud and the beam heats the atoms by in¬

creasing their energy. Consideration of the spontaneous scattering rate
allows us to calculate this heating at around 10//K over the guide times
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considered. Although only about 10% of the temperature of our cloud
it is a significant value when the guiding of Bose-Einstein Condensate

(BEC) is considered. Higher azimuthal index beams offer a longer guide

time, with less spatial confinement of the atom cloud, but the reduced
interactions between the beam and the cloud results in less heating of
the atoms.

5.5.1.2 Guiding with Fixed Ring Size

The varying ring size of the previous experiment allowed different az¬

imuthal modes to match the cloud size depending on the beam waist
chosen. To better compare the effects of azimuthal index the ring size
was maintained as a constant by altering the telescope each time. Fig¬
ure 5.19 shows the effect of changing the azimuthal mode, I, whilst main¬

taining the ring size.
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Figure 5.19: Varying azimuthal index Laguerre-Gaussian beam guiding with fixed
ring radius and varying detunings. Left hand graph for ring radius of
2.2mm and right hand graph for radius 1.5mm.

This time the detuning is varied from 2GHz to 10GHz. The low

detunings show a radiation pressure push, particularly for the 1.5mm
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guide where the cloud overlaps more with the beam. This is shown by a

decrease in the observed time of flight for clouds guided in these beams.

Increasing the azimuthal index of the beam results in a smaller flux be¬

cause less radiation pressure is imparted to the beam and therefore the
atoms are accelerated towards the probe by a smaller amount. Although
a higher index beam has a greater dipole force, this is outweighed by the
radiation force for the detunings shown.

The larger, 2.2mm guide encompasses the whole cloud and therefore
eliminates any problems with the atoms not being encapsulated in the

guide beam. The results show that for low azimuthal index beams the
radiation pressure imparted to the atom cloud is more significant for the
lower detuning values. At a detuning of 8GHz the radiation pressure

imparted to the cloud is negligible and the time taken for this cloud to

fall is comparable to that of a free falling cloud. The results also indicate
that the problem is diminished as the index of the low detuned beams is
increased.

Figure 5.20 shows the time of flight profiles for the 2.2mm diameter
beams at detunings of 2Ghz and 5GHz. At 2GHz the dipole potentials
of the /=3, 5 and 12 beams are 200//K, 300/iK and 480/iK respectively.
The results highlight the acceleration of the falling cloud by radiation

pressure as the time of flight times vary with detuning. The atomic flux

guided by the /=12 beam is around half the value guided by the 1=3 beam.
That said the use of a guide beam enhances the integrated atom flux

reaching the probe by an order of magnitude. Therefore, the reduced
interaction of the high-index beams teamed with this guiding capability
make them useful for transportation of cold atoms.
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1=3 (2GHz)
1=5 (2GHz)
/=12 (2GHz)
1=3 (5GHz) m
1=5 (5GHz)"
1=12 (5GHz) "

Figure 5.20: Time of flight profiles for atom clouds falling in varying azimuthal in¬
dex LG guide beams of fixed ring radius. The guide beams are 2.2mm in

diameter, slightly larger than the diameter of the atomic cloud. The top

profiles are for detunings of 2GHz (thick lines), the lower profiles for de-

tunings of 5GHz(thin lines). The results have been separated vertically
to aid viewing.

5.5.2 Conclusion

The guiding of atom clouds through LG beams created using an SLM
has been successfully shown. The application of the SLM to creating

varying azimuthal index LG beams and simple switching between them
has allowed for ease of comparison of the properties of these LG guides
without the need for significant re-alignment of the system. The ex¬

perimental results indicate that varying the ring radius to maintain a

constant beam waist varies the interaction of the atom cloud with the

guide beam and therefore the results are determined by the beam waist
chosen. For a given ring radius then an LG with higher azimuthal index
offers a larger potential barrier to the atoms and reduced radiation pres-
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sure effects compared to low index beams, hence the higher azimuthal
index provides the better guide. Furthermore the use of an SLM has

facilitated, through its reconfigurability, this first comparative study of
blue-detuned atom guiding. Extension of this work could provide further

insight and useful results. Demonstrations of guiding over larger dis¬
tances than those shown here may provide clearer differences between
the beams. The guiding of optical molasses may show higher guided flux
values for increasing azimuthal index beams. The different focussing

capabilities of varied index beams could also be investigated, high in¬

dex beams possessing enhanced focussing and capturing properties for
atomic clouds [34].

5.6 Spatial Light Modulator Created Optical Po¬

tentials

As well as creating light beams the SLM allows us to tailor optical po¬
tentials for production in the focal plane of a lens. In this section the

design and creation of such light patterns is discussed. Initially the cre¬

ation of complex potentials designed to guide atoms for applications such
as splitting and interferometry are demonstrated. These patterns repre¬
sent the first all optical potentials of their kind and could provide useful
advances in the field of all optical guiding of cold atoms. Further to the
creation of these complex potentials the use of the SLM generated ar¬

rays and relevant dynamic capabilities are discussed briefly along with
the advantages that SLMs offer to the field of atom optics and the cur¬

rent limitations.
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5.6.1 Splitters and Interferometers

The patterns designed for interferometry and splitting applications were

shaped as shown in figure 5.21. They were created using the standard

hologram techniques as described in chapter 3. The images were de¬

signed in a standard graphics interface and then the 'optphase' pro¬

gramme (Appendix A) used to generate holograms suitable for the Hama-

matsu PPMX8267 SLM. This SLM is designed for use with a wavelength
of 780nm, the wavelength of the ti:sapph guide being 800nm. The wave¬

length, pixel size, number of phase levels and focal length of the lens

being used to create the images all requiring input into the programme

in order to generate the best hologram.

Figure 5.21: Patterns designed for use with the SLM in atom guiding; a) and c) are
splitter patterns and b) and d) interferometers. The patterns on the
left are for red-detuned guiding, those on the right are for blue-detuned

guiding.

The patterns shown are y-splitters and mach-zender interferome¬
ters for both red-detuned guiding and blue-detuned guiding. The red-
detuned guides are fairly self-explanatory, with the atoms being guided

along the high intensity region. For blue-detuned guiding it is neces¬

sary to guide the atoms in the low-intensity region of the beam. The
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Figure 5.22: Example of a hologram used for atom optics applications. This example
is for a blue-detuned y-splitter pattern as shown in figure 5.21c).

blue-detuned guides shown only confine the atoms in two dimensions,

however, as the hologram is formed at the focal plane of a lens, then
diffractive spreading to either side of the focal plane should fill the pat¬

ten in and create a three-dimensional confinement around the intensity

null.

The patterns were tested using the Hamamatsu PPMX8267 SLM, op¬
timised for 532nm light. The SLM was illuminated with the beam from
a 633nm HeNe laser which was expanded using two telescopes; initially
an /=-50mm lens and an /=150mm lens expanded the beam by a fac¬
tor of 3, next an /=-50mm lens and an /=600mm lens expanded it by a

further factor of 12. The beam actually clipped the 600mm lens, despite
its 2 inch diameter. The result is a power loss but the SLM is still filled

evenly so this is not important for this application. This wavelength of
633nm is not the wavelength that the SLM is optimised for and there¬
fore does not allow a full phase throw in the liquid crystal. This can
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Figure 5.23: Experimental profiles of the atomic splitters and interferometers as

shown in figure 5.21. Left hand images are red-detuned guides and

right hand images are blue-detuned examples.

be compensated for when calculating the holograms but as the patterns
are only being tested it is decided this is not necessary. An /=160mm

lens is placed after the SLM in order to Fourier transform the output

and form an image on a Pulnix CCD camera mounted a distance / from
the lens. Generating the patterns on axis results in an inverted, shadow

image, also on-axis. This image detracts from the use of the patterns

in the atom trap, also the non-diffracted central spot may interfere with
the guiding causing the atoms to either be trapped in it or repelled de¬

pendant on the detuning. As such the input images are redesigned so

that the patterns are created in one quadrant of the SLM screen, in the
far field the reflection is then created in the opposite quadrant and both

image and reflection are displaced from the central spot. The effect of

offsetting the input image in this manner is the same as adding a diago¬
nal blaze to the original hologram. Figure 5.23 shows the experimentally
created patterns. The asymmetry in the images is due to their off-axis

generation. The use of the holograms and the SLM at the wrong wave¬

length causes increased efficiency in the central order.
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5.6.1.1 Conclusion

The successful realisation of all optical, complex light potentials for ap¬

plications in cold atom studies is an important advance. The poten¬

tial applications and investigations that could be made feasible by their
successful implementation, for example interferometry experiments, are

important fields of study. The demonstration of the patterns was un¬

dertaken using an SLM, although conventional holography techniques
could also be used. Upon successful implementation the reconfigurable
nature of the SLM would allow the patterns to be easily switched be¬
tween and also provide variability in factors such as intensity ratio, al¬

lowing such inputs as the atoms to be split in un-equal ratios through
the pattern as required. Drawbacks to the use of the SLM are also worth

considering with the current limitations in efficiency causing power con¬
siderations.

5.6.2 Dipole Arrays

Further to the splitter and interferometer patterns demonstrated it is
also possible to create other optical potentials suitable for trapping cold
atoms. An array of dipole traps was created recently using a microlens

array [85,86]. These traps have applications in quantum computing and
colloidal physics, where SLMs have already been used to create the op¬

tical potentials as discussed in the next chapter.
We can create an nx n array of traps using the SLM, as shown in fig¬

ure 5.24. The result illustrates the problems inherent with using a pixel-
lated device, hence producing a zeroth-order spot as seen in the patterns
created for guiding. This spot can be spatially filtered, the hologram de-
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Figure 5.24: Square array of optical dipole traps. The first shows the zeroth-order

spot interfering with the lattice array, the next illustrates the increased
lattice constant minimising this problem and the last shows the central

spot offset from the lattice region

signed so as its position is not affecting the surrounding traps or it can

be incorporated into the array, or the pattern can be moved offaxis using
a blaze function as discussed earlier. One advantage of the SLM is its

dynamic reconfigurability making it possible to control the trap sites in
real time, altering the spacing, the trap pattern or even turning off traps
as required.

5.6.3 Novel Light Beams

As well as implementing array patterns and novel guide potentials the
SLM can be used to create novel light beams. In the previous section the
use of an SLM created LG beam was demonstrated for cold atom guiding.
The use of conventionally created LG and Bessel beams for guiding has
also been discussed in this chapter. In chapter 4 the creation of these
novel beams was discussed along with that of another beam; the optical
bottle beam. We demonstrated the creation of a new, three-dimensional

array of optical bottles. A conventional optical bottle beam [43], or this
new array of bottles [31], could be used to provide a blue-detuned dipole
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trap. Combining this with the dynamic reconfigurability of the SLM then
the bottle trap could be propagated to transport the atoms.

5.6.4 Discussion

Utilising the dynamic capabilities of the SLM should allow the exten¬

sion of its useability to almost any conceivable application. For example,
control of a beams focus in the manner of BEC transportation with an

optical tweezer [87] or to generate optical patterns to act like conveyer

belts [88]. The demonstration of these applications, and of the dynamic

arrays and bottles proposed should be a relatively trivial extension, with

loading being a simple concern. The limit is imposed instead by the SLM.

Changing the SLM display at a low refresh rate results in a 'bleed' effect,
where one frame morphs into the subsequent. This destroys the integrity
of the pattern for the period of change. Therefore, for stable dipole traps,
then a refresh rate ofgreater than 1kHz is required [89,90]. This is not a

capability offered by the NLC SLMs discussed in this thesis. FLC SLMs
do offer refresh rates around this level, but these are binary devices of¬

fering only amplitude modulation of the light beam. This results in a

severe loss in efficiency which reduces the optical potential of the output

pattern and thus its usefulness for guiding or confining atoms. Ideally
a fast refresh rate, phase modulation SLM would provide the solution
and best further the application of SLMs in the field of atom optics. The

technology is still young and, as such, this may yet become an achievable
ideal.
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5.7 Conclusion

In this chapter the guiding of cold atoms in novel light beams has been

demonstrated. LG and Bessel beams created through conventional means
were compared in order to ascertain that LG beams provided the better

guiding capabilities. With this knowledge an SLM was used to facili¬

tate further investigation into the guiding capabilities of an LG beam.
The SLM facilitated the creation of high azimuthal index LG beams
and allowed the switching between these beams without the need for

realignment of the system. This was an important advantage that en¬
abled ease of experiment and subsequent demonstration of the fact that
for a fixed ring radius a high I index beam provides the best guiding

capability without radiation pressure interactions with the cloud. In ex¬

tension to the work on guiding with novel light beams the capabilities
of an SLM to create novel light potentials was exploited to demonstrate
the first all optical splitter and mach-zender patterns for use with red-
or blue-detuned light. Finally the creation of array patterns and imple¬
mentation of optical bottle beams were considered and the limitations to
the application of the SLMs dynamic capability discussed.

Although the applications of SLMs are currently limited by the capa¬

bilities of the technology it is clear to see from the results in this chapter
that they provide useful and novel advances. It is fair to say that their

dynamic capabilities cannot be exploited in the field of cold atoms at this

stage, therefore there exist some applications where static holograms
will provide a more cost effective and efficient solution. What cannot be
offered by static alternatives is the reconfigurable advantages exploited

particularly in the investigation of the effect of varying azimuthal index
LG beams on atomic flux guided. Further to the applications discussed

126



5.7. CONCLUSION

here should come new possibilities and improved performance as the

technology progresses.
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Chapter

Review of Holographic Optical
Tweezer Experiments

6.1 Introduction

In this chapter a review of some of the experiments utilising SLMs in

optical trapping is undertaken. It is not possible to review all of the

experiments in this field, rather this chapter aims to give a flavour of
some of the applications most pertinent to the experiments discussed
in chapter 7. SLMs have provided advances in trapping multiple par¬

ticles in two- and three-dimensions and have allowed the dynamic and
even interactive control of these particles. These advances have occurred

only in the last 5 years of the field and in this context my work [91] has
formed one of the first demonstrations of the use of dynamic holograms
to create three-dimensional structures in an optical tweezer setup. This
is described in detail in chapter 7. In this chapter a number of alternate
methods for creating two- and three-dimensional structures are consid¬
ered. The work is split into sections depending on the technique used

6
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to form the trap patterns and within each of these sections two- and

three-dimensional arrays are considered and the provision of dynamic
and interactive control to these patterns.

6.2 Background

When Ashkin and Chu first demonstrated Optical tweezers at Bell Lab¬
oratories in 1986 [92] they were demonstrating a single beam gradient

trap that would revolutionise the manipulation ofmesoscopic particles.
This first demonstration allowed the manipulation of a single dielectric

particle of a relative refractive index higher than the surrounding me¬

dia. Since then the field has evolved and seen the advent of new tech¬

niques and technologies. Novel light beams have allowed the manip¬

ulation of low relative refractive index particles [93,94]. These beams
have also been used to trap multiple particles in both two- and three-
dimensions [95] as well as for the transfer of properties such as spin and

angularmomentum to birefringent particles [96]. Further to these appli¬
cations of novel light beams interference patterns have been generated
in the trapping plane allowing the trapping of arrays of particles [97],

facilitating the controlled manipulation of particles [98,99] and even al¬

lowing us sort and separate different species ofmatter [100]. As well as

trapping arrays of particles in the fringes generated by interference pat¬

terns it is possible to use holograms to create arrays of trap sites [101]
and even arrays of novel beams [83]. The advantages that these holo¬

graphic optical tweezer (HOT) systems offer in fields such as biotech¬

nology, nanotechnology and microfluidics are invaluable, the increased
number of traps and the ability to design and dictate the trap position
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and nature adding another level of versatility to an already growing

field.

Spatial Light Modulators (SLMs) offered a perhaps obvious extension
to this evolving field of optical tweezers. Not only affording a method to

create novel beams and arrays without the need to etch the existing holo¬

grams they also provided new advantages such as improved definition of

holograms and reconfigurability allowing for dynamic control. The field

of HOTs existed without SLM technology, but its inclusion allowed for

advances beyond those possible before. In this chapter some of the most

common applications of SLMs in Optical Tweezers are considered.
As has already been stated, SLMs allow the creation of novel light

beams, this is discussed in more detail in chapter 4 and because the in¬
clusion of the beam in the tweezing apparatus is relatively trivial will
not be discussed here. Instead experiments performed to date that al¬
low for the creation of arrays are considered. Different types of SLM

are available, as discussed in chapter 3. In the field of optical tweezing,
where efficiency is ofparamount concern, then nematic crystal SLMs are
utilised preferentially, this is the type of SLM considered in this thesis
and is the type discussed in this review chapter for reasons of both rele¬
vance to the thesis and actuality of experimental results. However, FLC
SLMs have been utilised to create HOTs with intensity holograms and
could be implemented in some of the techniques discussed here.

6.3 Creation of Arrays

The logical progression from a single beam optical trap is to create a two-

dimensional array of single beam traps in order to facilitate the confine-
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ment ofmultiple particles simultaneously. This can be achieved without
the need for holographic techniques by either passing multiple beams

through the microscope objective, used to create the gradient trap or

dividing a single beam with beam splitters [102]. The complex appa¬

ratus required for these techniques makes it a cumbersome approach
and impractical to create multiple sites. Raster scanning a single laser
beam can allow trap sites to be created without splitting the beam [103]

however, there are problems associated with the dark time at each trap
site and this imposes limitations on the trap quality and the number of

trap sites achievable. Acousto-optic modulators (AOMs) provide very

fast scanning techniques effectively eliminating dark time considera¬
tions however, the patterns created are limited to spot-like trap sites
in two-dimensional arrays. Alternatively the regions of constructive in¬
terference from multiple beams can be utilised as trap sites [104,105],
in this case the trapping pattern is constrained to the maxima regions of
the interference pattern and cannot be readily tailored.

The ideal case of multiple optical beams passing through the back

aperture of the microscope objective to form trap sites at the desired po¬

sitions in the image plane is not practical to achieve in this form. If we
consider that theoretically we could create this situation then an inter¬
ference pattern would be formed by the beams at the back focal plane of
the objective lens. This interference pattern can be imprinted onto the
wavefront of a single laser beam allowing us to recreate the desired trap

pattern. Imprinting the pattern onto a laser beam can be done simply

using a hologram, the use of a hologram created in this manner not only
allows us to create arrays in two-dimensions, but also facilitates three-
dimensional operation of the tweezers. Furthermore by using an SLM
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to create the hologram we are introducing a reconfigurable parameter

facilitating the dynamic manipulation of the trap sites, in some situa¬
tions this can even be done interactively. The exact specifications and
characteristics of the trap arrays are governed partially by the way in

which they are created. A number of different methods of calculating
the holograms exist, as well as the possibility of creating arrays without
the need for holographic techniques. These methods are discussed and
their limitations and advantages highlighted in this chapter.

The holograms used in optical tweezing are nearly always phase only

holograms, sometimes referred to as kinoforms. This is due to the fact

that including an intensity term in the hologram acts to decrease the

power in the trapping plane, which is of optimum concern in Optical
Tweezers. Creation of a phase hologram to allow full realisation of the

powers of HOT was a non-trivial matter before the introduction of the

algorithms here. Although some patterns had been calculated by the

weighted sum of their phase terms this was restricted to specific, known

phase distributions. This chapter is concernedwith considering the tech¬

niques realised to date for the creation ofarrays of trap sites in HOT sys¬

tems utilising nematic SLM technology. The next section of this chapter
describes a method of producing trap arrays without the need for kino¬
forms. The fourth and fifth sections consider algorithms for producing

holograms to create patterns without predetermined phase structures,

allowing better results than previous algorithms. The sixth section of
this chapter looks at a Fresnel technique that builds on the algorithms
discussed in the previous sections while the seventh considers the use

of Fresnel methods to enable Talbot image planes. Finally the use of an
SLM to improve the quality of optical trap sites is discussed. The rela-
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tive strengths of all these techniques are then considered along with a

general consideration of the usefulness of SLMs.

6.4 Generalised Phase Contrast

An alternate approach to the calculation of kinoforms is using a tech¬

nique know as generalised phase contrast (GPC). This allows an image
on the SLMs surface to be converted directly into corresponding trap

sites in the focal plane of the microscope objective. The need for holo¬

grams is negated in this approach.
In general a phase disturbance cannot be directly viewed. In order to

overcome this a method for extracting the phase information of a wave-

front using indirect measurement must be applied. One such method
is to perturb a portion of the wavefront of interest in order to create a

reference beam. Interference of the reference beam and the original,

unperturbed wavefront allows us to visualise the phase information en¬

coded. Generalised phase contrast (GPC) is a method of doing just that

by using a Fourier filter chosen carefully to match the phase disturbance
and facilitate the conversion of phase information into a high contrast

intensity distribution with minimal loss.
In 2002 R.L. Eriksen et al. [106] demonstrated the use of the GPC

method to trap four particles in a two-dimensional array using a pre¬

fabricated optical mask. Later in 2002 Eriksen et al. [107] published a

means to incorporate an SLM into the GPC method and create a new

kind of dynamic, multiple trap optical tweezer. The method creates an

array of high intensity beams which are not very tightly localised in
the direction of propagation, this has drawbacks associated with par-

133



6.4. GENERALISED PHASE CONTRAST

ticle confinement. However, the fact that no calculations are required

provides advantages in terms of speed and ease of use.
Eriksen et al. utilise a phase only SLM to encode a pattern onto a

collimated laser beam, this beam is then used as the input for the GPC

system. A phase contrast filter (PCF) generates a high contrast intensity

pattern from the phase information encoded on the laser beams wave-

fronts and this intensity pattern is then focussed by a microscope objec¬
tive to allow trapping of particles. Alteration of the pattern on the SLM
translates directly to an alteration of the trap positions in the tweezer.

This ability allows Eriksen et al. control of the trap sites by movement of
the cursor or mouse as the SLM is controlled directly from the video out¬

put of a computer. The trap sites can be manipulated individually and

arbitrary beam profiles applied to best suit the purpose required. They
make use of the non-pixellated nature of phase-only SLMs to enable ef¬
ficient and real-time re-distribution of the light into the trap sites.

The setup for GPC is described in detail in references [108,109], the

apparatus used by Eriksen et al. is shown in figure 6.1. A laser beam is

expanded and then reflected off the SLM at a small angle, the SLM used
is a Hamamatsu similar to those used in this thesis. An iris is placed

directly in front of the SLM and its diameter altered to match that of
the PCF, this optimises the contrast in the output intensity distribution.
The output from the SLM is passed through a 4/ lens system with the
PCF filter placed in the Fourier plane. The PCF gives a -k phase shift
at the laser wavelength, this means that the output from the SLM need

only be a binary representation of the phase levels 0 and 7r, given in this
case by the grayscale levels 0 and 150. A high contrast intensity pattern

is created in the back focal plane of L2, this is directly related to the
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Illumination

Sample
XlOO

Figure 6.1: Schematic diagram showing the experimental setup for GPC application
in two-dimensional dynamic optical tweezers. From reference [107],

phase image on the SLM. A second iris placed at this point removes any
unwanted light and the intensity distribution is passed into a normal
tweezer setup, as will be described in chapter 7. The binary use of the
SLM means that it would be feasible to use a binary, or ferroelectric SLM
to create the same effect, this is not applicable to other techniques.

Eriksen et al. demonstrate the trapping of particles in a 4x4 array,

this illustrates another advantage to the technique where no zeroth-
order or ghost sites are created by unwanted diffraction orders that occur
when using a kinoform. Further to static trapping they also demonstrate

dynamic trapping, rotating an inner pair of spheres within a counter-

rotating circle of outer spheres with varying speed. The limitation on

the speed of the dynamic manipulation is the response time of the SLM,
in this case approximated at 40ms. This demonstration of dynamic trap¬

ping is achieved using a series of frames, each frame representing a po-
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sition required in the particles motion, by animating these frames to run

consecutively the particles can be moved. Eriksen et al. also claim that,

further to utilising pre-determined frame sequences, interactive control
is both achievable and simple.

The trap sites are not confined in three-dimensions, the elongated
nature meaning the particles are effectively confined by the coverslip of
the sample. Confinement is suggested by alteration of the lenses LI and
L3 to make use of the full NA of the lenses [110]. Three-dimensional

control is proposed by the addition of a second, phase-only SLM to en¬

code dynamic Fresnel lens function onto each beam. In 2005 P.J. Ro-

drigo et al. [Ill] demonstrated the three-dimensional manipulation of

trapped particles using the GPC method and two SLMs. However, the

second SLM was used to modulate the polarisation of the beams, allow¬

ing counter-propagating beams to trap in the axial direction by control¬

ling the relative intensities. Rodrigo et al. use a modified GPC setup,

as shown in figure 6.2 to allow the real-time manipulation ofmatter in
three-dimensions. The configuration is practically loss-free, providing

a very efficient system in a situation when optical power is key. The

light is expanded and passed through a GPC setup as described before,

the intensity pattern output from this is then projected onto a spatial

polarisation modulator (SPM). The process is described in detail in ref¬
erence [111], it is suffice to note here that the SPM modulates the input,

linearly polarized beam by encoding a phase function . The result is
a complex polarisation field that can be split into s and p components

using a polarising beam splitter (PBS). Alignment of these beams in a

counter-propagating configuration within the sample cell allows parti¬
cles to be held at set points within each trapping region determined by
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the balance of the relative intensities within each counter-propagating

pair. The proportion of each polarisation component is controlled individ¬

ually for each trap site and by varying this proportionality the particle
is moved in the axial direction. Rodrigo et al. demonstrate the creation

of three-dimensional crystal structures equivalent to the crystalline ar¬

rangements in Si02 and polystyrene.

Illumination
ZIZ

SLM

CCD

Figure 6.2: Schematic diagram showing the experimental setup for modified GPC

application in three-dimensional dynamic optical tweezers. Two SLMs
are utilised to provide both lateral and axial control. Reproduced from
reference [111].

The use of scattering force balance to achieve axial trapping means

that three-dimensional structures can be created in a much larger vol¬
ume than that constrained by the creation of foci. I.R. Perch-Nielsen
et al. [112] utilised this fact to enable three-dimensional trapping in a
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large volume cell. Utilising long working distance objectives to form

the trap sites enabled a larger volume of sample to be considered and
furthermore it allowed them to image from the side as well as axially.
Perch-Nielsen et al. utilise a computer interface to control the two SLMs

interactively, this enables them to control trapping in all three directions

independently and user define trap sites and paths as required; a very
versatile system.

The GPC method facilitates optical efficiencies of around 90% with¬

out the need for calculation of kinoforms. The optical setup is not sig¬

nificantly more complex for two-dimensional manipulation, however the
inclusion of the second SLM required for three-dimensional control is a

significant consideration. GPC offers excellent real time control as no

calculation time is required, this also means the computer is free for
user interaction and data analysis. The method of trapping in three-

dimensions does not provide axially confined traps, as such particles
cannot be trapped separately in the same axial line, however the ex¬

tended trap volume available from this method may have advantages in
some applications, for example where viewing from alternate angles is
desirable. Further to these advantages the GPC does not suffer problems
associated with non-diffracted central orders or ghost traps inherent in
kinoform using HOT systems, this provides an arguably cleaner system.

6.5 Gerchberg-Saxton Algorithm

An alternate, more common approach to creating arrays of trap sites us¬

ing an SLM is to create a phase only hologram, or kinoform for display
on the SLMs surface. These can represent novel beams, arbitrary pat-
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terns and arrays or combinations of the two. For arbitrary arrays then
it is common to use an algorithm to determine the form of the hologram.
The Gerchberg-Saxton (GS) algorithm, discussed in detail in chapter 3,
is commonly implemented in creating kinoforms for use in HOT systems.

The algorithm offers a fast convergence and high efficiency for a small
number of iterations and as such has found success in dynamic and in¬
teractive applications in particular.

J. Curtis et al. [83] utilised the algorithm for use with dynamic SLM
HOT systems in 2002. They made a slight alteration to the original iter¬
ation process, instead of replacing the amplitude a" with desired ampli¬
tude aj it is replaced with the sum

a(n+1) =
3 (i-o+<e (n)

aj
(6.1)

and an error value £ « 0.5 is found to work best. The reason for this

substitution and the choice of £ is that it provides a faster convergence
of the iteration loop.

Using the modified algorithm Curtis et al. calculated kinoforms to

create arrays of multiple trap sites. Calculating consecutive holograms
with a slight displacement of the trap site position between each they
demonstrated the dynamic precession of silica spheres held in moving

trap sites by animation of these holograms as frames of a movie. Fur¬
ther to creating and moving trap sites in two-dimensions the addition
of an encoded Fresnel lens allows for the creation of arrays in three-
dimensions. The use of Fresnel lenses is discussed in more detail in

chapter 7, suffice to say the inclusion of the relevant phase terms allows
translation of a trap site in the axial direction. The phase term for the
Fresnel lens can be added to the calculated kinoform. This can be used
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to translate a whole array of particles out of the original trapping plane

or, by application of a separate function to each trap site, individual par¬
ticles can be moved. Curtis et al. also use similar phase terms to create

arrays of novel beams. Addition of the phase term l<j>mod27r to an array

ofoptical trap sites enables them to create an array of optical vortices, or

LG beams. Application of the phase term to individual sites allows this
to be done selectively creating a mixed array of trap sites and vortices
with differing I mode indices. Arguably, by extension any combination of

phase terms could be used to alter individual trap sites and the whole ar¬

ray created and dynamically altered in the three-dimensional landscape.
Curtis et al. modified the GS algorithm to create the now named

adaptive additive (AA) algorithm, as suggested by Soifer [27]. In 2004 G.
Sinclair et al. [113] utilised another modification of this same algorithm
to create three-dimensional kinoforms straight off. The single plane ap¬

proach iterates through a loop replacing the intensity distribution with
the desired output, or a weighted sum thereof, and retaining the phase

distribution, see figure 6.3a). In three dimensions this case is extended
to sum multiple planes, as shown in figure 6.3b). The disadvantage of
this new approach is that the computation requires more time. In addi¬
tion the light forming the pattern in any one plane is present, although
to a lesser extent, in all other planes of the output pattern. Advanta¬

geously the output pattern can be successfully created in one iteration,

repetition improving the quality of the output but not necessary for cre¬

ating the kinoform. This is converse to some other algorithms utilised in
kinoform creation.

Sinclair et al. utilise the single iteration ability of the GS-algorithm
to enable dynamically controlled trap sites. Their computer programme
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a b

Figure 6.3: Simplified flow chart for the GS algorithm. On the left the procedure for
one plane Q and on the right the procedure for multiple planes, in this
instance two (Qi and Q2). The arrows represent the Fourier transforms
carried out in changing the amplitude profile from plane P to Q. The cur¬

rent amplitude is represented by intensity I(x,y) and phase $(a;, y); the
desired intensity denoted by the relevant subscript. The lightened text

phase function converges to the phase hologram pattern. Reproduced
from reference [113].

runs continually through the loop shown in figure 6.3 and by user alter¬
able computer control the number, position and brightness of individual
or multiple trap sites can be changed interactively. The SLM simply

displays the most recent output of the algorithm and the user adjusts
the input, the single iteration ability allowing for the real time update

capabilities. This property in itself providing an exciting and useful ad¬
vancement to the field.

While the GS algorithm does provide us with real time dynamic con¬

trol on multiple planes the practical application is unfortunately limited.
The limitations of the technique were tested [114] and the number of
achievable planes was found to be limited. For one, two and three planes
the algorithm performed well, converging quickly enough to provide a
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solution that could be used interactively. The recorded speed allowing
Sinclair et al. to achieve ~2 holograms per second on their apparatus.

However, formany traps (more than a few 10s) inmore than three planes

they observed a convergence of the algorithm that was too slow for dy¬
namic applications. This could be overcome by pre-calculating the kino-
forms and displaying them in a movie type file, as described for Curtis
et al. however, real time interaction is then lost.

This algorithm provides an iterative process that is quick enough to

allow the real time, interactive control of particles trapped in a limited
number of planes. Beyond these limits the holograms must be created
in advance and run in sequence to allow the predetermined manipula¬
tion of particles. The algorithm does create kinoforms that suffer from

ghost images and central non-diffracted orders. These are fairly stan¬

dard in kinoform creation and can be overcome by the displacement of
the trap sites away from the centre and also the ghost sites, or by spa¬

tial filtering. The GS-algorithm also provides for spatially separate trap

sites that can be arranged in any configuration, including the arrange¬

ment of traps consecutively in a line along the axial direction without
loss of trap singularity. The versatility of this algorithm, combined with
the quick iterations makes it a successful option, particularly in the real
time manipulation of particles in a small number of planes.

6.6 Direct Binary Search Algorithm

The creation of kinoforms for HOT and use with SLMs is by no means

limited to the use ofmodified GS algorithms, another commonly utilised

algorithm is the direct binary search algorithm (DBS) [115]. This does
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not offer the same fast convergence advantages of the GS algorithm, but
does have other strengths that make it more applicable to alternate ap¬

plications.
In 2004 J. Leach et al. [116] applied the DBS algorithm to the cre¬

ation of three-dimensional structures using SLM HOT systems. The al¬

gorithm utilises an error function e which assesses the holograms abil¬

ity to produce both high and low intensity regions at random positions

within a three-dimensional space. The error function used by Leach et

al. was simply a summation of the absolute differences between desired

and achieved values at target points in this volume

where N is the number of target positions and \Ur,i\ are the desired field
magnitudes at those points. While this error function is perfectly valid
it is also possible to apply more complex, weighted functions to the same

approach. The algorithm selects a random pixel, the error function is

then calculated for all possible values of that pixel and the value that

provides the best error is kept. This process is repeated over a number of
iterations to give an optimised hologram output. Alternate algorithms,

such as simulated annealing and genetic algorithms can use the same

error function, however Leach et al. state that the DBS provides the
fastest calculation for an at least equivalent accuracy and efficiency.

Leach et al. tested the algorithm by creating a diamond unit cell
from a static hologram created using the DBS algorithm. In this case

18 trap sites are to be created with a desired intensity of 4.75% of the

peak intensity that would be achieved for a single trap. The hologram
was 256x256 pixels and had 16 phase levels, in order to achieve this

N

(6.2)
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they found ~250000 iterations were required, this equates to each pixel

being calculated approximately 4 times. As a guideline Leach et al found
this took around 20s to run on a standard 2GHz desktop PC. The chosen
diffraction efficiency of 4.75% could be improved, but they found this led
to a diminished uniformity between the intensities in each trap site.

The DBS algorithm offers advantages in applications where neigh¬

bouring traps are arranged in close proximity. If the traps are not clearly
defined then 'hopping' can occur with the particles from a nearby trap

stacking in one site. The ability to define not only the intensity highs,
but also the nulls means that the potential barrier between the traps

can be increased when using the DBS algorithm, reducing this problem

significantly.

Dynamic manipulation of the particles is feasible using the DBS al¬

gorithm, this is done in much the same way as Curtis et al. applied to

the original GS experiments. Individual hologram files being created in
a predetermined order and played as a movie or animation to control the

particles. Interactive control is not practical due to the extended calcu¬
lation times required. The nature of the DBS algorithm and the created

holograms means that is possible to trap particles consecutively on the
same axial plane, this is demonstrated by Leach et al. when they create
the diamond lattice structure.

In a later work by the same group G. Sinclair et al. [114] compare
the attributes of the GS and DBS algorithms. The advantage of the DBS

being the ability to define trap positions outwith a discrete grid, and also
to define null intensity regions as well as focii. The further advantage

being that the DBS algorithm allows the creation of kinoforms defining

traps in many more planes than is achievable using the modified GS
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algorithm. Sinclair et al. demonstrate the creation and rotation of a 3x3

cube where particles are in 18 different planes at one point. Attempts to

repeat the result using the GS algorithm were unsuccessful resulting in
slow iteration times and poor quality output holograms.

6.7 Fresnel Regime Holographic Optical Tweez¬

ers

The kinoforms created using the algorithms discussed utilise the Fourier

plane to transform a phase encoding into the desired optical pattern.

Problems with the unwanted diffractive orders lead to ghost images be¬

ing inherent in the resultant output pattern. These can be removed by

techniques such as spatial filtering, or an alternate method of creating
the desired output pattern may be implemented. One such alternate
method was proposed by A. Jesacher et al. [117], they use a Fresnel

approach that builds on the existing algorithm techniques already dis¬
cussed in order to eliminate the unwanted diffractive orders

Extraneous diffractive orders are avoided by Jesacher et al. by util¬

ising off-axis Fresnel holograms. These are calculated from an original
Fourier hologram, PFourier, created using an algorithm like the GS, AA
or DBS ones discussed in the previous two sections of this chapter. This
kinoform is therefore identical to those used in HOT systems relying on

Fourier optics to create the output pattern. Jesacher et al. transform
the kinoform into an off-axis Fresnel hologram by simply adding a lens
function and an inclined plane term to the existing phase distribution

-f-
exp(lPFresnel) — GXp(t[PFourier 7 \ (^-*xX "I" Cr^T/)] 1X10(1271") (G.3)

145



6.7. FRESNEL REGIME HOLOGRAPHIC OPTICAL TWEEZERS

where A is the laser wavelength, x and y the co-ordinates of the SLM

plane (origin at the centre of the SLM), fF is the focal length of the Fres-
nel lens and Gx and Gy are components of G, a grating vector which
determines the direction and magnitude of the off-axis diffraction an¬

gle. The term 'mod27r' ensures the resultant phase range is maintained
within the 0 to 27r range necessary when using an SLM. The resul¬
tant output image will be formed a distance determined by fF from the

image plane of the microscope objective. The setup used by Jesacher
et al. allows for multiple hologram windows to be tiled on the com¬

puter desktop. The SLM mirrors the desktop and, as such, multiple

outputs are achieved, one from each hologram window. Figure 6.4 il¬
lustrates this idea for two holograms. In the focal plane the zeroth-

order, non-diffracted beam remains as a plane-wave, while the minus
first diffraction order is divergent (not shown in figure). These are the
terms that form the central spot and ghost images respectively in the
Fourier regime. The direction of the diffracted first-order beams and
their diffraction angles are determined by Gx and Gy. If a sufficiently
steep inclined plane term is used then these undesired zeroth and nega¬

tive diffraction orders will not be coupled through the intermediate lens
and into the microscope objective lens. Any residual light that is coupled

through will not be focussed in the tweezer field and will therefore not

affect the operation of the system.

The ability to create multiple hologram windows allows Jesacher et
al. to easily create multiple trap sites. The hologram windows can

be dragged around the desktop to facilitate easy manipulation in the
tweezer plane without the need to re-calculate any holograms. The whole

desktop area is imaged by the objective, as such any change in hologram
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Figure 6.4: Experimental setup for an off axis Fresnel hologram HOT setup. Repro¬
duced from reference [117]

position results in a change in the angle of the beam passing through the

objective and thus a lateral translation of the resultant trap site. This
allows true, real time manipulation of the trap sites in a similar man¬
ner to GPC techniques but with the advantages afforded by holographic

approaches, such as novel light beams or complex patterns. Displaying

holograms to create arrays, novel beams and trap sites in each window
allows for a great range and versatility of output fields. Using a Fresnel
lens in the same manner as Curtis et al. trap sites can be displaced in
2 to create three-dimensional arrays. The three-dimensional control is
such that the particles are truly localised. Dynamic control is not demon¬
strated by Jesacher et al. however, it may be achievable by inclusion of

updating software such as Sinclair et al. demonstrate.
Interactive control of the hologram windows is limited only by the

refresh rate of the monitor. The number of hologram windows is de¬

pendant on the size of the screen and of each window, Jesacher et al.
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demonstrated up to 12 windows of 400x400 pixels. If the window size is

altered then the quality will suffer but more windows can be used. The

input power must be split between the trap sites, this imposes a limit in
all HOT systems. This system allows the creation of three-dimensional

arrays with real-time dynamic control of the lateral movement of the

particles. Problems associated with non-diffracted central orders and

ghost images are eradicated and the trap sites are not limited to single

spots, instead vortices, Bessel beams and other complex phase functions
can be incorporated. However, real time control of the axial plane is

not achievable and the manipulation of particles will be limited by tiling
of the hologram windows. While this technique shows some advantages
over GPC and other holographic algorithms it does not solve all problems
or encompass all applications.

6.8 Talbot Image Plane Interferometric Holographic

Optical Trapping

The Fresnel regime setup discussed in the previous section made use

of a combination of existing algorithm techniques and off-axis Fresnel

holograms to remove unwanted diffractive orders and clean up the re¬

sultant image, or trapping plane. In contrast to this E. Schonbrun et

al. [118] have utilised the Fresnel regime to enable interferometric op¬

tical tweezing using an SLM to create a periodic potential in the Talbot

image plane.
Schonbrun et al. use eighteen collimated light beams to form an in¬

terference pattern which has both axial and lateral periodicity. This en¬

ables three-dimensional trapping of multiple particles in trap sites that
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are brighter and narrower than those achievable using conventional, si¬
nusoidal fringe patterns. The use of interference fields is advantageous
as the computationally intensive hologram creation is not necessary.

Furthermore axial intensity modulation is total, a potentially useful cri¬
teria for the trapping of small particles (<500nm) and atoms.

The eighteen beams are interfered to form a hexagonal array, which is

effectively an image with lateral periodicity. The Talbot effect [119-122]
tells us that this image will re-form at periodic distances along propaga¬

tion. This effect applies to any light field where a decomposition in terms
ofplane waves gives values of kz, the axial wave vector, such that all Akz

between the various beams are rational fractions of each other [122], kz

is then given by

k* = ko~S (6.4)
2k0

where kT is the radial wave vector and k0 = \/k'* + k'j. In the hexagonal
array created by Schonbrun et al. this gives a Talbot image distance

ZTalbot =
AMI, 3)-AMI, 2) (6"5>

where the numbers in brackets refer to the beams.

The SLM is used to create multiple, angularly displaced, plane waves
with adjustable phase and intensity. Positioning the SLM near to the im¬

age plane results in the beams interfering at the trapping plane to create
the required potential. Superpositions of two or more plane waves have
a non-uniform intensity pattern. This can be taken into account by use of
a new algorithm [123]. The phase distribution of the superposition of the
interference beams, ^(x,y)auperpoaiUon, is added to the phase distribution
of a blazed diffraction grating, 4>(x, A)ffrotin9, of period A. The first-order
diffracted beam is therefore separated from the unwanted orders which
can be filtered.
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The optical efficiency of this system is only about half that of a Fourier

setup. The advantage that is offered is the non-iterative calculation

meaning that irrespective of the number of trap sites the calculation
time for the hologram will only be a few milliseconds. Obscuration of the
beams by trapped particles means that the Talbot effect cannot facilitate

repetition of the pattern unless particles inflicting only a low perturba¬
tion are used, i.e. atoms. This technique does also allow for the creation
of large periodic arrays of trap sites.

6.9 Optical Trap Performance Enhancement

Further to utilising the SLMs capabilities for the creation of dynamic
and interactive arrays of trap sites it is also possible to improve the qual¬

ity of optical trap sites. This technique does not offer a solution to the

problems ofcreatingmultiple trap sites in three-dimensions, it is instead
an interesting technique that illustrates some of the versatility of SLM

applications.

Y. Roichman et al. [124] utilised an SLM to investigate the effects
of geometric aberrations on the performance of optical traps. In order
to achieve this they set up a HOT system, incorporating an SLM into a

conventional optical tweezers setups optical train. Using particle track¬

ing techniques [125,126] they measured the trap stiffness of aberrated

traps. The aberrations were introduced by encoding the phase informa¬
tion into a computer generated hologram. The phase of each aberration
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was characterised using Zernicke's orthogonal polynomials [127] as

ipi(p) = ^j=(6x4 — 6x2 + 1) spherical aberrationV2
(p) = a2(3x3 — 2x) cos{9 — 02) coma

<p3(p) = a3a;2[2cos2(# — 03) — 1] astigmatism

V?4 (p) = —y=(2x2 — 1) curvature of fieldV2

f5(p) = a5x cos(6 — 05) distortion (6.6)

where x — p/R is the radial co-ordinate in units of the input pupils ra¬

dius, R. 6 is the polar angle around the optics axis and the coefficients a;

are constants measured in units of the wavelength of light. The angles

#2, $3 and #5 establish the orientation of the comma, astigmatism and

distortion, respectively.
This phase information was added to a 4x4 array of trap sites to allow

investigation. The results show that coma and astigmatism has signifi¬
cant effects on the trap sites lateral stiffness and characteristics. Coma
is introduced to a system by failure to center lenses along the optic axis.

Astigmatism results from having canted lenses in an optical train. Both

of these effects are common in optical trapping. Roichman et al. demon¬
strate that application of the inverse phase distribution of an aberration
can reduce, or even eliminate its effects. Furthermore they demonstrate

the use of optical vortices for estimation of the inherent aberration in a

system.

This technique allows improvement of the characteristics of an opti¬
cal trap. Although it is an expensive method of correction for a minimal

problem it is an important example of the use of SLMs for investigation
and correction of a problem which is of growing importance as systems

become more complex. The reconfigurable nature of the SLM lending
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itself to ease of implementation and interactive correction control.

6.10 Conclusion

It is not debatable that the introduction of SLMs into the field of mul¬

tiple beam optical tweezers has been advantageous and facilitated new

avenues of study. What is debatable is the best method by which to im¬

plement this technology.

Advantages seem to depend on the application with the different ap¬

proaches discussed here, and those not mentioned, having their own

strengths and weaknesses. From the experimental techniques here it is
fair to say that the end experiment or application provides a good guide¬
line as to the best approach. Two-dimensional dynamic control being
most simply implemented using GPC. Two-dimensional complex arrays

being achieved by the Fresnel approach. Interactive control in three-
dimensions being best offered by the use of the GS algorithm. Com¬

plex three-dimensional patterns being easiest achieved using the DBS

algorithm. That said, even here there are grey areas, the desire for ex¬
tended three-dimensional arrays could arguably be better achieved with
the GPC method and the two-dimensional arrays better confined with
AA or GS algorithms. Each method has merits and disadvantages and
as such there is no clear winner for an all encompassing HOT setup.

The limits of three-dimensional optical tweezing are discussed in de¬
tail in reference [128]. The lateral movement of the trap sites, created by
a blaze function, are being limited by the properties of the SLM. While
the axial movements, created with a Fresnel lens function, are limited

by the parameters of the focussing objective lens, not the SLM. In the
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meantime the applications of SLMs to optical tweezers and other fields
is limited by their physical properties such as refresh rates, pixel size
and number of phase levels. For dynamic control they offer decisive ad¬

vantages over existing techniques such as AOMs and interference. Arbi¬

trary pattern creation and three-dimensional control being achievable.

The advantages may not be enough to outweigh the problems in ap¬

plications where high speed or intensity is required. In order to realise
these advances and make sure that the use of SLMs in the applications
discussed is unquestionably advantageous there needs to be significant

improvement in the technology itself. Faster refresh rates would help,

although in the field of optical trapping computational time is the limit¬

ing factor for many techniques. Improved efficiency would undoubtedly

help, especially in applications where spatial filtering is made necessary

by diffraction effects thus reducing the trap power further. It might also
be useful to have broadband capable SLMs whose increased flexibility
could help justify the expense. Indeed a general reduction in cost would,
as with most components, improve the case for their inclusion in exper¬

iments. SLMs are still an emergent technology and with developments
in their design these ideals, and more, may yet be realised allowing ad¬
vances in the existing fields within optical trapping and bringing the

possibility of new techniques.
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Chapter /

Optical Trapping

7.1 Introduction

Optical tweezers allow us to trap microscopic particles in a laser beam
and manipulate them as required. We have already discussed the inter¬
actions that exist between light and particles, and by varying the wave¬

length of light or the type of beam we can create more complex tweezer

systems for different applications, allowing ourselves the use of an all

optical 'toolkit'. This chapter first looks at the background and physics
of basic optical trapping before considering the application of this theory
in a commercial microscope system. Particular emphasis is placed on

phase contrast imaging and the potential avenues that this may open up
in the field of tweezing. This is combined with the use of an LG beam
to impart angular momentum to a particle and show how phase contrast

techniques could be extended to investigate this idea in the Rayleigh

regime. The inclusion of an SLM in a simple, optical tweezer setup is
then considered. This affords the ability to create novel light beams,
but is used in this chapter to demonstrate the trapping of particles in
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novel configurations and arrays. The dynamic capabilities of the SLM
are then utilised to demonstrate the movement of these arrays. In the
final section of this chapter these dynamic techniques are combined with
the use of a Fresnel lens to demonstrate time-share trapping of particles
in multiple planes; one of the first demonstrations of the creation of a

three-dimensional structure in an optical tweezer setup.

7.2 Background

In 1970 Arthur Ashkin [129] discovered that light possessed the abil¬

ity to move microscopic particles. He demonstrated the acceleration of

microscopic silica spheres along a laser beam using the radiation pres¬

sure force, or scattering force. The particles were drawn to the high

intensity, centre of the beam by the gradient force. Ashkin also observed
that hollow particles (with a refractive index lower than the surround¬

ing medium) were repelled from the high intensity region of the beam.
These forces and interactions observed form the basis of modern day op¬

tical tweezers, they were discussed in detail in chapter 2. Ashkin [130]
also proposed the use of these forces for the manipulation of atoms and

molecules, as discussed in chapter 5.
In 1971 Ashkin and Dziedzic [131] used a focussed laser beam to trap

particles in a levitation trap. The laser beam was directed upwards and
the radiation pressure of the beam used to counteract the effects of grav¬

ity on the particles. In 1986 Ashkin and his co-workers at the Bell Tele¬

phone Laboratories demonstrated a single, focussed laser beam for trap¬

ping microscopic particles in three-dimensions [132]. This trapping was

achieved due to a three-dimensional intensity gradient at the beams fo-
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cus enabling transverse and axial gradient forces to effect the particle.
This achievement was the cornerstone on which the field of optical trap¬

ping was built, evolving to become an important and versatile tool in

both the physical and life sciences.

Optical tweezer systems are particularly useful in biological applica¬
tions because they offer a non-invasive means of manipulation and in¬

vestigation. The components required to create the optical tweezer can
also be readily incorporated into an existing, already utilised commer¬

cial microscope system, as will be discussed. Alteration to the basics of a
tweezer system allows expansion of the 'optical toolkit' to different and
more complex applications. Choosing a wavelength that is strongly ab¬
sorbed by the material being used allows it to be cut, for example chro¬

mosomes, this provides the 'optical scissors' [133]. Use of a circularly

polarised Laguerre-Gaussian mode allows the controlled transfer of spin
and angular momentum to a weakly absorbing dielectric particle to pro¬

vide an 'optical spanner' [96]. The interference of two LG beams with
variable path difference [134] also allows controlled rotation of single,
or multiple particles. The use of novel beams allows the trapping of low
index particles, or in the case of Bessel beams both low and high index

particles simultaneously. Three-dimensional structures can be created
or particles trapped in multiple planes [95].

7.3 Forces

Optical trapping utilises the interactions between light and matter in
order to manipulate microscopic particles. These forces were considered
in chapter 2. In this section they will be discussed again briefly and the
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other forces acting on a particle trapped in an optical tweezer system
will also be considered.

7.3.1 Mie and Rayleigh Regimes

As discussed in chapter 2 there are two main regimes that should be con¬

sidered; the Mie regime and the Rayleigh regime. The first, Mie regime

is concerned with the case when the particle is large compared to the

wavelength of the light being used and can be considered using a ray

optics approach. The second, Rayleigh regime is concerned with parti¬
cles that have a diameter smaller than the wavelength of the light being

used, this regime is considered using an electric field approach. The Mie

regime is more commonly considered in optical trapping, although some

of the particles used in this thesis were small enough to fall into the

Rayleigh regime.

7.3.1.1 Mie Regime

The transfer ofmomentum from a photon to a material has already been
described. The change in refractive index encountered as it transitions

from one media to another resulting in a momentum change. Conserva¬
tion ofmomentum means that this results in a force exerted by the pho¬
ton. In the case of optical tweezing this force is exerted on the trapped

particle,

where F is the force, AP the change in momentum and At the change in
time.

If this is considered in more detail for a spherical particle of high
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refractive index placed off-axis in a laser beam with a Gaussian inten¬

sity profile then the resultant forces, as shown in figure 7.1, will push it
towards the point of high intensity at the beams centre.

Figure 7.1: Lateral gradient force acting on a spherical dielectric particle of high

If a ray from the centre of the beam and a ray from the edge of the

beam, as shown, are considered then the relative forces leading to the

push on the particle can be understood. The thinner line, ray 1, rep¬

resents a ray at the beams edge with a lower intensity and hence less

photons incident on the sphere per unit time. The change in the direc¬
tion of this ray results in a force Fx, as illustrated on the right. The
thicker ray, ray 2, has a greater intensity as it comes from the beam cen¬

tre, the change in direction of this ray results in force F2. The resultant
force from F\ and F2 is F, also shown on the left, this force acts towards
the beams centre as shown.

If the light beam is focussed then the same particle will experience
a force towards the beams focus. If the particle is in the high intensity

relative refractive index. Light rays from the lower intensity edge of the
beam are balanced by higher intensity rays from the centre creating a

net inwards force on the particle. Vector sums of the momenta involved
are shown on the right.
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region of the beam, as discussed, then the rays passing through will be

symmetrical, see figure 7.2. If the beam's focus is above the particle then
a light ray will be bent downwards as it crosses the particle boundary,
as shown. The resultant force for a ray bent in this manner will act as
shown by /. The total resultant force F is then toward the beam's focus
as shown. If the particle was above the beam's focus then the refraction
of the incident rays would result in a downwards force, again towards
the beam's focus.

Figure 7.2: Axial gradient force acting on a spherical dielectric particle of high rela-

This is the case for a solid, high refractive index particle. The same

theory can be applied to demonstrate that the forces on a hollow or low
refractive index particle will act to push it out of a Gaussian beam. Fur¬
thermore the same principal can be applied to calculate the effects for

tive refractive index. Light rays passing through the sphere result in a

force on it towards the beams focal point. Vector sums of momenta are

shown on the right.
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more complex beam profiles. If we introduce a novel beam profile, for

example a Laguerre-Gaussian beam, then the profile of the beam now

contains a dark central region surrounded by a ring of light. It is pos¬

sible to trap a hollow particle in this dark centre as no light exists to

repel it and the effect of the light in the surrounding ring balances out in
the centre of the dark region, repelling the particle to this point where
an equilibrium, or trapping position is achieved. This effect of a dark

region sandwiched between light regions is effectively the inverse of the
case for a high refractive index particle in a Gaussian beam. Z-trapping
of hollow particles held in this way is also achieved by focussing the the

light beam, the momentum change in the off-axis rays pushing the parti¬
cle towards the beams focus. However, as the central region of the beam
is dark the detrimental effects observed when using a solid or Gaussian
beam are not a concern and much better ^-trapping is observed in tweez¬

ers using Laguerre-Gaussian [135,136], or other dark centered novel
beams. If other novel beams are considered, for example a Bessel beam,
or in fact any beam with intensity maxima and minima across in the
cross section, then it becomes possible to trap both high and low index

particles simultaneously by utilising the differing regions of the beam
as the intensity varies between high and low across the beams profile.
These more complex beams enable the extension of potential applica¬
tions for optical tweezers.

7.3.1.2 Rayleigh Regime

The Rayleigh regime is concerned with particles of a size such that they
are smaller than the wavelength of the light being used. The force is
considered in terms of electric field in the region of the particle. This is
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described in chapter 2.
In this chapter the concern is mainly how a particle reacts in the high

and low intensity regions of a beam, whether it is trapped or repelled.
For this the electric dipole moment of the particle should be considered.
The dipole force, Fd, is related to the dipole moment, p, through

Fd = pVE (7.2)

where E is the electric field. When placed in an optical field the induced

dipole moment is given by

p = aE (7.3)

where a is the polarisability . If this polarisability is positive then rel¬
ative refractive index is greater than 1, i.e. the particle acts as a high
refractive index Mie particle, and vice versa. In this way we can deter¬
mine how a Rayleigh particle will behave in the high and low intensity

regions of a light beam.

7.3.2 Additional Forces Acting on a Trapped Particle

The forces discussed so far are only those due to the gradient force. It
is also important to consider additional forces on a particle, such as the

scattering force, which is dependant on the properties of the material
itself and the surrounding media i.e. the relative refractive index. Scat¬

tering is detrimental to trapping acting against the forces described in
the previous section. For this reason particles are generally suspended
in liquid for optical trapping, the liquid used is usually water, although

detergent can be added to reduce the friction or D20 used. This suspen¬

sion in liquid has the additional advantage of cooling the particles and
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minimising heating effects caused by absorption. The water-particle in¬

terface provides a lesser refractive index change than an air-particle in¬
terface and hence reduces the scattering. This suspension in water leads

to the consideration of buoyancy and drag if the particle is to be moved.

Optical trapping forces must act to overcome gravity if a particle is to

be stably trapped in three-dimensions, buoyancy can aid this acting up¬

wards. In the case of a conventional tweezer then the scattering force

acting in the direction of propagation must also be overcome. For an
inverted tweezer system this force also acts upwards. It is the balance
of all of these forces that determines the axial trapping position. Drag
forces come into play if a trapped particle is moved, the trap efficiency is
concerned with this parameter and will be discussed in the next section.

Figure 7.3: The axial forces acting on a dielectric sphere balance out at the trapping

To understand the balance of forces better the motion of the trapped

particle should be considered. This is integral to the understanding of

position, the case shown here is for a conventional tweezer setup.
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the trap characteristics and allows for applications such as the use of

optical tweezers as force transducers.
The gradient force, discussed previously, provides the basic force re¬

quired for the creation of an optical trap. It acts as a restoring force,

attracting the particle to the trap region over distances of several hun¬
dred nanometers. The motion of a particle ofmass m in a medium with a

viscous damping of /3 is governed by an equation describing the balance
between inertial, viscous and elastic forces.

ra-rjr + 0-rr + Sx = 0 (7.4)ot* ot

In a situation where no damping is present, i.e. the particle is sus¬

pended in air [137] instead of liquid then this would result in a resonant

frequency of the oscillator

fres = ^(-)* (7.5)2ir m

where k is the spring constant, or stiffness of the optical trap. In the
most common field of use of optical tweezers, biology, this frequency is
calculated at around 50kHz for a typical 1/jm sample [138]. However,
this neglects to account for the damping forces caused by the suspension
of particles in solution. For a particle of radius r moving through a fluid
of viscosity 77 then Stoke's drag coefficient is

(3 = 671T77 (7.6)

The combination of this damping and the stiffness of the optical trap
result in a frequency

<7-7>

For typical biological applications this is usually calculated at a value
below 1kHz, much less than the value for fres. This illustrates the over-

damping of the system resulting from the suspension of the particles in
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liquid. This over-damping means that inertial and gravitational forces
are insignificant in comparison and can actually be ignored.

7.3.3 Trap Efficiency

Calibration of an optical trap not only allows better understanding of the

traps properties it also allows the use of the trap for measuring forces,
for example the picoNewton forces between DNA molecules [139], motor

proteins [140-143] or the manipulation of chromosomes [144—147].

The force on a spherical particle of radius r can be calculated by con¬

sidering Stoke's Law which tells us the viscous drag exerted when the

particle is moved at velocity v through a fluid of viscosity rj, see equa¬

tion 7.6. A trapped particle is dragged through a sample at higher and

higher speeds. At some speed the particle will fall out of the trap because

the drag force has overcome the trap force, this enables us to estimate
the trap force.

In the case where the particle is more than a few times in diameter
in distance from the sample cell walls this is given by

Fstokes = 0v = d-KTjrv (7.8)

This force is typically of the order of picoNewtons [14] and is the max¬

imum force that a trap can exert. The value varies with the incident
laser power as the velocity is linearly dependant.
If the effect of a single light ray on a dielectric sphere is considered

then the net force through the centre of the sphere can be broken down
into Fz and Fy. A ray of power, P incident at an angle 9, as shown in
figure 7.4, will have incident momentum per second of The total
force on the sphere is the sum of the reflected ray of power PR and the
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Incident

Figure 7.4: Diagram showing the scattering of an incident ray, power P, incident on
a dielectric sphere. The reflected ray, PR, and an infinite set of refracted

rays, PT2Rn, are also shown.

emergent refracted rays with decreasing powers PT2, PT2R,....PT2Rn.
R and T are the Fresnel reflection and transmission coefficients of the

surface at 6 [15].

nPQs F( T2[cos(26i-2dr) + Rcos26i}\Fz = F, = = n— \ 1 + R cos 20i — >[ 1 + R + 2R cos 29r J

F,-F,- *>:l+ **■«■!\ aio)v 9
c c\ 1 + R2 + 2Rcos26r J

where n is the refractive index of the surrounding media, and Qr are

the angles of incidence and refraction and Qs and Qg the components
of the trapping efficiency Q. The total force, F = (F2 + F2) and Q =

yj(Q2 + Q2g) where
p _ nQP^ (7 U)

c

The trapping efficiency ranges from 0 to 2, a Q value of 2 correspond¬

ing to the transfer of twice the light beam's momentum to the particle,
i.e. a ray reflected perpendicularly off a totally reflecting mirror. Gener¬

ally the Q value for a tweezer system lies in the range 0.03 to 0.1 [138].
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The axial Q value is usually smaller than the lateral Q value [135] by an
order ofmagnitude.

7.4 Optical Tweezer Setup

Optical tweezer systems encompass a rapidly diverging range of designs.
From the more simple setup [148] through systems incorporating com¬

mercial microscopes the basic components are maintained. In this sec¬

tion a simple, or 'home built' system is considered. Later on the setup of

a commercial system and the inclusion of additional optical components
will be considered.

7.4.1 Requirements for Optical Trapping

The mechanisms for Optical Trapping have already been discussed. The

requirements of the system or apparatus used to produce these results
are also of importance.

The first consideration is the absorption and scattering of the particle
or material to be trapped. It has already been stated that scattering can

be reduced by suspension of the particle in liquid however, this approach
is limited. It is important that the particle is at least partially trans¬

parent to allow light to pass through and trapping to occur. Further to

scattering, absorption may also occur, this absorption leads to heating of
the material and can cause "opticution" or optical damage. It is there¬
fore important to use light of a wavelength that is not strongly absorbed
or scattered by the material being trapped. Optical tweezers are now

commonly implemented in biological applications. In these specimens
visible light is heavily absorbed. There is a range of wavelengths in the
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near infra-red (NIR) region of the spectrum, 700-1300nm, known as the

"biological window". For this range many biological samples are trans¬

parent and this is therefore the common choice for laser wavelength in

optical trapping applications.
A further consideration when choosing a laser source is the power

available. Enough light intensity must be present to provide the nec¬

essary force for trapping. In general each trap site requires between a

few mW and 1W of power, this is of particular importance when multiple

trap sites are being implemented. Care must be taken if pulsed lasers
are being used as the high peak intensity may cause damage.

A final consideration in laser choice is the beam profile. Convention¬

ally a TEMoo, or fundamental Gaussian mode is used. The intensity of
this beam decreases exponentially with distance from the beams centre.
In this thesis novel light beams are considered as well as novel trapping

patterns and arrays. The use of SLMs to advance the existing techniques

being the aim this does not therefore alter the requirements for the laser
source.

While the intensity profile of the beam provides the lateral trapping

gradient force in order to achieve axial trapping the laser beam must

be tightly focussed. This is achieved using a high numerical aperture

(NA) microscope objective lens. The numerical aperture of an objective
is defined as

N.A. =nsm0 (7.12)

where n is the refractive index of the medium the objective is working in

(air, water or immersion oil) and 0 is one-half the angular aperture. The
N.A. is determined by n, in optical tweezing an oil immersion objective
lens is often used to obtain the maximum value and hence the largest
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gradient force and best z-trapping.

7.4.2 Basic Optical Tweezer Setup

After consideration of these requirements a basic optical tweezer system
can be set up. The best method to achieve this will vary from application
to application. The setup described here is a standard system as was

utilised for inclusion of an SLM later. The light beam from a collimated

laser source can be telescoped to provide the correct beam size for filling
the back aperture of the objective lens. The best results for the tweez-

ing are obtained if the laser beam is of a diameter such that it does not

overfill the back aperture of the objective but at the same time fills the

majority of it [15]. The beam is then periscoped, in the case of a stan¬

dard setup, or simply reflected if the setup is an inverted system. In a

standard setup the microscope objective is positioned above the sample
while in an inverted setup it is below. Figure 7.5 shows a standard sys¬

tem, the principals behind both are basically the same. The laser beam
is then reflected off a steering mirror and through a set of image relay
lenses. These lenses have a 1:1 focal length ratio and are separated by
a distance 2/. The distance from the back aperture of the microscope

objective to the closest lens is /, similarly the distance from the steering
mirror to the first lens is also /. This means that a conjugate image of
the back aperture of the objective will be formed at the mirror, and vice
versa. This is because the lenses act to relay the light, without chang¬

ing its magnification, to form an image at each of these points. This
allows the mirror to be used to adjust the laser beam angle through the

objective without changing its position. In this way particles within the

sample cell can be manipulated. The beam passing through the image
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relay lenses is then reflected of a dichroic mirror (DM) at 45°. This di¬

rects the beam down through the microscope objective but allows white

light to pass through. This enables the light from an incoherent source of
white light illumination, placed below the sample, to pass to a CCD cam¬

era above the dichroic, enabling viewing of the sample on a monitor. The

sample stage is a simple metal plate with a hole in it which allows light

through to illuminate the sample, the plate is attached to an xyz stage

allowing movement of the sample. Although it is possible to manipulate
the tweezed particle using the steering mirror to move the beam, it is
easier to keep the laser beam centered and move the rest of the sample
around the trapped particle. The effect of this is the same as it is just

a question of reference plane for the particle, the advantage of moving
the stage is that a larger range of movement is facilitated because the
beam is not limited by the back aperture of the objective. Furthermore
this alteration reduces the risk of abberation caused by the beam being
off centre through the objective lens and the rest of the optical train.

The sample cells used in the tweezer setup are relatively easily cre¬

ated. A microscope slide is generally used as the base and a spacer is

then stuck onto this slide. The spacer is a 70/jm thick, black vinyl sticker
with a circular hole cut out of the centre, the hole creates a well into

which the sample solution can be placed. Varying the size of the hole al¬
lows variation of the volume of the cell, and hence the volume of solution

used. A coverslip is then placed carefully on top of the liquid to create

a seal with no air bubbles within the sample. The coverslip thickness
has to be that specified for the microscope objective lens in order for the
laser beam focus to be created within the sample cell and for imaging to
be achieved.
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Camera

Figure 7.5: Schematic diagram of a simple optical tweezer setup.

The tweezers as described here are in a conventional style of setup, as
mentioned before the objective lens can be brought from below; referred
to as an inverted system. The balance of the forces in an inverted setup

is slightly different to that in a conventional setup, shown in figure 7.3,
as the scattering force will be acting up, with the propagation of the
beam. Trapping is therefore achieved in a slightly more 'levitation' style
than conventionally. Both setups are equally valid and choice is often
determined by the application or ease of apparatus arrangement than

physical attributes.

Having considered the background and theory behind optical trap¬

ping the subsequent sections of this chapter are concerned with the ex¬

perimental work undertaken as part of this thesis. Initially the assembly
and alignment of a commercial microscope system for use as an optical
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tweezer is considered. Particular interest is paid to the use of the phase-
contrast ability of the system. The next section then looks at the refine¬
ments required to allow the inclusion of an SLM into a basic tweezer

system. Finally a novel means of utilising this system for the creation of

three-dimensional structures is considered.

7.5 Optical Trapping with a Commercial Micro¬

scope

Optical trapping can be achieved using a commercially available micro¬

scope system. This is important as many of the applications of optical
tweezers lie in the life sciences where microscopes are commonly used.
This section considers the assembly of a commercial microscope and how
this system can be used as an optical tweezer. Phase contrast techniques
are then investigated in order to consider the possibilities of trapping in
the Rayleigh regime, where imaging using bright-field microscopy is not

possible. The theory of Laguerre-Gaussian tweezing is then considered,
with particular emphasis on the angular momentum properties of the
beam. The possibility that current experiments considering the transfer
of angular momentum to trapped particles could be extended into the

Rayleigh regime using the phase contrast techniques discussed.

7.5.1 Microscope Setup

In this thesis two commercial microscope systems are used; an Olympus
1X71 and a Nikon TE2000-U. A commercial microscope can be used as

an optical tweezer system in much the same way as a 'home built' setup
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described in the previous section. The basic requirement being for a

tight beam focus which is provided by the microscope objective in both

systems.

A commercial microscope, such as the Nikon or Olympus models, con¬
sist of a number of additional parts compared to a simple tweezer setup.

Microscope systems differ from model to model however, for this example
we will consider just the Nikon microscope, which is an inverted setup.

This system was purchased in 2004 and, prior to setting up the tweezer

system, had to be assembled. The microscope is delivered in sections de¬

pending on the specifications of the exact system, assembly is relatively

straightforward consisting of the connection of these sections and the
inclusion of the various optical components, such as filters, lenses and
mirrors. The process is described in the manual [149]. After building
the setup it is necessary to align and check all of the optical components
of the system. Again there is a set process for this which is described
in the manual [149], it is fairly straightforward and mainly involves the

aligned imaging of apertures within the setup.

The basic components of the simple optical tweezer setup all exist in
this commercial system. An illuminating light source is positioned above
the sample stage, however in the microscope it is set slightly back with a

condenser lens used to focus the light and illuminate the sample while a

filter holder and diaphragm are used to attenuate the light as required.
The microscope stage is adjustable in the xy plane using either the main
dials on the body of the microscope or a remote joystick. The objective
lens mounting consists of a rotatable drum holding up to 6 objectives,
which can be moved into place without removing the sample. The height
of the objective is variable in z, again using either a dial or joystick con-
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trol. Light passing through the sample and objective lens can then pass

through a filter situated in another rotatable drum, allowing the filters
to be changed without moving the sample. Light passing through the
filter is then collected in the base of the microscope by the internal op¬

tics, from here it can be directed to a number of ports. These ports are

situated on either side of the microscope, at the back, the base and the

eyepiece. Depending on the application then different amounts of light

may be directed or split between the ports. When using a laser beam
it is important to remember not to look through the eyepieces when the
beam is on as the laser light is not filtered and could damage the eyes of
the observer.

The microscope can be setup for tweezing so that the light from the
laser is passed in through a port and the internal optics are used to direct
the light through the objective lens. It is important to choose the correct

ports for both the laser and imaging, otherwise the laser light may be
cut offwhen the user switches to the CCD camera. When the Nikon mi¬

croscope was used with infrared (IR) light, a stage riser had to be used.
This was because the internal optics of the microscope were designed for
use with visible light and therefore do not support wavelengths outside
this range. The stage riser allowed the objective holder, sample stage

and eyepieces to be raised in order to introduce a gap between the ob¬

jective lens and the main body of the microscope. A dielectric mirror
was then mounted below the objective, this mirror allowed visible light
to pass through the system as normal, but enabled the laser light to be
reflected up through the objective in order to facilitate tweezing. When

using the Olympus microscope the laser light was 532nm and therefore
could be brought to the objective through the back port of the microscope
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and using the internal optics to reflect it.

7.5.2 Phase Contrast Microscopy

Phase contrast microscopy is a technique that enables the use of a con¬

ventional microscope in order to image particles that may otherwise be
invisible. It is a technology that is simple to introduce and use in com¬

mercial microscope systems.

Phase contract microscopy was described in 1934 by the Dutch the¬
oretical physicist Frits Zernike [150], The technique utilises the princi¬

ples of diffraction in order to allow the translation of small changes in

phase into corresponding changes in amplitude. As humans see changes
in amplitude, and not in phase, this allows us to see deviations that
would not previously have been obvious. In effect allowing the imaging
of near optical transparent matter such as living cells, micro-organisms,
tissue slices and lithographic patterns. This is particularly valuable in

biological applications as it allows living matter to be studied in its nat¬

ural state without the need for the normal killing, fixing and staining

processes required to see the matter in bright field microscopy.
Abbe's theory of imaging [151-153] states that in the process of form¬

ing an image of an object a double fourier transform occurs. This pro¬

vides us with the opportunity to spatially filter the image by introducing
elements into the intermediate plane (see figure 7.6)

In a microscope a diffraction pattern will be formed at the objectives
rear focal plane, this pattern represents a Fourier transform of all of the

spatial frequencies from the sample. In order to image a sample in bright
field microscopy a second Fourier transform by the eyepiece allows us to

see the original image. In phase contrast microscopy it is at the back
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Figure 7.6: Schematic diagram showing the double Fourier transform described by
Abbe's theory of imaging. The light can be spatially filtered in the trans¬

form plane to improve the output image.

aperture of the objective lens that the image is altered in order to make
the phase difference visible.
If we consider an object represented by A(x) ~ exp(i<f)(x,y)) and if

we assume this object is transparent with a weak perturbation i.e. <f> <C

1 radian then we can say that cos <j> « 1 and sin 4> ~ 4>. This means that

A{x) = 1 +i(j>(x, y), where 1 represents the un-diffracted light and icp(x, y)
the diffracted light. In bright field microscopy I = 11 + i<j>(x, y) | = 1 + 4>2 rj
1. However, in phase contrast microscopy we can adjust the relative

phase between the undiffracted and diffracted orders so the intensity in
the image plane becomes

1 = I exP(y) + y)I2 = 1 + 2(f){x, y) + 4?{x, y) (7.13)
or I m 1 + 2<f>(x, y). Hence we are able to see the phase change introduced
by the sample as an intensity change in the image plane.

There are a number of different approaches to achieve this result

experimentally. The physics behind each approach being basically the

175



7.5. OPTICAL TRAPPING WITH A COMMERCIAL MICROSCOPE

Image
Plane

Diffracted
Light

Observation Transmitted
Light

Biological
Microscope

Phase
Plate

Phase Contrast Microscope Configuration

Direct
(Surround)

Light

Digital
—Camera

System

Objective

Specimen

Condenser

Figure 1

Figure 7.7: Schematic diagram showing the phase contrast setup for a typical,

non-inverted, Nikon microscope. Diagram taken from the Nikon website.

(http://www.microscopyu.com/articles/phasecontrast/phasemicroscopy.html)

same then the Nikon system will be described here as it is the one used
for phase contrast in this thesis. Apertures are positioned within the op¬

tical train of the microscope, as shown in figure 7.7. In the Nikon setup

two optical elements are introduced to the normal microscopes optical

path. The first is an annular diaphragm, which is placed between the

illuminating light source and the condenser lens. The second is an in¬
ternal phase plate, which is situated in the objectives rear focal plane.
These two elements are optically conjugate to each other and matched in
diameter. The condenser annulus is an absorbing plate with an annular

ring cut into it and is positioned in the front focal plane of the condenser
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lens in order to illuminate the sample with defocussed, parallel wave-
fronts from the illuminating light source. According to Kohler [152] any

light waves that have not interacted with the sample, the undiffracted

orders, are focussed as a bright ring at the rear focal plane of the ob¬

jective. The diffracted light from the sample is distributed across this
diffraction plane depending on how it has interacted with the sample.
The internal phase plate is aligned so as to coincide with the undiffracted

light ring, it is designed to act as a quarter wave plate and advance the

phase of this light by A/4. It is worth noting that the amount by which
the undiffracted lights phase is altered is not set and varies from system

to system. The internal phase plate is also ND coated to attenuate the

amplitude of the undiffracted light. The net result of this setup, when
the diffracted and undiffracted light are recombined to form the image,
is to have transformed the phase information from the sample into am¬

plitude information that can be seen as contrast in the image.

As discussed, phase contrastmicroscopy is particularly advantageous
in biological applications where cells can be looked at in their natural
state instead of undergoing staining to enable imaging. Chinese Ham-

Figure 7.8: Experimental images of CHO cells in the Nikon microscope setup. Left
hand image is taken in bright-field setup, right hand images are taken

using phase-contrast techniques.
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ster Ovary cells (CHOs) are used in cancer research to help investigate
chromatid breaks [154], imaging these cells using phase contrast mi¬

croscopy enables them to be seen more clearly and accurately than using

bright field microscopy. In figure 7.8 the image on the left is a picture
taken of the CHO cells in the Nikon microscope setup configured for

bright field microscopy, while the images to the right show the cells im¬

aged in the same system using phase contrast microscopy. It is clear to
see that the features of these cells are much easier to distinguish in the

phase contrast images than the bright field.

Figure 7.9: Experimental images of silica spheres in the Nikon microscope setup.
The top row shows the bright field images, the bottom row the phase-
contrast pictures. Sphere sizes are 5/xm, l//m and 500nm respectively

going from left to right.

As well as looking at biological matter it is also possible to look at any

particle that has a refractive index difference, or phase change, from the

surrounding media. In optical tweezing experiments small microspheres
are frequently used. It is possible to image these spheres clearly down
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to the /xm range, but for nanoparticles (the Rayleigh regime) it is very
hard to distinguish the individual particles. It is hoped that by using

phase contrast it should be possible to extend the possible range of ex¬

periments, such as the LG orbital angular momentum results discussed

later, into the Rayleigh regime. Figure 7.9 shows different sized spheres

imaged in bright field microscopy, on the top row, and phase contrast

microscopy, on the bottom row.

7.5.3 Tweezing with Laguerre-Gaussian Beams

The optical tweezers conceived by Ashkin enabled single beam gradient

traps to hold a single, solid particle. The progression from these simple
tweezers leads through the use of different wavelengths to the use of dif¬

ferent beams. This is of interest when using an SLM as the device can

be used to create the novel beams required however, the advances into
this field were made before the use of SLMs in optical tweezers. Having

already discussed how these beams can be created, both conventionally

and using the SLM then it is a trivial matter to direct a novel light beam
into the tweezer system instead of the conventional Gaussian beam. The
same considerations need to be made in terms of sizing the beam for the
back aperture of the objective in order to get the correct filling factor, and
also ensuring the beam is collimated upon entering the objective in or¬

der to maintain the trapping plane. It is also important to ensure careful

alignment of these beams throughout the optical system as if they are

misaligned then they are more prone to abberation and breakdown then
the Gaussian beam because the vortex structure is less stable than the

fundamental mode. If high-order LG modes are aberrated then the cen¬

tral charge-/ vortex will split into I charge-1 vortices.
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7.5.3.1 Background

Laguerre-Gaussian beams have a number of unique properties that pro¬
vide advantages in specific situations. The most obvious feature of an

LG beam is its doughnut mode nature and helical phase front which, as
discussed previously, enables us to trap particles of low relative refrac¬
tive index inside the hollow core of the beam [93,94]. It is interesting
to note at this point that trapping has been demonstrated in this thesis
for hollow spheres ranging from 2 to 50//m in size, the stable position
for these spheres trapped in such a vortex trap is just above the beams
focus when the beam is directed in a downwards direction. It is also pos¬

sible to trap high relative refractive index particles, simultaneously in
the normal position just below the beam's focus.

It has already been stated that trapping forces result from a change
in the direction of the light rays passing through a particle. It is only the
off-axis rays that contribute to the axial trapping force, or the ^-trapping
of a particle as it is these rays that are deviated the most. The on axis

rays actually proving detrimental to the ^-trapping of a particle as the

scattering force from the light hitting the particle acts in the opposite di¬
rection to the trapping force. As such trapping in a doughnut mode with
no on axis intensity significantly improves the axial trapping efficiency
of a system [136].

Laguerre-Gaussian tweezers have found their niche in the popular
field of optical trapping. The advent of optical spanners obviously al¬

lowing for an alternate extension to the applications of tweezers and

expanding their applications, while LG beams also afford improved z-

trapping and low refractive index particle confinement. However, there
is a further advantage to these beams. Biological material is often highly
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absorbative in the visible spectrum, hence the majority of tweezers used
in biology are in the infrared range ofwavelengths. Unlike the dielectric

particles we have been considering, biological cells also have a range of
materials contained within one cell. As such wavelength can be a prob¬
lem. If light is absorbed strongly in a medium it will cause opticution, or

damage. This has been used constructively in order to facilitate cutting
of material in optical scissors [133] but is not generally advantageous.

Photodamage to matter can be caused in a number of ways; transient
local heating [155], two-photon absorption [156-158] and photochemical
reactions creating new chemical species [155]. In general two-photon
effects dominate photodamage processes when pulsed lasers are used
and single-photon absorption dominates for cw operation. By trapping a

particle within the low intensity region of a beam such as an LG beam

exposure to the light is minimised and the risk of damage being caused

by absorption is cut down, or even eradicated.

7.5.3.2 Angular Momentum

Light, or electromagnetic radiation, possesses energy and momentum.

In a laser beam there exists a linear momentum component along the
direction of propagation, it is this that gives rise to our radiation pres¬

sure. In addition to linear momentum, angular momentum can also ex¬

ist. This angular momentum can be thought of as two components; spin

angular momentum ,which is associated with polarisation and orbital

angular momentum, which is associated with the spatial properties of
the light field.

As well as having doughnut type profiles Laguerre-Gaussian beams
also possess helical wavefronts, which carry an orbital angular momen-
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turn component that can be transferred to trapped particles. The direct
transfer of the orbital angular momentum of light to a mechanical sys¬
tem was first observed in 1995 in a modified optical tweezers setup as we

have been discussing [159]. This first demonstration utilised /im sized

absorbing particles in a focussed LG beam, the momentum was trans¬

ferred to the trapped particle by absorption of the light causing the par¬

ticle to orbit. The direction of this orbit could be changed by changing
the handedness of the helical wavefronts. This idea can be extended to

consider the transfer of the total angular momentum of a light beam,
that is both the orbital angular momentum (OAM) and the spin angular

momentum (SAM) [96]. The introduction of a quarter-waveplate allows
us to change the polarisation of the Laguerre-Gaussian beam from lin¬

ear to circular, this results in a change in total angular momentum from
lh to (l ± 1 )h per photon. The result of this spin is to furnish us with an

optical spanner which we can use to spin or rotate particles, the rota¬

tional frequency of a trapped particle increasing or decreasing with the
total angular momentum of the light beam.

Poynting [16,160] suggested that circularly polarised light passing

through a half-waveplate would exert a torque. This is due to an angular
momentum component of the light beam in the direction of propagation,
the ratio of which is X/2n compared to the linear momentum along the

optical axis of the beam. Ifwe consider light in terms of small packets of

energy, or photons we can think of each photon as having spin-1. There
are two eigenstates associated with each photon and corresponding to

left and right handed circular polarisation of the light. Thus circularly

polarised light carries

Sz = azh (7.14)
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angular momentum per photon, with a — ± 1 depending on the handed¬
ness of the polarisation.

The theory proposed by Poynting was first tested by Beth in 1935 [161,

162] by suspending a half-waveplate by fine quartz fibre and passing a

circularly polarised light beam through the waveplate. The suspended

waveplate should reverse the handedness of the beams polarisation and
hence the beam should impart 2h of spin angular momentum per photon
to the waveplate. The measured torque supported the theory.

The other component of angular momentum is orbital angular mo¬

mentum, determined by the spatial distribution of the light beam. Laguerre-
Gaussian beams have a orbital angularmomentum density of lh per pho¬

ton, where I is the same azimuthal mode index. This orbital angular mo¬

mentum arises as a result of the azimuthal component of the Poynting
vector [16] that is associated more generally with any helical wavefront.

The angular momentum density varies when considered with respect to

the optic axis of the beam, it is therefore more useful to consider the local

angular momentum per photon

Lz = lh (7.15)

this can be found from the ratio of orbital angular momentum density to

photon density and is constant across the beam profile.
In the case of a circularly polarised Laguerre-Gaussian beam then

spin and orbital angular momentums must add together. The ratio of an¬

gular momentum flux to energy flux can be integrated across the beams

profile to give

4 =— (7.16)CP UJ

Within the constraints of the paraxial approximation this can be con¬

sidered as spin and orbital angular momentum simply adding together.
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However, this is a simplification and does not extend to tightly focussed
beams where more complicated considerations need to be taken into ac¬

count [163].

7.5.3.3 Laguerre-Gaussian Results

A number of experiments have been carried out to investigate the trans¬

fer of spin angular momentum and orbital angular momentum from

light beams to particles. These experiments have not been confined to

Laguerre-Gaussian beams, with Hermite-Gaussian modes and Bessel
beams also being considered, however, most work has been done using

Laguerre-Gaussian modes. In addition to this the work has concentrated
on the Mie regime with particles of the /im range being considered. The
limitation in size has been imposed by the limitations inherent in opti¬

cal tweezers, as most of the experiments have been carried out in these

systems. The upper limit is imposed by the maximum size that can be

trapped in the tweezers, this is governed by the size at which the forces
of the light can overcome the drag forces on the particle. The lower limit
is set mainly by the smallest size that can be imaged. Smaller particles
are subject to more Brownian motion and hence are harder to confine

but before this problem is reached imaging becomes an issue. Using

phase contrast techniques discussed earlier it is possible to image much
smaller particles than can be seen using conventional methods. Utilis¬

ing this fact it should be possible to extend the spin and orbital angular
momentum studies into the Rayleigh regime.

This theory was tested briefly during the course of this PhD. An
etched glass hologram was used to create an 1=2, p=0 mode LG beam.
The first diffractive order output from the hologram is selected as this

184



7.5. OPTICAL TRAPPING WITH A COMMERCIAL MICROSCOPE

gives the required output LG beam. This beam is then steered into the

Nikon microscope setup as described for the Gaussian beam. This must

be done carefully to avoid any breakup of the vortex as discussed earlier.
The LG beam can be used to demonstrate SAM and OAM, but firstly the
basic tweezing properties were tested. LG beams allow hollow, or low re¬

fractive index particles to be trapped inside the central dark region of the
beam. This was demonstrated for 2.3pm and 5pm hollow silica spheres.
The observed trapping position was outside the imaging plane of the mi¬

croscope. This suggests that the focus of the beam is not in this image

plane, usually a result of an uncollimated beam entering the objective.
This was rectified by adjusting the lenses used to relay and telescope the

LG beam into the microscope. This is easiest when a particle is in the

trap as the movement of the focus can be seen however, this is very hard

to achieve as movement of the lenses causes aberration and even loss of

the beam through the objective. A rail system was set up so that the
lenses could be moved along the rail withoutmajor misalignment issues,
however the process still required iteration of movement and trapping
to obtain the result.

In order to demonstrate OAM 1pm solid silica spheres were intro¬

duced into the beam. Particles orbited the ring once, but appeared to

leave after one revolution. The particles also tended to enter and leave
at the same position. Examination of the beams profile showed no ob¬
vious degradation or anomaly at this point. A quarter-wave plate was

introduced into the beam prior to it entering the microscope but after
the hologram. This should allow control of the polarisation of the beam
and facilitate the demonstration ofSAM. Crushed Mercury Chloride was
used as a sample, this is a birefringent material that is weakly absorbing

185



7.5. OPTICAL TRAPPING WITH A COMMERCIAL MICROSCOPE

at this wavelength. The asymmetric particles also mean that the spin¬

ning can be easily seen. Detergent was added to the solution to help free
the particles.

Using this system it should be possible to introduce a phase-contrast

objective and filter in order to image smaller particles. As discussed be¬

fore this can be done by simply rotating the drum holding the objectives
so that a phase-contrast objective is in position and rotating the con¬

denser filter system so the correct filter is in place. If these have been

aligned previously then it should be possible to do this without even

needing to remove the sample. However, when the phase contrast filter
and objective were in place no momentum transfer was observed. Re¬

alignment of the system and using an alternate objective did not alter
this result. A lot of scattered light is present in the image when the
laser filters are removed from the CCD camera, more than is present

with the normal objectives. It is not possible to view the LG profile in
the sample cell, again this is possible using a normal objective. This

may indicate that the beam is distorted by the phase contrast filter in
the microscope objective. Similar scattering was observed for a Gaus¬
sian beam and trapping of a particle was again not achieved. Due to

time constraints with the microscope and issues with the immersion oil

crystallising the problem was not investigated further, but the potential
for the technique to allow investigation into this field is definitely there
should these issues be resolved.
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7.6 Optical Trapping Incorporating an SLM

In a simple setup, or a commercial system, it is possible to extend the

capabilities of an optical tweezer by utilising techniques to create novel

light beams, multiple trap sites and to facilitate dynamic control. These

properties are all offered by an SLM and as such the inclusion of this
device in a system is a useful extension. In this section we consider
the setup for tweezing with an SLM and the subsequent trap site pat¬

terns, arrays and dynamic control of these afforded. In the next section

the use of these techniques is extended to allow the creation of three-
dimensional structures in one of the first experimental demonstrations

of this important advance.

7.6.1 Inclusion of the SLM

It is quite easy to modify both the simple optical tweezers setup and the
commercial microscope system in order to create more complex systems
and include additional optical elements, such as an axicon, hologram or

SLM. The first two examples mentioned are transmission devices and
therefore can simply be inserted in the beam path after the laser, with

any telescoping optics required being added here also. Although it is

possible to get transmission SLMs those used in this thesis are reflective
devices and therefore cannot simply be placed in the beams path. With
an SLM it is generally necessary, or at least advantageous, to expand the
beam in order to fill the active area, the beam then needs reduced again

to fit through the back aperture of an objective lens. The beam from the
laser is therefore telescoped as appropriate and reflected off the SLM at

as small an angle as is possible without clipping of the output beam on
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the input lenses. The beam from the SLM is then reduced in size again

before being passed through the optics required for the optical tweezers,
see figure 7.10.

SLM

Mirror

Camera

Dielectric
mirror
(Rmax @ 1064 nm)

X100
objective

U/ micr°sc°P
- ' stage and

sample cellQ
Incoherent
Illumination

Laser

Figure 7.10: Schematic diagram of an optical tweezer setup including an SLM for
beam shaping prior to the basic setup.

The position of the SLM and telescopes is determined by the focal

lengths of the lenses used in the second telescope. An image of the SLM
should be formed at the steering mirror, or the conjugate plane of the

microscope objective. This image will be a scaled replica of the hologram

displayed on the SLM. The telescope within the tweezer system, or the

relay lenses, then transport this image to the microscope objective which
Fourier transforms the hologram to provide the trap site configuration
as designed. The distance from the last lens in the reducing telescope
after the SLM to the steering mirror should therefore be the lenses focal
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length and the distance between this lens and the first lens in the relay

telescope the sum of the focal lengths.

Using an SLM it possible to create novel beam types, such as the

Laguerre-Gaussian and Bessel beams described earlier, and complex

trap patterns. When creating novel beams then the advantages of us¬

ing an SLM over a more conventional etched glass hologram or an axi-
con are not vast. SLMs tend to be more accurate than glass holograms
with a greater number of phase levels. It is also simpler to put a holo¬

gram onto the SLM than it is to etch it into glass. This in itself pro¬
vides an advantage for the Laguerre-Gaussian and higher-order Bessel

beams, in the latter the use of an SLM decreases the number of optical

components as conventionally a hologram and an axicon would both be

required [53]. SLMs also allow us to change between different orders
of the beams being used, and even different beam types, without any
need for re-alignment. A further advantage of the SLM over glass holo¬

grams is the opportunity that it provides to iteratively correct or tailor
the hologram without the need for repeated etching procedures. It is also

possible to create arrays of trap sites using the SLM and even dynami¬

cally control the trap sites within the optical tweezers. Two impressive

advantages that cannot be offered by an etched hologram. Dynamic con¬

trol can be achieved using alternate techniques, the potential advantage
of using an SLM over these methods will be discussed later.

Holographic optical tweezers have facilitated the use ofmultiple trap¬

ping sites, greatly extending the applications of optical tweezers [164],

Multiple optical trapping sites in a two-dimensional plane can give in¬

sights into magnetic flux line pinning by particle tracking of colloidal

monolayer arrays [165], particle dynamics on a washboard potential [166]
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and phase transitions in two-dimensions [167]. The ability to extend op¬

tical tweezers to create arbitrary structures in three-dimensions is a cur¬

rent significant challenge; its solution will enable the next generation of

experiments in biological and colloidal science as it opens a new level of
research in these fields and increases the versatility of optical trapping
in general.

7.7 Optical Tweezing Results

7.7.1 Basic Tweezing Results

While using a spatial light modulator in an optical tweezer it is possi¬

ble to trap in the system as in a basic setup. This was achieved prior

to any more advanced applications being attempted. The trap quality
was more than adequate and z-trapping easily achievable, as in a ba¬
sic tweezer. SLMs can provide advantages such as abberation correc¬

tion [124,168] for basic systems. However, the loss of power from reflect¬

ing off the SLM and the additional optics required can make the system

more complex than is necessary if simple tweezing is all that is desired.
As well as demonstrating optical tweezing in a single trap site, tweez¬

ing in Laguerre-Gaussian modes and Bessel beams was also tried. This
was done simply as a quick proof of theory and no quantitative measure¬

ments were taken, the idea being to check that the SLM could re-create

already used regimes.
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7.7.2 Novel Trap Configurations

An SLM can be used to create novel light patterns that can be used in
the optical tweezer setup. In principal it is possible to create a hologram
to represent almost any output light potential, as discussed before. In

optical tweezing the most practical application of this ability is to create

an array of trap sites, this can be done for most desired geometries or

patterns however, there are restrictions on the number of sites achiev¬

able. As the number of trap sites is increased then the power required
in the system increases, this is because there is aminimum requirement

for the power in each trap site and, due to the nature of a hologram, the

light is split between the trap sites; effectively the total power is divided

by the number of sites created. Further to this the spacing of the sites

is constrained, if the sites are too close together then it will not be pos¬

sible to trap a particle in every site as there simply wont be room. The
minimum spacing of the sites is therefore determined by the size of the

particles being trapped. A further consideration of this spacing issue is
the population of any enclosed trap sites in a pattern. If there are trap

sites inside, for example a simple square array, then the spacing between
the outer sites should be large enough to allow a particle through in or¬

der to populate the inner sites. If this is not the case then the outer trap
sites will be preferentially filled, unless these are somehow blocked until
the inner sites are populated.

Several different tweezing patterns were designed and implemented
in order to demonstrate trapping in novel configurations using the SLM.
These ranged from simple geometric patterns through to 'flower' type de¬

signs and arrays and lattices of varying spacings. Examples of these can

be seen in figure 7.11. The patterns were simply drawn in Corel Draw
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Figure 7.11: Experimental images showing examples of novel trap configurations

implemented for optical tweezing. The spheres shown are 2.3/zm di¬
ameter silica spheres suspended in water.

and exported as black and white bitmaps, these files were then used as

the desired phase distribution for the hologram creation programme 'opt-

phase'. The patterns shown were demonstrated using the Hamamatsu

SLM and the Olympus microscope with 532nm light. The spheres are

2.3/rni diameter silica spheres suspended in water.

The trap patterns shown all demonstrate good symmetry and stabil¬

ity. The trap sites each showing strong confinement and the distribution
of intensity appearing equal over the pattern, although this could not be
measured quantitatively. Z-trapping and stacking were observed in the

patterns with up 4 to 5 particles being stacked in individual sites when
tried.

7.7.3 Potential Applications in Microfluidics

In microfluidics it is an important concern that laminar flow on small
scales prevents the dispersion and mixing of fluids. Research is going
on in the field of microfluidics to utilise optical tweezers to create stir¬

rers, sorters and other such devices. If a birefringent particle is placed
in a circularly polarised beam then it is possible to spin the particles and
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Figure 7.12: Example of a possible microfluidic device based on an already demon¬
strated trap pattern. Controlling the polarisation of the light to allow

spin as shown by the arrows would allow control of particles flowing

through the device.

create a simple stirrer. The reason the particle spins is because of the

birefringent nature of its structure causes it to continually realign with
the light beams polarisation. In the complex patterns just discussed a

half-waveplate can be placed into the optical path, after the SLM to cre¬

ate circularly polarised light. Trapping birefringent particles, such as

calcite, mercury chloride or even liquid crystals in these trap sites will
cause them to spin and the effect of this spinning is to 'stir' the surround¬

ing fluid. If the system is modified slightly, so that the handedness of the

polarisation of each of the trap sites could be changed individually then
the direction of spin in each of the sites can be controlled independently.
This could potentially be done using individual waveplates, or even by

modifying the hologram on the SLM. This modification would allow the

trap sites to be controlled to create a microfluidic device such as the one

shown in figure 7.12. The basis here being of a pump where oppositely
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Figure 7.13: Microfluidic flow cell shown in the left hand image with arrows indi¬

cating the flow into and out of the cell. The actual flow cell is a very

small region, as indicated. Image on the right shows the flow cell in the

optical tweezer setup.

spinning particles pull the water through the top of the system. The bot¬
tom trap site can be used to direct the outward flow from the pump by

changing the rotation of this particle, or the handedness of the trap site.
The controlled spin devices were not experimentally demonstrated in

this thesis, although it should be a relatively trivial extension. Imple¬
mentation of a simple stirrer was demonstrated. The triangular pat¬
tern shown was used to trap particles within a flow cell as shown in fig¬
ure 7.13. The flow cell was designed and manufactured by Steve Neale
and allowed controlled flow of two liquids through the chamber. The in¬
troduction of dye into the liquid allowed laminar flow to be seen. Using

polarised light and introducing particles into the flow it should be possi¬
ble to trap and spin particles in order to mix the solutions. Mixing was

observed but not recorded initially as the difference between the two flu¬
ids did not show on the video. Subsequent demonstration was hindered

by the clogging of the flow chamber by the particles
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7.7.4 Spatially Extended Arrays

As well as creating novel patterns it is possible to create periodic arrays
of trap sites in lattice structures as shown in figure 5.24. Filling of these
lattices is subject to the same constraints of spacing as discussed for

the novel patterns. Inner sites may only be filled if the spacing allows

particles to pass through the outer sites and these outer sites will be

preferentially filled. The lattice spacing is determined by this and the
size of the particles to be trapped. Due to the extended nature of these
lattice arrays it is often necessary to block trap sites and fill layer by

layer in order to completely populate the lattice. The number of sites
achievable is also determined by the power constraints discussed before.

7.7.5 Dynamic Control

Spatial light modulators provide the ability to dynamically control trap
sites and therefore the possibility to extend the application of arrays of

trap sites to moving arrays of trap sites. In order to achieve this a holo¬

gram for each position that the trap sites must pass through is created,
much like animating the frames of a cartoon or movie. Each hologram is
then played in sequence and the trap sites precess as mapped out by the
individual holograms or frames. In order to test this ability a frame by
frame sequence of holograms was created to move four trap sites along
in a line, rearrange them into a square and then rotate the square. This
was was done by programming IDL to create four trap sites at set inter¬
vals along the precession as they arranged themselves into a square and
then rotate this square in 5° stages. Stills from the moving trap sites
can be seen in figure 7.14. Changing the time lapse between the frames
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Figure 7.14: Experimental stills showing the dynamic procession of four optical trap
sites. The four sites precess, arrange into a square and then rotate.

makes it possible to control the speed ofmovement of the particles when

they are trapped.

Similarly three particles trapped in a triangular trap site configura¬
tion were rotated around one point by creating a movie containing the

holograms. The holograms were rotated in 5° steps, figure 7.15 shows

stills taken at 45° steps.

Figure 7.15: Experimental stills showing the dynamic rotation of three optical trap
sites. The sites are filled with 2pm silica spheres and are rotating
around one point as indicated by the arrow.
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7.8 Three-dimensional Arrays of Trapped Parti¬

cles

Spatial Light Modulators can be used to create three-dimensional ar¬

rays of optical trap sites. The techniques for this were discussed in de¬
tail in chapter 6. Here a novel approach using time-share techniques
and Fresnel lensing is proposed. This provided one of the first demon¬
strations of the creation of a three-dimensional structure in optical trap¬

ping [91]. Previously interference patterns have allowed for the creation
and rotation of crystal type arrangements [105]. Spatial light modu¬
lators have also been used to create three-dimensional structures [83,

116,169]. However, this was done using a single hologram, although

time-sharing has been demonstrated for two-dimensional arrays using a

ferroelectric SLM [170].

7.8.1 Background

The time-share technique allows, for example, a dual beam trap to be

created by switching between the holograms for each of the individual

trap sites. Time-sharing is more often utilised when using acousto-

optic deflecting techniques (AODs) to provide beam deflection and rapid

switching between the sites. This is a well established method with the
AOD allowing many tens of particles to be trapped at once due to the
kilohertz range of switching rates available. However, the use of AODs
is usually limited to a single plane, with any three-dimensional attempts

being limited to two planes and hindered by the fact that the planes must
be created one after the other. Ferroelectric SLMs have also been used

previously to create three-dimensional arrays [170]. For this application
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the multiple bit-planes of the ferroelectric device were used to create

both static and dynamic holograms simultaneously. These ferroelectric
devices have relatively high refresh rates but a low efficiency compared
to the nematic devices used here.

In order to use time sharing with our SLM a number of holograms
were created, each one representing a trap site as required. Each holo¬

gram was displayed on the SLM in turn in order to cycle through the re¬

sultant trap sites. This is similar to the animation techniques applied for

dynamic control in the previous section. However, the trap sites are not

being moved in between frames, instead static sites are being switched
between continually. Assuming the delay between the light illuminating
the trap site on each cycle is less than the time taken for the particle to

diffuse out of the trap region then it should remain trapped effectively.
The diffusion time of a particle will help with calculations of the dark

time that is acceptable for time-share tweezing [166]

where U is the potential well depth, T the temperature, a the sphere

radius, m the mass, p the viscosity of the solution and u> the associated

frequency of the trap.
The holograms used prior to this have been calculated using the GS

algorithm and have all been formed in the same xy plane when passed

through an optical system, in this case the pattern is formed in the focal

plane of the objective lens (assuming the incoming light is collimated).
In order to create a three dimensional structure we need to facilitate

trapping in planes other than this one. This can be done quite simply by

(7.17)
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creating a lens function,
27r rPz

*,(p) = mod2n (7.18)
A/

where is the phase modulation imposed on the beam, p denotes a ra¬

dial position in the diffractive optic element's (DOE) aperture, 2 is the
desired displacement of the optical trap(s) relative to the focal plane in

an optical train (including relay optics and objective lens) with effective
focal length / and A is the wavelength. This lens function will create a

diffractive optic element whose effect will be to curve the wavefronts of
the light beam as if the beam had been passed through a lens, varying
the curvature will translate the focus in differing amounts in either a

positive or negative 2-direction from the original focal plane of the ob¬

jective. Simply adding a lens function to an already existing hologram
for a trap site allows translation of this trap site through 2. Using these

translated, or lensed, trap sites an array of sites can be created in three-
dimensions through time-sharing techniques. In order to reduce dark
time at any site a hologram can be created representing all the trap sites

on that plane, and this is lensed rather than creating a lensed hologram
for each individual trap site. Three-dimensional arrangements of parti¬

cles have been demonstrated by other groups using SLMs, however, the
methods used to achieve these structures differ from those shown here.

For instance Curtis et al. [83] also demonstrate the use of a Fresnel lens,

but with a different lens applied to each individual trap site. A range of

5pm in 2 is achieved using a single shot hologram but the calculations

required are more complex than those used here. Bingelyte et al. [169]
have successfully demonstrated the creation of three-dimensional struc¬
tures using a Fresnel lens with multiple focal planes. Using this method

they have managed to move two spheres around each other in the x, y
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or z planes in a tumbling motion. Work by Leach et al. [116] using bi¬

nary search algorithms offers powerful methods for the creation of three-
dimensional structures.

7.8.2 Three-Dimensional Results

In order to tweeze in three-dimensions the beam from the SLM was

passed through a conventional optical tweezers system, as discussed ear¬

lier. The laser beam was expanded to fill the active area of the SLM and
the beam from the SLM was then passed through the image relay optics

taking the image to the objective lens in order to facilitate control and

image switching as required. In order to demonstrate the accessibility
of this three-dimensional trapping technique two different SLMs were

used, each in a different setup. Firstly the Hamamatsu PPMX8267, op¬
timised for light of 532nm, was used in conjunction with an Olympus
1X71 research microscope acting as an inverted tweezer setup. Secondly
the Boulder Nonlinear Systems 5128, optimised for light of 1064nm, was
teamed with a homemade tweezer system arranged in the conventional

objective setup. The first, Hamamatsu SLM is optically addressed, with
the active area consisting of 768 x 768 pixels and having 255 phase lev¬
els. The second, Boulder SLM is electrically addresses and has an active
area 512 x 512 pixels in size and with 128 phase levels, although a non¬

linear response reduces the effective number of pixels significantly. The
refresh rate, or frequency with which images can be cycled, of the Boul¬
der SLM is nominally higher than the Hamamatsu, being 75Hz com¬

pared to 10Hz.

Initially the lens function is tested without using time-share tech¬

niques to create three-dimensional structures, instead a trap site is sim-
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ply displaced. In order to demonstrate this displacement of a particles
in 2 we add a lens function to the image of the trap site and therefore we

can displace this trap site. The lens function works in much the same

way as encoding an axicon on the SLM in chapter 4.
A Fresnel lens phase structure is encoded on the SLM using the pro¬

gramme 'lens', included as appendix C. The lens is centered on the out¬

put image unless otherwise stated by including a value for the input 'off¬

set', which will move this centre as required. The programme requires

the wavelength of the light being used, the size of the output image and
the nbit value, which is related to the number of phase levels of the SLM

by 2nbit. It is also necessary to specify the desired displacement, z, that
the lens should create. This displacement is given in millimeters and
is limited to relatively small numbers as the large phase gradients nec¬

essary at the edge of a lens in order to facilitate larger displacements
result in aliasing of the image, caused by the discretisation of the SLM
as discussed before. The result of the aliasing is to create an array of

lenses, as seen in figure 7.16. This is not all bad as an array of lenses
could have uses in its own right, or if larger displacements are required
then the central lens could be spatially filtered to enable its use in a

system.

The original programme did not account for aperturing of the beam
at the objective lens, instead it created lenses that were suited for free

space use. By inclusion of the term 'ipix', as used in the optphase pro¬

gramme to create holograms, we can account for the aperturing by the

objective lens
diameter of back aperture of objective(mm)

ipix = —-—- (7.19)
number of pixels

The previous edition of the programme had produced lenses that worked
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Figure 7.16: The DOEs on the left show a lens function and a severely aliased exam¬

ple respectively. The captured output on the right illustrates an output

array of lenses from an aliased DOE.

for only some values of z, and even then did not provide the expected

displacements. This update allowed lenses to be produced and the mea¬

sured displacements to coincide with those expected.

z (mm) displacement (pm)
0.0005 0.5

0.00075 0.75

0.001 1

0.00125 1.25

0.0015 1.5

0.00175 1.75

0.002 2

The measurements ofdisplacement were taken using the micrometer
on the side of the Olympus microscope. This was done in two different

ways. Firstly the beam was imaged at the interface of a sample then
the lens function applied and the distance moved in order to re-image
the beam measured. The second method is to trap a particle in a non-

displaced spot ensuring that it is z-trapped and lifted free of the sam¬

ple cell, then apply a lens and measure the distance that the particle
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is displaced. The two methods are effectively the same, just providing
different means of visualising the same effect.

To lens a central trap site is trivial as the lens will automatically
translate the central spot. To lens an offset trap site requires the addi¬
tion of a lens to a hologram. The lens is first offset to the same position

as the trap site. A hologram created for this offset trap site is then added
to the lens function and the sum scaled with modulo27r. Due to a flaw in

the internal modulo operator available with IDL this is done according

to the following code

modulo = 2*\pi

addl = holo + lens

addl — addl — (modulo * long(add\/modulo))

In order to lens an array of trap sites, for example a triangle, then
the created lens should be centered on the pattern and the hologram
combined with the lens in the same manner as stated above. This will

lens the whole array by the same amount.

As detailed previously holograms are to be cycled in order to facilitate

trapping in multiple planes. For the Hamamatsu system this is done by

creating an MPEG file with each frame of the movie corresponding to a

plane of the structure to be created, in other words each frame being a

different hologram. This movie is then played on repeat display on the
SLM. The computer interface used with the Boulder SLM allows us to

load and run the images in sequence directly and at a chosen frequency.

Using the Hamamatsu setup silica spheres of 2/xm diameter, sus¬

pended in a water and detergent solution were trapped using the time
share technique. The first configuration consisted of two particles on sep-
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Figure 7.17: Trapping configurations demonstrated using the Hamamatsu SLM
with 2/im silica spheres. First image shows two spheres trapped in
different planes. Middle image shows triangular pyramid with out of
focus particle lifted above the others. Right hand image shows an in¬
verted triangle, this time with central trap site lower than the others.

arate planes, as shown in figure 7.17. More complicated configurations
were also able to be created, as shown. The limitations to the patterns

that can be created are caused by the refresh rate of the SLM. As the
number of trapping planes is increased then the dark time in any one

plane increases and the hologram no longer provides sufficient power to

trap the particles and overcome the natural diffusion effects. The trap¬

ping planes shown are 3//,m from the centre of one sphere to the centre
of another sphere in a consecutive plane. As the number of planes, or

trap sites, attempted is increased it is possible to see the particles being

dropped and picked up again as the holograms cycle and the trap sites
become active. In this system this effect prevents good trapping in more

than two planes, however it is still possible to create complex patterns
in these planes, such as the pyramids shown.

Using the Boulder setup silica spheres of 2.3pm diameter, suspended
in a water and detergent solution were successfully trapped in a number
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Figure 7.18: Trapping configurations demonstrated using the Boulder SLM with

2.3/jm silica spheres. First image shows two planes in a star of David

configuration. Middle image shows three particles in three different

planes. Right hand image shows six particles trapped on six separate

planes.

of different configurations, as shown in figure 7.18. As well as creating
these structures it was possible to trap particles in up to six different

planes as shown, facilitating more complex trapping patterns and struc¬

tures.

The increased number of trapping planes is possible due to the higher
refresh rate of the Boulder SLM, meaning that the number of holograms

cycled can be increased because the dark time between the trap sites

being revisited is shorter and the particles being trapped have less time
to diffuse. However, as the number of planes is increased the trapping

potential does still decrease and it is possible to see movement of the

particles as the dark time increases. The Boulder SLM is rated as hav¬

ing a refresh rate of at least 75Hz however, in practice this was not the
case. The results shown were achieved at a refresh rate ofapproximately

10Hz and this led to the limit of 6 planes being reached, with faster re¬
fresh rates an even greater number of planes would be plausible. The
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Time (s)

Figure 7.19: Graph showing the rise time of the Boulder SLM (grey) and the resul¬
tant clipping occurring at 50Hz (black).

reduced refresh rate was caused because the Boulder SLM used was de¬

signed for use with 1064nm light, therefore the liquid crystal layer is

quite thick. The thickness of the liquid crystal acts to impede the re¬

sponse time of the SLM and results in 'clipping', see figure 7.19. The
result of this clipping is to reduce the practical refresh rate to a limit of
around 10Hz, as observed. It is possible to run the SLM at a higher fre¬

quency, but this prevents the full phase modulation from being achieved
and therefore the efficiency drops and the hologram quality is degen¬
erated. This limitation places severe restrictions on the use of SLMs
in dynamic applications. The use of a wavelength requiring a thinner
substrate should help to alleviate the problem, but infrared light is the
most practical wavelength in optical tweezer applications as it is least
absorbed in biological matter. This means that the use of SLMs in ex-
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periments requiring dynamic reconfigurability in this field, is limited.
This result also has implications for applications in atom optics as fast
refresh rates are invaluable in this field.

The loss of full phase modulation at high refresh rates also has an

effect on the displacement of the trap sites compared to that achievable

from a single static hologram. The distance that the trap site can be
moved in z using a lens function is decreased when we are time sharing

due to the degradation of the hologram. Using a static hologram and
lens function to displace a particle in z it is possible to move through a

range in excess of 8/im comfortably. Time-sharing reduces this range to

only 3/im, which is a significant difference and has implications for the

shapes and configurations achievable.

7.8.3 Conclusion

The successful demonstration of the creation of three-dimensional struc¬

tures using spatial light modulation techniques is an important advance
in the field of optical trapping. The method discussed in this section
utilises a Fresnel lens and time-share techniques to achieve this ideal
in what was one of the first demonstrations of this capability. Alternate
methods do exist for creating three-dimensional structures, some exam¬

ples of which were discussed in chapter 6. There are pros and cons to

all of these methods, as discussed. The limitations to our time-share
method have primarily been set by the capabilities of the SLM, whose

parameters are likely to change as the technology advances. The num¬

ber ofplanes achievable is, however, set by the power of the laser and the

capabilities of the Fresnel lens. The alternate techniques are also limited

by a variety of factors. It is fair to say that the same advantages as dis-
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cussed before will stand when comparison is drawn with our technique.
The GPC method offers real time control without the need for hologram

calculation. The DBS algorithm affords the creation of complex patterns
from one hologram. The GS algorithm offers interactive control. Our

time-share technique offers a simple and intuitive method for creating

three-dimensional structures without the need for additional apparatus

or more complex calculations. It provides a nice method that allowed
an early demonstration of the capability of the SLM to create three-
dimensional structures. It may arguably have been superseded by more
advanced techniques offering new possibilities such as interactive con¬

trol, as is ultimately the path of scientific progress. However, this does
not detract from the success of the results demonstrated or the neatness

of the technique.

7.9 Conclusion

The applications of SLMs to the field ofoptical trapping is an established
and successful field, as can be seen from both this chapter and the pre¬

vious review chapter. The call for advances through novel light beams
and complex trapping patterns being satisfied by their introduction and
advanced with the dynamic reconfigurability and interactive control af¬
forded by their use. That said, there are still limitations imposed by the
restraints of the devices themselves and in some situations, such as the

creation of static, novel light beams, conventional methods are prefer¬
able.

This chapter demonstrated the use of a commercial microscope for

optical trapping and the technique of phase contrast imaging for use in

208



7.9. CONCLUSION

potential applications within this field. Further the use of Laguerre-
Gaussian beams in this setup was demonstrated and an attempt made
to combine this with phase contrast imaging in order to demonstrate the
transfer of angular momentum to Rayleigh particles, although this was

not achieved.

The application of SLMs in a basic tweezer setup was also shown.

SLMs can be used to create novel light beams, as discussed in chapter 4.
It is then a relatively trivial step to implement these beams in a tweezer

system, although this was only demonstrated briefly. Advantages of this

being primarily in the ease of creation of good quality beams and the

ability to switch beam type easily. In this chapter the use of SLMs to

create complex arrays of trap sites was demonstrated and this facilitated
the trapping of particles in novel configurations and the investigation of
the associated properties. Applications of such complex configurations
were considered and proof of concept demonstrations for microfluidic

applications were undertaken. As an extension to these complex trap

arrays dynamic reconfigurability was demonstrated using the SLM to

move trap sites in pre-determined paths around the sample cell. Finally
a new technique for creating three-dimensional arrays of particles was

demonstrated for two different SLMs and the advantages and limita¬
tions of this approach discussed. SLMs have provided a new level of
control and interaction to the field of optical trapping and although their

application is limited by the technology at present with the inevitable
advances that will be made in SLM technology should come further ad¬
vances in the field of optical trapping.
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Chapter

Light Scattering Through Turbid
Media

8.1 Introduction

In this chapter we consider the scattering behaviour ofnovel light beams.

Primarily the concern is with Bessel beams compared to Gaussian beams

however, in the initial experiments LG beams are also considered. The
aim is to try and understand better the mechanisms involved in an at¬

tempt to provide improved transmission of light through turbid media.
The experiments demonstrated here are by no means conclusive, instead

providing the groundwork and background for further studies and high¬

lighting potential areas of interest.

8.2 Background

The interaction of light withmatter has been ofprime importance through¬
out this thesis. The interaction of light with biological matter in partic-

8

210



8.2. BACKGROUND

ular is an important and exciting field. Light is being used increasingly
within the fields of biology and medicine. Applications such as optical

tweezers, discussed earlier, have allowed in depth analysis and intricate

manipulation of cells [171]. However, within medical applications light
is finding another niche in the treatment of disease. There already ex¬

ist a number of successful applications of light and, more specifically

lasers, within medical fields. Light is used in Photo-dynamic Therapy

(PDT) [172], Optical Coherence Tomography (OCT) [173], imaging and
even surgery; most commonly eye corrective procedures and also in the
treatment and removal of tumours both on the skin and sub-cutaneous.

The main problem that is proving a barrier to further advances and ap¬

plications of light and lasers within medicine is the highly absorptive na¬

ture of our skin. This prevents transmission of light deep into our bodies
and limits the areas in which the non-invasive advantages of laser-type

surgery can be realised.
As a result of this limitation an important area of research is the

behaviour of light as it propagates through scattering media and how
different wavelengths and beams might vary this behavior. This chapter
looks at laser light traveling through turbid media in an attempt to un¬

derstand and compare the propagation of Bessel and Gaussian beams of
different wavelengths through highly scattering media.

The possibility that different beam structures could allow for differ¬
ent behaviour of photons as they travel through turbid media led to the
idea of comparing a standard Gaussian beam to more complex beam
structures. Laguerre-Gaussian beams, as we have already discussed,
have a ring structure and a helical phase front. Bessel beams have a

multiple ring structure and conical wave front construction. It is pos-
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sible that these differences or variations from the more standard Gaus¬

sian beam structure may lead to different behaviour when the beams are
scattered. Furthermore, it is possible that the self-regenerative nature

of the Bessel beams may allow for a better maintenance of beam struc¬

ture after scattering. Although self-regeneration will be hindered by the
fact that the whole beam suffers from scattering.

Although preliminary studies were carried out considering both Laguerre-
Gaussian and Bessel beams in comparison to Gaussian beams, the stud¬

ies discussed here concentrate more fully on Bessel beam versus Gaus¬
sian experiments. Work is ongoing into the Laguerre-Gaussian fields

compared to the experiments discussed here.

8.3 The Scattering Behaviour of Light

Imaging through turbid media, such as biological tissue, is an impor¬

tant technique that may ultimately lead to exciting applications such as

the 'optical biopsy'. Here the non-invasive imaging and analysis of any

part of the body could allow for diagnosis and perhaps even treatment

through light only means. The advantages to such a technique are ob¬
vious however, the reality is a long way off and currently advances are

limited by the absorption and scattering of light in turbid media.

Absorption plays a role in the reduction of light intensity as it tra¬

verses any media. However, this can be minimised by choice of wave¬

length and is not relevant to the experiments carried out in this chap¬
ter. Although some light may be lost in this manner the idea of the

experiments carried out here is to consider the scattering mechanisms
of novel light beams. As photons travel through a turbid media they will
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Ballistic, "snake" and diffuse scattered light

Collimated light 'Snake" light

t •«

Incident Signal

Figure 8.1: Figure showing the paths photons may take through scattering media.
Ballistic photons travel straight through, snake light is deviated slightly
and diffuse light highly scattered. The graph to the right shows the time

delay for these different classes from an original light pulse shown to the
left. Reproduced from reference [174].

encounter particles and be scattered and deviated from their original

course. Some of the incident photons will not be scattered at all, these

photons are referred to as "ballistic photons". The number of these un-

scattered photons is determined by the number of scatterers and will de¬
crease exponentially with distance traveled through a media. For highly
forward scatteringmedia, i.e. the majority of turbid media samples, then
there is a set of photons referred to as the "snake light". These photons
are scattered to an only slightly deviated path and follow a winding, or

snaking path through the sample approximating the initial direction of
travel. Photons that are strongly scattered form the "diffuse light". Fig¬
ure 8.1 shows the paths of these different photons.

Current imaging techniques make use of the different time delays
that the path lengths result in (see right hand graph in figure 8.1) al¬

lowing the ballistic, snake and diffuse lights from an input pulse to be

separated by time-gating. Different imaging techniques utilise different

types of light so the shuttering can be varied depending on the applica-
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tion [174]. The studies carried out in this chapter are mainly concerned

with the scattering of complex beams formed from a cw output. The aim

is to find better penetration through the use of novel light beams. Future

experiments may wish to consider the percentage of each type of light in
more depth, or utilising some of the type specific imaging techniques
connected with pulsed incident light. However, the concern here is with
overall improvement and therefore all scattered light is considered and
a cw output adequate.

8.4 Preliminary Experiment

The experimental setup for the comparison of the beams varied slightly

depending on the experiment. Initially a comparison between Laguerre-
Gaussian beams, Bessel beams and Gaussian beams was carried out. For

this the Hamamatsu PPMX8267 SLM was used to create the beams and

facilitate direct comparison. The laser beam used was a 780nm beam
taken from a titanium:sapphire (tirsapph) laser pumped with a Millenia
Vs laser. The laser beam was expanded, but not to a size that would fill
the whole of the active area of the SLM, this was done simply so that
1 inch optics could be utilised as no 2 inch optics were available. The

holograms were reduced in size so as to fill only a quarter of the SLM's
active area, in others words they were only 384x384 pixels in size and

\/2cm across the diagonal.

The light from the SLM is telescoped so that the beams are of a suit¬
able size to pass through a cuvette containing the sample. The lenses

used, and therefore the ratio of the telescope, was varied in order to al¬
low for comparison of set beam criteria. The LG beams were telescoped

214



8.4. PRELIMINARY EXPERIMENT

To cuvette

f=50omm

From laser
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lost around
mirror)
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Figure 8.2: Experimental setup for preliminary scattering experiment.

610mm after the 500mm lens using a 63mm lens then a 200mm lens to
increase the beam size, the cuvette was placed 60mm after the final lens.
The Bessel beam was not telescoped, the cuvette being placed 550mm af¬
ter the 500mm lens. The Gaussian beam was taken from the output of
the laser using a flip mirror, originally the beam taken off the blanked
SLM was considered, but the output profile was poor. The mirror allows
the beam to bypass the SLM setup however, the path length has to be
maintained between the two different beam paths in order to minimise
coherence variations. The Gaussian beam is reduced using a telescope
made from a 200mm lens and a 63mm lens, the cuvette is placed 80mm
after the final lens. Methods for creating both of the novel beams using
the SLM are discussed in chapter 4. A DOE containing the phase infor¬
mation required to transform an input Gaussian beam into the desired

output is displayed on the SLM. In the case of the Laguerre-Gaussian
beam a 2irl phase dislocation is used and for the Bessel beam an axi-
con is simulated. The output beam from the SLM then has the relevant

phase to form these novel light beams.
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Different LG beams can be created with different I and p modes, as

discussed before. In order to try and find the most suitable output beam

a range of LG modes with varying blazes were created and the output

profiles compared. The p index of the beam was kept as zero to maintain

a single ring mode, while the I index was set at 1, 2, 5 and 10. Each
beam was blazed by 75, 50, 25, 10 and 5; the blaze number representing
the periodicity of the grating used to displace the desired output beam
from the non-diffracted central order. From inspection of the output

beams the blaze value of 25 shows the best separation without distor¬

tion. Smaller blaze values left consecutive orders of the output pattern

too close or overlapping while too large a blaze requires a large phase

ramp which leads to degradation of the hologram as well as a distortion
of the beam caused by the tilt applied. Keeping the blaze function to a

minimum value that provides separation of the modes also provides the
best efficiency.

To allow comparison of the Bessel beam and Laguerre-Gaussian beams
without significant alteration of the apparatus a Bessel beam must be
calculated with the same blaze function applied to the axicon DOE in

order to form this beam on the same axis as the Laguerre-Gaussian
beam. This is done for a Bessel beam with a ph_max value of 6 (see

equation 4.27). The blaze function is combined with the axicon func¬
tion by adding the two functions together and multiplying the result by

modulo(28), similar process to equation 4.28. The beam is formed at

a different point on the z-axis from the Laguerre-Gaussian beam, ap¬

proximately 10mm further on, although due to its extended propagation
distance this is not exact. This can be compensated for by moving the

sample and does not effect the alignment of the optics. The differing po-
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sitions of the beams can be accounted for by considering the manner in

which the beams are formed.

8.4.1 Beam Properties

In the comparison of the Laguerre-Gaussian, Bessel and Gaussian beams

scattering behaviour then the beam parameters need to be matched to

provide similar conditions and hence allow for fair comparison. The

main parameters ofa Gaussian beam are its beam waist and its Rayleigh

range, zR, which describes the area over which the beam radius diverges
from uj0 at the beam waist to \/2^o at zR and is the region of the beam
over which the divergence is minimal. A Bessel beam does not diffract
in the same manner as a Gaussian beam, the nature of the beam being

to remain propagation invariant. It is therefore not obvious as to how
to compare these parameters and instead the radius of the Bessel beam
was matched to the beam waist of the Gaussian beam. This was done in

two different manners, firstly with the radius of the whole Bessel beam

ring structure being matched to the beam waist of the Gaussian beam;
this was referred to as the XSBB. Secondly with the inner core radius of
the Bessel beam being matched to the beam waist of the Gaussian beam;
this was referred to as the XLBB, although this beam was not included
in the preliminary experimental comparison. In this initial comparison
the Laguerre-Gaussian beam ring radius was matched to the waist of
the Gaussian beam, and hence the relevant radius of the Bessel beam

also. With retrospect then further criteria should be compared and in the
current experiments being carried out by Antonia Carruthers to look at
Gaussian and Laguerre-Gaussian beams then readings are taken firstly
with matching ring size and beam waist, but secondly with matching
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Rayleigh ranges of the beams.

The important consideration for all cases was that the beam propa¬

gated through the cuvette without loss of profile or significant diffractive

spreading. This meant that it was desirable to have a Rayleigh range for
the Gaussian beam and Laguerre-Gaussian beams that was larger than
lcm and that the propagation lengths of the Bessel beams were also

greater than lcm.

8.4.2 Preliminary Results

Readings were taken for the Gaussian beam, the four LG beams and

the XSBB in order to compare the transmission of these beams through
different samples of sphere suspensions. Spheres of sizes 20nm, 1/zm,

5/rni and 10^m were mixed up to give samples of set concentrations. The

sphere sizes were chosen to cover both the Mie and Rayleigh regimes

and correspond approximately to the size of scatterers encountered in

biology. The concentration of each solution was varied to match either
the number of spheres or the volume of polystyrene per millilitre, the

process is described in more detail in section 8.5.2. Transmission was

measured for light scattered through the cuvette, light passing through
undeviated and light scattered to the side. Pictures were also captured
for light passing through and light scattered to the side. A number of

readings were taken for each cuvette in each beam for each run of the

experiment. These results were then averaged and a typical data set is

shown in figure 8.3

For both sample sets the light is not strongly scattered at the 20nm

level however, it is strongly scattered for the 1/im sphere size samples.
This observation is supported by an equivalent peak in the side scatter-
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Figure 8.3: Graphs showing the transmission of different light beams through con¬

trolled concentration samples of various sphere size. Top: sample con¬

centration set to maintain same number of spheres per sample. Bottom:

sample concentration set to maintain same volume of polystyrene per

sample
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ing values for these samples. For the 5/mi and 10/rni sphere samples a

difference in the behaviour between the different beams is observed. For

the sample set with the number of spheres maintained (denoted '# scat-

terers') then the Bessel beam shows best transmission when not aper-

tured for the 5/tm sample. At this size the unapertured 1=2 and Gaus¬
sian beams show the next best transmission before the apertured Bessel
beam and then the unapertured 1=5 beam, which has almost the same

transmission value as the apertured 1=2 beam. The apertured 1=5 value
is slightly higher than that of the equivalent Gaussian. This distribu¬
tion of results is quite different for the 10/im sample where the unaper¬

tured Gaussian has a clearly higher transmission value, and even the

apertured Gaussian shows better transmission than the Bessel values,
which are in turn still higher transmission than the LG beams. The two
Bessel values are comparable for this sample, as are the apertured LG
values to each other and the unapertured values. Further increasing the
value of I to 10 showed even stronger transmission on one occasion, but

significantly reduced on another. The data is not included on the graphs,
but further investigation into this behaviour may prove interesting.

For the sample set where the same percentage of polystyrene per

milliliter is maintained (denoted '% solids') then the Bessel beam, both

apertured and non apertured show the same value, has a clearly better
transmission in the 5/jm range. The unapertured 1=5 LG next is still

significantly better than the alternatives. In the 10//m sample the dif¬
ference between the beams is reduced and here the Gaussian has better

transmission than the Bessel and then the LG values. Again the LG
beams show comparable values for the apertured and non apertured re¬

sults as opposed to pairing by I index.
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8.4.3 Conclusion

From these preliminary results it was decided that initially a compari¬

son between Bessel beams and Gaussian beams would be carried out.

This could be extended to encompass Laguerre-Gaussian beams at a

later date. Furthermore it was decided that the sample sets should be

extended to encompass 20/mi spheres and 500nm spheres. This should
extend the results in the Rayleigh regime and provide a better range of

samples giving indication of the behaviour at the region between 20nm

and l/im sized scatterers, where the transmission drops from its maxi¬
mum value to its minimum value. The 20//m spheres also allowing us

to investigate the behaviour of the beams over a greater range to allow

insight into the behaviour beyond the cross over point at 10//m.

8.5 Comparison of 780nm Gaussian Beam and

Bessel Beam Scattering in Turbid Media

The preliminary experiment looked at the behaviour ofLaguerre-Gaussian,
Gaussian and Bessel beams when traveling through turbid media of var¬
ied concentration and particle size. From the results of the preliminary

study, and from theoretical considerations, it was decided that a more in

depth comparison of the behaviour ofBessel and Gaussian beams should
be carried out. The nature of a Bessel beam is significantly different to
that of a Gaussian beam. The propagation invariant behaviour and self-

regenerative properties suggesting that the scattering of this beam may

be most different when compared to a Gaussian beam.
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8.5.1 Experimental Setup

The experimental setup varied slightly from the preliminary experiment.
A ti:sapph laser was still used to give 780nm light however, this laser
could also be used to produce pulsed light when modelocked. In order
to maximise the power and minimise transmission losses an axicon was

used to create the Bessel beam instead of using the SLM. The principle,
as discussed earlier, is the same in both cases. The advantage of the axi¬

con in this case being that the beam could be aligned straight through

the optical component, and also that the losses were minimised for the

system. The disadvantage being the reduced flexibility of the system.

In order to study the Gaussian beam light was taken directly from the
laser output and telescoped as required. The light was directed between
the path for the Gaussian beam and the path for the Bessel beams us¬

ing a flip mirror, which meant that no realignment was required when

switching beam type. The XSBB was taken directly from the output of
the axicon. This Bessel beam was then adjusted, using a telescope, in

order to create the XLBB. The initial lens for the telescope interfered
with positioning of the sample apparatus for the XSBB experiments and
therefore it was necessary to replace this lens each time the beam was

changed. This was done simply by marking the position of the lens on the
table and using apertures to ensure the beam passed through the centre

of both lenses in the telescope. Altering the Gaussian beam size prior to
the axicon effects the number of rings in the Bessel beams profile and
its propagation length, the size of the central core remains unaffected by
this parameter. The axicon used was a 1° degree axicon, the beam prop¬

erties will be discussed in more detail in section 8.5.2.1. The cuvette was

placed on a stand and this was moved from beam to beam as required,
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Figure 8.4: The beam alignment and optics spacing for the Bessel and Gaussian
beams. The flip mirror position can be seen in all setups, the laser and

periscope prior to this mirror are common to all beams.

see figure 8.5

Light passing through the sample was measured as a ratio of the in¬

put power to the output, this was done for a number of different input

power levels. A power meter placed after the cuvette allowed measure-
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Figure 8.5: Digital photograph showing the apparatus used to hold the cuvette con¬

taining the sample and the power meter for measuring the light trans¬
mitted through each.

ment of this output power and readings were taken both for the light
scattered through and for light passing through the cuvette undeviated,
the two were distinguished by using an aperture. For the scattered light
measurement then the power meter was placed after the cuvette and

the reading taken across the whole detector. For the undeviated light an

aperture was placed so that without the cuvette in place the beam just

passes through the aperture without clipping. Therefore, when a cuvette

is in place the forward scattered or undeviated light will be the only light
to pass through the aperture to the power meter. Light scattered out the
side of the cuvette was measured using a photodiode as the values were
too low for the power meter to detect accurately. This was not done ev¬

ery time as the through scattered light provided the most relevant and
accurate data. Sets of images showing the scattered light were also cap¬

tured for each cuvette, both from the side and straight through. These
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were taken using a CCTV lens on the front of a CCD camera and ND

filters to prevent saturation. The pictures allow the profile of the beam
to be examined after transmission through the cuvette. The path of the

light and its scattering behaviour may also be considered from the side

profiles allowing the possibility of procedures such as Monte Carlo scat¬

tering to be carried out in order to model the behaviour at a later date.

8.5.2 Sample Preparation

In order to compare the scattering of light beams in turbid media a

range of sphere sizes were mixed into solutions of set concentrations.

The spheres used were polymer spheres and ranged in size from 20nm

to 20/im, covering both the Rayleigh and the Mie regimes. The concen¬

tration of the different samples was controlled in order to facilitate direct

comparison, this was done in two ways. Firstly the number of spheres
in each sample was kept as a constant, this provided a set of samples
that were denoted using "#scatterers". Secondly the percentage, or vol¬
ume of polystyrene in each sample was maintained, this provided a set

of samples denoted by "%solids".
The spheres used are NIST traceable suspensions of colloid in sizes

20nm, 500nm, 1/xm, 5/xm, lCfinn and 20/nm. The spheres are all poly¬

mer, or polystyrene, and are suspended in water. Each sample has a

data sheet providing information on the exact size and deviation of the

sample, the exact concentration and the density of the polystyrene. The
number of particles per milliliter (#/mZ) can be calculated using

#/ml = ^ - (8.1)KDl(pf + %-pb)
where C is the particle concentration by mass (%solids/100), pb is the
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Solution Data
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6.3979E-10 7 6887E-06 7 9974E-05 0 033333651 0 40002286 2 actual volume of solution to be added

2| 1 99999231 1 99992003 1966666349 1.599977141 0 t of water to be added

Figure 8.6: Spreadsheet used for calculating the sample concentration for each

sphere size in the two different sample sets. The numbers shown here
are for 2ml samples, the volume used in each cuvette.

density of the polystyrene beads, pj is the density ofwater and Dp is the
diameter of a particle in centimeters. The derivation of this equation is
shown as appendix D.

Calculations of the sphere concentration required in each of the sam¬

ple sets were made as shown in figure 8.6. The spreadsheet was set

up so that the total volume of liquid to be used could be varied and the
values below would update to satisfy the new criteria. The calculations
shown are for 2ml, which is the volume of liquid included in each cu¬

vette. However, due to the small volumes considered it was more prac¬

tical and accurate to mix larger volumes and use 2ml quantities from
these larger samples. The samples were mixed up using Gilson pipettes
to accurately measure out the correct volume of sphere solution, as pro-
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Figure 8.7: Digital photograph showing the cuvettes containing turbid media sam¬

ples. From left to right 20nm, 1pm, 5pm and 10pm polystyrene sphere
solutions. The first cuvette of each sphere size being from the "%solids"

sample set, the second from the "#scatterers" sample set, note these are

the same concentration for the 10pm sample, hence there is only one cu¬

vette.

vided from Brookhaven, and exact amounts ofwater. The two quantities

were combined to mix the correct concentration of solution. The water

used was filtered, de-ionised water, this meant that there should be no

impurities in the water that would interfere with the scattering. New

pipette tips were used for each sample to prevent cross-contamination

and between each use the cuvettes were cleaned thoroughly using an

ultrasonic bath, firstly with water and then with alcohol.

Once the samples were prepared the lid of each cuvette was secured

using sellotape. Evaporation occurred in the samples as the seal was
not air tight and the repeated shaking required to maintain even distri¬
bution led to some leakage around the seal. This meant that the life of
each sample was practically limited to one day in order to maintain the
concentration precisely as calculated in the spreadsheet.
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8.5.2.1 780nm Beam Profiles

The Gaussian beam and Bessel beam sizes were to be matched as dis¬

cussed before and shown in figure 8.8. These are the theoretical models
for the beams with the XSBB having the whole beams radius matched
to the FWHM of the Gaussian beam and the XLBB having the central
core radius matched. The XSBB has a diameter of 400/ma, the beam has
a central core of 50/im and therefore a x8 telescope is required to create

the XLBB with a central core radius of 400/jm. The Gaussian beam is
also telescoped to achieve a FWHM of 400//m and this is measured using
a beam profiler. The Bessel beams are checked using a CCD camera to

record the beam and analysis software to determine the profiles.

Figure 8.8: Profiles of beams used for scattering experiment. From left to right gaus-

The propagation of the XSBB is measured to be approximately 3cm,

this is the region over which no appreciable spreading of the central core
is observed. The number of rings varies over this distance and therefore
the overall radius varies. The 400/im diameter was measured for the
maximum 4 rings, observed at the centre of this range. The cuvette is

placed at this point each time a reading is taken. The propagation of the
XLBB is significantly larger than the size of the cuvettes and therefore

sian, XLBB and XSBB.
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is not an important consideration. The Rayleigh range of the Gaussian
beam is 0.64m, which is again greater than the 1cm size of the cuvette.

8.5.3 Results

Results were taken, as described previously, with relative power being
measured for each sample. A power meter was used to measure the

light scattered through the samples and the light passing through un-

deviated; these are differentiated between by use of an aperture and are

denoted by (ap) and (no ap) respectively in the results. A photodiode was

used to record light scattered out of the side of the cuvette as the values
were too low for the power meter to detect.

8.5.3.1 Initial Results

A number of readings were taken for each sample, initially at a set input

power level of 50mW. This was to provide a sample set from which to

work from. Readings for one set of data were taken three times for each

sample in each beam, this was then repeated for each data run. An

example of the results obtained from this experiment are shown in figure
8.9.

The transmission values show the same trend as before with the scat¬

tering being minimal at 20nm sphere size and showing a maximum, con¬

siderable scattering at the 500nm to l(im range. The Bessel beam suf¬
fers less scattering in the range above 1/rni, particularly the XSBB. The
Gaussian beam showing more scattering, and therefore less transmis¬

sion, over the 5//m to 20/xm range. It is clear that for these results the
XSBB offers a clear advantage, this result was reproducible. This is dif¬
ferent behaviour to the pattern observed in the preliminary results. The
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Figure 8.9: Graphs showing the transmission of different light beams through con¬

trolled concentration samples of various sphere size. Top: sample con¬

centration set to maintain same number of spheres per sample. Bottom:

sample concentration set to maintain same volume of polystyrene per

sample.
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reason for this difference is unknown, a number ofpossible explanations
were investigated, as will be discussed, but no explanation was found. As
the results were repeated a number of times in both instances it implies
some parameter must have changed. Preliminary modelling by Ewan

Wright suggests that the advantages seen in Bessel beam transmission

may be very unstable and highly dependant on beam characteristics.

The exact parameters and profile of the beam significantly effecting its
behaviour within the sample. This could explain the change in observed
data if some parameter had changed. In order to investigate the pos¬

sibility and the dependance of the results on different parameters then
criteria of the experiment were varied.

Light scattered out the side of the cuvette is measured to provide an

idea of how much scattered light is present at 90° to the beams propaga¬
tion. The results are shown in figure 8.10.

The trend of the graph indicates that more scattering is occurring

over the 500nm to l//m region. This is expected as the transmission
results show a drop in this region indicating that more scattering is hap¬

pening within the sample, which would lead to a peak in sideways scat¬

tering for these samples. However, the peak is not as strong as might be

expected from the related dip in transmission, this suggests that there

may be other mechanisms influencing the reading and contributing to

the readings. To provide an idea of the losses incurred due to reflection
at the cuvette interface and through absorption in water a sample ofjust
water was prepared. This was found to have a transmission of 90%.
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Figure 8.10: Graph showing the scattering of light at right angles to beam propaga¬

tion for different light beams and different sized scattering particles.

8.5.3.2 Varied Input Power

In order to investigate the possible instance of the guiding of particles
in the laser beams then the power of the input beams was varied from
lOmW to 150mW. The higher end of this range could not be achieved for
the XLBB as losses both in the optical train and to the outer lobes of the
beam made it impossible to realise the necessary power. The results for
different input power values are shown in figure 8.11.

The Bessel beams provide better transmission and less scattering
than the other beams however, the difference is less marked than ob¬

served in the initial results. Repetition of the experiment a number of
times provides the same observation and the previously obtained advan¬

tage of the XSBB cannot be repeated. As a further check microscope
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samples were made from each of the solutions in order to ensure that

the spheres were monodispersed and no coagulated particles would be

causing increased scattering and effecting the results.
It is worth noting that the percentage transmission is consistent over

the different power levels suggesting that guiding is not a consideration
and that the variation of input power has little effect on the percent of
the beam scattered.

8.5.3.3 Varied Sample Concentration

The concentration of the samples has so far been maintained in the two

different sample sets in differing ways, as discussed before. These con¬

centrations were chosen as much for ease of sample preparation as for

any other reason. In order to try and get an understanding of how the

samples behave at different concentrations then a set of samples was

made for 20/rni spheres. These samples had concentrations of 0.10%,

0.15%, 0.2%, 0.25%, 0.3% and 0.32%, the latter value being the concen¬

tration at which the spheres are provided. Power measurements were

taken for each of these samples in the XSBB and Gaussian beams and
the transmission varied with concentration as shown in figure 8.12.

The graph shows little difference between the two beam types again.

The XSBB providing slightly better transmission but without the marked
difference of before. For both beams the general trend is for a reduc¬
tion of the transmitted power with increasing sample concentration. The
curve does not appear to follow a linear relationship, which is perhaps

surprising. The transmission appears to drop at the 0.32% concentra¬

tion. In order to investigate this further controlled evaporation of the

samples would be necessary, this is not practical with the equipment
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Figure 8.12: Graphs showing the transmission of Gaussian and XSBB for different

available at this time. Results were obtained for a sample evaporated to
half its original volume, giving an approximate concentration of 0.64%.
The measurements were taken at a different time to those shown in fig¬
ure 8.12 and showed a transmission of around 10%. This could imply a

plateau for the transmission values. However, the measured transmis¬

sion for the control sample of 0.32% concentration, taken at the same

time, was higher than that observed in figure 8.12 ranging between 15%
and 20% instead of the 10.8% and 16.3% shown in the graph.

8.5.3.4 Continuous Wave Operation Compared to Pulsed Output

The Ti:Sapph laser can be modelocked to allow femtosecond pulsing of
the laser beam. The laser is setup so that it is simple to switch between
the two states and as such it is a relatively simple matter to compare

concentrations of 20//,m sphere solutions.
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Figure 8.13: Graph showing the pulse duration of the femtosecond beam with and
without the axicon in the beam path.

pulsed and continuous wave (cw) operation. The beam alignment does
not vary between the modelocked and the cw output beams so readings
could be taken consecutively for each sample in each beam.

For the Gaussian beam the light does not pass through any signifi¬
cant optical elements, other than lenses. For creation of the Bessel beam
an axicon is used, the axicon is optically thick and therefore may effect
the nature of the pulses as they pass through it. The axicon is manufac¬
tured from BK7 and when the pulse duration was measured before and
after it was found to have a minimal effect, as shown in figure 8.13. The
initial pulse having a full width halfmaximum (FWHM) of lOfs and the
transmitted pulse being broadened to a FWHM of 13fs.

The beam spectra for cw and pulsed operation were also measured,
these are shown in figure 8.14. The cw output beam is much more spec¬

trally confined than the pulsed output, as would be expected from un¬

certainty principle arguments. The time-bandwidth product for the fem-
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wavelength (nm)

Figure 8.14: Graph showing the spectra of the cw and modelocked beams. FWHM of
the cw beam is 3nm and of the pulsed beam is 90nm, as indicated.

tosecond pulses can be estimated as 0.43 if a sech2 temporal pulse shape
is assumed.

Using the same apparatus as was used for the more general experi¬
ments data sets can be taken for cw and femto-pulsed operation without
alteration to the setup or alignment. Samples in the range 5//m to 20/xm

were used from both sample sets. This range was chosen as the results
from these samples demonstrate the most interesting and inconsistent
behaviour. Samples for the 1/xm and below range showing consistency
for all beams and all runs and demonstrating either high transmission

for all beams or high scattering. Readings were taken for each sample
at a set power and then the laser is switched to pulsed operation and the
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measurements repeated. The power is adjusted using an ND filter wheel
so that the power in the pulsed beam matches that used for the cw mea¬

surements. An example of the results obtained are shown in figure 8.15

It is obvious that the operation of the laser in cw or pulsed output

mode does not significantly effect the transmission of the light through
the turbid media. It is also interesting to note that the XSBB shows

strong advantage over the other beams, particularly in the % solids sam¬

ple. Although pulsed laser light shown no transmission advantage its

use allows us to consider two-photon effects and therefore has applica¬

tions if fluorescence is to be considered at a later date. The addition of

fluorescein to a second cuvette, placed after the first, allows two-photon
effects to be measured by observation of the fluorescence stimulated.
This can be done quite simply using a CCD camera or a photodiode imag¬

ing system for more accurate results. This is of interest if non-linear
effects are to be considered and was therefore demonstrated briefly as

a proof of concept. Placement of a second cuvette as described allowed
for a green, glowing line to be observed where the beam was transmit¬
ted. This effect is not observable in cw operation. Consideration of the

intensity of the fluorescence could give further information about the

scattering behaviour of the beams and should be considered for future

experiments. The use of pulses also allows for the inclusion of existing

time-gating techniques for the differentiation between ballistic, snake
and diffuse photons, as discussed in section 8.3. A technique that may
be useful for imaging at a later date.
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Figure 8.15: Graphs showing the transmission of pulsed and cw operation light
beams through controlled concentration samples of various sphere size.

Top: sample concentration set to maintain same number of spheres per

sample. Bottom: sample concentration set to maintain same volume of

polystyrene per sample.
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8.5.3.5 Bessel Beam Parameter Variation

It has already been stated that varying the input beam waist of the
Gaussian beam hitting the axicon will have an effect on the number of

rings and the propagation length of the Bessel beam, but not on the cen¬

tral core radius. A more in depth study of the XSBB was carried out

using a comparison of two different input waist sizes, differing concen¬

trations of 20/jm spheres, as described before, and placing the sample
at different points along the propagation length. The idea of this was

to try and ascertain an approximate idea of the sensitivity of the ex¬

periment to variable factors. The XSBB was used because this is the

beam that showed greatest deviation in the measured results, and also
because varying the parameters on this beam was simplest and made
the most sense. Using the XLBB would not provide enough variation as

the outer rings would not be transmitted through the sample cell.
The beam waist was varied by the introduction of a telescope in the

Gaussian beam prior to the axicon, in order to double the input beam
waist. The concentration of the solutions was varied for the 20//m sphere

samples, with differing percentage/volume values being used as discussed
before. The sample cell was placed at distances 5cm, 10cm, 15cm and
20cm from the axicon. The results are shown in figure 8.16. There is

no apparent difference between the values implying that the change in

input waist and placement on the z-axis has no significant effect within
these boundaries. Again a non-linear reduction in transmission is ob¬
served for increasing concentration.
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Figure 8.16: Graph showing the effect of changing the input Gaussian beam waist
to the axicon and the cuvettes z-position on the scattering behaviour of
the XSBB.

8.5.3.6 Images

Images of the scattered light from the different beams were taken for
each cuvette from the side and straight through. A set of these im¬

ages are shown for each beam on the next few pages. The behaviour
of the beams can be determined from looking at the behaviour of the

light within the samples and these images could be used for modeling

purposes. The behaviour of the different beams in the samples does not

appear to vary greatly in these images. The penetration into the sample

appears to follow much the same pattern from the side images. For the

larger sphere sizes particles can be seen illuminated within the beams,
this could indicate guiding along the beam. The illuminated band is
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larger for the XLBB, this is merely due to the larger extent of the beam

encompassing the outer rings. The images taken straight through the

beam do not tell us much. The profile being deteriorated as the scat¬

tering increases. These pictures were taken using ND filters to protect

the CCD camera, so the relative intensities between the images do not

necessarily indicate power. The XLBB shows the most interesting pro¬

files when looked at straight through as this is the largest beam and
its structure can be made out. The deterioration of the ring definition

being representative of the scattering occurring in the sample, with the

highly scattering samples like the 1/rni spheres allowing only a 'glow' at
the region where the beam exits in the sample while the low scattering

samples like the 20nm spheres, allowing the beam profile to propagate

through the sample relatively undestroyed.
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Gaussian

Through Side

Figure 8.17: Images showing the scattered light from a Gaussian beam. Left: images
taken through the cuvette. Right: images taken from the side of the
cuvette, beam propagation from left to right. In both cases the pictures
on the left are the # samples and those on the right are the % samples.
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Figure 8.18: Images showing the scattered light from the XSBB beam. Left: images
taken through the cuvette. Right: images taken from the side of the

cuvette, beam propagation from right to left. In both cases the pictures
on the left are the # samples and those on the right are the % samples.
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Figure 8.19: Images showing the scattered light from the XLBB beam. Left: images
taken through the cuvette. Right: images taken from the side of the

cuvette, beam propagation from right to left. In both cases the pictures
on the left are the # samples and those on the right are the % samples.
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8.6 Comparison of 532nm Gaussian Beam and

Bessel Beam Scattering in Turbid Media

As well as experiments with 780nm light the results were repeated with
532nm light. This provided sets of data at a different wavelength. This

change allows effects such as absorption to be considered as 532nm light
is absorbed less in water than 780nm light, see figure 8.20. On top of
this the different wavelength may mean that the light will interact dif¬

ferently with the particles and the results for the different sphere size

samples may reflect this.

Figure 8.20: Graph showing the absorption of light in water. The dotted lines high¬

lighting the absorption values at the wavelengths considered in this

chapter.

8.6.1 Experimental Setup

The basic experimental setup was the same as before. The Millenia Vs,
used to pump the Ti:sapphire laser in the preliminary experiment, was
used to provide the 532nm light. The axicon used to create the beams
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was also a 1° axicon however, an uncoated one was used as the coating

from before created interference effects.

8.6.2 532nm Beam Properties

The beam profiles were set to match as closely as possible to the 780nm

parameters, the same 400/jm value for the Gaussian FWHM and the

respective diameters of the Bessel beams were maintained. This gives
a slightly different value for the Rayleigh Range of the Gaussian beam
as the wavelength is different however, the value is still significantly

greater than the 1cm cuvette size.

The propagation of the XSBB was investigated in more detail than
was done for the 780nm experiments. The peak intensity of the central
core as it propagates was considered, this gives an envelope that de¬
scribes the propagation of the beam. The theoretical curve of the beam
is shown on the right in figure 8.21 and the process described in more

detail in reference [52]. The experimental results are shown on the left
in figure 8.21 and approximate the theoretical curve.

Figure 8.21: Graph showing the experimental intensity variation with propagation
of the XSBB(left) and the theoretical model (right) [52].
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8.6.3 Results

The experiment was repeated for the 532nm light for a number of dif¬
ferent power levels. The power was taken down to 0.5mW and read¬

ings taken for both sample sets at this 0.5mW and at lOmW, 50mW

and lOOmW. The low power allows mechanisms such as guiding to be
ruled out. This is a concern since the pictures in the 780nm experi¬

ment showed particles potentially trapped, or guided in the beams. This

experiment was done for lOmW previously, but this may not be a low

enough power, 0.5mW should be low enough not to support any trapping
or guiding and should enable this possibility to be ruled out or considered
as appropriate. The results of the experiment are shown in figure 8.22.

The graphs show the results for all the power levels and for each

sample set. The general shape of the curves is maintained for all power

levels, this implies there is no difference in the mechanisms acting at the
low and high input powers and allows the possibility of guiding or trap¬

ping within the beams to be ruled out. There is slightly more spreading
of the transmission results for the different beams at 0.5mW, this is min¬

imal and could be caused by the fact that low variations in the reading

represent a higher percentage value of the overall reading at this low

power.

There appears to be no difference in the transmission values observed
for different beams. Despite the fact that the propagation characteris¬
tics are different and the scattering behaviour may also vary, there is
therefore no observable advantage in using Bessel beams over Gaussian
beams.

In order to understand exactly what mechanisms are driving the scat¬

tering behaviour of the beams further investigation is required. The
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Figure 8.22: Graphs showing the transmission of 532nm beams through varied

sphere samples with concentration maintained in two different sample
sets.
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original advantage of the XSBB over the other beams is not repeated in
later experiments. This implies that these observations may be caused

by an anomaly or if the results are accurate then that the advantages
are not as easily reproduced or realisable as originally hoped. The basic
trend of the later 780nm and 532 nm results appears to be the same.

The transmission values following the pattern of high transmission at

20nm, minimum low transmission at 500nm to 1/im and a smaller peak
at 10/xm. There is no appreciable difference between the sets of results

and as such there appears to be no influence of wavelength on the trans¬

mission, which implies that absorption does not affect the results signif¬

icantly.

8.7 Further Work

Further work is already being carried out in order to extend the data
set to include the Laguerre-Gaussian beam comparison as well as the
Bessel beam and Gaussian results. While the conical wavefronts of the

Bessel beam may have provided different scattering behavior it is the
helical phase front and vortex structure of the Laguerre-Gaussian beam
that may have an effect. The beam waist of the Gaussian and Laguerre-
Gaussian beams are matched in order to provide comparison of similar

parameters. Further to repeating the results as obtained for the Bessel
beam and Gaussian comparison the scattering in the central vortex of
the beam is to be considered as well. Using an aperture to filter off the

ring of the light beam, but allow the central region to pass through it
should be possible to take images of the scattering within this vortex. A
number of different LG beams are to be used with differing I modes, as
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discussed in the preliminary results section. The beams will be created

using the SLM as this allows easy switching between the modes without

re-alignment.
Work with tissue and Bessel beams has already been carried out by

Dr P. Fischer using slices of a rat's brain. The choice of tissue was made

as rats brain is similar in construction to human brain and the brain

is an area where penetration of light is both difficult and interesting.
The brain is constructed of fatty tissue and is therefore mainly water,

this is highly absorptive and hinders transmission of light, however, it
does allow studies such as that discussed here to be carried out in the

knowledge that they are closely representative of the biological case. The
interest in light transmission through neural tissue stems from research
into Alzheimers disease. Currently the drugs given to treat this disease
effect the whole body as their processes cannot be confined to the brain

region. By creating a photoactivated drug and illuminating only in the

region to be treated we can limit the undesirable effects throughout the
rest of the body. Photoactivated drugs can, in principal, be utilised in any

part of the body allowing us to treat localised complaints and diseases
in this manner. The main barrier to light in general cases is the skin,
which is highly absorptive in most of the visible spectrum. The use of

scattering suspension should allow us to model this behavior as well as
that of light in brain tissue. Indeed the colloidal suspensions should
be extendable to any tissue modeling dependant on the size of cells in

question and the concentration.

Modeling the scattering behaviour has already been mentioned in

conjunction with the images taken of the light passing through the sam¬

ples. Monte Carlo modeling was originally developed to study the pas-
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sage of photons through space in astronomy applications. Its extension

to biology was relatively simple [175] with the modeling being adapted
to show photon passage through media instead of vacuum. The simula¬
tions track the random movement and scattering of a single photon en¬

tering a sample and this is repeated any number of times to produce the
correct intensity. Changing the pattern or position of the incident photon
and its path allows the modeling of specific beam types. It would be inter¬

esting to model the path of the photons through the turbid media to get

an idea of the agreement between the theory and the observed behavior.

This may also help provide a better understanding of the mechanisms
of the different beams and provide insight into the exact parameters or

beam type that may provide the necessary deeper penetration that biol¬

ogy requires. Comparison between the turbid media and existing brain
data would also allow for insight into the accuracy of the model and the
usefulness of colloidal suspensions as dummy material. The comparison

would of course require changed parameters in the suspension of the col¬

loid, denser samples being required to simulate the tissue and therefore
smaller thicknesses of transition depth would also be required.

Further to this it has already been mentioned that consideration of
the different scattered photons (i.e.ballistic, snake and diffuse) may pro¬

vide information on the scattering behaviour of the beams. The use

of pulsed lasers has already been demonstrated to show the same be¬
haviour in the studies carried out in this thesis. Including time-gating

techniques would allow the differently scattered light to be distinguished
between and studied further. This could be done for colloidal suspensions

as they are, mixed to resemble tissue more closely or even for actual tis¬
sue samples. Finally the comparison of the different beams behaviour
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in fluorescence applications, transmission through optically cleared me¬

dia or for activation of fluorescent proteins may also be interesting to

consider.

8.8 Conclusion

Although the results do not indicate a consistently significant advan¬

tage of the use of Bessel beams over Gaussian beams, they do support

the possibility that the use of novel light beams could allow for better

penetration of light in turbid media. The decreased scattering observed
in the first experiments imply that Bessel beams could provide signif¬

icantly improved penetration through scattering media. However, the

inability to reproduce these results suggests that any advantages may

be limited to specific criteria and not as simply reproduced as would be

hoped. The advantage of the XSBB observed in the first 780nm exper¬

iments was not carried through to the later experiments at the same

wavelength or those undertaken at 532nm. This demonstrates the vari¬

ability in the obtained results which could be due to a number of fac¬
tors. Instability in the Bessel beam itself has already been proposed as

a possible mechanism. A wavelength dependance may also contribute to

the variations observed. Other factors such as localised heating of the

sample, viscosity variations or alteration of the local concentration may

also contribute. Measures have already been implemented to ensure

that guiding and trapping of the particles does not occur but it is clear
that further experiments to eliminate other factors may yield exciting
results. In addition further studies into the exact mechanisms involved

in the scattering of the different beams discussed here may allow better
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understanding of the exact criteria that could lead to reduced scattering
and better penetration. Allowing the application of the correct param¬

eters for the situation or even the design of a specific beam. Therefore,

although the results discussed here do not support fully the hypothesis
that a Bessel beam may provide reduced scattering and greater pene¬

tration into scattering media, they do support the possibility that this
can be achieved and provide useful groundwork and potential for fur¬
ther study into the area. Indeed modeling and further studies may even
be possible using the existing data and images obtained so far.
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Chapter

Conclusion

9.1 Summary of Thesis

The aim of this thesis has been to investigate the applications of Spatial

Light Modulators in the fields of atom trapping, optical trapping and

light scattering through turbid media. The usefulness of the devices in
these applications, the advances they facilitate and the current limita¬
tions are all of interest. The SLMs were utilised to create novel light

beams and complex output potentials both in static and dynamic appli¬
cations.

Initially the interactions between light and matter were explained
and how these differed depending on the properties of both the light and
the matter. By consideration of these interactions we can see how the
fields of atom optics, optical trapping and light scattering have emerged
and how their progression can be enhanced by utilising novel light beams,

complex light potentials and dynamic light patterns. SLMs offer the ca¬

pability for the creation of complex, dynamic holographic outputs and,
as such, are utilised in these fields during the course of this thesis. The
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second chapter is concerned with some of the background theory sur¬

rounding the devices and the different models available, specifically the

properties of the SLMs used in this thesis are considered. The method

used for the creation of arbitrary output patterns is then discussed. The
third chapter then looks at more specific, pre-determined phase distri¬
butions when the creation of novel light beams with an SLM is consid¬

ered. Laguerre-Gaussian and Bessel beams are discussed, the methods
for creating these beams conventionally considered prior to examining

their creation using an SLM. The advantage of doing so being mainly in
the ease of creation, the iterative correction available and the potential

reduction of optical elements, as well as the ability to switch easily be¬
tween outputs by simply changing the hologram displayed. Further to
these novel beams an optical bottle beam was considered with a method
to create a single optical bottle hologram discussed and the demonstra¬
tion of a new, three-dimensional array of optical bottles. This new beam
ties in the ability of holographic techniques to combine optical phase el¬

ements, in this case axicon function and a high p-mode LG phase plate.

Furthermore, by utilising the dynamic reconfigurability of the SLM it
should be possible to propagate the bottles and hence provide a conveyor

belt type arrangement for applications such as atom guiding or trapping.
After the demonstration of novel light beams then atom optics ap¬

plications were considered, and the theory behind trapping cold atoms

and guiding techniques. Initially guiding was demonstrated using con¬

ventionally created LG and Bessel beams. LG beams showed the best

guiding abilities, as such an SLM was used to create higher I-mode LG
beams. The SLM allowed the creation of higher order modes than could
be achieved conventionally and also facilitated the easy change between
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beams without re-alignment, allowing the first investigation into the

guiding capabilities of LG beams to be carried out. It was shown that, for

a fixed beam waist, the higher azimuthal index beams provided better

guiding with less instance of radiation pressure affecting the atoms. The

SLM was then used to create interferometer and splitter patterns that
could be imaged into the trap for both red- and blue-detuned guiding, the
creation of such patterns through all optical means being an important
advance. Finally alternate light potentials for use in atom optics were

discussed and the current limitations of SLMs considered.

After the consideration of atom optics the applications of SLMs to

optical trapping were discussed. Initially a review of the existing tech¬

niques for applying SLMs to HOT systems was undertaken. Their use

to create complex arrays of trap sites in dynamic, and even interactive

techniques being looked at, the latter being a capability which is unique
to the use of SLMs. After this review chapter the basics of optical trap¬

ping were considered in chapter 7. First the mechanisms, interactions
and forces underlying optical trapping were considered and the setup

of a basic tweezer system described. The assembly of a commercial mi¬

croscope system was then undertaken and this was adapted to facilitate

optical trapping. The mechanisms of phase contrast imaging were then

outlined, with reference to how this might allow Rayleigh particles to

be trapped, particularly for the investigation of the transfer of angular
momentum from an LG beam to these particles. Next the adaptation of
a basic tweezer system to include an SLM was considered and how this
would facilitate advances in tweezing and an alternate method of creat¬

ing some already demonstrated results, for example novel beam tweezer

systems. The SLM was used to demonstrate the creation of novel trap
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site configurations and the possibility of how these might be used in

microfluidics was discussed. SLMs provide a dynamic reconfigurability
and this was utilised in order to demonstrate the movement of trapped

particles in a predetermined path. Finally a method for creating three-
dimensional structures was discussed in one of the first demonstrations

of such a capability. Fresnel lensing was combined with the dynamic

reconfigurability to allow time-share trapping of novel arrays on multi¬

ple planes. The technique demonstrates a simple and effective approach
that may now however, have been superseded by the more advanced ca¬

pabilities discussed in the review chapter.

The final chapter consider the use ofSLMs to create Laguerre-Gaussian
and Bessel beams for consideration of the scattering of light through tur¬

bid media. The aim is to try and determine whether the different phase
fronts and structures of these beams will alter the way they are scat¬

tered. The main experiment is concerned with the comparison of Gaus¬
sian and Bessel beams and, although no conclusive difference is found
between the beams, the experiments certainly open up new considera¬
tions and experimental possibilities.

9.2 Future Work

Many of the recent advances in the field of optical physics have been
made through the introduction of complex light potentials. It is there¬
fore an obvious step to consider how more advances could be achieved
in a similar manner. The SLM offers us a means of creating complex

light potentials with the added capability of dynamic reconfigurability,
therefore making its application a logical step.
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The consideration of SLMs for applications in atom optics, optical

trapping and light scattering studies has been the basis of this thesis.
In general the limitations of their usefulness in these fields has been the

physical limitations of the devices themselves. In atom optics the refresh
rate limits their use with BEC in particular, but in dynamic interaction
with cold atoms in general. In optical tweezing the refresh rate again

proved a limiting factor in the time-share applications of the SLM. As
has been stated before SLM technology is still a relatively young field
and therefore advances in the manufacturing of these devices is a likely

event, indeed already companies are trying to further the technology.
As these advances are made there is no doubt that the limiting bound¬
aries of their applications ofSLMs in the fields discussed here, and other

fields, will be pushed.
While many of the applications of SLMs are limited by the capabil¬

ities of the devices themselves successful advances have been demon¬

strated in this thesis, and out with. There is room for future work to fur¬

ther advance the fields discussed even without alteration to the SLMs

capabilities. It is clear to see where some of the work considered in

this thesis could be extended. For example, in chapter 4 the creation
of some novel light beams is considered, but there is still vast scope for
new and more complex beams to be realised. The beams discussed all
have important existing applications, and vast scope for future ones in

all fields of laser physics. In particular the three-dimensional array of

optical bottles, which was first demonstrated in this thesis, has appli¬
cations in atom optics and optical trapping. In cold atom trapping it
could be utilised as a dipole trap, in atomic guiding the animation of the

hologram could allow for a conveyor belt configuration where the trapped
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atoms could be transported in a progressing trap. In optical trapping the
use of an optical bottle could allow for the creation of three-dimensional

structures of hollow particles.

Chapter 5 considers the use of SLMs to create guides for cold atoms.

In particular the guiding capabilities of high /-mode Laguerre-Gaussian
beams were investigated. This work could be extended to show guiding
over larger distances, which could yield clearer results in the demonstra¬
tion of the guiding abilities of the beams. The obtained results show re¬

duced atomic flux compared to theoretical predictions, investigation into
this would be pertinent. Furthermore the extension of the experiment
to demonstrate the reduced atomic heating advantages could be under¬
taken by guiding optical molasses in the high index beams. This may

allow us to see higher guided flux values for increased azimuthal index
beams. Experiments could also be undertaken to investigate the differ¬
ent guiding and focussing capabilities of the LG beams; high I beams

possessing improved focussing and capturing abilities for atomic ensem¬
bles [34]. As discussed before the use of a Bessel beam would offer ex¬

tended guiding distances, but this would have to be undertaken using

optical molasses due to the power distribution of the beam. In addition
to creating LG guides the SLM was used to successfully demonstrate the
creation of all optical splitter and interferometer patterns. The demon¬
stration of guiding cold atoms through these patterns would be an excit¬

ing result in itself. With this achieved the application of the patterns in

interferometry and splitting experiments would allow advances in these
fields as well. The use of SLMs to create dipole arrays for quantum

computing applications has already been discussed, as has the potential

applications of optical bottle beams in the field.
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In chapter 7 the application of SLMs in optical trapping were con¬

sidered. The creation of Laguerre-Gaussian beams for use in SAM and

OAM applications was demonstrated, but the experiment was not suc¬

cessfully extended to their use with nano-particles in a phase-contrast

setup. This appeared to be due to problems with distortion of the beam

by the phase-contrast filters, further investigation may allow the prob¬
lem to be overcome and the experiment completed. The use of phase-
contrast techniques to facilitate the extension of other basic trapping ex¬

periments to the Rayleigh regime may provide clearer insight in to the
field in general and the behaviour of particles. The imaging techniques

may also prove useful as biological applications are extended. The use of
SLMs in optical trapping experiments allows the creation of novel trap

configurations, this has a number of possible applications. For example,
those already discussed for the field of microfluidics or to facilitate the
variation of trap site spacing in a lattice in order to allow investigation
of the interactions between particles. The dynamic capabilities of the
SLM allow trap sites to be animated. This opens up a further range of

applications, from the controlled filling of extended array patterns to the
time-share techniques discussed. This later technique was limited by
the refresh rate of the SLM and with faster devices the dark time at the

trap sites could be reduced. This would improve the performance to some

extent but limitations on displacement in 2 would still exist. Application
of the technique for studying three-dimensional structures would be an

interesting extension of the work discussed here. Crystalline arrange¬

ments could be designed and even set to allow investigation and further

experiments to be undertaken.
In the final chapter the scattering of light through turbid media was
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considered. Here many stones were left unturned and the possible future

experiments are plenty. Work is currently ongoing into the comparison of
LG beams and Gaussian beams, there are also studies into the scattering
of light through rat's brain and chicken breast tissue being undertaken.

Altering the turbid media samples to different concentrations may al¬
low simulation of different tissue types. Modeling of the images taken

may allow scattering mechanisms to be better understood. Utilisation of
fluorescence imaging techniques should provide insight into two-photon
effect. The introduction of time-gating could allow the investigation of
the differently scattered light from the different beams. The transition of
the different beams through optically cleared media could provide inter¬

esting results. The possibilities are numerous. Ultimately a good ground
work and basic study should be carried out first to determine exactly the
behaviour through the existing samples and to try and understand bet¬
ter the means in which these different beams are scattered.

The SLM has provided a versatile tool for applications in the fields
discussed in this thesis, and out with. With the inevitable advances that
will be made in the technology new and exciting applications will be dis¬
covered and the limitations of those existingmoved. In the meantime the
usefulness of SLMs are huge and their inclusion in the field of Physics
has already led to new techniques and discoveries as shown here and
there is much potential for further work to be undertaken as discussed.
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Appendix

Hologram Creation Programmes

Programmes written by E. Dufresne for IDL to calculate kinoforms for

arbitrary phase distributions. These are used for calculating the kino¬

forms throughout this thesis.

PURPOSE:
Returns the nbit phase function which yields the minimum error

(weighting all pixels equally, traps or not) after n attempts at
optimization from different randomly chosen starting points.

CATEGORY:

Hologram

CALLING SEQUENCE:

ph = optphase(out,n,lambda=lambda,nblt=nbit,max_grey=max_grey,f=f,lplx=iplx)

A.l Optphase

+

NAME:
OPTPHASE
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INPUTS:

out: a n x n real array (fastest if n is a power of 2)
describing the desired intensity field in the
focal plane of the lens.

The Boulder 512x512 SLM has n = 2 " 9, which is nice
The Hamamatsu x8267 uses 768x768 images, but for the
purpose of faster calculation, we might use 512x512
pixels and only at the end magnify these Into 768x768
by using CONGRID; I'm not sure how well that works.
-- Tiling from 512x512 up to 768x768 might be better
than using CONGRID, though only for discrete point traps.
-- Also note when tiling that the array should be double
type.

n: number of tries at finding the best kinoform

OPTIONAL INPUTS (KEYWORD PARAMETERS):

nbit: optimizes with 2 ~ nbit levels of phase
For lithographically produced holograms (e.g., Gabe's
etched glass elements), you can create (2 ~ nbit) phase levels
from only nbit etch steps. -- See Swanson & Veldkamp,
Opt. Eng. (Bellingham), vol 28, page 605 (1989).
e.g., a 1 -bit hologram has two phase levels, equal to 0 and pi
while a 2-bit hologram has a max phase level of 1.5 pi, and
an n-bit hologram has a max level = 2pi*(2 " nbit -1)/(2~ nbit)
As nbit goes up, the value of the max phase level approaches
(but never reaches) 2pi.
For SLM-produced holograms, It is usually preferable to use
maxgrey as an alternative to nbit.

If you believe the SLM manufacturers, it might seem that:
The Boulder 512x512 SLM has nbit = 7
The Flamamatsu x8267 uses nbit=8

Flowever, you usually get MORE than 2pi maximum phase throw
at the wavelength that the SLM is designed for. Thus,
the maximum grayscale level for images sent to
these devices depends upon the specific calibration of
the device (and in the case of the Boulder nonlinearities
must be taken into consideration). - See max grey

max grey: an alternative to nbit, this specifies the maximum
greyscale value of the output image (e.g., 255).
Note: this should be set ONLY after consulting the test data
for the particular serial number SLM to be used
- and also correcting for the wavelength of the
liquid crystal index of refraction If using a
wavelength different from that of the test data
(see Gabe's lab notebook LI 2, pages 132-137).
NOTA BENE: The maximum phase throw for a hologram
containing n levels is *_NOT_* equal to 2pi.
(See the above reference by Swanson & Veldkamp.)
When n is large, this distinction may not matter, but
it is very important when you want to use your SLM
at long wavelengths, where its maximum phase throw
is less than 2pi.

nog: no graphics mode

ideal_out: For binary holograms, 'out is only
half of the desired pattern (generated via 'zerohalf.pro')
so as to avoid interference between spots that are
generated by the requirements of symmetry 264
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OUTPUTS:

ph: a n x n real array giving the phase at the hologram

SIDE EFFECTS:

REQUIRES:
Both frnhfr and phase, which are called by this program, require
keywords setting wavelength, focal length, and hologram pixel size
- which is done by passing keywords from this program.

RESTRICTIONS:
FFT algorithms discretize images; thus, we are ALWAYS creating
the hologram of an array of dots (pixels). Pixelation can
show up in line traps or circle traps created in this fashion.
(Bob Cohn of the University of Louisville uses Fourier Transform
look-up tables as an alternative to FFT-based algorithms, and
has a "dithering" approach where fidelity, rather than efficiency,
is his convergence criteria.)
(Jeff Davis of UC-San Diego also has algorithms that might be
worth a look.)

MODIFICATION HISTORY:
Created by Eric R. Dufresne, 7/13/98
Modified by ERD, 7/24/98

Modified by Gdbriel C. Spalding, for use with SLMs
removing er_ar as a keyword,
making nbit a keyword,
adding max grey as an alternative to nbit
adding nog keyword,
adding documentation and minor touch-ups
- subroutines phase.pro and frnhfr.pro were also

modified for use with SLMs,
by passing keywords

(last modified 7/17/03, G.C.S.)

FUNCTION optphase,out,n,!deal_out=ideal_out, $
nbit=nbit, max_grey=max_grey, lambda=lambda, ipix=ipix, f=f,$
nog=nog, extra=extra_keywords

; Decide whether to scale up the output image or leave "as is"
scaleup= 1
IF (nelements(nbtt) NE 0) THEN scaleup=0

IF NOT keyword set(ideal out) THEN ideal_out=out
IF NOT keywordset(nog) THEN nog=0

; For the Hamamatsu 768 pixels projected into free space
If not keyword_set(ipix) then ipix=20./768.
if not keyword_set(f) then f= 160.
if not keyword_set(lambda) then lambda=7.80e-4

; Setting for Gabe's Hamamatsu x8267 S/N XLP0029
; when used with 532nm light: NEED TO CHANGE

IF NOT keyword set(max grey) THEN max_grey=255

; For the Hamamatsu x8267's 768 pixels projected onto the
; 5.04-mm aperture of Gabe's lOOx infinily-corrected objective:

;if not keyword_set(ipix) then ipix=5.04/768.
;if not keyword_set(f) then f= 1.8
;if not keyword set(lambda) then lambda=5.32e-4

; Setting for Gabe's Hamamatsu x8267 S/N XLP0029
: when used with 532nm light:
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;IF NOT keyword_set(max_grey) THEN max_grey=255

; For the Boulder's 512 pixels projected onto Ihe
; 5.04-mm operture of Gabe's 1 OOx infinity-corrected objective:

;if not keyword set(ipix) then ipix=5.04/512.
;if not keywordset(f) then f= 1.8
;if not keyword setjlambdo) then lambda= 10.64e-4

; Typical setting for Boulder 512x512:
;IF NOT keyword setjmax grey) THEN max_grey=l 27

; For Gabe's etched-in-glass 512x512 holograms projected onto the
; 3.2-mm aperture of the OL Gabe used at UChicago
; we (historically) took ipix to be:

;ipix = 0.00633
;if not keyword_set(f) then f= 1.62
;if not keywordset(lambda) then lambda=5.32e-4
;IF NOT keyword_set(max_grey) THEN max_grey=255

; NORMALIZE OUT FOR LATER COMPARISON
idealout = ideal_out/total(ldeal_out)

FOR 1=1,n DO BEGIN
print,"This is OPTPHASE's ",i,"th try at calculating the hologram."

; CALCULATE A CONTINUOUS PHASE GRATING
ph=phase(out,/nog, iplx=ipix, lambda=lambda, f=f. extra=extra_keywords)

; CALCULATE THE OUTPUT OF ITS VERSION WITH 2 ~ NBIT LEVELS
IF NOT keyword set(nbit) THEN ph=nlevel(ph, max grey) $
ELSE ph=nlevel(ph,2 ^ nbit)

true out = abs(frnhfr(cexp(0,ph),/nog, ipix=lpix, lambda=lambda, f=f,$
_extra=extra_keywords)j" 2

; NORMALIZE FOR COMPARISON
trueout = trueout / total(lrueout)

; CALCULATE THE ERROR
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A.2 Phase

+

NAME:
PHASE

PURPOSE:
Calculates the phase function of a hologram.
The hologram does its best to produce the
desired intensity profile in the focal plane
of a lens.

CALLING SEQUENCE:
ph = phase(out)

INPUTS:

out: a n x n real array
describing the desired intensity field in the
focal plane of Ihe lens.

(fastest if n is a power of 2)
The Boulder 512x512 SLM has n = 2 ~ 9, which is nice
The Hamamatsu x8267 uses 768x768 images, which is
not a power of two, but works. -- Also note that
768x768 can be tiled by 256x256 or 128x128.
Also, once upon a time, I calculated 512x512 images
and just used CONGRID to blow that up to 768x768
(I'm not sure how well that worked.)

KEYWORDS:

ipix: the pixel size of the image describing the input, (in mm)
Note that this is determined by the diameter of the back aperture
of the objective lens used for tweezing/making the hologram
For example, although Kishan's Boulder SLM has a 15 micron pitch, these are
imaged by a telescope onto the back aperture of an OL, where their size is
effectively much smaller, so it would be a mistake to set ipix=0.015 mm.
Similarly, Gabe's Hamamatsu PPM contains physical pixels around 0.024 mm

in size, but it would be a mistake to set ipix=0.024 for this
Hamamatsu x8267 -- the projected pixel size on the back aperture of the OL
is much smaller.

For an Olympus microscope using Infinity optics, the tube length Is 180 mm,
so the diameter of the back aperture is 2* 180*NA/mag
Thus, Gabe's 1 OOx NA= 1.40 lens has a back aperture of 5.04 mm

For now suppose there is no significant overfilling of the back aperture,
so that the SLM is focused down to a 5.04-mm square, yielding
ipix=5.04mm/512 for the Boulder
and ipix-5.04/768 for the Hamamatsu x8267.

The program should be rephrased in terms of the true pixel size of the SLM and the
demagnification factor used in projecting the SLM onto the back aperture.

f: the focal length of the lens used to form the
image in mm (The lOOx lens I used in Chicao had f = 1.62)

For an Olympus microscope using infinity ('UIS') optics,
the tube lens has a focal length of 180 mm, so for the objective lens
the focal length (in mm) is 180/mag.
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Though Gabe also has a 1 OOx Olympus lens that is NOT designed for UIS
optics, the lenses on Gabe's IX-71 microscope are.
For that (UIS) T OOx lens, f = 1.8

in: a n x n real array (of the same size as out), describing
the intensily field of the Illuminating beam
incident upon the hologram.

lambda: the wavelength of light in mm
(1064 nm = 10.64e-4 mm Is for Kishan's Boulder SLM)
Gabe's Hamamcrtsu SLM uses 5.32e-4 mm

nmax: the maximum number of iterations

iph: initial guess for the phase

min er: the percentage change in the error between the
ideal and calculated output plane Images between
successive iterations at which the program
considers the calculation to have converged

lowg: low graphics mode. Only shows end result.

nog: no graphics mode

pr: draw graphics for printing

OUTPUTS:
ph: a n x n real array giving the phase at the
hologram

NOTES:

Though millimaters are the standard choice
— lambda, f, and ipix can be specified in arbitrary but consistent units.

Together, these simply determine the scale of the image formed
by the hologram
(see dxo)

MODIFICATION HISTORY:
Created by Eric R. Dufresne, 4/98
Modified by ERD, 7/T3/98, 7/14/98
Modified by ERD, 3/03/99:

to use memory more efficiently, at the loss of
a little speed. This will allow calculation
of bigger arrays
Modified by Gabe Spalding, September, 2002, for use with Spatial Light Modulators
Last modified 7/17/03 -- Gabe Spalding

function phase,out,lambda=lambda,f=f,ipix=ipix,nmax=nmax,min_er,iph=iph,lowg=lowg,$
nog=nog, pr=pr, af_er=af_er, in=in

; For the Hamamatsu x8267's 768 pixels projected onto the
; 5.04-mm aperture of Gabe's 1 OOx infinity-corrected objective:
;if not keyword_set(ipix) then ipix=5.04/768.
;if not keyword_set(lambda) then lambda=5.32e-4
;if not keyword_set(f) then f= 1.8

; For the Hamamatsu 768 pixels projected directly from the SLM:
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if not keyword_set(ipix) then ipix=20./768.
if not keyword_set(lambda) then lambda=7.80e-4
if not keyword_set(f) then f= 160.

; For the Hamamatsu x7550's 480 pixels projected directly from the SLM:
; If not keyword_set(lpix) then lplx=20./480.
; if not keyword setjlambda) then lambda=6.33e-4
; if not keyword_set(f) then f= 160

; For the Boulder's 512 pixels projected onto the
; 5.04-mm aperture of Gabe's 1 OOx infinity-corrected objective:
; if not keyword_set(ipix) then ipix=5.04/512.
; if not keyword_set(lambda) then lambda= 10.64e-4
; if not keyword set(f) then f= 1.8

; For Gabe's etched-in-glass 512x512 holograms projected onto the
; 3.2-mm aperture of the OL Gabe used at UChicago
; we (historically) took ipix to be:
; ipix = 0.00633
; if not keyword_set(lambda) then lambda=5.32e-4
; if not keyword_set(f) then f= 1.62

; As a favor for Molly Rose Darragh, 128 pixels projected onto the
; 5.04-mm aperture of her objective:
; if not keyword_set(ipix) then ipix=5.04/l 28.
; if not keyword_set(lambda) then lambda=5.32e-4
; if not keywordset(f) then f=2.74

if not keyword_set(nmax) then nmax= 100
if not keyword_set(min_er) then min_er= 1 .e-5
if not keyword_set(lowg) then lowg=0
if not keyword_setfnog) then nog=0
if not keyword_set(pr) then pr = 0

;FIND THE LINEAR SIZE OF THE IMAGES IN PIXELS
nx = n_elements( out[0,*])

;CALCULATE THE NORMALIZATION FACTORS FOR THE ERRORS
nerf = total (out)
if keyword_set(ln) then nerw = total(in) else nerw=float(nx'~2)

;DEFINE THE AMPLITUDE OF THE COMPLEX FIELDS OF THE INPUT BEAM
;GENERATE AN INPUT IF IT IS NOT SUPPLIED
if not keyword_set(in) then aO = replicate(l .,nx,nx) else a0=sqrf(in)
;THE DESIRED OUTPUT - Conserve energy.
bO = sqrt( out * (nerw / nerf))

;DEFINE THE PIXEL SIZE IN THE INPUT PLANE
dxi = ipix
:DEFINE THE PIXEL SIZE IN THE OBSERVATION PLANE
dxo = lambda * f / (nx * dxi)

;CREATE THE SCALES FOR THE IMAGES
xin = findgen(nx) * dxi
xout = findgen(nx) * dxo

;MAKE AN INITIAL GUESS FOR THE PHASE FUNCTION
if not keyword_set(iph) then $
ph = exp(complex(0.D0 ,2.DO * Idpi * randomu( seed, nx, nx))) $
else ph=cexp(0,iph)
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;ASSSIGN A VALUE TO THE ADAPTIVE-ADDITIVE WHAMMY FACTOR
s=0.5DO

1=0
der=l

math_err=0
while (i It nmax) and (abs(der) gt min_er) and (math_err eq 0) do begin

I = i+1

;print.l .Debugging index

;CALCULATE THE FIELD IN THE OBSERVATION PLANE
f = shift(fft( aO * ph, /double ),nx/2.nx/2)
:absf = abs(f) ;Comment out if memory is the limitation

;Make the substitution throughout otherwise
;CALCULATE THE ERROR
new_af_er = total ((abs(f) - bO)" 2 ) / nerf

if lowg eq 0 and nog eq 0 then $
dgcont_image,bytscl(abs(f) ~ 2), 1000*xout, 1000*xout,/nocont,/aspect, $
xtitle="Microns in focal plane.",titte="lntensity in focal plane."

;print, 2 ;Debugging index

;USE ADAPTIVE ADDITIVE ALGORITHM TO MAKE CORRECTION
f = s*b0*f/abs(f) + (1 -s)*f
;Could we improve the efficiency of array operations above?

.print,3 ;Debugging index

;TRANSFORM BACK TO INPUT PLANE
w = fft ( shift(f,-nx/2,-nx/2), /inverse, /double )
;abs(w)=abs(w) ;Comment out if memory is the limitation

;Make the substitution throughout otherwise

;if lowg eq 0 and nog eq 0 then $
; dgcont_lmage,bytscl(abs(w) ~ 2),xin,xln,/nocont,/aspect, $
; xtitle="Millimeters in DOE plane.",title="Backwards Intensity at DOE"

;prlnt,4 ;Debugg!ng index

iCALCULATE OUR NEW GUESS FOR THE PHASE
;MAKE SURE THE ANSWER IS SENSICAL
if n_elements( where(finite(w/abs(w)) eq 0)) eq 1 then ph=w/abs(w) else begin

print,"Oopsl There was a math error."
math_err= 1

endelse

if lowg eq 0 and nog eq 0 then $
dgcont Image,bytscl(cphase(ph)),xin,xln./aspect,/nocont,$
xtitle="Millimeters in DOE plane.",titte="DOE phase shift."

;print,5 ;Debugging index

;CALCULATE THE CHANGE IN THE ERRORS
if I ne 1 then der = (new af er-af er)/af er else der=l.
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afer = new_af_er
;w_er = total ((abs(w) - aO p 2 ) / nerw
;print,"The input error:",w_er

;DISPLAY THE ERRORS
;print,"The ouput error:",new_af_er
print,"lteration #"+strtrim(string(i),2)," The % change In error:",der
print

endwhlle

if nog ne 1 then begin
if pr eq 1 then begin
;!p.multi=[2,2,0]
;dgcont image,bytscl(in),xin,xin,/nocont,/aspect,$
; /lnvert,xttt1e="Millimeters in DOE plane.",titte="lnput Beam"

erase

dgcont image,bytscl(cphase(ph)),xin,xin,/aspect,/nocont,$
xtitte="Millimeters in DOE plane,",title="DOE phase shift."

dgcont image, bytscl(abs(f) ^ 2), 1000*xout, 1000*xout,$
/nocont,/aspect, $

/invert,xtitle="Microns In focal plane.",$
t1tle="lntensity In focal plane."
;!p.multi=0
endif else begin

!p.multi=[2,2,0]
;dgcont image,bytscl(in),xin,xin,/nocont,/aspect,$
; xtitle="Millimeters in DOE plane.",title="lnput Beam"

erase

dgcont_image,bytscl(cphase(ph)),xin,xin,/aspect./nocont,$
xtttte="Millimeters in DOE plane.".ti11e="DOE phase shift."

dgcont_image,bytscl(abs(f) ^ 2), 1000*xout, 1000*xout,$
/nocont./aspect, $

xtitle="Microns in focal plane.",$
title="lntensi1y in focal plane."
!p.multi=0

endelse

endif
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A.3 Frnhfr

+

NAME:

PURPOSE:

FRNHFR

Calculates the amplitude of the electric field in the
focdl plane of a lens whose input is given - the
Fraunhofer transform. It also displays the intensity
of the calculated field.

CALLING SEQUENCE:
out = frnhfr(in)

INPUTS:

in: a n x n real array of the same size as out, describing
the field of the illuminating beam
at Ihe hologram, (see keywords)

The Boulder 512x512 SLM has n = 2 " 9, which is nice
The Hamamatsu x8267 uses 768x768 Images, which Is
not a power of two, but works. - Also note that
768x768 can be tiled by 256x256 or 128x128.
Also, once upon a time, I calculated 512x512 images
and just used CONGRID to blow that up to 768x768
(I'm not sure how well that worked.)

KEYWORDS:

ipix: the pixel size of the image describing the input, (in mm)
Note that this is determined by the diameter of the back aperture
of the objective lens used for tweezing/maklng the hologram
For example, although Kishan's Boulder SLM has a 15 micron pitch, these are
imaged by a telescope onto the back aperture of an OL, where their size is
effectively much smaller, so it would be a mistake to set ipix—0.015 mm.
Similarly, Gabe's Hamamatsu PPM contains physical pixels around
0.024 mm in size,
but It would be a mistake to set ipix=0.024 for the Hamamatsu x8267

-- the effective pixel size at the back aperture of the OL is much smaller.

For an Olympus microscope using infinity optics, the tube length is 180 mm,
so the diameter of the back aperture is 2*180*NA/mag
Thus, Gabe's 1 OOx NA= 1.40 lens has a back aperture of 5.04 mm

For now suppose there is no significant overfilling of the back aperture,
so that the SLM is focused down to a 5.04-mm square, yielding
ipix=5.04mm/512 for the Boulder
and ipix=5.04/768 for the Hamamatsu x8267.

The program should be rephrased in terms of the true pixel size of the SLM and the
demagnification factor used in projecting the SLM onto the back aperture.

f: the focal length of the lens used to form the
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image in mm (The 1 OOx lens Gabe used in Chicago had f = 1.62)
For an Olympus microscope using infinity ('UIS') optics,
the tube lens has a focal length of 180 mm, so for the objective lens
the focal length (in mm) is 180/mag.
Though Gabe also has a 1 OOx Olympus lens that Is NOT designed for
UIS optics, the lenses on Gabe's IX-71 microscope are.
For that (UIS) 1 OOx lens, f = 1.8

lambda: the wavelength of light in mm
Set lambda = 10.64e-4 for Kishan's Boulder 512x512 SLM
Set lambda = 5.32e-4 for Gabe's Hamamatsu x8267 SLM

nog: no graphics

pr: draw graphics for printing

cht: draw all but center pixel

ph: assumes input is a phase In radians

OUTPUTS:
out: the field In the focal plane of the lens.

NOTES:

Though millimeters are the standard choice
-- lambda, f, and ipix can be specified in arbitrary but consistent units.

Together, these simply determine the scale of the image formed
by the hologram
(see dxo)

MODIFICATION HISTORY:
Created by Eric R. Dufresne, 4/98
Modified by ERD 6/98
Modified by ERD 7/13/98,7/14/98
Modified by Gabe Spalding, for use with SLMs (last modified 7/17/03)

function frnhfr,in,lambda=lambda,f=f,$
ipix=ipix,nog=nog,pr=pr,cht=cht,ph=ph

: For the Hamamatsu x8267's 768 pixels projected onto the
: 5.04-mm aperture of Gabe's 1 OOx infinity-corrected objective:
; if not keyword_set(ipix) then ipix=5.04/768.
; if not keywordset(lambda) then lambda=5.32e-4
: if not keyword set(f) then f=l .8

: For the Hamamatsu 768 pixels projected directly from the SLM:
if not keyword setfipix) then ipix=20./768.
if not keyword_set(lambda) then lambda=7.80e-4
if not keyword_set(f) then f= 160.

; For the Hamamatsu x7550's 480 pixels projected directly from the SLM:
; if not keyword_set(lpix) then ipix=20./480.
; if not keyword_set(lambda) then lambda=6.33e-4
; if not keyword_set(f) then f= 160

; For the Boulder's 512 pixels projected onto the
; 5.04-mm aperture of Gabe's 1 OOx Infinity-corrected objective:
; if not keyword set(iplx) then ipix=5.04/512.
: if not keyword_set(lambda) then lambda= 10.64e-4
; if not keyword_set(f) then f= 1.8
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; For Gabe's etched-in-glass 512x512 holograms projected onto the
; 3.2-mm aperture of the OL Gabe used at UChlcago
; we (historically) took ipix to be:
; ipix = 0.00633
; if not keyword_set(lambda) then lambda=5.32e-4
; if not keyword_set(f) then f= 1.62

;CALCULATE THE PIXEL SIZE IN MM
dxi = ipix

.FIND THE LINEAR SIZE OF THE IMAGES IN PIXELS
nx = n_elements( in(0,*))

:DEFINE THE PIXEL SIZE IN THE OBSERVATION PLANE
dxo = lambda * f / (nx * dxi)

;CREATE THE SCALES FOR THE IMAGES
xout = findgen(nx) * dxo

;CALCULATE THE FIELD IN THE OBSERVATION PLANE $
if keyword_set(ph) then $
out = shift) fft( exp(complex(0.in)). /double), nx/2, nx/2 ) $
else out = shifl( fft( in . /double ), nx/2, nx/2 )

if keywordsetfcht) then out(nx/2,nx/2)=0

if keyword_set(pr) then begin
dgcont image, bytscl(abs(out) ~ 2), xout, xout, /invert, $

/nocont, /aspect, xtitle = "Millimeters",$
title = "Intensity in Focal Plane"

endif else begin
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Appendix

Beam Creation Programmes

Programmes written for IDL during the course of my PhD in order to
determine the DOE patterns suitable for creating Laguerre-Gaussian
and Bessel beams or variable parameters.

B. 1 Laguerre-Gaussian Beams

+

NAME:
LG

PURPOSE:
For creating an approximated, generalized (p not necessarily zero!)
Laguerre-Gaussian mode out of a fundamental Gaussian input beam ■

and, if desired, to shift it away from the undiffracted central
spot of the diffractive optic

CATEGORY:

Flologram/DOE Generator

CALLING SEQUENCE:
LGmode = lg(l, p)

INPUTS:
I: the multiple of 2pi associated with traversal about the center
("azimuthal number)

p: the radial index for the LG mode ("radial number")
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OPTIONAL INPUTS (KEYWORD PARAMETERS):
blaze: the number of 2pi blazings across the field

(we've been using 120)
- this is effectively adding a prism to refract the beam
away from the central spot

- increasing 'blaze' is like increasing the angle of the exit
face of the prism

noblaze: if no blazing is desired, this keyword must be set
(see RESTRICTIONS below)

rad: the radius of a circular discontinuity
(must fit on the DOE for the beam to sample)

nbit: provides 2 ~ nbit levels of phase,
default setting is 7 (for Boulder 512x512 SLM)

npix: number of pixels on a side,
default setting is 512 (for Boulder 512x512 SLM)

OUTPUTS:
LGmode: a npix x npix real array giving a spiral phase plate,

with radial phase shifts added

SIDE EFFECTS:
For I = 0, p = 0, this creates a blazed diffraction grating

(the DOE equivalent of a prism)

REQUIRES:
Calibration of the phase levels of the SLM used, for the desired
operating conditions, In terms of the 'greyscale' levels used here.
An appropriate look-up table (LUT) would allow the images generated
by this program to be used directly by the SLM.

RESTRICTIONS:
The program does not directly recognize BLAZE = 0.
This is a consequence of the way the keyword set function works.
The 'workaround' is to add the argument /NOBLAZE whenever no
blazing is desired. (Note that '/no' will work as an abbreviation
for '/NOBLAZE', since in general a slash preceeding a keyword sets
its value to one, and keywords can be abbreviated to their shortest
unique length. For example, a keyword called XSTYLE could be
abbreviated to XST)

Extremely large phase gradients will be "aliased" due to the
discretization of the SLM (the number of phase levels and the size
of the pixels).

MODIFICATION HISTORY:
Created by Gabe Spalding & David McGloin & Hannah Melville,
October, 2002

FUNCTION lg,l, p, blaze=blaze, noblaze=noblaze, rad=rad, nblt=nbit, npix=npix

IF NOT keyword set(blaze) THEN blaze = 120
IF keyword set(noblaze) THEN blaze = 0
IF NOT keywordsetfrad) THEN rad = 100
IF NOT keyword set(nbit) THEN nbit = 7
IF NOT keyword set(npix) THEN npix = 512
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LGmode=fltarr(npix.npix)
offset = long(0.5 * npix)
FOR i=0.npix-l DO BEGIN
FOR j=0,npix-l DO BEGIN

; First, create a phase blazing to shift everything away
; from Ihe undiffracted spot:
; (Whenever no blazing is desired, add the argument /noblaze.)

LGmode(i.j) = i * (2*lpi) * blaze/(npix-l)

; Next, convert this refracted spot to a p=0 LG mod
; by creating a sprial phase plate:
; The azimuthal angle is given by

theta = ATAN(j-offset, i-offset)+!pi
; A term containing the azimuthal angle multiplied by
: Ihe azimuthal number creates the spiral phase plate:

LGmode(i,j) = LGmode(i.j) + I * theta

; Now, find how far the present pixel is from the center
; of the diffractive optical element (DOE)

rho = SQRT((i-offsetp2.0 + (j-offset) ~ 2.0)

; Use this radius as a criteria for adding further phase shifts that
; depend upon the radial number:

IF p GT 0 THEN BEGIN
FOR pindex = 1, p DO BEGIN

; For non-zero radial number, the DOE will contain p circles,
; with sizes given by:

circslze = pindex*rad
; Beyond each of those circles, we add a pi phase shift,

IF rho GE circslze THEN LGmode(i,j) = (LGmode(l,|) + Ipi)
ENDFOR

ENDIF

ENDFOR
ENDFOR

modulo = 2*!pi
LGmode = LGmode - (modulo * long(LGMode/modulo))

: Finally, scale everything from units of phase to units of
; 'image level'

LGmode = LGmode*((2"nblt-l)/(2*!pi))
; The extra parentheses above improve efficiency:
; otherwise the precidence of multiplication over division would mean
; that the array would be operated on twice.

return,LGmode
END
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B.2 Bessel Beams

+

NAME:
BESSEL

PURPOSE:
To create a the DOE equivalent of an axicon (a conical lens)

-- to create approximated Bessel beams
out of a fundamental Gaussian or an LG mode input beam -

If this is the final DOE. it should be rounded.

CATEGORY:

Hologram/DOE Generator

CALLING SEQUENCE:
BessMode = bessel(phrnax)

INPUTS:
phmax: The maximum phase shift (in units of 2pi)
**WHAT IS THE OPTIMAL SETTING FOR ph max? (in terms of alignment
and effect)** Obviously, as ph max goes to zero, the axicon effect
disappears and we recover the incident beam, and yet...
as ph_max decreases, the propagation distance for the Bessel-
like pattern goes up and less of the incident intensity goes
into the rings (which can be good if what you want is to guide
something along the core). However, as ph max decreases, the width
of the core goes up, and so whatever is being guided is less-well
localized in the direction transverse to the beam.

(Setting ph_max to, say, 6 gives a pretty image.)
Increasing this parameter is like Increasing the angle, gamma, of
the axicon lens:

gamma = ATAN(2*!pi*lambda*ph_max*(l-n)/(n*beamwaistataxicon))

OPTIONAL INPUTS (KEYWORD PARAMETERS, which can be abbreviated
to 1he shortest unique form):

irad: a radius, inside of which everything will be set to zero
(creating an axicon with a hole in the middle)
Units of irad are not in pixels, but in increments that
ensure no sharp discontinuities in phase are introduced
(beyond those associated with our lack of calibration
and the fact that our '2pi' is therefore not identical to
'zero')

orad: a radius, outside of which everything will be set to zero
(creating an axicon circular boundary conditions)
Units of orad are the same as those of irad.

nbit: provides 2 ~ nbit levels of phase,
default setting is 7 (for Boulder 512x512 SLM)

npix: number of pixels on a side,
default setting is 512 (for Boulder 512x512 SLM)
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OUTPUTS:
BessMode: a npix x npix real array giving a conical phase plate

SIDE EFFECTS:

REQUIRES:

To add a blazing, run either BLAZE.pro or (LG.pro with 1=0, p=0).

LG.pro (if the input is to be an LG beam)
The current 'workaround' is to make a DOE image using
bessel(ph_max), and another using lg(l. p), and then to create a
linear superposition:

DOE = (DOE1 + DOE2)MOD(2 ~ nbit-1)

Also, blazing should be added if the beam is to be deflected away
from the central, undiffracted spot.

Calibration of the phase levels of the SLM used, for the desired
operating conditions, in terms of the 'greyscale' levels used here.
An appropriate look-up table (LUT) would allow the images generated
by this program to be used directly by the SLM.

RESTRICTIONS:

phjmax Is limited since extremely large phase gradients will be
"aliased" due to the discretization of the SLM (the number of phase
levels and the size of the pixels).

MODIFICATION HISTORY:
Created by Gabe Spalding & David McGloin & Hannah MeMlle,

October, 2002
Modified by GS Nov, 2002 to avoid using mod function on

reol arguments
(See Gumley, p. 42)

FUNCTION bessel.ph max, irad=irad, orad=orad, nbit=nbit, npix=npix

IF NOT keyword_set(nbit) THEN nbit = 7
IF NOT keyword set(npix) THEN npix = 512
IF NOT keyword set(irad) THEN irad = 0
IF NOT keyword set(orad) THEN orad = 2*npix

BessMode=fltarrfnpix,npix)
offset = long(0.5 * npix)
rhojmax = SQRT(2*(offset)•* 2)

FOR i=0,npix-l DO BEGIN

FOR j=0,npix-l DO BEGIN

; The radial coordinate, from the center of the DOE, is given by:
rho = SQRT((i-offset) ~ 2 + (j-offset) ~ 2)

; The conical phase plate is created as follows
BessMode(i,|) = (2*!pl)* ph_max * (rhojnax - rho)/rho_max
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IF rho LT lrad*(rho_max/ph_max) THEN BessMode(i.j) = 0
IF rho GT orad*(rho_max/ph_max) THEN BessMode(i.j) = 0

ENDFOR
ENDFOR

modulo = 2*!pl
BessMode = BessMode - (modulo * long(BessMode/modulo))

; Finally, scale everything from units of phase to units of
; 'greyscale level'

BessMode = BessMode*((2~nbit-l)/(2*!pi))
; The extra parentheses above Improve efficiency:
: otherwise the precldence of multiplication over division would mean
; that the array would be operated on twice.

return,BessMode
END
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Appendix

Lens Programme

Programme written for IDL during the course of my PhD to calculate
the DOE patterns necessary for creating Fresnel lenses of differing focal

NAME:
LENS

PURPOSE:
To create a the DOE equivalent of a lens (namely, a Fresnel lens).

CATEGORY:

Hologram/DOE Generator

CALLING SEQUENCE:

squint = lens(z)

INPUTS:

(ALL units are in millimeters)

z: the desired DISPLACEMENT (in millimeters) of the focal point/optical trap
relative to the focal plane,
in an optical train with effective focal length f.

Note that (modulo 2pi) parabolic phase profile given by this program
will continue to work as a lens even as the effective focal length
of the system is infinite: just put an an arbitrary set of values for
f and z.

lengths.

+
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OPTIONAL INPUTS (KEYWORD PARAMETERS, which can be abbreviated
to the shortest unique form:

lambda: the wavelength of light in mm (default = 1064 nm = 10.64e-4 mm)

f: the focal length of the lens used to form the image in mm

ipix: the pixel size of the Image describing
the input, (in mm) (Default setting Is currently for
Kishan's Boulder SLM with 15 micron pitch)

nbit: provides 2 ~ nbit levels of phase,
default setting is 7 (for Boulder 512x512 SLM)

npix: number of pixels on a side,
default setting is 512 (for Boulder 512x512 SLM)

OUTPUTS:

squint: a npix x npix real array giving a Fresnel phase plate

SIDE EFFECTS:

REQUIRES:

RESTRICTIONS:
The displacement is limited since large dlsplacments require extremely large
phase gradients at the edges of the lens, which will be "aliased" due to the
discretization of the SLM (the number of phase levels and the size of the pixels).
The result of this aliasing Is that a single lens function will produce an array
of lenses, which can either be seen as good fun or can be spatially filtered.
In any case, it *_IS_* possible to create useable displacements well beyond
the onset of aliasing.

MODIFICATION HISTORY:
Created by Gabe Spalding & Hannah Melville,
November, 2002

TUNCTION lens, z, offset = offset, lambda=lambda, f=f, ipix=ipix, nbit=nbit, npix=npix

IF NOT keyword_set(lambda) THEN lambda = 1064e-6
IF NOT keyword_set(f) then f=l .8
;IF NOT keyword_set(f) then f = 300

: for the Boulder
IF NOT keyword set(ipix) then ipix=5.04/512

;for free space
;IF NOT keyword_set(ipix) then ipix=
IF NOT keyword_set(nbit) THEN nbit = 7
IF NOT keyword_set(npix) THEN npix = 512
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; fof Hamamatsu
;IF NOT keyword_set(iplx) then ipix=5.04/768

;for free space
;IF NOT keywordset (ipix) then ipix = 20/768
;IF NOT keyword_set(nbit) THEN nbit = 8
;IF NOT keywordset(npix) THEN npix = 768

squint = fttarrfnpix, nplx)
centre = long((0.5 * npix))
If not keyword_set(offset) then offset = 0
move = centre + offset

; The maximum distance from the center of the DOE is, in millimeters:
disp = centre + sqrt((offset) ~ 2)
rhomax = ipix * SQRT(2*(disp) ~ 2)

FOR i=0,npix-l DO BEGIN
FOR j=0, npix-1 DO BEGIN

; The radial coordinate, from the center of the DOE,
; is given, in millimeters, by:
rho = ipix * SQRT((i-move) ~ 2 + (j-move) ~ 2)

: The Fresnel phase plate is created as follows
squint(i,j) = (2*!pi)* ((rho max)" 2-(rho) ~ 2) * z / (lambda * f ~ 2)

ENDFOR
ENDFOR

modulo = 2*!pi
squint = squint - (modulo * long(squint/modulo))

:Finally, scale everything from units of phase to units of 'grayscale level'
squint = squint*((2~nbit-l)/(2*!pi))
;The extra parentheses above improve efficiency: otherwise the precidence of
;multiplication over division would mean that the array would be operated on
;twice.

return, squint
END
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Appendix D
Cuvette Calculations

Derivation of the count per milliliter from % solids as provided by Duke

Scientific for use with Brookhaven polystyrene spheres.

Following is the derivation of the number of particles per milliliter (#/ml) from the Solids (%
solids w/w). The final equation looks like this:

#/mL = 6pf

7<Dl{pt+P>/c-',>)
As a starting point the measured values can be defined as follows:

C Particle concentration by mass (%solids/100) This value is determined by
weighing out a certain amount of suspension, drying it, and weighing it out again
This number is dimensionless.

pt,, pt This is the density of the beads (polystyrene) and the density of the fluid (usually
water) Density has units of (grams/cm3]. A typical value for polystyrene is
1.05 g/cm3. A typical value for water is1.0 g/cm

Dp This is the diameter of the particle in centimeters [cm]. The conversion from
microns and nanometers to centimeters is: 1 cm = 104pm = 107nm.

The #/mL represents the number of particles per milliliter of suspension, where the
suspension is the total volume of particles and fluid.

The total volume of the fluid is the sum of the volume of the beads, Vb, and the volume of
the liquid, Vf. Since weights are measured rather than volumes, we can rewnte these
volumes as a function of mass and density:

Vt =— and V. =^~ [mL] [1,2]
Pi Pj

where m and p are the mass and density of the beads and fluid
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The total volume of the suspension can be expressed as:

ffj. tn t
r,=— +— [mL] [3]

Pi Pt

Now the denominator is expressed in terms that can be measured.
The numerator represents the total number of particles. This can be written as:

_ , „ , . , Total mass ofparticles mb . . . ,Total# ofparticles = — =— [#] [4]
Mass of a single particle m,

The total mass of particles is measured, and the mass of a single particle can be
calculated from the mass of a solid sphere:

[g] [5]

Particle mass is determined by measuring the percent solids, C. The equation relating
mass to the percent solids is:

C=——— [dimensionless] [6]
wij +mf

Solving this equation for mb will put it into a useful form.

m.C

"'1=7^ fg] m
Plugging Equations [5] and [7] into equation [4] results in

it\jC
#= 1~C [#] [8]

fP>°\
Equations [3] and [8] are used to wnte out the WmL as a function of known or measured
values:

ntjC j
n-c

-Pity
[#/mL] (9]

Pi Pj

Removing both mb and m, from this equation will leave just the quantities that can be
directly measured. This can be done by substituting equation [7] into equation [9] and
simplifying. The end result is:
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#/mL —

c/\-c
"A"'":
2Ll£+_L
Pi P;

[#/mL] [10]

The equation can be further simplified by pulling out the concentration, C, terms:

1

I l-C
+

Pi Cp}

1

Multiplying the two () terms in the denominator results in:

1

1Dl+6
6 '

lPiD\( l-C)
cpf

If both terms in the denominator are multiplied by

little further, to look like:
CPf

the equation can be simplified a

~CptDlf+^PiDlr(\-C)
The common terms in the denominator are pulled out and the general equation for the
#/mL is:

#!mL =-
Cp*

fDl(Cp,+p> - pbc)
This can also be written as:

MmL =
6pf

wI{p/ +P>/c~'*)
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