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Abstract

In this thesis two previously separate �elds of study are brought together: op-

tical micromanipulation and ultrashort laser research. Here, the bene�ts of

combining the high peak powers of ultrashort pulsed lasers and conventional

optical micromanipulation techniques are explored. As optical trapping has

been studied extensively, the focus of this research is on optical guiding. More-

over, the emphasis is on the use of Bessel beams as these have been shown to

offer greater guiding distances than comparable Gaussian beams. The studies

within this thesis show that optical guiding in Bessel and Gaussian beams is

governed by the average power of the laser. However, the bene�ts of guiding

with ultrashort pulsed lasers to exploit multi-photon processes become evident

as the demonstration of simultaneous optical guiding and second harmonic

generation in microscopic nonlinear crystal fragments is detailed. This work is

developed by using ultrashort pulses to induce two-photon excitation-induced

�uorescence in the guiding medium. This allows direct visualisation of the

beam-particle interaction andmeasurement of the reconstruction of the Bessel

beam around an object. Some studies using two-photon excitation to investi-

gate Bessel beam penetration through turbid media are discussed. Finally, the

work is concluded by exploring the use of pulsed white-light lasers in optical

guiding. The wavelength-dependent propagation and reconstruction proper-

ties of the white-light Bessel beam are studied before some preliminary optical

guiding experiments are discussed. From this, the broad bandwidth of the su-

percontinuum source is found to offer extended guiding distances in Gaussian

beams thereby negating the need for Bessel beams.
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Synopsis

The aim of this thesis is to explore optical guiding and multi-photon excitation

using ultrashort-pulse andbroadbandwhite-light sources. In this study, Imove

away from the usual Gaussian light �elds and explore the use of non-diffracting

light beams. The research forms part of a wider vision to �nd applications

in the �elds of biophysics and medicine. For this reason, the work has been

constrained to the manipulation of microscopic objects on the same scale as

many biological structures of which are of interest in these �elds.

To set the scene, Chapter 1 introduces the �elds of optical micromanipulation

and ultrashort pulses. There are several optical micromanipulation techniques

such as tweezing, sorting and guiding. These techniques rely on the radiation

pressure of light to constrain or manipulate an optically transparent object.

For the purpose of this thesis, however, the focus will be on the optical guiding

using some novel beam types as there has been little research in this area. For

multi-photon excitation and the generation of broadband white light the high

peak power of ultrashort pulses are required. For this reason, the physics of

ultrashort pulses will also be introduced here. In the following chapters these

topics will be discussed in more detail.

We begin this in Chapter 2 by discussing the generation of ultrashort pulses.

This relies on the use of modelocking techniques. While there are many tech-

niques available, the focus in this thesis will be on those employed in the lasers

used for the experiments I carried out. In a brief overview, a �avour of the some

of the existing applications which use ultrashort pulses is given in this chapter.
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Particular attention is given to those applications in the �elds of biology and

medicine. These include microscopies which rely on the multi-photon excita-

tion techniques of which this thesis is concerned. Consequently, the chapter

concludeswith adiscussionon two-photonexcitation-induced�uorescence and

second-harmonic generation. From here the attention moves to the physics of

opticalmicromanipulation. In Chapter 3 we consider �rst the forces acting on a

particle within a light beam. This forms the basis of the subsequent discussions

on optical micromanipulation under two distinct sets of conditions known as

theMie and Rayleigh regimes. Two important factors in optical guiding studies

include those of convection and diffusion and these will be discussed brie�y

here. From this chapter the natural progression is to one which discusses the

types of beams that can be used in this technique.

Since the �rst demonstration of optical guiding, there has been much interest

in using non-Gaussian beams. In Chapter 4 we introduce a special beam called

the Bessel beam which is known for its non-diffracting properties. To aid

appreciation of the unique properties of the Bessel beam the Gaussian beam is

discussed brie�y �rst. The spotlight then falls on some techniques which are

used for generating Bessel beams. As well as being non-diffracting one of the

key properties of the Bessel beam is its self-healing property. This is discussed

in detail as it forms a signi�cant part of the experimental work in this thesis.

Before moving on to discuss this experimental work there is an opportunity to

review some of the previous work carried out by others in this �eld. Optical

micromanipulation is a vast subject of study. To review it fully is not possible

here and so Chapter 5 is limited to a brief overview of three pivotal experiments

which are pertinent to my research. This includes the early ground-breaking

17



experiments by those at the forefront of optical manipulation research.

Having given the reader an introduction to the �elds of optical guiding, ultra-

short pulse research and novel beams we can begin to detail the experimental

work carried out. Bringing together these three topics, Chapter 6 relates �rst

details experiments which were designed to compare and guiding with contin-

uous wave and ultrashort-pulsed lasers in Bessel and Gaussian beams. Next we

begin our exploration into multi-photon excitation experiments with a detailed

description of simultaneous second-harmonic generation and optical guiding

of particles.

This exploration is taken further with the experiments detailed in Chapter 7.

Here, some very interesting and exciting work is carried out into using two-

photon excitation-induced �uorescence as method of actually visualising the

self-healing properties of a Bessel beam. From this we can compare experiment

with theory. A second experiment is detailed which again uses the two-photon

excitation-induced �uorescence as measurement tool. The aim was to deter-

mine whether the self-healing properties of Bessel beams can give increased

penetration through turbid media as a precursor for developing better tissue

probes.

As this research period came to an end, I was given the opportunity to carry out

some experiments using a broadband white-light source. This was a natural

extension to the previous work as the white-light source known as a super-

continuum, has properties similar to ultrashort pulsed lasers used previously.

The supercontinuum also has a pulsed output but has a much broader spectral

18



output. Therefore in Chapter 8 the attention turns to the generation and char-

acterisation of a white-light Bessel beam. The focus here is on the exploring its

propagation and self-healing properties.

Finally, exploratory experiments into optical guiding with white-light Bessel

beams are detailed. Due to time constraints, I was unable to complete this

work however this formed the basis for further work which was carried out by

colleagues after my departure.
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�The desire to explore our surrounding world has always been one

of the strongest characteristics of humannature. Columbusand the

great explorers travelled outwards and discovered new continents

in the 16 th century andBohr, Einstein, Rutherford, Curie andmany

others travelled inward to explore the secrets of the atomic world

in the 20 th century.�

�Explorers used ships, planes or spacecraft to travel outward and

they use increasingly sophisticated tools to travel inward into the

world of atoms and molecules. Here, at the beginning of the 3 rd

millennium we have microscopes allowing us to see single atoms

and telescopes allowing us to see the edges of the universe. At the

end of the 10 th century a fascinating new tool, the femtosecond

laser was developed. The femtosecond laser provides us with ultra

short light pulses, allowing the motion of atoms and molecules to

be captured as if they were �lmed. To have, not only the structure

of the atoms and molecules, but also their motion, is of unique

importance in our quests to understand and control chemical and

biological processes�.[1]

"The precise degree of control made possible by optical trapping

and manipulation of small neutral particles has caught the imag-

ination of experimentalists in diverse areas of science, especially

atomic physics and biology. Many ingenious and previously im-

possible experiments have been devised, some having revolution-

ary impact. The �eld is still young, and the scope of applications

is still growing. Advances in laser technology should further stim-
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ulate adoption of these novel manipulation methods. The future

looks bright" - Arthur Ashkin, March 11, 1997
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CHAPTER 1

Introduction

From the �rst demonstration of light ampli�cation by stimulated emission

radiation, laser research and development has become widely used in daily life

but more importantly it has become an indispensable tool in physics-based

research. More recently it has become of interest to those working in the �elds

of biophysics and medicine. With its quasi-monochromatic, high-power and

highly-directional output as well as temporal and spectral coherence the laser

has achieved supremacy as a spectral source. These properties have allowed the

laser to be developed into a tool for tissue ablation, corneal and retinal surgery

and in the treatment of some cancers.

Concurrently therehasbeenconsiderable focuson laserdevelopment in telecom-

munications where ultrashort pulses have been shown to improve data transfer

rates and capacity. This has led to the development of a range of laser sources in

termsofwavelength, power, repetition rates, cost and size. FromMaiman's �rst

ruby laser built in 1960, there are now many more lasers sources available [2].

These have now been �nding applications in the �elds of biophysics and medi-

cine. In recent years there has been some interest in using ultrashort-pulsed
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lasers inmulti-photonmicroscopies andopticalmicromanipulation techniques.

As a contribution to this research, the aim of this thesis is to explore the optical

guiding and multi-photon excitation using ultrashort-pulsed lasers as well as

a relatively new broadband white-light source known as the supercontinuum.

Most of the preceding work in optical micromanipulation has been focussed on

optical tweezing techniques and using Gaussian beams [3, 4]. For this reason,

we move towards optical guiding using non-diffracting Bessel beams. These

have been shown to offer longer guiding distances over conventional beams. As

both �elds play a fundamental part of this research herewe give an introduction

to ultrashort-pulsed lasers and optical manipulation techniques [5, 6].

From the biggest, most powerful and expensive research tools to the tiny,

cheap devices found in compact disc players, the basic and essential elements

of a laser include a gainmedium, pump source and a system ofmirrors forming

a resonator cavity as illustrated in �gure 1.1. Every laser requires an input of

Figure 1.1: The three basic and fundamental elements of a laser: pump source, resonator
cavity and gain medium. The output is coupled via the partially re�ecting mirror

energy to launch the lasing process and this is provided by the pump source.
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This can be in the form of an electrical discharge, a �ash or arc lamp, a chemical

reaction or more usually another laser. For example a helium-neon (He-Ne)

laser uses an electrical discharge in a gasmixture. TheNd:YAG laser is pumped

by focused light from a xenon �ash lamp and the Ti:sapphire laser can be

pumped by a high power argon-ion or a number of diode lasers.

The pump source exists to continually excite atoms from a ground state into

a higher state. These excited atoms can relax by one of several radiative and

non-radiative processes. The non-radiative processes include loss of energy to

heat and the creation of phonons. More important are the radiative processes

of spontaneous and stimulated emission of photons. In spontaneous emission

the atom relaxes and emits a photon which has a random phase, polarisation

and direction. By contrast, stimulated emission can occur when an incident

photon stimulates the atom to relax. The emitted photon possesses the same

phase, polarisation and direction of the incident photon. Akin to a chain

reaction, the emitted photons can cause further stimulated emission processes.

It is this stimulated emission that is desired for the lasing process. However,

the probability of an atom undergoing stimulated emission is dwarfed by that

of spontaneous emission. By introducing a resonator cavity, the stimulated

emission can be enhanced by repeatedly re�ecting the photons through the

medium. The random direction of the photons which result from spontaneous

emission means most are lost from the system while most of the photons from

stimulated emission are con�nedwithin the cavity. The pump sourcemaintains

this process of excitation and stimulated emission.

Once the pumping process produces a gain of stimulated emission which ex-

ceeds the cavity losses, then a tiny proportion of the light can escape via a
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partially-re�ecting mirror at one end of the cavity producing the laser beam.

This point at which the gain equals the cavity losses is called the lasing thresh-

old.

The optical resonator cavity in its simplest form is two highly re�ecting inter-

faces placed around the gain medium which provide feedback of the light. In

more complex lasers, con�gurations with four or more mirrors forming the

cavity are used. The design and alignment of the mirrors with respect to the

medium is crucial to determining the exact operating wavelength and other

attributes of the laser system. The mirrors are given optical coatings which

determine their re�ective properties.

For ef�cient excitation and therefore a more ef�cient lasing process, in optical

pumping at least, the wavelength of the pump source must be matched to the

absorption pro�le of the gain medium. The gain material can be a gas, liquid,

solid or a semiconductor material. The physical properties of the material

dominates the spectral properties of the emitted laser light. Lasers can not

only be categorised in terms of their physical properties but also in terms of

their spectral output properties: narrow bandwidth versus broad bandwidth

and continuous wave output versus pulsed output.

Quasi-monochromatic lasers such as theHelium-Neon laser have a very de�ned

narrow gain bandwidth centered at 632.8nmwhereas the Ti:sapphire laser has a

broad gain bandwidth, depending on the pump source, intracavity components

and con�guration, of between 770nm to 820nm. In the He-Ne laser, the Helium

gas atoms which constitute nearly 90 per cent of the gas mixture, accumulate
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in the 21S and 23S states. The Helium atoms collide inelastically to transfer

some of their energy to the 5s and 4s states. Allowed transitions between these

and the other energy states give laser transitions in the infrared (1152.3nm and

3391.2nm) and the visible red (632.8nm) and green (543.5nm). In the case of the

Ti:sapphire and other vibronic gain materials, the energy levels are smeared.

Excited atoms can by emission of phonons relax to lower energy sub-levels

within that level. The laser transitions can therefore occur over a range of

wavelengths with varying intensities.

Earlier we alluded to the importance of the laser cavity in determining the

operating wavelength of the laser. Its importance lies in whether it can support

the existence of these laser transitions within the laser. The resonator cavity

imposes restrictions on the wavelengths of light that can propagate within it.

In the case of a two mirror cavity, the electric �eld of the radiation takes on a

standing wave pattern which means that there must be a node at each mirror.

Therefore the cavity will resonate if and only if there is an integer number, m,

of half wavelengths in the cavity of length L. That is,

m =
L

λ/2
(1.1)

with v = νλ where v is the velocity, ν is the frequency and λ is the wavelength

of the radiation this gives

νm =
mv

2L
(1.2)

Thus there are an in�nite number of possible standing waves or longitudinal

cavity modes which are separated by

∆ν =
v

2L
(1.3)
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From this relationship, it follows that as the cavity gets smaller, the spacing in

frequency between supported longitudinal cavitymodes gets larger. For lasing,

only modes with frequencies that lie within the bandwidth of the gain medium

will be supported and consequently it is possible to design cavities for single

mode operation.

Figure 1.2: The gain bandwidth of a laser medium spans a certain wavelength range (top).
The cavity supports longitudinal modes separated by frequency δν = c/2L (mid-
dle). Combined the laser medium and cavity will support lasing of a restricted
subset of modes (bottom)

For this reason, even gainmaterials with broad emission bandwidths have nar-

row largely monochromatic outputs. At least it is fair to say that continuous
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wave (cw) laser outputs are monochromatic. With lasers which have a broad

bandwidth gainmaterial it is possible, by careful design of the cavity, to produce

pulsed outputs of a short durations from milliseconds down to femtoseconds.

To understand just how short these pulses are, consider how far light can travel

during that time-frame. The shortest optical pulses demonstrated to date have

a pulse duration of 4, 2 × 10−15 seconds during which time light can travel

just 1.26µm. With these shorter pulse durations, the power from a laser is

squeezed into each pulse giving huge peak powers which can prove very useful

in a plethora of applications. The �rst pulses produced were in the range of mi-

croseconds but with the advent of Q-switching techniques, nanosecond pulses

became achievable. Shorter pulses came by employing mode-locking tech-

niques where randomnoise �uctuations were forced either passively or actively

to produce trains of short bursts of laser light. Active modelocking techniques

are those which require an intracavity element such as a semiconductor sat-

urable absorber to force the phase of the cavity modes to lock together [7, 8, 9].

A saturable absorber is any material which has decreasing light absorption

when exposed to increasing light intensity. Semiconductors prove to be a good

choice of material for this as they absorb over a broad range of wavelengths

and their recovery time and saturation �uence can be controlled in the design

and manufacture stage. Through the 1970s and 1980s, passive mode-locking

techniques and saturable dye absorbers led to the production of picosecond and

ultrashort pulses. However, it was the discovery of spontaneous mode-locking

by Sibbett et al. in 1991 which produced pulses as short as 60 femtoseconds

from a Kerr-lens modelocked Ti:sapphire laser [10]. This technique is partic-

ularly interesting as it requires no external intervention but instead relies only

on the properties of the beam itself and its nonlinear interaction with the gain

material. Kerr-lens modelocking occurs speci�cally in solid state lasers such as
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the ubiquitous Ti:sapphire laser. It arises from the Kerr effect which, as will be

discussed more fully in Chapter 2, modi�es the refractive index n of a medium

to

n = n0 + n2I (1.4)

where n0 is the linear refractive index, n2 is the nonlinear refractive index

and I is the instantaneous intensity of the beam. At cw powers, the nonlinear

refractive index is negligible. However when subjected to very high intensities

the refractive index of the medium can be altered signi�cantly. A spike of

high intensity radiation can be introduced to the laser cavity by tapping the

end mirror. As illustrated in �gure 1.3, this spike or noisy pulse will have a

high intensity which alters the refractive index of the crystal as it propagates

through the crystal causing it to act as a lens. As the crystal focusses the

beam the increasing intensity exacerbates the effect. The end result is a laser

cavity with a soft aperture which encourages the laser cavity to support pulsed

operation over continuous wave operation. The separation of the pulses, also

known as repetition rate, is determined by the round trip time of the cavity and

therefore by reducing the size of the cavity increases the repetition rate of the

pulses. The properties of the laser light fromapulsed laser differ from that from

Figure 1.3: Self-focussing of a laser beam through a solid-state gain medium which exhibits
the Kerr effect(Kerr medium). The high intensity pro�le of an noise spike acts to
increase the refractive index by means of the Kerr effect. This, in turn, focusses
the beam further. The cavity sees less loss with high intensity spikes and hence
is encouraged into producing a pulsed output
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a cw laser. Consider two cw and pulsed lasers with comparable average output

powers at a de�ned wavelength. With the cw laser, the output is constant and

effectively monochromatic. The �rst notable difference can be understood by

considering the bandwidth theorem∆ν∆τ ≥ 2πwhere∆τ is the pulse duration.

For a cw laser, ∆τ tends to in�nity and hence the bandwidth, ∆ν, tends to a

line function or more realistically, a monochromatic beam. In contrast, the

pulsed laser has a de�ned pulse duration and consequently has an de�ned

bandwidth and hence the approximation to a line function is no longer valid.

The second notable difference is the relativelymassive peak power of the pulses

compared to the average output. These two main properties of pulsed lasers

have been exploited either together or alone in many applications. The high

peak powers of pulses can induce nonlinear effects in materials such as multi-

photon absorption, second- and third-harmonic generation and indeed the

aforementioned Kerr effect. The increased bandwidth of the pulses have been

used in data transfer techniques where the pulse broadening is encouraged as

the greater bandwidth∆ν can give even shorter pulse durations. However, that

aside, perhaps the exciting attribute is the amazingly short pulse duration as it

hasopenedupanew�eldof 'femtoscience'. In 'femtoscience', femtosecond time

resolution is required to study the atomic and molecular dynamics of reactions

and processes (Fig 1.4). Now it is possible for biologists to study complex

biochemical reactions such as photosynthesis which take place within a time

frame of only a few femtoseconds. Similarly, chemists can now observe the

dynamics of chemical bondmaking and breaking while physicists have recently

used ultrashort X-ray pulses to probe atomic phenomena such as coherent

lattice vibrations. Figure 1.4 shows the timescales of some biological, chemical

and physical processes that can be probed using short and ultrashort laser

pulses.
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Figure 1.4: Many biological, chemical and physical processes occur on a femtosecond
timescale and can be studied using femtosecond laser-based techniques.

Using ultrashort pulses of laser light as a dynamic probe has become a useful

technique. However, the power of the ultrashort pulse is not limited to ultrafast

speed photography of biological, chemical and physical processes. Its potential

for use in new applications across the sciences is huge. When an established

technique or tool is taken into other sciences or research, exciting experiments

and results are possible. Just as femtoscience has been generated from the

cross-fertilisation of the traditional branches of sciences, other exciting areas

of research today are also emerging.

Formany years now, the laser has been an essential tool inmedicine. A laser can

be used as a scalpel that selectively cuts tissue leaving blood vessels intact, as a

tool for targetedannihilationof cancer cells inphoto-dynamic therapy andmore

routinely now, in birthmark and permanent hair removal. The last few years

have seen an explosion of cross-discipline research. By bringing physicists,

chemists and biologists out of their scienti�c silos, a transfer of knowledge

and understanding between disciplines is allowing scientists to improve upon

existing scienti�c techniques and devices. Here lies the driver for perhaps

one of the most exciting branches of scienti�c research today: biophysics.
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Established techniques in biology and physics are being combined to give us

innovative solutions and applications. The possibilities seem endless. Within

this new discipline, optical micromanipulation has particularly become one of

interest to the wider scienti�c community.

Scientists working in optical manipulation techniques are well acquainted with

the nameArthur Ashkin, for it is his pioneering work that was the foundation of

this �eld of research [11] [12]. His �rst demonstration of optical trapping of a

particle in a laser beam showed that it was possible to exploit the forces of light

to optically manoeuver particles. This elegant experiment has developed into

a major subject of scienti�c study. By being able to optically trap, guide and

bind particles we have a range of established techniques, dubbed the 'optical

toolkit', with applications in a range of disciplines including but by no means

exclusive to biology, genetics, micro�uidics, pharmacology, biotechnology and

forensics.

As Ashkin is quoted as saying, some of the 'previously impossible experiments'

have had a 'revolutionary impact'. The basis of this claim is that light is

able to selectively manipulate and interrogate living cells and organisms non-

invasively. Furthermore, it is now possible to examine, in vivo, the chemical

reactions, physical forces and biological processes without irrevocably damag-

ing the subject of study.

In optical micromanipulation, a laser beam becomes an optical scalpel that

can perform cellular microsurgery allowing scientists to learn more about the

microscopic intracellular structures and their functions; it becomes an optical
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drillwhichmomentarily tears a cellularmembrane, permitting fast and targeted

molecule and DNA delivery prior to seemingly miraculous self-healing of the

membrane [13]. A laser beam can distinguish then sort white blood cells

from red blood cells, or identify then select �uorescing samples. In miniature

laboratories, a laser beam can become the driver of tiny pumps, valves or cogs

on the micrometre scale. How is this possible?

The answer lies in an idea put forward by Einstein. In his research into the

quantum nature of light he proposed that light has no mass but can still exert

a force. Photons possess and can transfer momentum just as billiard balls on a

table canexchangemomentum. Onamacroscopic scale, themomentumof light

is not yet suf�cient to signi�cantly in�uence themotion of objects. However, at

and below themicroscopic scale, the force of light is capable of in�uencing quite

strongly themotion of certain objects. Conservation ofmomentumdictates that

an optically transparent particlewithin a light beamcan itself in�uence the light

direction and thus change its momentum. The rate of change in momentum p,

can be described by

F =
dp

dt
=

mdν

dt
(1.5)

where dt is the rate of change, m is the particle mass and ν is the particle

velocity. This interaction between light and an object is the basis of optical

micromanipulation techniques.

Consider two light paths as illustrated in �gure 1.5. The on-axis ray, ray 1, has

higher photon �ux than the off-axis ray, ray 2. The light rays are refracted by

their interaction with the optically transparent microsphere. This change of

path direction introduces a change in momentum of the photons which by the
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Figure 1.5: The momentum transfer of momentum between light and optically transparent
objects can in�uence the motion of the object. The photons travelling along
path rays 1 and 2 exchange momentum with the optically transparent spherical
particle. This momentum exchange acts to push the particle in the opposite
direction to each refracted ray. Since the �ux of photons in the on-axis beam (ray
1) is greater than the off-axis beam (ray 2) net result is to push the beam towards
the beam axis where it will stay in a transverse equilibrium

conservation of momentum principle is transferred to themicroscopic particle.

Due to the imbalance of photon �ux there is a resultant force which acts to force

the particle toward the region of high intensity which is along the beam axis

where, in the absence of other forces, it remains in equilibrium. This effect is the

basis of theopticalmicromanipulation techniques suchas tweezingandguiding.

In optical tweezing, the particle is con�ned within a local trap but in optical

guiding, the particles are transported along a beam axis. Optical tweezing

has been studied extensively and the optical forces are now well understood

and characterised [14, 15]. In contrast, optical guiding techniques have been

used but not explored fully. Furthermore, most optical micromanipulation

techniques have been carried out using cw lasers. In this context, the thrust of

my research has been to explore optical guiding techniques using ultrashort-

pulsed lasers. The aim is �rst to better understand the physics of optical guiding

and then identify any additional bene�ts or potential applications of using

pulsed laser sources over continuous wave sources and Bessel over Gaussian
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beams. Included in this is an ambition to explore multi-photon excitation in

optical guiding using ultrashort lasers.

In this thesis I set out to give the reader an introduction and understanding

of the science pertinent to my research. This includes the physics of ultra-

short pulse generation,multi-photon excitation opticalmicromanipulation and

Bessel beams. These topics will be discussed in the next three chapters. Fol-

lowing from this, a brief review of previous, pivotal experiments in this �eld

is given. From this background and theory the attention moves to the experi-

mental work carried out. This will be detailed in the three subsequent chapters.

Finally, to conclude, the work will be discussed with suggestions for further

work. To begin, in Chapter 2, we �rst discuss the generation and applications

of ultrashort pulses and multi-photon excitation.
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CHAPTER 2

Ultrashort-pulsed lasers: generation & applications

As ultrashort pulses are used throughoutmy research, it is important to expand

on the brief overview given to this subject in the introduction. As my research

is primarily concerned with the application rather than the characterisation of

ultrashort pulses, the focus here will be on those topics directly relevant to the

work. For amore detailed description of ultrashort lasers, the reader is referred

to the following references [5, 16, 17]. Here we include a general discussion

on pulsed lasers before moving to ultrashort pulse generation by modelocking

methods. We shall then move on to the applications of ultrashort pulses and

brie�y touch on the suitability of femtosecond lasers in biomedical applications.

Also, as multi-photon excitation plays an important role in the experimental

work carried out an overview of this subject follows. Again this is constrained

to those topics of particular relevance.
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2.1 Generation of ultrashort pulses

The most common laser is one with a continuous wave (cw) output. These

range from tiny semiconductor diode lasers with milliwatt outputs to �bre

lasers which can produce powers as high as 100W [18]. This means that the

power from the laser is released from the cavity constantly with time. As

discussed in Chapter 2, multi-photon processes require a high photon �ux. To

achieve this with cw lasers would require prohibitively costly lasers in terms of

pump energies and running costs. Alternatively, if it was possible to somehow

contain the energy from a cw laser within the cavity before suddenly releasing

it in a single short burst of light, the instantaneous power of the laser would be

increased for the duration of the light burst. For the same average output power

as a cw laser, it would be possible to achieve high peak powers from periodic

bursts of light from the laser. There are many ways to produce bursts or pulses

of laser light. The resulting pulses with higher peak powers are suf�cient for

inducing these multi-photon processes.

As discussed in the introduction, a laser will only produce an output if and

when the gain exceeds the cavity losses. In a method called Q-switching, a

cavity is set up initially with high losses. This allows the pumping process to

build up a large population inversion as it tries to reach the lasing threshold. By

suddenly switching to a low loss cavity, the energy within the cavity is released

as giant pulse of light. The name of the mechanism is related to the quality

factor of a cavity, Q, which is a measure of how ef�ciently the cavity releases

the energy within it. A cavity with low losses has a high Q-factor and hence

in Q-switching, the laser cavity goes from a low to high Q-factor. This can
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be achieved by using active Q-switching techniques such as rotating mirrors,

electro- and acouto-optic modulators. Here the quality factor of the cavity is

controlled by an external component. In passive methods, the inherent optical

properties of an intracavity component are exploited to control the losseswithin

the cavity. One such common method is by saturable absorbers which become

increasingly transmitting at higher intracavity powers. As the intracavity power

increases, the absorber becomes saturated and increasingly transparent which

consequently reduces the losses within the cavity. The production of a pulse

results. The pulse repetition for Q-switched lasers is typically 1-100 kHz or

higher with pulse durations in the region of nanoseconds. For microchip lasers

which are Q-switched with a semiconductor saturable absorber mirror, pico-

second pulse durations are obtainable and at megahertz repetition rates. For

shorter pulses in the region of pico- and femtoseconds a different approach,

called modelocking, is required.

2.1.1 Modelocking

Modelocking is now themost common and ef�cientmethod of producing ultra-

short laser pulses. Normally a laser operates in a continuouswave fashion. This

is because the the axial modes within the cavity oscillate with random phase

between one and other to produce a continuous noise-like output. If one can

somehow encourage the electric �elds to start oscillating in phase, then this

leads to the evolution of spikes. To illustrate, in �gure 2.1 there are three

modes with wavelengths λ1, λ2 and λ3. If the phases are locked together as

illustrated then the superposition of the wave trains leads to the development

of pulse trains. These are separated in time by the cavity round trip time 2nL/c
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Figure 2.1: Illustration of mode-locking of axial cavity modes to form pulses. Three modes
of λ1, λ2 and λ3 are in phase leading to evolution of pulses with a separation in
time of 2nL/c.

where n is the refractive index of the medium, c is the velocity of light and L is

the cavity length.

Recalling the bandwidth theorem introduced in Chapter 1, from this illustration

it can be deduced that the greater the number of modes that oscillate within a

cavity, the shorter the pulse duration can become. However, as stated, a laser

normally operates in continuous wave fashion and therefore must be forced

to produce pulses in some way. This can be done by applying some kind of
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amplitude or phase modulation within the cavity. This modulation can be

applied either by some external source in active modelocking or by some other

means in passive modelocking.

In activemodelocking, intracavity components such as electro-optic or acousto-

optic modulators have a modulation frequency set to match a multiple of the

round trip frequency of the laser. This means that the pulse is able to complete

a round trip of the cavity before returning to the modulating component where

the gain or transmission will be at a maximum once again. This ensures that

only multiples of this mode are able to propagate within the cavity and hence

force modelock operation. These techniques are limited to the frequency of the

modulation and are able to produce picosecond pulses. For the shorter pulses

that we require, passive techniques are required.

In passive modelocking, there are no external components needed. To take

the example of a saturable absorber in the form of an organic dye, these broad

bandwidth dyes become increasingly transparent with intensity. A random

noise spike in the cavity will experience less loss than smaller oscillations. It

will therefore will grow at the expense of the other oscillations within the cavity.

An erosion of the leading and trailing edge of the pulses reduces the pulse

duration until its bandwidth equals the gain bandwidth of the gain medium.

The same process is used in semiconductor-saturable absorber mirrors. Even

shorter pulse durations becamepossiblewith solid-statematerialswith broader

bandwidth however the pivotal breakthrough came with the demonstration of

self-modelocking in 1991 [10].
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Self-modelocking is often referred to as Kerr-lens modelocking and exploits

self-focussing and self-phase modulation which arise from the Kerr effect as

mentioned in Chapter 1. In self-focussing we can consider a pulse with a

Gaussian-like spatial pro�le as it passes through a medium which has a re-

fractive index described by equation 1.4 where the term n2I is signi�cant and

positive. If the incident wavefront is planar with a Gaussian pro�le, then the

outer portions of the wavefront will increase in speed with respect to those

nearer the central more intense part of the pulse. This acts to create a virtual

lens within the material which causes the beam to be focused. While this is

pivotal in ultrashort pulse generation, the same phenomenon can cause beam

break-up and optically induced damage of materials.

Self-phase modulation also results from the nonlinear refractive index change

caused by the Kerr effect. The change in refractive index is instantaneous

and causes different parts of the pulse, in the temporal domain, to experience

different refractive indices. Overmany round trips within the cavity a pulse will

suffer from increasing spectral broadening. In combination these two effects

can be deleterious to pulse generation. In high power lasers they can lead

to distortion of the pulse shape to the extent that it can not be ampli�ed by

the �nite bandwidth of the laser medium. These effects can be managed by

maintaining the power of the laser below a distortion-inducing threshold.

However, it was discovered that when a large noise spike is introduced into a

laser cavity during normal cw operation, there is suf�cient intensity to cause

self-focussingwithin thegainmedium. Aswith the saturable absorber, thenoise

spike sees less loss in the cavity. An intracavity aperture encourages the laser

into pulsed operation. Concurrently self-phase modulation helps to broaden
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the pulse and therefore, from the bandwidth theorem, supports the production

of pulses with even shorter durations. The limiting factor in producing pulses

in this way is the dispersive effects of the optics within the cavity. Dispersion

compensation is essential and can be provided either by specially engineered

chirped mirrors, or quite commonly by a prism-pair arrangement as shown in

�gure 2.2.

Figure 2.2: A double prism-pair arrangement is used to provide negative dispersion which
compensates for the positive dispersion generated by material dispersion and
self-phase modulation. The beam incident on prism P1 is refracted into its
spectral components and travels through the series of identical prisms P2, P3
and P4. The beam is recombined by P4. Longer wavelength components travel
through more optical glass and therefore are subject to greater dispersive effects
than the shorter wavelengths.

Pulses as short as 4fs have been generated in this way. Efforts continue to

produce lasers with pulses of attosecond duration. To reach this many barriers

have to be overcome. One of themajor impediments is �nding amechanism by

which to measure these pulse durations as they become shorter than the time

it takes a light wave to complete one cycle.
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2.2 Applications of lasers in biomedicine

As mentioned in Chapter 1, many atomic, molecular and chemical processes

occur within the picosecond and femtosecond timescale. To enable scientists to

investigate these processes in detail some faster event is required andultrashort

laser pulses provide a means of achieving this. In the �eld of semiconductor

spectroscopy, pump-probe experiments have been key in developing theoreti-

cal models of semiconductor devices and therefore instrumental in improving

their speeds. In ultrafast chemistry, ultrashort laser pulses are used to inves-

tigate many chemical processes which occur on a femtosecond timescale such

as bond formation and breakage, ionisation, molecular collisions, rotations

and vibrations. With the wide variety of laser powers, wavelengths and pulse

durations available, there are a huge range of laser parameters to choose from.

In biomedical applications, one aim is to be able to probe and investigate

structures within biological tissues. To gain information from these complex

structures, the light needs to be able to penetrate the tissues. Thedepth towhich

light can penetrate is dependent on the scattering and absorption properties of

the tissue.

Consider �rst the scattering of light in tissue. This occurs as a direct result of

the interaction of light with microscopic and macroscopic constituents such as

cellular membranes, mitochondria, ribosomes, fat globules and the refractive

index mismatching between intra- and extra-cellular �uids [19].
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For particlesmuch smaller than the wavelength of the light, Rayleigh scattering

dominates and is inversely proportional to the fourth power of wavelength

[20, 21]. Mie scattering of particles greater than the wavelength of the light

is not wavelength dependent. If there is a high concentration of Mie particles

present ina substance, thehigh levels of scattering is evident in thewhiteopaque

appearance of the substance. The combination of Mie and Rayleigh particles

in a tissue means that scattering in tissue is reduced at longer wavelengths as

illustrated in �gure 2.3.

There are four main types of tissue within the body: epithelium, connective,

muscle, and nervous tissue. All of these tissues contain water, haemoglobin,

proteins and fats to varying degrees. As illustrated in �gure 2.3, the combi-

nation of the absorption spectra of these tissue components and wavelength-

dependent scattering combine to make the near-infrared region of the electro-

magnetic spectrum particularly amenable to the interrogation of tissue. This

region of the electromagnetic spectrum is termed the therapeutic window.

There are a range of sources which are suitable for working in this part of the

spectrum including the Cr:LiSAF and Ti:sapphire lasers used in the experi-

ments detailed in this thesis. One of the bene�ts of using red and infrared

lasers is deeper tissue penetration. However, many of the structures within

tissue need to be excited at shorter wavelengths. Cellular structures can also

can be taggedwith �uorophores which also have absorption and emission spec-

tra in the visible spectrum. Fluorophores will be discussed in more detail in

Chapter 7 but here it is important to understand that to excite and image the

emission from these these structures, one needs light with wavelengths which

map to the absorption spectra. These structures can be imaged using a range

of microscopies.
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Figure 2.3: Absorption spectra of water, proteins, melanin, haemoglobin show that the re-
gion of lowest absorption is between 600nm and 1000nm. Also shown is the
wavelength-dependent scattering of particles in tissue.

There are several microscopy-based imaging techniques which can be used to

obtain information andanunderstandingof the structures andprocesseswithin

biological samples. Conventional techniques include conventional scanning

and confocal microscopies. In a conventional scanning microscope, a sim-

ple microscope arrangement is modi�ed to allow a light probe to scan over

an object. The image is formed by the electric signal measured by a photo-

detectorwhich captures the re�ected or transmitted light. This electronic signal

allows quantitative measurements, image processing, analysis and enhance-

ment. This method is usually reserved for imaging 2-dimensional samples.

For 3-dimensional imaging of thick biological tissues, a confocal microscope is

required. In theory, by placing a small aperture close to the biological sample,

resolution is increased at the expense of �eld of viewby rejecting the out of focus

contributions. In practice, this higher resolution is achieved by using a point

source such as a laser which is focussed onto the sample. The image spot is
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then focussed back through the lens and through an aperture which is situated

at the conjugate focal plane. Light from object planes away from the focussed

image do not converge at the pinhole and therefore is mostly blocked by it.

The result is an optical section of the object which can be constructed into a

3-dimensional image by scanning the point source and aperture simultaneously

over the sample. Confocal microscopy has been used extensively as an imag-

ing technique since it provides a high-resolution optical sectioning capability

however it has some limitations. The aperture which increases the resolution

also acts to reduce the signal and hence higher powers are needed for imaging

the �uorophores. The downside from this is that the �uorophores will tend

to suffer from photo-bleaching. Also, as previously mentioned the excitation

of �uorophores by this method requires UV, blue and green lasers which are

more quickly attenuated by scattering in the tissue. These shortcomings can

be overcome by use of two-photon techniques which use the high-peak power

of pulses to result in a smaller volume of excitation, deeper penetration into

tissue with a reduction in photo-bleaching and photo-damage. The two-photon

excitation phenomena are discussed further in the next section. Suf�ce it to say,

in microscopy-based imaging techniques, ultrashort pulses are fundamental in

providing higher resolution images at deeper penetration.

Another imaging technique called �uorescence life-time imaging (FLIM) allows

real-time imaging and spatial mapping of a �uorophore within a cell or tissue

[22, 23]. This uses the �uorescence lifetime of a �uorophore as an imaging

mechanism. The lifetime of a �uorophore is related not to the concentration or

intensity of the �uorescence but to its environment. By using ultrashort pulses

to excite the �uorophores measurements of the lifetime can be used to differ-

entiate between healthy and cancerous tissue. One of the key applications in
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biomedicinehas been thedevelopment of photo-dynamic therapy (PDT). In this

cancer treatment, a photo-sensitive chemicalwhich is designed topreferentially

congregate in tumours is injected into tissue. This chemical is activated using

light from a laser which causes the generation of singlet oxygen. Singlet oxygen

promotes cellular death and therefore kills the cancerous cells. The process was

�rst carried out using single photon absorption but recently, two-photon exci-

tation photo-dynamic therapy has been investigated as an alternative method

[24]. The production of singlet oxygen which is bene�cial in this application

is an unwanted effect in others [25, 26]. Using infrared femtosecond lasers

has been shown to induce cell death and inhibit cell division. The bene�ts of

multi-photon microscopies of increased resolution, decreased photo-damage

and photo-bleaching are balanced by this deleterious effect. This must be

considered in choosing a suitable laser for use in biomedical applications.

There are many nonlinear effects that are of interest to scientists, however,

the research detailed within this thesis is primarily concerned with that of

two-photon excitation-induced �uorescence and second-harmonic generation.

Both phenomena involve the interaction of atoms with two photons but the

processes and the resulting emission are subtly different. These will now be

discussed in the following sections.

2.2.1 Two-photon excitation-induced fluorescence

When a single photon is absorbed by amolecule, an electron is excited to a state

which ishigherbyanenergy equal to thephotonenergy. In 1931Goppart-Mayar
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hypothesised that two-photon absorption could take place [27]. Simultaneous

absorption of two photons would require the presence of two photons of the

same state at the same point in space and time. In fact as Denk et al. reported

in their 1997 paper on the subject, a �uorophore exposed to bright daylight

may be excited by a one-photon absorption once a second. In contrast it will

be spontaneously excited by a two-photon absorption once every 10 million

years [28]. Hence, the �rst practical demonstration of two-photon excitation

by Werner Kaiser, which had to wait until the advent of the laser, came in 1961

[29].

Given a high enough �ux of photons, two are absorbed almost simultaneously

by the electron which is then excited to a higher energy state. This excited

state is higher by the sum of the two photon energies. The molecule relaxes

via non-radiative processes to slightly lower energies within the higher state.

The �uorescence which results from the radiative relaxation has an energy

lower than the sum of the energy of the absorbed photons. The non-radiative

transitions within the molecular energy levels also act to broaden the emis-

sion spectrum. A slight increase in the incident photon energies results in an

emission wavelength which is Stokes-shifted to a longer wavelength. The �u-

orescence is emitted isotropically as illustrated in �gure 2.4. The reduction of

photo-bleaching and photo-damage arises from the fact that the excitation can

only occur in regions of high intensity such as the beam focus. As mentioned

previously, when this technique is combined with microscopy techniques, the

resulting images have a higher resolution [30]. For imaging purposes, �uoresc-

ing molecules typically emit in the visible spectrum (400− 700nm). To repeat,

the bene�ts of using pulsed laser sources in the infrared (700− 1000nm) means

exploiting multi-photon excitation and deeper penetration of tissues due to
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decreased scattering at these longer wavelengths [6].

Figure 2.4: The incident radiation (red arrow) generates two-photon excitation-induced �u-
orescence (green) which is isotropic(l) compared to the directional nature of
second-harmonic generated radiation (blue)(r).

2.2.2 Second-harmonic generation

In contrast with two-photon excitation-induced �uorescence, multi-harmonic

generation arises from the optical properties of a material. Different materials

have different properties and therefore exhibit varying levels ofmulti-harmonic

generation. These properties are described by a nonlinear susceptibility ten-

sor. For second-harmonic generation, the tensor has 27 components which

results in an electric polarisation of the electric �eld which is dependent on

the various components of the electric �eld. Second-harmonic generation only

arises in materials with a non-centrosymmetric crystal structure such as Potas-

sium Titanyl Phosphate, KTP , or Lithium Niobate, LiNBO3. Third-harmonic

generation can take place in structures which are either centrosymmetric or

non-centrosymmetric. However, this requires the simultaneous absorption of

three or more photons and the probability of this event occurring is even less

than that of two-photon absorption. In multi-harmonic microscopies third
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and second harmonics of the fundamental laser wavelength can be generated

in structures such as collagen, elastin and muscle. It has also been used in

the imaging of surfaces, microtubules, tumours and in in-vivo developmental

biology.

In this formof excitation,multiplephotons interact simultaneouslywithamole-

cule with no absorption events. N-photon harmonic generation is primarily a

scattering process which produces an emitted wavelength of exactly 1/N times

the incident photons. Here we are concerned primarily with second-harmonic

generation which was �rst demonstrated by Franken et al. in 1961 [31]. By

focussing a ruby laser with a wavelength of 694nm into a quartz crystal and

analysing the output light through a spectrometer, they were able to record

the spectrum on photographic paper, which con�rmed the production of light

at 347nm. Second-harmonic generation is a special case of frequency mixing

which arises from the nonlinear response of the polarisation:

P (t) = χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + · · · (2.1)

For frequency-mixing processes it is the second-order term which is key. By

writing the time-varying electric �eld as

E(t) = E1e
iω1t + E2e

iω2t + c.c. (2.2)

where c.c. denotes the complex conjugate of two incident beams E1 and E2 the

second-order polarisation becomes

P (2)(t) =
∑

χ(2)n0E
n1
1 En2

2 ei(m1ω1+m2ω2)t + c.c. (2.3)
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where the summation is over

n0 ∈ 1, 2

n1, n2, m1 ∈ 0, 1, 2

m2 ∈ 0,−1, 1, 2

From this, there are six non-degenerate combinations of the paramters n0, n1,

n2,m1,m2 which relate to six different possibilities of frequencymixing: second

harmonics of E1 or E2, optically recti�ed signals of E1 and E2, the difference

frequency ω3 = ω1 − ω2 and the sum frequency ω3 = ω1 + ω2. In the case of

ω1 = ω2, the emitted radiation is the second harmonic of the incident radiation.

All these frequency-mixing processes are sensitive to the relative phases of the

incident and generated beams. For ef�cient frequency mixing to take place

effective and ef�cient phase-matching is required. Phase-matching plays a

key role in the success of some of my experimental work which is detailed in

Chapter 7 and will be explained here.

Phase-matching can be understood by considering a travelling wave described

by

Ej(x, t) = ei(ωjt−kj ·x) (2.4)

with kj = n(ωj)ωj/c where c is the velocity of light and n(ωj) is the refractive

index of the medium at the angular frequency ωj. Thus equation 2.3 becomes

P (2)(x, t) ∝ En1
1 En2

2 eiω3t−(m1k1+m2k2)x (2.5)

From this it can be deduced that the second-order polarisation gives rise to

a radiated �eld at angular frequency ω3 and its corresponding wave vector is

k3 = m1k1 + m2k2. The phase-mismatch between the three wave vectors ∆k
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can be expressed as

∆k = k3 −m1k1 + m2k2 (2.6)

In the case of second harmonic generation, m1 = 2 and m2 = 0, and from the

condition ω1 = ω2 then k1 = k2 to give the relationship

∆k = k2ω − 2kω (2.7)

Theaspiration is for the∆k = 0as thiswill give themost ef�cient frequency con-

Figure 2.5: The second-harmonic generated signal is dependent on the phase-matching con-
ditions. The dotted line shows how the SHG signal oscillates between a low value
and zero. The solid line shows how the SHG signal grows along the direction of
propagation when phase-matching conditions are met[32].

version. As shown in �gure 2.5, without phasematching, the second-harmonic

signal will oscillate between zero and a small value [33]. This can be understood

by considering how the second-harmonic signal propagates along the z axis of

medium of refractive index, n.

P (2ω)e1k2ωt ∝ EωEωei2kωt (2.8)
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Under steady state conditions, d/dt = 0 the second-harmonic electric �eld will

vary along a the crystal length according to the expression

dE2ω

dz
∝ EωEωei∆kz (2.9)

Integrating over the length of the crystal yields the expression

E2ω|z=l ∝ E2
ωlsinc(

∆kl

2
) (2.10)

The intensity of the radiation can then be described by the relationship

I2ω ∝ I2
ωl2sinc2(

∆kl

2
) (2.11)

Under these conditions, the intensity will be vary between zero and unity.

Forconditions where ∆kl/2 is large this can be rewritten as

I2ω ∝ I2
ω(

2

∆kl
)2l2 sin2(

∆kl

2
) (2.12)

For conditions where ∆kl/2 is small, then the sinc2(∆kl/2) approaches unity

and hence the second-harmonic generated �eld is optimised. By employing

phasematching techniques the second harmonic signal will grow quadratically

along a crystal axis.

The direct relationship between incident photon energy and generated radi-

ation means that when the excitation frequency, ω, is changed, the emission

wavelength maintains the harmonic relationship, 2ω. Again in contrast to

two-photon excitation-induced �uorescence, the emitted light is coherent and

thereforemust satisfy phasematching constraints. Inmulti-photonmicroscopy
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the second-harmonic signal retains the phase information and emits with a di-

rectionality dependent on the nature of the scatterers as illustrated in �gure

2.4. In both cases, however, the emitted radiation has an intensity, I2ω which

is proportional to the square of the incident power Pω

I2ω ∝ P 2
ω (2.13)

Second-harmonic generation and two-photon excitation-induced �uorescence

as optical imaging techniques can, in combination, provide important infor-

mation about a tissue sample. It is possible to perform two-colour multi-

photon microscopy by tailoring the excitation wavelength in such a way as the

second-harmonic generated radiation is suf�ciently far from the �uorescence

wavelength [34, 35, 36].

2.3 Discussion

Femtosecond lasers have, until now, not been used to any great extent in the

�eld of optical micromanipulation. Since the vision here is to explore their use

in combiningmultiphoton excitation techniqueswith optical guidingweneed to

understand some of the properties and existing applications of these ultrashort

pulses. Therefore, in this chapterwehavediscussed the generationof ultrashort

pulses by modelocking techniques. Since this work was carried out as part of

a wider brief to potentially develop biomedical applications, an overview of

applications for these pulses was geared towards those in the biophysics. For

this reason, a discussion of the suitability of lasers sources was included. From
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discussing what comprises an important part of the experimental work, to

another: optical micromanipulation techniques. We will now visit this in the

next chapter.
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CHAPTER 3

Optical micromanipulation

In this chapter we will discuss in more detail the radiation pressure of light

and the forces that act on an optically transparent particle either to trap or to

guide it within a light beam. Optical trapping has been well characterised and

hence it will not be discussed in detail here. The reader is referred to elsewhere

for a more thorough treatment of this topic [4, 14, 15, 37, 38]. We will instead

concentrate on optical guiding techniques as this has not been subject to the

same level of study. Understanding the physics of this technique more fully

underpins much of the research detailed in this thesis.

3.1 Forces acting on a particle within a light beam

Here we look at the forces which act on an optically transparent particle within

a beam. Figure 3.1 shows the main forces which govern the motion of a particle

within a light beam. The optical gradient force will act to con�ne the particle

within the beambut has to compete with a number of other forces. Of these, the
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simplest to understand and quantify is the force due to gravity as it is a function

of themass of the particle. Second, if the particle is not held within a vacuum, it

will also be subject to the forces of convection, diffusion and buoyancy. These

forces relate to the volume, surface area and relative mass of the particle in its

carrier medium. If a the scattering force is suf�cient to propel a particle along

a beam, then it will experience an opposing force known as Stokes drag. This is

related to the viscosity of the medium,η, the particle radius, r, and its velocity,

v.

Figure 3.1: Themain forces acting on a particle radius r travelling at velocity,v, within a beam
are gravity, heating, scattering and gradient forces. The Stokes drag, 6πη, rv also
acts to retard the forward motion of the particle.

More dif�cult to quantify are the scattering and gradient forces. In optical

trapping experiments it is the gradient force which dominates to con�ne a

particle within a trap. Conversely, it is the scattering force which dominates

the motion of a particle in a beam. Modelling and subsequent quanti�cation of

the scattering and gradient forces relies not on the absolute size of the particle
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but on its size in relation to the radiation wavelength. As mentioned in the

introduction, it is possible to trap and guide a wide range of particle sizes. In

understanding the physics of optical micromanipulation it is the relative size

of the particle r compared to the wavelength, λ of trapping or guiding beam

that is important. There are two main regimes which have been modelled

that are of interest in optical micromanipulation. The �rst is the Mie regime

where the particles have a radius r which is approximately of the order of 10λ

or more. In contrast, in the Rayleigh regime, the particle radius r, is of the

order of λ/10. In the following sections, after discussing generally the forces

acting on an optically transparent particle, we will discuss in more detail the

Mie and Rayleigh regimes before turning some attention to the intermediate

regime where the optical forces are not so easily analysed or described.

3.2 The Mie regime

WhenAshkin �rst demonstrated optical trapping of biological particles he used

an infrared (IR) beam to trap a cell of approximately 5 microns [39]. He

later developed amodel to support his observations by considering a ray-optics

approach. This model was found to be valid for particles in the Mie regime,

where particles have a radius r, larger than the wavelength of the laser, λ [40].

In the Mie regime, the physics of optical trapping can be explained by consid-

ering photons of frequency ν to have linear momentum p = hν. When a photon

interacts with an object it can refracted or scattered. If the photons undergo

a change of direction then the momentum undergoes a parallel change. Total
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momentummust be conserved therefore any change in momentum of the pho-

ton must be transferred to the object. A change in momentum, p produces a

force

F =
dp

dt
(3.1)

where F is the force, dp is the change inmomentum and dt is the change in time.

If the object is small enough, like a microscopic particle, then even picoNewton

forces will impel the object to move. To illustrate this, consider a spherical

particle placed off-axis in a laser beam that has an intensity gradient, as shown

in �gure3.2, it will be forced towards a point of equilibrium. In this case the

point of highest intensity is at the beam axis.

This can be explained by considering two ray paths passing through the sphere,

abcd and ABCD. Path abcd is of lesser intensity and hence contains fewer

photons per unit time than path ABCD. The paths are refracted as they cross

the air-particle-air boundaries. The change in direction effects a change the

photons' momenta. Since momentum must be conserved, from equation 3.1 a

force is generated. This is illustrated in �gure 3.2 by the resultant vectors
→
pq and

→
PQ. Since

→
PQ is greater than

→
pq, the resultant force acts to push the particle to

the beam axis where it reaches a transverse point of equilibrium.

By introducing an axial gradient in intensity, a similar argument can be used

to understand how particles are trapped near the focus of the beam. Again

consider the path ABCD shown in �gure 3.3 (i). The momentum change of

the photons following this path gives rise to a force
→

PQ �gure 3.3 (ii). Due to

symmetry, another force
→

RS is also produced which, combined with
→

PQ gives

a resultant force that pushes the particle up towards the focus of the beam
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Figure 3.2: (i) A particle is off-axis in a laser beam which has a gradient in intensity. Two
rays are shown abcd andABCD. (ii) The change inmomentumof abcd gives force
→
pq and (iii) the change in momentum ABCD gives force

→
PQ. (iv) The resultant

force from gradient in intensity is shown to push the particle toward the region
of higher intensity.

�gure 3.3 (iii). Here, a spherical particle with a refractive index, n greater

than that of the surrounding medium, nm, has been considered. However, the

same argument can be used to show that hollow spheres or bubbles of material

with a refractive index lower than nm are repelled to a local minimum in the

beam intensity pro�le. In the case of a Gaussian beam, this means that hollow

particles will be pushed out of the beam. This sensitivity of optical trapping to

the relative refractive indices has been put to good effect, for example, in optical

sorting of polymer microspheres and of red and white blood cells [41, 42].

3.3 The Rayleigh regime

In this section we discuss the forces which act to trap a particle which is much

smaller than the wavelength of the trapping beam. Understanding the inter-

action of these small particles with light has traditionally been of interest to
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Figure 3.3: A particle below the focus experiences two symmetrical forces
→

PQ and
→
RS(ii),

the resultant of which acts to push the particle towards the region of greatest
intensity which is along axis of the beam focus.

atmospheric physicists. For optical physicists, the same Rayleigh scattering

plays a dominant role in optical guiding and a lesser role in optical trapping.

In the Rayleigh regime, the particle is very small relative to the incident ra-

diation and a distinction between re�ection, refraction and diffraction can no

longer be made thus a ray optics approach is no longer valid. However, the

relative size of the particle means it can be viewed as a tiny perturbation to the

incident radiation wavefronts. The particle can be viewed as an induced dipole

that obeys the laws of electromagnetism.

From electromagnetism theory, introducing a polarisable particle to an electric

�eld will cause a decrease in the electric �eld over the particle volume. Since

the beam has a variation in its electric �eld pro�le, the change in electric �eld

caused by the presence of the particle will also depend on the position of the
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particle within the beam. Noting that particle may be neutrally charged, the

electric �eld will induce a dipole force. This dipole force acting on the particle

is given by equation 3.2

F = −∇U (3.2)

where U is the potential energy. For a particle with a higher refractive index

than its surrounding medium, the particle has a positive relative polarisability,

α. Therefore, applying an external electric �eld, E to the particle will induce a

dipole moment, ρ quanti�ed by equation 3.3

ρ = αE (3.3)

The resulting dipole moment is de�ned as the product of the induced dipole

charges, q and the distance d, separating them

ρ = qd (3.4)

Hence, it follows that the net force on a dipole depends not on the strength of

the electric �eld but on the gradient in E as given by

F = (ρ.∇)E = αE.∇E = α∇E2 (3.5)

That the induced dipole will cause a particle, with a positive relative polaris-

ability, to be directed towards the region of maximum intensity can be deduced

from equation 3.5. From equation 3.3we can intuit that the electric �eldwill act

to con�ne the particle in a potential energy trap. As with the Mie regime, it is

the gradient intensity of the electric �eld that causes the particle to be con�ned

at a region of local maximum intensity. When referring to the Rayleigh regime,

this gradient force is often known as the dipole force. For Rayleigh particles,
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this dipole force is weak and the scattering force is dominant in the interaction.

Hence, while the dipole force draws the particle to the central maximum, the

scattering force will simultaneously push the particle in the direction of the

beam propagation.

To model the scattering and dipole forces in the Rayleigh regime, it is useful

to consider a particle in weakly focused Gaussian beam. If the light rays are

assumed to be planar wavefronts and approximately parallel to the propaga-

tion beam axis and λ � w0, expressions for the scattering and dipole forces

(equations 3.6, 3.7) can be derived [43].

Fdipole(r) = 2πn2
hε0a

6

(
m2 − 1

m2 + 2

)
∇|E2(r)| (3.6)

Here, m is the ratio of the refractive indices of the particle np and the host

medium nm, such that m = np/nh. The permitivitty of free space is denoted by

ε0, the electric �eld component by ~E(~r) and a is the particle radius. Again, the

scattering force originates from the change in momentum of the light due to

scattering from the particle and can be described by

Fscatt(r) =
nh

c

128π5a6

3λ4

(
m2 − 1

m2 + 2

)
∇|I(~r)| (3.7)

where the light intensity I(r) is determined by the number of incident photons

per unit time and area and is related to the electric �eld vector by

I(~r) =
nhε0c

2
~E(~r)2 (3.8)
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From equations 3.7 and 3.8 we can see that the magnitude of these forces in

relation to the particle size are Fscatt ∝ a6 and Fdipole ∝ a3. Therefore the

signi�cance of the scattering force is dependent on the size of the particle. For

stable optical trapping to occur, Fdipole/Fscatt must be greater than unity. Now,

having considered the two extremes of particle modelling, the regime where

particles are of the same order of magnitude as the laser wavelength must be

considered. This will be discussed in the following section.

3.4 Generalised Lorentz-Mie theory & other models

In sections 3.2 and 3.3, we looked at the Mie and Rayleigh regimes which are

able to model the conditions where r � λ and r � λ. Given an experiment

where a laser wavelength of 800nm is used to micromanipulate 1µm particles,

these models no longer hold true. However, the intermediate region where

r ≈ λ is far more complex to model. Despite this, an attempt to model this has

been undertaken byMalagnino et al. with the Generalised Lorentz-Mie Theory

(GLMT) [44]. The GLMTmodel is an extension of the Mie approach where the

force can be described by F (r),

F (r) =
nh

c
I0 [~xCpr,x(r) + ~yCpr,y(r) + ~zCpr,z(r)] (3.9)

whereCpr,i represent the incident light on the cross-sectional area of a spherical

particle The intensity I0 is given by

I0 =
2P

πω2
(3.10)
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where ω0 is the beamwaist andP is the incident power. The factor 2 arises from

the assumption that the light is re�ected along the same path as the incident

light.

To summarise, it is the relative size of the particle to the laser wavelength that

is important in modelling the optical forces. Regardless of the model used,

however, the importance in quantifying the strength of optical forces lies in the

potential applications. For example, a simple optical trap can be calibrated to

become a useful tool in biological applications such as in the measurement of

intramolecular forces.

3.5 Convection & diffusion

In the previous sections we looked at the gradient (or dipole) and scattering

forces which act on a particle located within a laser beam. Now, let us consider

two other effects which can affect themotion of a particle in a beam: convection

and diffusion. These effects in�uence any optical guiding experiment and are

discussed brie�y here. Convection arises from the absorption of laser light in

a medium. Diffusion arises from the Brownian motion of particles in a vapour

or liquid. If a pulsed beam is used to trap or guided a beam then an important

consideration is the repetition rate of the laser. If the repetition rate is too low

then there may be enough time between pulses for a particle to diffuse out of

the beam. Diffusion times of a particle must be considered when choosing a
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laser for optical trapping and guiding as it may become dif�cult to maintain

trapping or guiding at low repetition rates.

In optical trapping, the gradient force is usually large enough to dominate

the heating effects, but in optical guiding the weaker scattering forces can

con�ict with the convective forces. The heating effects cause particles to rise

in the medium before falling under gravity to interact with the guiding beam.

For this reason, in optical guiding, some convection is useful as it maintains

a continuous �ow of particles within the guiding beam. Conversely, overly-

strong convection forces can overcome the scattering forces needed to guide

the particles along the propagation axis. Convection forces are governed by the

absorption of both the particles and the medium. In turn, absorption of most

materials is wavelength-dependent. As we will see in Chapter 6, when using

water as a guiding medium, lasers with wavelengths in the infrared region of

the spectrum can induce signi�cant heating effects. For this reason, the laser

wavelength of the guiding beam must be chosen carefully.

3.6 Discussion

In this chapter we have discussed the topic of optical micromanipulation. In

brief we looked at the forces that act on a particle to locate it or guide it within a

light beam. The key point from this is to consider theMie and Rayleigh regimes

when considering optical trapping and guiding. In each case a particle will

undergo a propulsion towards a region ofmaximum intensity. Optical trapping

in a fundamental Gaussian beam has been extensively modelled while optical
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guiding has been barely been investigated in comparison. The little that has

been investigated has been primarily in Gaussian beams. The guiding distances

of these Gaussian beams are limited because of their diffractive nature. Hence

there has been increasing interest in other beam shapes such as Laguerre-

Gaussian and bottle beams[45, 46, 47]. However, there is one beam that has

been shown to offer extended guiding distances over many others and is is

the subject of much exploration in the research detailed in this thesis. The

'non-diffracting' Bessel beam is the next topic to come under the microscope in

Chapter 4.
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CHAPTER 4

Bessel beams: generation & properties

Optical trapping has been well studied over the past three decades [48, 49,

50, 51]. In this time there has been some interest in using non-Gaussian

beams for this application. One such beam, the Bessel beam, has been the

subject of considerable study over the past decade as its properties have led

the development of some interesting applications [52, 53]. These properties

include having a non-diffracting propagation and the ability to self-heal around

an object. In this chapter we shall discuss the Bessel beam and its unique

properties, some methods of generating a Bessel beam and in particular its

reconstruction characteristics. First though, a short overview of the Gaussinan

beams to which the Bessel beam is often compared is included.

4.1 Gaussian beam propagation

The fundamental Gaussian beam is recognisable by a single spot with an in-

tensity pro�le which is described mathematically by a Gaussian function. Its
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maximum is centred along the beam propagation. This beam diverges from its

beam waist w0, at an angle θ which for a beam of wavelength λ is expressed as

θ =
λ

πw0

(4.1)

This divergence property leads to another important parameterwhichdescribes

the how quickly the beam diverges. Known as the the Rayleigh range, ZR, this

is de�ned as the distance over which the cross-sectional area of the beam waist

doubles and is given by

ZR =
πw2

0

λ
(4.2)

The Rayleigh range is particularly useful for comparing a Gaussian beam with

other beams. As an example, for a laser wavelength of 800nm and a beam waist

of 3µm, the Rayleigh range of a Gaussian beam is 35µmwith a divergence angle

of 4.9◦. For the purposes of trapping, a Gaussian beam with these parameters

may indeed be useful. However, for guiding purposes, this is a short distance.

By using other beams, such as Bessel beams, it is possible to generate extended

propagation distances.

4.2 Propagation-invariant Bessel beams

Leaving Gaussian beams aside for the moment, let us now discuss the Bessel

beam. It is easily recognisable by its transverse slice pro�le which shows a

central spot of encircled by a series of rings as shown in �gure 4.1. Taking

a longitudinal slice along its beam axis will reveal that this central spot is a

long rod which far exceeds the Rayleigh range of comparable Gaussian beams.
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Like Gaussian beams, Bessel beams can be mathematically derived as exact

solutions of the Helmholtz equation.

∇2E + k0n
2E = 0 (4.3)

where the electric �eld vector is E = E0 exp[iωt− kr] and k0 is the wavevector

in free space with refractive index n. The �eld distribution of the zeroth-order

solution can be described by

E(r, t) = E0exp(−i(ωt− kzz))J0(krr) (4.4)

where J0 is the zeroth-order Bessel function, kr and kz are the radial and

longitudinal components of the wave vector k. Thus the beam derives its name

from the Bessel function which forms part of the expression describing its

electric �eld distribution. From this it can be seen that for propagation in the

z-axis, there is no change in the transverse pro�le andhence it is often described

as being diffraction-free. A more satisfactory description that has been coined

is propagation-invariant. It is this propagation-invariant property which has

caused much of the interest in Bessel beams.

This ideal Bessel beam has an in�nite propagation and a bright central spot of

radius r0

r0 =
2.405

kr

(4.5)

surrounded by an in�nite series of concentric rings. The power distribution is

such that each ring contains the same power as the central spot. This property

has been used to good effect in optical sorting techniques. The central spot

and ring structure does not change with propagation distance however, in
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Figure 4.1: The central spot and concentric ring structure of a zeroth-order Bessel beam is
evident in its transverse cross-section

practice, the intensity of the beam will vary with distance as the input beam

diameter and power is limited. To achieve an ideal Bessel beam would require

an in�nite plane wave so the result is a limited propagation distance zmax. By

using a geometrical approach it the propagation distance can be estimated to

be approximately

zmax = R
|k|
kr

(4.6)

whenR is the radius of a hard aperture throughwhich a planewave illuminates

a special optical element used to generate Bessel beams called an axicon. If the

axicon is placed at waist w0 of Gaussian beam the propagation distance can be

approximated by

zmax = w0
|k|
kr

=
k

2.405
w0r0 (4.7)

From these relationships it canbe seen that the beampropagation ismaximised

by increasing either incident beam diameter R or w0, or reducing the radial
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component of thewavevector kr. In practice thismeans by somehow 'focussing'

the Bessel beam less strongly.

4.3 Self-healing properties of a Bessel beam

Aside from its comparatively long propagation distance, the Bessel beam is

becoming increasingly appreciated for its self-healing properties. The idea that

the Bessel beam is able to reform around objects can be understood if one

considers it be created by an interference pattern from a set of plane waves

propagating on cone. Each propagating wave undergoes a phase shiftkz∆z

over a distance ∆z. This decomposition of the Bessel beam into plane waves

leads to an angular spectrum of the beam. An alternative view is to consider the

beam properties in k-space where it forms a ring. From this we can derive the

Figure 4.2: The Bessel beam has an angular spectrum which forms a ring when viewed in
k-space (left). The k-vectors of wavefronts which form a Bessel beam are shown
to form a cone (right).

Equation 4.5. Similarly, it may be possible to see that if an obstacle is placed at

the centre of the beam, those wavefronts that are not obstructed can move past
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the obstacle and start to reform the beam. From a simple geometric argument

this reconstruction distance can approximated to

zmin =
ak

2kz

(4.8)

where a is the diameter of the obstruction. In an bid to demonstrate this self-

healing property, a numerical simulation was developed by other researchers

within the group [54]. An image generated from this simulation is shown in 4.3.

The Bessel beam is 'mathematically' generated by a conical lens known as an

axicon. The beam is shown to form to the right of the axicon until it meets the

'mathematical' obstruction. The reconstruction of the beam can be seen to the

right of the obstruction. This reconstructive property has been demonstrated to

Figure 4.3: Image fromanumerical simulation of the reconstruction of aBessel beamaround
an object. The Bessel beam is generated by an axicon at A which is included
within the simulation. The beam forms before the obstacle, B, and reforms after
a discrete distance from the obstruction [55]

deliver simultaneous optical trapping of particles in multiple planes and offers
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potential for deeper penetration of light past obstacles into busy media such as

cell samples or biological tissues. One last question remains to be answered.

How does one generate a Bessel beam? There are now many ways to do so

including the use of spatially-modulated light beams but here we will discuss

only two of these [47].

4.4 Generation of Bessel beams

Over the past few years, some attention has been given to the process of pro-

ducing Bessel beams, with the prime aim of improving ef�ciency and power

transfer. The �rst and simplest techniques to employ, relied on the spatial �l-

tering of aGaussianbeam. Later,more complexmethodsweredevelopedwhich

generate thebeamsdirectly using resonators andnonlinearwave-mixing. Here,

the focus will be on the methods using an annular slit and the axicon which has

come to replace it as the method of choice.

4.4.1 Annular slit

In 1987 Durnin et al. used a very simple if inef�cient method to create their

Bessel beams [56]. By adopting the conical wavefront approach as described

earlier Durnin was able to create a Bessel beam using an annular slit. As shown

in �gure 4.4, by placing an annular slit at the back focal plane of a lens this

generates its Fourier transform to form the Bessel beam. The properties of
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this beam are governed by the dimensions and properties of the lens, slit and

input beam. From a geometric approach we �nd that the open angle, Θ, of the

wave-vector cone is given by

tan Θ =
d

2f
(4.9)

where d is the diameter of the annular slit and f is the focal length of the

lens. From this the maximum propagation distance of the Bessel beam can be

estimated from

Zmax =
R

tan Θ
(4.10)

Again we can see that the propagation distance of the beam is maximised by

increasing the focal length or transverse radius of the lens or by decreasing the

diameter of the annular slit. The inef�ciencies arise from the fact that a high

proportion of the incident light is not transmitted and hence the energy transfer

to the Bessel beam is greatly reduced. A much more ef�cient method is the use

of an axicon.

Figure 4.4: A Bessel beam is generated by illuminating an annular slit of diameter d. A lens
of radius R is placed at its focal length, f from the slit. The propagation distance
is Zmax.
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4.4.2 Axicon

The axicon is an optical element that images a point source into a line focus

[57]. More speci�cally it has come to mean a lens formed by a plane and a

conical surface. Several papers were published in the seventies detailing their

properties and uses. Though other methods are sometimes required the axicon

is used almost exclusively in laboratories.

Its valuebecameapparent as, in comparison to the annular slit, it could generate

Bessel beams with a much higher power transfers [56]. For an axicon with a

small angle γ, the opening angle, Θ, of the conical wavefronts is given by

Θ = (n− 1)γ (4.11)

wheren is the refractive index of the axicon. Therefore the propagationdistance

for an axicon-generated Bessel beam can also be written as

Zmax =
k

kr

w0 ≈
w0

Θ
(4.12)

This proves to be amuchmore ef�cientmethodof beamgeneration. In practice,

to produce the longest propagation beam then this relationship tells us that the

beam waist of the incident beam should be as large as the axicon diamter.

However, the propagation of the Bessel beam is affected by the experimental

set-up. With a plane wave, the axicon acts as a hard aperture of diameter R,

which through diffraction, produces a periodic variation in the intensity of the

central spot along the axis of propagation [55].
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This diffraction effect can be negated by using a soft aperture. By placing the

axicon at the waist of Gaussian beam which is approximately w0 < R/2 the

oscillations in longitudinal intensity do not appear. As follows from equation

4.2 As illustrated in �gure 4.5, the Gaussian beam is used to fully illuminate the

axicon. Asmentioned previously, the Bessel beam is created by the interference

of the sets of planar wavefronts emitted from the axicon. It is the interplay of

Figure 4.5: A Bessel beam is generated by illuminating an axicon with a Gaussian beam.
The planar wavefronts are diffracted and interfere to create the Bessel beam.
The maximum propagation distance, zmax is dictated by the diameter of the
Gaussian beam and the axicon angle, φ

the beam and axicon properties which allows a Bessel beam to be tailored for

a particular task. Choosing an axicon with a smaller angle γ will increase the

number of rings, decrease the radius of the central spot, the width of the rings

and increase the propagation distance of the beam. The spot size increases

and power density decreases but the reduction in the number of rings brings

an increase in the power per ring. Thus the total energy distribution over the

beam should remain unchanged.

A Bessel beam can be imaged like any other beam. It can be manipulated using

a telescope to either magnify or demagnify the beam to a more useful size.

While a x10 telescope will act to increase the centre spot by a factor of 10, the
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propagation will increase by a factor of 102. This manipulation of Bessel beams

has been important in much of the research detailed within this thesis.

It is worth noting that while this research has used zeroth-order Bessel beams

some work has been carried out using Laguerre-Gaussian with an axicon to

create higher order Bessel beams. These have been particularly useful when

manipulating particles of lower refractive index than the surroundingmedium.

These particles are pushed away from the peaks in the beam intensity pro�le

towards local minima and so guiding is still possible.

4.5 Discussion

Since Bessel beams play such a signi�cant part in the experimental work within

this thesis, some consideration has been given in this chapter to its propagation

and reconstruction properties. Also important is gaining an understanding of

how to generate Bessel beams in the laboratory and so two common methods

have been detailed here. The key points to take forward from this chapter are

• Bessel beams are propagation-invariant as its transverse pro�le does not

alter with propagation distance. This property offers extended guiding

distances of particles compared to conventional Gaussian beams

• A Bessel beams is self-healing. Its construction from a cone of planar

wavefronts mean that the beam will begin to reform around an obstacle.
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This lends itself to the simultaneous guiding and trapping of multiple

particles and possibilities for deeper penetration into busy media

Now that we have discussed the three main theory elements to this thesis, in

the next chapter a brief review of some of the key experiments in this �eld is

given.
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CHAPTER 5

Review of optical micromanipulation experiments

My research aimwas to investigate the use of ultrashort-pulsed and broadband

white-light lasers for multi-photon excitation and optical guiding in Bessel

beams. This is just one aspect of what is developing into a wide and varied �eld

of study. This chapter is by no means be a comprehensive review of optical

manipulation research but rather, aims to give an �avour into some of the

ground-breaking experiments carried out by those who were at the forefront

of research in this subject. We will look in detail at the �rst demonstration

of optical levitation by Arthur Ashkin which was published in 1971 as this was

the experiment that started the whole phenomenon [58]. Later we will look

at an experiment by Malmqvist et al. [59]. which looked at optical trapping

experiments using pulsed lasers. To conclude, an early application of optical

guiding by Buican is reviewed [60]. First, we shall discuss in brief some of the

experiments that have been carried out in this growing �eld of research.

The experiments we will discuss in detail later in this chapter have led to the

creation of an optical toolkit which has become invaluable in the biophysical

and medical sciences. Optical micromanipulation techniques have been fun-
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damental in expanding our understanding of the physics of even the smallest

biological structures [61, 62]. Until the invention of optical trapping tech-

niques, scientists had to be content with investigating bulk tissues to fathom

their secrets. Now by using a combination of optical traps, in an optical tweezer

con�guration, it has enabled studies of interactions at the single molecule level

[63].

By being able to measure intramolecular forces as tiny as femtoNewtons, and

distances to one-tenth of a nanometre, scientists have been able to gain a better

understanding across a range of topics which include biomolecular processes,

colloidal dynamics, Brownian motion and even superconductivity [64].

Optical tweezers have been indispensable in the study of molecular motors.

These convert chemical energy into mechanical energy and are fundamental in

such basic cellular functions as the replication of DNA, RNA transcription and

protein synthesis. In a cell, molecularmotors are responsible processes such as

cell division, endocytosis and vesicle transportation while in bulk tissue, these

motors act together to contract muscle tissue. By using optical tweezers it has

been possible to carry out key studies in DNA folding and transcription [65].

Perhaps the most powerful implementation of optical tweezers has been as a

force transducer measuring femtoNewton forces for these molecular motors

[66, 67]. A biological particle can be trapped within an optical tweezer with

controlled perturbations applied to affect its motion. From measurements of

its motion in response to these perturbations it is possible to gain quantitative

information about the intramolecular forces. In 1993, researchers were able

to measure the motion of kinesin as it walked along a �xed microtubule track

[68]. In this experiment, a single kinesin molecule was attached to a plastic

82



Figure 5.1: Illustration showing an actin �lament suspended between two optically trapped
microspheres. A third myosin-coated microsphere is brought close to the actin
�lament. The actin-myosin interactions are measured by the imaging of the
trapped microspheres in a four-quadrant detector.[70]

microsphere and held within a low stiffness optical trap. When presented to

a �xed microtubule, the kinesin molecule became bound and walked along

it in steps that were measured to be 8nm. A year later, twin optical traps

were used to hold a single actin �lament which was suspended between two

microspheres. As illustrated in �gure 5.1, the �lament was then placed close to

a third �xed microsphere coated in myosin. Movements caused by the actin-

myosin interactions could be measured by movements of one of the trapped

beads using a four-quadrant photodiode. Similar traps have been used to

measure the binding interactions of DNA molecules [69].

In other studies, optical tweezer con�gurations have been used to study the

transfer of angular momentum from light to particle. Both spin and orbital

angular momentum were seen to cause rotation of birefringent and absorb-

ing particles in light beams. Off-axis particles within a beam were seen to

simultaneously rotate around their own axis and around the beam axis [45].
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From the simple optical trap, there has been a �urry of activity in creating

multiple arrays by means of spatial light modulators. This allows the simul-

taneous arrangement and manipulation of multiple particles within an array.

The spatial light modulators can be programmed to changed the position of the

traps and so controlled construction of 2-dimensional arrays could be possible

[71].

Optical tweezers have also been used in micro�uidic experiments to remotely

control the rotation of tiny pumps and cogs in miniature labs-on-a-chip tech-

nology. The aspiration of the mini-labs is to reproduce standard large-scale

experiments such as those used in testing for diseases to miniature [72, 73].

This would reduce the cost and turnaround times associatedwith currentmeth-

ods.

These are just some of the advances that have been made in optical microma-

nipulation. Nowwewill review some of themost in�uential experiments which

have the most signi�cance to the work carried out within this thesis.

5.1 Optical levitation using a laser beam

Arthur Ashkin is considered to be one of the pioneers of optical micromanip-

ulation as it was his demonstration of optical levitation of small transparent

spheres in a laser beam in 1971 which generated early interest in this �eld. In

quite a simple and elegant experiment, Ashkin used a single vertically directed
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focussed cw laser beam to lift a glass sphere upwards from a glass plate.

Figure 5.2: Schematic of experimental setup as used by Ashkin to demonstrate optical lev-
itation of a glass microsphere within a vertical cw laser beam. The levitating
beam (1) is focussed by a 5mm lens,L1 and directed vertically to sample chamber
containing glass microspheres. A particle at rest at point A on plate P is shaken
loose by the vibrations provided by the acoustic modulator, AO. A second beam
(2) is focussed by a second lens L2 and directed horizontally into the chamber,
G, is used for studies on axial and transverse stability. Microscopes M1 and M2
are used for imaging the particle displacement relative to each beam.

In �gure 5.2 a TEM00 laser beam (1) which is the levitating beam with a wave-

length of 514.5nm and a power ranging from 100 to 500nm is focussed by a 50mm

lens before being directed upwards using a re�ecting prism, RP . A sphere of a

diameter between 15 and 25µm is at rest at point A. The arrangement is such

that the particle is at rest at the beamwaist of the beamwhich ismeasured to be

25µm. By knowing the refractive index and size of the particle, Ashkin was able
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to calculate the force acting on the particle. To overcome the strong Van der

Waals forces of such a small particle, the glass plate is subjected to an acoustic

vibration whichmomentarily shakes the particle loose. Once loose, the particle

is guided upwards in the beam to a point of equilibrium. At this point, the

radiation pressure and gravity forces balance. By moving the lens the sphere is

observed to move around the chamber quite stably within the beam.

Ashkin then gradually reduced the pressure within the chamber to as little

as 1 Torr and observed that the particle would drift downwards in the beam.

At lower pressures the particles were observed to become unstable within the

beam. Two forces are believed to have played a part. The �rst is a radiometric

force which arises from the top of the sphere being hotter than the bottom

due to a lensing effect. A thermal force, Fth is inversely proportional to the

pressure down as far as 10 Torr. Below this pressure, the radiometric, thermal

conductivity and viscosity begin to decrease. As the spheres became unstable

at these pressures, they were seen to spin and rotate within the beam. Ashkin

concluded that the radiometric forces which were dominated by the radiation

pressure at atmospheric pressures became more in�uential at lower pressures.

The next step was to demonstrate his hypothesis that the transverse restoring

forcewasmuch stronger than the axial force. Byusing a secondhorizontal beam

with a power of 125mW compared to a levitating beam power of 250mW the

sphere was observed to almost come out of the beam. From this it was deduced

that the maximum trapping acceleration for the levitating beamwas 1/2g. This

accounts for the high level of transverse stability of the beam. Small variations

in the power manifested as pronounced �uctuations in the vertical plane which

as expected, theaxial restoring forcewasmuch less than the transverse restoring
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force. These�uctuationswereobservedbyusingamicroscope,M2, as levitating

particle could be identi�ed either by its shadow in the the horizontal beam or

by the scattering light from the levitating beam. From the arguments used to

explain the transverse stability of the particle within the levitating beam, the

transverse beam acts to increase the stability of the sphere within the vertical

beam. By adjusting the powers of both beams, Ashkin was able to demonstrate

quite precise manipulation of the sphere within the two beams. Using the

transverse beam he pushed the sphere down towards the waist of the levitating

beam where it would become increasingly subjected to the vertical force and

break free and without oscillations, return to the equilibrium point. Ashkin

notes that this is due to the effects of viscous damping on the particle.

From this work, it was suggested that a third orthogonal beam could further

increase the stability of the particle within a con�ned volume. In fact, this con-

�guration is now used for in atom trapping experiments. This one experiment

spawned many others, not least by Ashkin himself who went on to investigate

and characterise the phenomenon more fully [11, 12, 39, 40].

5.2 Optical trapping using pulsed lasers

Ashkin's experimentgeneratedconsiderable interest andspawnedmanyothers.

Of particular interest, was an experiment carried out by Malmqvist et al in

1995 [59]. In the intervening years, some research had been done using cw

lasers to trapmicroscopic particles of nonlinear crystals such as lithiumniobate

(LiNbO3). The beam acts as both the trapping beam and the fundamental
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for second harmonic generation. However, the power levels of the emitted

frequency-doubled radiation was weak as it was limited by the cw laser output

power. By using a Q-switched or modelocked laser as the trapping beam,

Malmqvist was the �rst to demonstrate simultaneous optical trapping and

secondharmonic generationwith pulsed lasers. Thedriver for this researchwas

the potential of usingmicroscopic nonlinear particles as probes in nonintrusive

near-�eld optical microscopy. or �uorescence microscopy.

Figure 5.3 shows the experimental arrangement used by Malmqvist in this

work. In the �rst experiment, a Q-switched Nd : Y AG operating at 1.06µm

was used as the trapping beam through a 1.25NAwater immersion microscope

objective. By grinding small pieces of KTP and LiNbO3 nonlinear crystal in a

mortar small particles were fabricated. Mixing the powders with distilled water

a solution of each could be injected into a reservoir below the objective. The

particles were trapped just below the focus and any frequency-doubled light

generated collected by a second objective and focussed into a �ber. The light

was coupled through two �lters to a photomultiplier tube (PMT) and lock-in

ampli�er via a series of �lters to reduce the spectral background radiation and

block the IR fundamental beam. The collected power was determined from

the measured current in conjunction with the manufacturers' data supplied

with the PMT and �lters. The experiment was repeated using a Ti:sapphire

laser and similar suitable �lters. Interestingly, the size of each trapped particle

was determined by measuring the intensity of scattered light from the trapping

beam with an IR camera at perpendicular to the beam. The intensity was

compared to the intensity scatteredby silica particles of a knownsize. Assuming

Rayleigh scattering and correcting for refractive index, Malmqvist asserted

that the diameter of the particle could be measured. For a series of trapped

88



particles, the emitted power was measured as the power of the fundamental

trapping beam was varied. Data points for a series of trapped particles were

normalised to that of an 80nm diameter particle. The results showed that for

a fundamental beam power of 100mW , the KTP particles gave up to 20pW

of frequency-doubled light compared to 25pW from the LiNbO3. However,

there was greater variation in the emitted power between particles. Malmqvist

purports the root of this variation to the larger spread in the magnitude of

the nonlinear tensor components of LiNbO3 compared to KTP . Malmqvist

also investigated the effect of the repetition rate on the emitted power and

trap stability. To do this, the average power was maintained and therefore

when reducing the repetition rate, the pulse duration is also decreased. The

effect therefore is to increase the peak power of the fundamental beam and

consequently the power of the frequency-doubled radiation. However, it was

observed that at lower repetition rates, the trapping became unstable especially

at high trapping powers. The lower repetition rate gives more opportunity for

a particle to diffuse out of the trap, and the increased trapping powers generate

convection currents and increase the possibility that a trapped particle may be

knocked out of the focus by another meandering particle.

To increase the frequency-doubled power the experiments were repeated with

a Ti:sapphire laser producing 100 − fs pulses at a repetition rate of 76 −

MHz at 795nm. This produced peak powers 100 times greater than the Q-

switched Nd:YAG laser. However, Malmqvist observed two interesting effects.

First though relatively high frequency-doubled light was generated by trapped

KTP particles, the LiNbO3 particles were not successfully trapped. Second,

Malmqvist noted that there was a degradation of the frequency-doubled light

generated by the particles. Increasing the pulse duration went some way to
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Figure 5.3: Malmqvist experimental arrangement for simultaneous optical trapping and
second-harmonic generation. Laser light is coupled into a chamber contain-
ing nonlinear particles in water using a high NA objective. A second high NA
objective collects any radiation which is coupled to a photomultiplier tube and
lock-in ampli�er via an optical �ber and series of �lters.

reducing this effect. The cause of this was not identi�ed but attributed to some

alteration in the nonlinear properties of the material.

Assuming that the trap is a harmonic potential well the Brownian motion of

a particle within in the trap leads to a root mean square (rms) displacement√
〈r2〉 from its equilibrium point of

√
〈r2〉 =

(
kT

kr

)1/2

(5.1)

where k is Boltzmann's constant and T is the temperature. When pulsed lasers

are used for trapping the time between pulses allows for diffusion of the particle
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out of the trap. In this case the rms displacement is given as

√
〈r2〉 =

(
kT

3πaη

)1/2

(5.2)

where a is the particle radius, η is the viscosity and T is the time between pulses.

Theoretically the frequency-doubled power was determined using the assump-

tion that the trapped particle is a sphere. The nonlinear polarisation was

calculated as P(2ω) = 2ε0dE2
1 where ε0 is the vacuum permittivity, d is the

nonlinear susceptibility tensor and E1 are the electric-�eld components at the

fundamental frequency inside the particle assumed to be

E1 =
3ε2

ε1 + 2ε2

E2 (5.3)

where E2 is the fundamental electric �eld due to the trapping beam in the

water only, and ε1 and ε2 are linear permattivities of the particle and water

respectively [17]. Due to the small size of the particle ( 75nm) it was treated

as a dipole source at the second-harmonic frequency with a dipole moment

of (4/3)πa3Pi(2ω) where Pi(2ω) are the elements of the nonlinear polarisation

(i = x, y, z). The total emitted power,Wtotal from a dipole is given as

Wtotal =
64π5ca6

27ε0n3
2λ

4

∑
[Pi(2ω)]2 (5.4)

From this Malmqvist was able compare the theoretical second-harmonic pow-

ers with his experimental results. As show in �gures 5.4 and 5.5, taken from

the Malmqvist paper, there was good agreement between the two [59].

Furthermore, the gradient of the curves on a logarithmic scale indicate that
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Figure 5.4: Plot showing the power of second-harmonic generated radiation from optically
trapped nonlinear particles in a nanosecond Q-switched laser at 1.06µm as a
function of power. [59]

there is quadratic dependence between incident power and that of the second-

harmonic generation powers.

5.3 Optical guiding in biology

In the previous sections we discussed the �rst optical trapping experiments

using cw and pulsed laser sources. Here an experiment with real applications

in the �eld of biology is reviewed. The ability to manipulate and select single

cells is highly desirable in experimental cell biology and immunology as well

as in other areas of biomedical research. Two techniques have become widely

used for the purposes of cell separation or positioning. Flow sorting is a fast

automated process used to sort cells within a volume of �uid based on their

optical or electrical properties. In this method, positional accuracy is sacri�ced

for high speed, density and volume. In contrast, optical micromanipulation

offers cell positioning to within a micron.
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Figure 5.5: Plot showing the power of second-harmonic generated radiation from optically
trapped nonlinear particles in a 100fs, 76MHz, 800nm laser as a function of
power [59]

One of the earliest experiments in cell manipulation was carried out by Buican

et al in 1987 [60]. This experiment set out to develop a simple instrument

to �rst position and then transport single cells a few millimetres where they

could be automatically sorted based on their optical properties. In the �rst part

of the experiment, a simple optical trap as was used to manipulate a mixture

of cells, microorganisms and polystyrene microspheres in solution. Having

successfully trapped these particles, the apparatus was adapted to allow the

introduction of cells at a de�ned location within the chamber. This was done

by using two orthogonal beams from an Argon-ion laser (λ = 488nm), one to

propel the particles and a second to de�ect as illustrated in �gure 5.6. The

particle suspension was injected at a low speed into the propulsion beamwhere

they are trapped and guided along the axis. A probe beam from a He-Ne

laser (λ = 633nm) also intersects the propulsion beam orthogonally (A short-

pass �lter blocks it from the propulsion beam). The intensity of scattered

light is measured perpendicularly to the probe beam. The de�ection beam,

based on this measured value can be automatically switched momentarily to a

higher intensity thereby de�ecting the particle into one channel. If no signal
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is detected, the particle is able to continue along the axis of the propulsion

beam into a second channel. A limitation to the technique is that it relies on

Figure 5.6: In the setup used by Buican, the output from an Argon ion laser is split by splitter
S into two orthogonal beams to form a propulsion and a de�ection beam. The
probe and de�ection beams travel together through a series of mirrors , M ,
an acouto-optic modulator, AO, an aperture A and focussing lens L2 into the
chamber C. The propulsion beam travels through a short pass �lter, SP ,and
a focussing lens L1 into the chamber. Scattered light from the particles passes
through a long pass �lter LP is collected by a high NA microscope objective and
coupled to a camera and an optical �ber OF . The photomultiplier tube PMT
measures the signal strength. This signal is ampli�ed,AMP and analysed, PSA,
and coupled to the acoustic optic modulator where it controls the de�ection
beam.

the detection of the scattered signal at 90◦ to the de�ection beam. For this

reason enhancements would be required to the signal detection components to

produce a more robust and automated selection instrument. Developments in

research since 1987 have resulted in such instruments.
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However, the experiment demonstrated that optical based selection of single

biological cells was possible. Other interesting �ndings from the experiment

include the observation thatwhen several polystyrenemicrospheres are present

int the propulsion beam, the particles coming from behind catch up with the

ones ahead and form clumps or agglomerations. Buican proposes that this

is due to the fact that the trailing spheres scatter some of the beam away

from the beam axis behind the leading ones. This causes a decrease in the

propulsion beam force and consequently the particle velocity. However, the

same phenomenon does not occur with CHO cells. Here it was observed that

the cell separation decreased to a minimum value but was maintained and the

cells continued with equal velocities.

5.4 Discussion

In this chapter we have reviewed in brief some of the key experiments to

date in optical trapping and guiding. In particular, we looked at some of

the applications to studies in biomolecular physics. We then looked in detail at

someof the key experimentswhich are relevant to the research containedwithin

this thesis. These experiments include optical levitation of a particle within a

beam, two-photon excitation in optical trapping and the optical guiding of

cells. From this review, the focus moves towards a detailed discussion of the

experimental work. This will be the subjects of the next three chapters.
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CHAPTER 6

Experiments in optical guiding with pulsed lasers

In this �rst experimental chapter we bring together the theory and background

of ultrashort pulses, multi-photon excitation and Bessel beams from the pre-

vious chapters. In this chapter we will discuss experiments using ultrashort-

pulsed and cw lasers to compare Bessel and Gaussian beam guiding. We will

also begin to combine these optical guiding techniques with multi-photon ex-

citation.

Prior to this work, most if not all guiding experiments were carried out using

continuous wave lasers. This work was undertaken to investigate whether

particle guiding was determined by the average or the peak power of the laser.

In effectwould aparticle be guidedmorequickly by a repeatedbut short, intense

momentum kick than by a gentle continuous force? If the optical guiding was

in�uenced by the high-peak powers we would expect to see greater guiding

velocities. Second, if there was any enhancement would it be present in both

Gaussian and Bessel beams? We shall now go on to discuss the experiments

which aim to answer these questions.
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6.1 Optical guiding with a ultrashort-pulsed and cw lasers

Successful guiding experiments had already been carried out bymembers of the

group using cw lasers and the aim here was to carry out the �rst set of guiding

experiments using an ultrashort-pulsed laser. Some members of the Ultra-

fast Photonics Group had recently developed a compact and low-cost femto-

second Chromium-doped:Lithium Strontium Aluminium Fluorite(Cr:LiSAF)

solid-state laser [7]. The laser had modest output powers of approximately

compared to other sources in the department, however, based on other ex-

periments carried out by the Optical Trapping Group it was anticipated that

the output powers could be suf�cient [74]. However, for reasons that will be

become clear, the Cr:LiSAF was not a suitable source for guiding experiments

which explore multi-photon excitation and optical guiding in Bessel beams.

The Cr:LiSAF laser could give up to 40mW of pulsed radiation at between 750

and 850nm. It soon became apparent however that the experiments would

require signi�cantly higher output powers and consequently I moved to using

twoTi:sapphire lasers eachwith different output characteristics. The �rst could

provide average output powers of up to 1.2W and a pulse duration of approxi-

mately 100fs at a wavelength of 800nm. The second was able to provide pulses

as short as 12fs with an average power of approximately 500mW at 800nm
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6.2 Optical guiding with a Chromium-doped:LiSAF laser

The laser, which is illustrated by �gure 6.1, consists of a 3mm Brewster-angled

Cr:LiSAF crystal pumped by two pairs of AlGaInP laser diodes operating in

the visible red with their wavelengths, 660nm and 685nm, aligned with the

absorptionmaximaof the gainmedium. The combinedoutputs totaling 100mW

from the laser diode pairs, D1 to D4, are coupled using a system of polarising

beam splitters and �lters, into the cavity through a specially-coated mirror,

M3. Thismirror is coated to transmit the pump beam but re�ect the intracavity

beam. As shown in �gure 6.2, the emission spectrum of the Cr:LiSAF extends

from 700nm to 1µmwith a peak at around 850nm. The compact nature, low-cost

operation and infrared output makes the Cr:LiSAF laser a possible alternative

to the more costly and bulky Ti:sapphire lasers. After arranging the diodes so

Figure 6.1: Schematic of a Cr:LiSAF laser cavity. Two pairs of laser diodes, D1 through D4
with wavelength λ = 660nm and 685nm are coupled using a series of dichroic
mirrors F1, F2 and beamsplitters B1, B2, into the cavity viamirrorM3. This beam
is used to pump to a Brewster-angled Cr:LiSAF crystal. The cavity comprises of
four mirrors M1, M2, M3 and M4 which have high-re�ection (HR) coatings to
minimise loss within the cavity. The mirror M1 is replaced by a Semiconductor
Saturable Absorber Mirror (SESAM) to permit self-modelocking

that their spots overlap in the far distance, I placed the highly re�ectivemirrors
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Figure 6.2: The absorption and emission spectra of the Cr:LiSAF laser with maxima in the
red and infrared regions of the electromagnetic spectrum. This is amenable to
excitation with diode lasers emitting at 660nm and 685nm

M1 through to M4 according to the calculations made using ELCAV software.

This software allows the design andoptimisation of a laser cavity. Once in place,

I used a low-range power meter to measure the signal from between mirrors

M3 andM4 while slowly adjusting the alignment of mirrors M1 and the crystal.

Once aligned correctly, the back �uorescence from the crystal showed as a sharp

increase in the measured signal. Mirror M4, was initially 99.5% high re�ector,

but was replaced with a 1.5% output coupler. Once cw lasing was achieved, I

swapped outmirrorsM2 andM3 for dispersion compensatingmirrors. Finally,

mirrorM1 is replacedwith a semiconductor saturable absorbermirror (SESAM)

which facilitates the self-modelocking process within the cavity. By using a

SESAM to modelock the laser the output was approximately 20mW of average

output power. However, after rebuilding the cavity together, Ben Agate and I

were able to achieve up to 40mW of average output power.

99



To determine the pulse duration of the output pulses, I carried out an autocor-

relation measurement. This relies on a method akin to a Michelson interfer-

ometer. In this case, the interference fringes reveal properties of the duration

of the pulse as well as its shape. From the trace, the fringe separation and full

width half maximum were measured and a pulse duration of 100fs at a central

wavelength of 846nm was calculated. Using a spectrum analyser I measured

the bandwidth of the output pulses to have a FWHM of approximately 6nm.

This laser was set up for Gaussian and Bessel beam guiding experiments as

shown in �gure 6.3. The original laser was improved by upgrading the SESAM

to give higher intracavity and output powers. With approximately 40mW of

output power, it was hoped that Bessel beam guiding could be achieved and

characterised. Oncealigned, theoutputwas collimatedandmeasured. Thiswas

necessary to allowus todeterminewhat extra-cavity apparatuswouldbeneeded

to give the a Bessel beam with the desired properties. Using BeamMaster

apparatus and software, the transverse pro�le of the beam was analysed to

have a FWHM diameter of approximately 6mm. For ef�cient Bessel beam

generation it is important to fully illuminate the axicon. Two AR-coated lenses

of focal length 50 and 300mm are used tomake a 1 : 6 telescope which expanded

the beam to approximately 25mm which is the diameter of the axicon. A

1◦ axicon was used to generate a Bessel beam whose transverse pro�le was

imaged using a x10 microscope objective coupled to a CCD camera which had

a response in the infrared region of the spectrum. An image of the transverse

pro�le of this beam is shown in �gure 6.4. The central spot size was measured

as approximately 57µm. The propagation distance of this Bessel beam was

found to be in excess of a metre. For effective guiding, the Bessel beam must

be of the order of the particles to be guided. Here, a spot size of less than 6µm
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Figure 6.3: The experimental apparatus for guiding with a Cr:LiSAF laser shows the beam
from the Cr:LiSAF laser is expanded using AR-coated lenses f1 and f2a 1:6
telescope to fully illuminate the 1 degree axicon. The Bessel beam is then demag-
ni�ed using AR-coated lenses f1 and f2 to give a 10:1 demagnifying telescope.
The Bessel beam propagates through a glass cuvette containing the particles in
solution. A high NA x20 microscope objective is coupled to a CCD which is used
to record images of the guided particles

was required, therefore using two AR-coated lenses with focal lengths 500 and

50mm respectively, a 10 : 1 demagnifying telescope was required. Analysis of

the beam after the telescope gave a central spot size of approximately 6µm and

a propagation distance of between 2 to 3mm. For guiding, the particles need to

be in solution as this provides buoyancy which helps to overcome the force of

gravity. Therefore a tiny container in the form of a cuvette was needed. These

open-topped chambers are made from optical quality glass and in a variety

of sizes. To fully enclose the Bessel beam, I selected a cuvette measuring

3mm × 3mm × 10mm (length ×width × height). A water-based solution of 3

µm spheres was placed using a pipette into the cuvette which was mounted in a

holder on an XYZ-translation stage. On advice, a little heavy water was added

to suppress heating effects. The absorption spectra of heavy and normal water

have not been subjected to much investigation across the entire visible and

infrared spectrum but from �gure 6.5, it can be seen that heavy water (D2O)

has a different absorption spectrum to the distilled H2O. In the red to infrared
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Figure 6.4: Image of Bessel beam as generated by a Cr:LiSAF laser incident on a 1◦ axicon.
The central spot size is measured to be approximately 57 microns.

region the absorption of heavy water is much less than that of normal water

[75]. By using one part heavywater to ten parts of normal water, the convection

which results from high absorption are suppressed enough to provide the an

environment suitable for optical guiding. In contrast, adding too much heavy

water would suppress the convection currents to such an extent that very few

particles would be loaded into the guiding beam. Themicroscope objective and

camera were oriented to capture images of particles as the would be guided

along the beam axis. As the camera was coupled to amonitor, it was possible to

move the cuvette relative to the Bessel beam. Some timewas spent trying to see

particles being guided within the beam. After no success, the experiment was

repeated but with a simple Gaussian beam with a spot size of approximately

5µm. Some limited evidence of guiding within the beam was observed.

A comparison of Bessel beam and Gaussian beam guiding could not be carried
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Figure 6.5: The absorption spectra of heavy and normal water show that in the region of the
infrared and visible spectrum, heavy water has much less absorption than that
of normal water [20]

out using this laser as it was concluded that the power contained within the

central spot and each ring was approximately 2mW which simply too low to

enable guiding. A calculation using the relationships as detailed in Chapter

2 show that for this laser the power density contained within the central spot

is approximately 4.15 × 108W/cm2. In comparison, a Gaussian beam with the

same spot size had a power density of approximately 1.70× 1010W/cm2. Since

guiding was achieved with a Gaussian beam from this laser, the requirement

was to �nd a source that had comparable or better power densities within the

Bessel beam.

It may have been possible to compare cw and femtosecond guiding with this

source, however, the extended guiding distances offered by Bessel beams

remained attractive as this would permit more accurate measurements of

the guiding distances and velocities. For this reason, the apparatus was re-
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Figure 6.6: Schematic diagram of the Spectra-Physics 3900 Ti:sapphire laser. The laser cav-
ity comprises high re�ectivity mirrors M0 to M3 with Brewster-cut Ti:sapphire
crystal and an argon-ion pump beam coupled into cavity via mirror M4

assembled for use with a far more powerful Ti:sapphire laser. These experi-

ments will be described in the following section.

6.3 Optical guiding with a 110 fs Ti:sapphire laser

The majority of my research was carried out using a modi�ed Spectra-Physics

Model 3900 laser which is illustrated in �gure 6.6. The main laser cavity

consists of a system of mirrors M0 to M3 with a Brewster-angled Ti:sapphire

crystal placed at between two spherical mirrors M1 and M2. The pump laser

was a Spectra-Physics Model 2030 argon-ion laser with an output of up to

20W in a TEM00 mode. The pump beam �rst passes through a periscope

arrangement to rotate the polarisation by 90◦ before being coupled into the

cavity by mirror M4. Figure 6.7 show the modi�cations made to the laser

cavity. First, a set of SP14 glass prisms are introduced into the arm between

mirrors M2 and M3. This double-prism pair provides intracavity dispersion

compensation which as described in chapter 2is vital for achieving ultrashort

pulses. With a pump power of 20W it was possible to produce a cw output of
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up to 2W . The second modi�cation was replacing the birefringent �lter with a

Figure 6.7: Schematic diagram of the Spectra-Physics 3900 Ti:sapphire laser with additional
prisms P1 to P4 providing intracavity dispersion compensation and variable-
aperture slits S1 and S2 to facilitate pulsed operation.

variable-aperture slit, S1, between prisms P2 and P3. This slit is used to tune

the range of wavelengths that can propagate through the cavity but reduced the

output power to a maximum of 1.2W . The slit, S2, before the output coupler is

a second variable-aperture slit and acts as a hard aperture which can encourage

the modelocking process.

As one of the earliest solid-state lasers, this Ti:sapphire laser, in its modi�ed

state, is not a simple turn-key laser. The argon-ion pump laser requires a

three-phase power supply and, like the Ti:sapphire laser itself, continuous

water-cooling. The self-modelocking process required introducing a transient

intense spike into the cavity. This in theory is done by simply tapping either end

cavity mirrors. In practice, the cavity had to be aligned carefully to optimise

the cw output which was measured using a high-range power meter. The laser

would not modelock if the cw output power was less than 1W . By carefully

walking the end mirrors of the cavity, I was able to increase the power. If that

alone was not effective in raising the output power, I had to carefully clean
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the intracavity optics which were prone to becoming dusty. Occasionally, this

would misalign the laser and I would have to go through the lengthy process of

realigning the cavity using a pinhole and low-range powermeter until it started

lasing once more.

Once I had a suf�ciently high cw output, I was then able to modelock the laser.

To enable this I used a partially re�ecting mirror to couple a tiny amount of the

output beam into a spectrum analyser which was connected to an oscilloscope.

While I quickly moved the end mirror M4 back and forth and tweaked mirror

M3, I was able to watch for spectral output of the beam to transform from a

narrow line pro�le to the broader bandwidth pro�le which is characteristic of

a pulsed laser. If required, I was able to tune the central wavelength using the

variable-aperture slit, S1. Modelocking was terminated simply by temporarily

obstructing the intracavity beam.

The output of the laser was characterised spectrally by measuring the pro�les

on the oscilloscope from the spectrum analyser. Using an autocorrelator, I

was able to measure the temporal properties of the pulses by means of the

interferometric and intensity methods. In the interferometric method, the

pro�le shouldbe symmetricalwith theheight of thepeak a factor of eight greater

than the trough. The pulse duration is derived by measuring the separation

between fringes within the pulse envelope. In the intensity method, the full

width half maximum gives the pulse duration. A trace obtained using the

interference autocorrelation method is shown in �gure 6.8. While the pulse

duration can be measured from the intensity method, more information about

the temporal shape of the pulses can be gleaned from the pro�le obtained by

the interferometric method. This laser was the �rst to demonstrate Kerr lens
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Figure 6.8: Interferometric autocorrelations of pulses from a Ti:sapphire laser. The inter-
ferometric autocorrelation shows that the pulses are not chirped and the pulse
duration is 110fs

modelocking by Spence et al. in 1990 [76]. I used this laser to carry out my

�rst experiments in optical guiding. Since this experiment in 1990, smaller

self-modelocking ultrashort pulse lasers have been developed which produce

even shorter pulses including the Femtosource Ti:sapphire laser which I also

used in my research. A description of this laser now follows.

In this work the laser of choice was the modi�ed Spectra-Physics laser which

is also described in detail in Chapter 2. As per the previous experiment, it was

important to characterise the output from the laser to enable me to con�gure

the apparatus for effective guiding. Using the same calculations as earlier, the

power density for a Bessel beam with 40 rings and centre spot with a diameter

of 5 µm was estimated at 1.1× 1011W/cm2.
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Figure 6.9: Schematic of experimental apparatus used to optically guide particles within a
Bessel beam using a pulsed/cw Ti:sapphire laser source providing pulses with
a duration of 110fs. The �rst two lenses with f1 = 50mm and f2 = 200mm
act as a 1:4 magnifying telescope. The axicon produces a Bessel beam which
is then demagni�ed by the lenses f3 = 300mm and f4 = 50mm to produce a
Bessel beamwith a central spot diameter of approximately 5µm and propagation
distance of approximately 3mm. The images by are captured by a CCD camera
via a microscope objective with a magni�cation of x20 and numerical aperture
of 0.75

As depicted in �gure 6.9 the laser source was a Ti:Sapphire laser pumped by

a Spectra Physics 2040 argon-ion laser which provided up to 1.2W of output

power that could be tuned between 790nm and 850nm. The pulse duration was

measured using an intensity autocorrelation. After several measurements, the

pulse duration was found to be 110fs at the centre wavelength of 800nm. Using

oscilloscope measurements, the bandwidth was determined as 9nm. Assuming

the pro�le to be that of a sech2 pulse implied that the duration-bandwidth

product was 0.46. The repetition frequency between pulses in modelocked

operation was 80MHz. The Ti:Sapphire laser could be easily switched between

modelocked and cw operation simply by introducing a transient obstruction

within the intracavity beam. This change of operation mode effected changes

in the beam properties that were not at �rst fully understood nor quanti�ed.

It was recognised that there may be alterations to the beam pro�le, signi�cant

or otherwise, that would preclude a fair comparison being drawn between
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the two sets of results. Therefore, the beam pro�les were measured using a

BeamMaster, with the change in spot size between the two modes measured to

be less than 3%.

The TEM00 laser output was passed through a 1 : 4 telescope arrangement to

fully illuminate the 1 degree axicon used to generate the Bessel beam. With

careful alignment of the preceding optics, this produced a Bessel beam with a

central beam diameter of 30µm. This was measured by analysing still images

from video footage of the experiment using LabView IMAQ software. A calibra-

tion of the images was possible bymeasuring the imaging distances and camera

pixel dimensions. By the same method, the beam was analysed and found to

have a diffraction-free propagation distance of over 25cm. For the purpose of

this experiment, a shorter guiding distance, and smaller core size was needed

and this was achieved by placing a 6 : 1 demagnifying telescope arrangement

after the axicon. Consideration was given to the effect of the axicon on the

pulse duration and bandwidth. An autocorrelation measurement taken after

the axicon showed that the pulse broadened from 95fs to 130fs while the full

width half maximum (FWHM) bandwidth remained effectively unchanged at

9nm. Before any guiding experiments were carried out, I wanted to know

whether the Bessel beam would change when generated by the femtosecond

beam compared to the cw beam. I imaged the transverse cross-section of the

Bessel beam at intervals along the beam axis for both. I measured the diameter

of central spot cross-section in eight directions and determined the average

diameter. A plot of this data as shown in �gure 6.10 shows that there is no

discernible difference between the twomodes of laser operation. The demagni-

�ed Bessel beam was passed through a small glass cuvette with dimensions of

3mm× 3mm× 10cm (length x width x height). By this stage of the experiment,
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Figure 6.10: Plot shows how the central spot diameter varies the along beam axis of Bessel
beam when generated by a 110fs modelocked and cw Ti:sapphire laser

heating effects had been observed within the cuvette and so heavy water was

added to help reduce the water absorption at this infrared part of the spectrum.

Using a pipette, a 120µl measure of micron sized polymer spheres in a 10 : 1

mixture of H2O and D2O was deposited into the cuvette. A x20 microscope

objective and CCD camera were again oriented to view the side of the cuvette

parallel to the beamaxis. After viewing on themonitor that particles were being

successfully guided within the beam, video footage of the guided particles was

recorded and analysed using IMAQ software to measure the guiding velocity of

the particles.

Particle velocity was determined by taking frames from the video footage and

measuring the distance travelled by each particle between frames. With a

known video capture rate of 25 frames per second and the IMAQ software
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calibrated, it was possible to directly calculated the velocity of each particle as it

traversed the cuvette. The particle guiding velocity was measured for a variety

of particle sizes and at a range of powers.

Initial data taken for a variety of particle sizes showed that the guiding velocities

were comparable for pulsed and cw guiding. As �gure. 6.11 below shows, the

particle velocities were greatest for the 2.3µm particles. Given that the 2.3µm

Figure 6.11: Plot shows the averaged guiding velocities of 15-20 particles in a femtosecond
and cw Ti:sapphire laser beam with centre wavelengths of 800nm for three
different particle diameters: 1µm, 2.3µm and 5µm

particles had higher guiding velocities, these were used in a further experiment

in which guiding velocities were measured with laser power for both cw and

pulsed operation of the guiding laser. This was done by measuring the velocity

of the particles as they traversed a single screen shot. While it would have
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Figure 6.12: Plot shows the distribution of particle velocities for guiding of 2.3µm polymer
spheres in a femtosecond beam compared to a cw Ti:sapphire beam with an
output power of 800mW

been desirable to measure the velocity over a longer distance, this would have

introduced other uncertainties as the XYZ-translation stage would have to be

translated. By using amicroscope objective with a higher magni�cation power,

it would have been possible to measure the particle velocities over a longer dis-

tance. I tried this, however theworking distance of the x40microscope objective

was 2.1mm compared to 6.1mm for the x20 objective and this proved to be too

short to allow imaging of the particles within the cuvette. The average output of

the beamwasmeasured at 800mW . As shown in �gure 6.12 the particles within

the modelocked beam have a higher guiding velocity compared to those guided

in the cw beam. This was an exciting result. As good experimental practice

dictates, the experiment was repeated. In this instance, analysis showed that

there was no discernible difference in the guiding velocities. As the experimen-

tal results were not able to be consistently repeated, I investigated any possible

112



reasons for the inconsistency in the results. The �rst observationwas that some

of the spheres used within the experiment were doped with a blue �uorophore.

A comparison using these spheres is shown in �gure 6.14 where it can be seen

that the particle have a higher velocity when guided in the modelocked beam.

Given the high peak powers of the pulsed beam it was possible that this affected

the �uorescing polymer spheres in some way. Furthermore, it became notice-

Figure 6.13: Plot shows the variation of output power of the cw Ti:sapphire laser with wave-
length across the gain bandwidth. This was measured after removing the intra-
cavity slit which is used for wavelength tuning.

able during the course of the experiments that the centre wavelength of the

laser in modelocked operation did not naturally map to the cw wavelength. To

understand whether this would have any impact on the results, I measured the

output power of the laser as a function of wavelength. As shown in �gure 6.13 a

change in the wavelength can have an impact on the output power of the laser.
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Figure 6.14: Plot shows the particle velocity (µm/s)for doped microspheres guided in a
femtosecond and cw Ti:sapphire beam varying with output power

This could have been a contributing factor to the inconsistency of the experi-

mental results. For this reason, subsequent my experimental practice included

ensuring that the central wavelength for both modelocked and cw operation of

the laser matched before adjusting the output power to the required level.

Water absorption was also a factor that could have affected the results. After

researching the literature it became clear that small changes in the wavelength

of the laser could lead to dramatic changes in the water absorption [20]. As �g-

ure 6.5 shows, water is particularly sensitive to wavelength around the infrared

region of the electromagnetic spectrum. Excess heating can make optical guid-

ing dif�cult as particles will drift out of the beam by thermal vibrations. This
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realisation led me to try to qualitative understand the impact of wavelength

and larger bandwidth of the modelocked laser output on guiding. I carried out

another experiment to measure the heating effects across the region of 800 to

850nm.

Using a pipette, I placed a water-based solution of 2.3µm polymer spheres

into a cuvette I measured the particle velocities in the convection currents by

the same method of analysing video footage as in the previous experiment.

The laser wavelength was varied by translating the intra-cavity slit between

the dispersion prisms. The power of the laser was kept constant by using a

neutral density �lter wheel. The particles within the cuvette could be seen

to move upwards in the convection currents. Video footage was recorded for

cw laser outputs at wavelengths between 790nm and 850nm at 10nm intervals.

Using IMAQ software to grab frames and measure distances travelled, the

velocities could be determined. The experiment was repeated with the laser in

modelocked operation and with a centre wavelength of 819nm and a FWHM of

9nm. It was not possible to move the spectral pro�le of the laser in the same

way when it was in pulsed operation. The distribution of particle velocities is

shown in �gure 6.15. It can be seen from the results that the particle velocities

within the convection currents increase signi�cantly withwavelength. Also, the

data for the modelocked case is consistent with the cw results. It would have

been preferable to repeat the experiment in modelocked operation at longer

wavelengths. Any difference between the cw and modelocked heating effects

would have been more pronounced, however, it was not possible to achieve

modelocking at wavelengths higher than the measured 819nm.

The results of this study underlined the importance of selecting wavelength
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Figure 6.15: Plot shows how the convection velocities (µm/s) varies with laser wavelength
for cw and femtosecond operation

in comparative guiding experiments. Furthermore, it alerted the team to the

fact that water absorption would play a key role in designing experiments for

biological applications.

A secondary observation from the video footage of the experiment showed that

someparticleswere also guided in the outer rings of the Bessel beam though at a

much lower velocity. At the point where the intensity gradient across the outer

ringswas insuf�cient to guide theparticle, the particleswouldmigrate outwards

or hop into the inner rings and eventually into the central spot. This exhibited

the �washboard phenomenon� that was explored in the research carried out by

Dholakia et al. in 2003 [77].

Armed with this understanding the experiments were carried out once more.
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With the improved experimental procedure I repeated the experiments using

non-�uorescing 2.3µm polymer spheres. The results of this experiment which

are shown in �gure 6.16 show that the guiding velocities are comparable for

both pulsed and cw laser beams. This leads to the conclusion that the guiding

velocity of the particles is indeed governed by the average power, and not the

peak power as might have been expected.

Figure 6.16: Plot shows velocities (µm/s) for 2µm polymer spheres in a Bessel beam for
particles guided in cw and ultrashort-pulsed laser beams

To compare, I guided some particles in a Gaussian beam. This was done by

replacing the axicon with a convex lens with a focal length of 5cm. This gave

a beam waist with a diameter of 3µm and a confocal parameter of 70µm. The

beam was focused through the same cuvette and data was taken and analysed

as for the Bessel beam guiding experiment. Again, as shown in Table 6.1 the cw

guiding velocities were comparable to the modelocked case.
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Average Power CW Velocityµm/s Modelocked Velocity µm/s
50 mW 51.9 ± 8.7 49.8 ± 5.7
100 mW 65.0 ± 11.4 67.6 ± 11.9
150 mW 94.1 ± 16.7 117.1 ± 22.4

Table 6.1: Table of averaged guiding velocities for 30 2.3µm polymer spheres in continous
wave and ultrashort-pulse Gaussian beam

Due to the power distribution property of the Bessel beam, a lower power

Gaussian beam was used to enable more accurate measurements to be made.

If the power was too high then the particles were guided too quickly to make

measurements. The experiment was repeated with larger beam waists and

confocal parameters and for a range of sphere diameters. In all instances, no

signi�cant difference in guiding velocity between the cw and modelocked case

was observed. The main contributing factor to the measurement uncertainty

in this experiment was that for the greater guiding velocities, the greater the

error in the measurement as transit time across the screen was shorter.

From this work the conclusion was that femtosecond lasers were comparable

to cw lasers in optical guiding where velocity was concerned. In a further

experiment I became concerned with determining whether it would be possible

to simultaneously guide a particle and excite any nonlinear effects within it.

This will be discussed in the next section.
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6.4 Second harmonic generation & optical guiding

At this stage the conclusion reached was that femtosecond lasers are of the

same value as cw lasers in optical micromanipulation techniques. The fact cw

lasers are cheaper and easier to operate would suggest it is better to use these

in preference to femtosecond lasers. However, the high peak powers may not

increase the guiding velocity of a particle but it may produce some phenomena

that cw lasers cannot. Here, a guiding experiment is carried out which uses

the output from the pulsed Ti:sapphire and guiding apparatus as before but

with nonlinear crystallites as the guiding particles. First, a suitable nonlinear

material was needed and I arranged for a discarded lithiumniobate crystal to be

crushed into particles of the order of 1 to 10 µm. This wasmixed with a solution

of 10:1 normal to heavy water and placed within the cuvette. Though the

particles were not spherical, guiding of some of the particles was observed. If

there was any second harmonic generated light from these particles it would be

visible through an IR �lter which would block out the fundamental beam. Even

with the highest powers, no second harmonic radiation was visible. The reason

for this was attributed to tight requirements of phase-matching conditions

for second-harmonic generation. A different nonlinear material with higher

nonlinear susceptibility was required such as potassium titanium phosphate

(KTP). A broken crystal was crushed, placed into a water mixture and pipetted

into the cuvette. In contrast to the lithium niobate crystals light was visible

from the particles even when viewed through an IR �lter. A colour image of a

guidedKTP fragment is shown in �gure 6.17. The blue-purple radiation emitted

as a result of the second-harmonic generation may be seen. Also visible is the

two-photon excitation-induced �uorescence of the medium through which the
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particle is being guided. This multi-photon excitation and its uses will be the

subject of discussion in Chapter 7. This colour image is used here as it is much

easier to identify the second-harmonic generated radiation by its colour.

Figure 6.17: Colour image of a KTP crystal fragment, emitting a blue-purple second-
harmonic radiation, being guided in a Bessel beam. The beam path can also
be seen in yellow-green. This arises from the �uorescence of the medium it
traverses.

This strongly suggested that a two-photon nonlinear process was taking place

at the same time as the particles were being guided. The particles rotated

within the beam and as this happened, the phase-matching conditions meant

that there were variations in the intensity of the second-harmonic signal. Since

the second harmonic intensity is dependent on the crystal length, the variation

in the fragment size also contributes the variation in signal. Although proof

that this was a nonlinear phenomenon was evident in the fact that no signal

was visible when the laser was in cw operation, to verify this I conducted an ex-

periment where the power of the guiding beam was varied and the two-photon

signal from the particles measured. The rotation of the particles caused a
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problem as a consistent measurement would not be possible. However, as the

particles were guided to the end of the cuvette, the crystals pieces actually stuck

together into a mass which had a signi�cant amount of harmonic radiation.

This agglomeration was relatively static and so proved to give good measure-

ments. The measurements were taken by analysing images from the camera

as viewed through an IR �lter. The mean pixel intensity was measured around

the agglomeration of crystals. This pixel intensity was renormalised against the

background and the results are displayed in a log-log plot of intensity against

power as shown in �gure 6.18. A gradient of the best �t line was calculated

Figure 6.18: Logarithmic plot of the second-harmonic generated signal as measured by the
mean pixel intensity from KTP crystallites guided in a pulsed Ti:sapphire laser
beam. The gradient of the line of best �t is y = 1.99x which indicates that there
is a quadratic relationship between incident power and the power of the emitted
radiation.

through these points as being 1.99 which con�rms that the light emitted from

the KTP particles had a quadratic relationship with the laser input power. As

discussed in Chapter 2, multi-photon excitation is a nonlinear effect. From this
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we can deduce that this was the �rst demonstration of simultaneous guiding

and two-photon excitation in a particle.

6.5 Optical guiding with a 10 fs Ti:sapphire laser

This work which uses extremely short pulses follows the experiments which are

detailed in Chapter 8 but will be discussed here. In retrospect, the experiments

carried out as described earlier in this chapter could possibly have yieldedmore

insights into femtosecond guiding if carried out using the shortest available

pulses. The decision to use the higher power Ti:sapphire laser was based on the

assumption that any bene�ts in femtosecond guiding would be from the peak

power of the guiding beam rather than the brevity of the pulse duration and

associated broader bandwidth. From work carried out with extremely broad

bandwidth lasers, it became apparent that it is perhaps the bandwidth of the

laser that could dictate the guiding properties of a beam. In the experiments

carried out with the 110fs Ti:sapphire laser the bandwidth was in the order

of 9 to 12nm which is perhaps not broad enough to convincingly demonstrate

a difference in guiding properties of the modelocked and cw beam. However,

based on the experimental results whichwill be discussed in detail in Chapter 8,

this experiment was brie�y and only qualitatively revisited at the conclusion of

my research using the Femtosource laser which is capable of producing pulses

with a duration as short as 10fs.

The Femtosource laser differs greatly from its argon-ion counterpart in terms

of size, ease of operation and output. As illustrated in �gure 6.19, the laser
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comprises a prepackaged box and a set of optical elements which must be

aligned to build the laser. The box contains a system of aligned mirrors and

the Ti:sapphire crystal. The pump laser comprises two of semiconductor diode

lasers which are water-cooled and emit at a wavelength of 532nm. A periscope

lowers the beam path from the semiconductor diode-pumped solid state laser

into the Femtosource module and also rotates the polarisation of the light by

90◦. To build and complete the laser, I had to carefully align mirrors M2

and M3 to ensure that the beam travelled twice between the two and remained

horizontal. Using a powermeter, I was able tomaneuvre the output coupler and

compensation prism in place until I measured a signal. By gently adjusting the

mirrors and some controls for the Femtosource, I was able to achieve lasing. In

contrast to the Spectra-Physics Ti:sapphire laser, the dispersion compensation

in this laser is provided by an external cavity dispersion compensation (ECDC).

With a pump laser power of 5W a cw output of up to 800mW is possible if the

laser is optimised. To initiatemodelocking, a transient noise spike is introduced

by depressing a button on the Femtosource module. Instead of using a spectral

analyser, I was able to determine whether the laser was modelocked by the

change in shape and intensity of the output beam. As a commercial laser

system, the output is well characterised. The spectral bandwidth of the pulses

is approximately 75nm at central wavelength of 800nm and with a peak power

of over 330kW . The output beam is a TEM00 mode of approximately 2mm

in diameter and a beam quality of M2 of less than 1.3. In the previous work,

the focus had been on determining whether guiding was a single or two-photon

dominated effect. At the time little investigationwas carried out to compare the

guiding distances of particles in the two regimes. The previous work had used

110fs pulses from a Ti:sapphire laser. Here the experiment was performed

using a Ti:sapphire laser capable of producing pulses as short as 10fs with a
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Figure 6.19: Schematic diagram of the Femtosource Ti:sapphire laser with periscope M1,
mirrors,M2,M3andoutput coupler , OC, compensatingprism, CP, and external
cavity dispersion compensation, ECDC. The periscope rotates the polarisation
of the pump beam by 90◦

bandwidth of approximately 120nm compared to 9nm. In the previous work

it was determined that cw and pulsed guiding velocities were comparable, but

the same cannot be said of the guiding distances. It is, at this time, understood

that it is the bandwidth of the laser source which contributes to the increased

guiding distances observed in this experiment. This will be explored more

fully in chapter 8, however, for completeness, images showing the distances

over which the particles are guided are shown below. In �gure 6.20, the

2.3µm polymer spheres are being guided by a Ti:sapphire laser with a centre

wavelength of 790nm and 500mW average power. To improve visibility, these

images have been processed frommonochrome to intensity-related colour. The

blue to red spectrum relates to increasing intensity. It can clearly be seen that

more particles are guided when the laser is modelocked than when operating

in cw mode, and over larger distances. Further images are shown in �gure

6.21. These show that there is a marked difference in the guiding distances of

particles in a cwBessel beam as opposed to a 10-femtosecondBessel beam. Due

to the a lack of time Iwas not able to pursue this any further. However, thework

was carried on by Pascal Fischer and Antonia Carruthers after my departure
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Figure 6.20: False-colour images showing the relative guiding distances of particles within
a cw Bessel beam (top) and femtosecond Bessel beam (bottom) for an output
power of 500mW .

and resulted in some very exciting results [78]. The extended guiding distances

arise from the increased bandwidth of the laser when modelocked. As will

be discussed further in Chapter 8, by using pulsed lasers this increases the

bandwidth of the guiding beam. A superposition of beams forms to create an

extended line of focus.

Figure 6.21: False-colour images compiled to show the approximate guiding distances of
2.3µm polymer spheres across a cuvette of length d = 3mm using a Ti:sapphire
laser with output powers from 150 to 500mW (top-bottom)
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6.6 Discussion

In this chapter I have detailed the experiments which set out to compare optical

guiding inultrashort-pulsedandcw lasers inBessel andGaussianbeamguiding.

At the start of this chapter several questions were asked. From the work

contained within this chapter these questions have now been answered. The

outcomes can be summarised as:

• Optical guiding is governed by a one-photon effect. A comparison of the

guiding velocities shows that there is no discernible difference for guiding

in cw and femtosecond Bessel beams. Similarly there is no discernible

difference to guiding velocities in cw and femtosecond Gaussian beams.

• The high peak powers associated with ultrashort pulses can be used to

exploit nonlinear phenomena such as second-harmonic generation inmi-

croscopic objects at the same time as they are guided.

• The absorption of water at the infrared region of the electromagnetic

spectrum is particularly sensitive to wavelength and must be considered

in guiding work.

• There is evidence which shows that extended guiding distances are pos-

sible by using ultrashort pulsed lasers with broad bandwidths. This will

be discussed further in the �nal experimental chapter of this thesis.
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These outcomes were positive and they led to other work. The simultaneous

multi-photon excitation and guiding prompted similar investigations by other

members of the group into optical tweezing [79]. It also encourage furtherwork

into multi-photon excitation which will be the subject of the next chapter.

In retrospect it would have been preferable to carry out all the guiding exper-

iments with the shortest pulses using the Femtosource laser. However, the

sequence of experiments led to a wider understanding of various femtosecond

lasers as well as better understanding of the relative properties of Gaussian and

Bessel beams.

Personally I gained familiarity with laser construction as the Cr:LiSAF was not

a turn-key laser. The work allowed me to gain experience in laser modelling

and autocorrelation techniques as well as setting up Bessel beam generation

experiments. Moving to the 110fs Ti:sapphire laser gave me the opportunity

to gain experience in laser maintenance and optimisation as it often needed

realignment. Finally, the Femtosource laser provided further opportunities in

cavity alignment.

The lack of results with the experiments with the Cr:LiSAF led to a better

understanding of the power distribution in Bessel and Gaussian beams. Armed

with more knowledge of Bessel beams at the time, I would have been able

to calculate that the power density within the central spot of a Bessel beam

would have been unlikely to allow guiding. Similarly a Bessel beam generated

by the Femtosource would have had a power density in the central spot of

approximately forty times that of the 110fs Ti:sapphire laser. However, at the
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time, the laserwas being usedby a colleague for other research. Also, therewere

concerns that the extremely short pulses could lead and unwanted dispersion

effects which could obfuscate the underlying results of the experiments. For

this reason, the alternative 110 − fs Ti:sapphire source was considered to be

the optimum ultra-short pulse laser.

There was several repetitions of the experiments through which I gained a bet-

ter understanding of the factors which could in�uence optical guiding. Since

absorption of water was wavelength depended, most critical was ensuring that

the centre wavelength of the laser was maintained in both cw and femtosecond

operation. The comparison of Bessel and Gaussian beams raised some discus-

sion. How can a fair comparison be made when the power distribution and

propagation distances are so different between the two? A comparison could

be made with the same power and for the same spot size or for the same prop-

agation distance but not simultaneously. Since it was not possible to exactly

measure the number of rings in a Bessel beam it was not possible to isolate the

power containedwithin the central spot. Hence it was not possible to accurately

choose a comparable power for a Gaussian beam with a spot size of the same

size as the central spot of a Bessel beam. As we weremore interested in guiding

over extended distances, the focus of the experiments was on Bessel beam guid-

ing, though experiments were also carried out to verify that consistent results

came from guiding with femtosecond and cw Gaussian beams.

An ambition was tomeasure the guiding distances of particles within the beam.

At the time, I was not able to develop a method that could accurately do this. It

was not possible to record the transit of a single particle across thewhole cuvette

without translating themicroscopeobjective and camera. For later experiments
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I was able use a higher quality XYZ-translation stage to take images along the

length of the cuvette at known intervals. Some particles were imaged more

than once this way but I was able to get an approximation for the propagation

distance as shown in �gure 6.20. If I had developed this technique in earlier

experiments I would have identi�ed whether guiding distance in femtosecond

laser beams were greater than in comparable cw beams.

In summary, the learning and exciting results from this experimental work

provided a good foundation from which to develop further work. In working

with Bessel beams, I was aware of the self-healing nature of the beam. Many

particles could be guided along the propagation of the beam. The use of the

pulsed lasers prompted the question - could we somehow use the high peak

powers to somehow help us visualise and then characterise this self-healing

property? The answer lay in the two-photon excitation-induced �uorescence

of a substance called �uorescein. We will now go on to discuss this exploration

in the next chapter.
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CHAPTER 7

Two-photon excitation in optical manipulation

In Chapter 6 we learned that optical guiding was governed by the average

power of laser. One could be forgiven for thinking that there was no real

bene�t for using the often more costly femtosecond lasers in place of cw lasers.

However, as was successfully demonstrated it is possible to use use the high-

peak power of these ultrashort pulses for multiphoton excitation which is just

not possible with conventional cw lasers. Having carried out simultaneous

optical guiding and second-harmonic generation in a Bessel beam the idea of

using these ultrashort pulses to explore other multi-photon techniques became

very attractive. The ability to visualise rather than model particle interactions

would be of considerable interest. From the work detailed in this chapter, some

steps have been taken to realise this.
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7.1 Fluorescein & fluorescent markers

In 1871 von Baeyer �rst synthesised an organic compound that became the �rst

dye to be used in vivo to track the secretion of aqueous humour in the eye and

until relatively recently, �uorescein remained the most dominant �uorophore.

Useddiversely in applications from�uorescencemicroscopy to large scalewater

route mapping, it is characterised by its high absorptivity, high �uorescence

quantum yield and good water solubility, however, in its purest form it suffers

from photobleaching and a pH-sensitive �uorescence emission. As shown in

�gure 7.1 it is excited in the visible spectrum and has a maximum excitation at

approximately 494 nm and an emission maximum at approximately 520 nm.

Research into�uoroscein synthesis has continuedwith amine-reactive enabling

labelling of proteins aswell as a series of photostable pH-insensitive derivatives.

In microscopy, �uorescent probes have been used extensively for the tracking

of subcellular organelles. Fluorescein and its derivatives have been overtaken

by the use of �uorescent proteins as probes. A green �uorescent protein (GFP)

is naturally produced by the jelly�sh Aequorea victoria. By cloning the GFP

gene, variants of the proteinwith different excitation and emission spectra have

been produced. Characterised by their emissionmaxima in the blue, yellow and

red regions of the visible spectrum, blue, yellow and red �uorescent proteins

are increasingly in use as �uorescent probes. By combining genes coding for a

speci�c protein with GFP and its variants, functional and �uorescent chimera

were created thus allowing more sophisticated tracking of organelles and their

functions. However, their precursor, �uorescein, remains a key �uorophore in

diagnostics. Another property of �uorescein that is of keen interest and has not

been exploited until very recently is that it undergoes two-photon excitation.
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Figure 7.1: Plot showing the absorption and emission spectra of �uorescein in pH neutral
solution[80].

The excitation spectrum of �uorescein extends into the blue-green region of

the spectrum meaning that it can be excited by wavelengths in the infrared.

Fluorescein in its solid form, is a yellow-orange crystalline substance which is

soluble in water or methanol to make an orange liquid which has a strange hue.

When placed in the path of an infrared beam there is no discernible change

in the liquid. Unless that is, the output from the laser beam is pulsed and

therefore offers high enough intensity to produce two-photon excitation of the

�uorescein. It is then possible to observe with the naked eye a green glow

marking the beam path of the laser. It is possible to see the �uorescence in

the images shown in �gure 7.2. A Gaussian beam is directed upwards through

a containing �uorescein. Due to the response of the camera, the �uorescence

shows as purple glow. In a larger container it is possible to see the extent of the
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beam as shown in �gure 7.3. After �rst observing this effect, we set out to use

�uorescein to visualise, compare and investigate the properties of the Bessel

and Gaussian beam shapes.

Figure 7.2: A femtosecondGaussianbeam isdirectedbyamirrorupwards througha chamber
containing �uorescein (l) which is imaged through an infrared �lter to allow
measurement of the two-photon excitation-induced �uorescence signal(r).

Figure 7.3: A femtosecond Gaussian beam is directed by a mirror upwards through a beaker
containing �uorescein showing a visible two-photon signal.
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7.2 Visualisation of Bessel & Gaussian beams

To investigate the propagation of the Bessel and Gaussian beams a Ti:sapphire

laser operating at a central wavelength of 790nm was used. It was possible for

me to switch operation from cw to modelocked by introducing a transient per-

turbation of the end cavity mirror. Equally simple was moving to cw operation

by introducing a transient intra-cavity obstruction. First, the Bessel beam was

investigated and so for this experiment, I used the same guiding apparatus as in

previous work previously. Here, the central spot size was approximately 5µm.

A water-based solution of �uorescein was placed in a clean cuvette situated at

the beam focus. Using a translation stage, microscope objective (x20), CCD

camera (Pulnix) and video cassette recorder (VCR) I was able to take images

along the beam axis. I used a neutral density to �lter to vary power levels as

I took a series of images at different, discrete powers. By using IMAQ Vision

Builder software (National Instruments) I was able to capture and transform

still images from grainy, monochrome to sharp, vibrant false-colour pictures.

These were then collated into a single image which shows the whole beam as it

transverses the cuvette. The experiment was repeated using a Gaussian beam

with a spot size of approximately 5µm as illustrated in �gure ??. Due to the

power distribution over the Bessel beam structure, lower powers were needed

to generate similar levels of �uorescence intensity for the Gaussian beam im-

ages. The images were captured, processed and collated as for the Bessel beam

images above. A comparison of the images shows how the central maximum

of the Bessel extends far greater than a Gaussian beam with similar spot sizes.

It also shows how the extended guiding distance comes at the cost of power

within the central core. It is worth noting that these images are generated by the
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nonlinear response of the beam within the �uorescein. The region over which

Gaussian guiding can take place is still constrained to a region smaller than the

high intensity pro�le would suggest. Figure 7.4 show the pro�les generated

for a Bessel beam with 950mW of average power (top), a Gaussian beam with

an average power 950mW (middle) and �nally 100mW (bottom). As shown

Figure 7.4: False colour images show the beam propagation of a Bessel beam of 950mW of
average power (top) Gaussian beam of 950 mW average power (middle) and a
Gaussian beam of 100 mW average power (bottom).

in �gures 7.4, the Gaussian beam (top) has a much higher intensity compared

to that of the Bessel beam (bottom), however the propagation distance of the

Bessel beam exceeds that of the Gaussian beam.

Figure 7.5: False-colour images show the beam propagating through �uorescein and guid-
ing particles in a Bessel beam (l) and a Gaussian beam (r). The two-photon
excitation-induced �uorescence indicates the relative intensity of the beams and
the reconstruction property of the Bessel beam
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From this work, we were able to use the technique to visualise and compare the

reconstruction properties of Gaussian and Bessel beams. In this experiment, I

placed a sample of non-�uorescing polymer 2.3µm spheres in the �uorescein

solution. Optical guiding was observed in both beams however the images

also reinforced the theory. As can be seen in �gures 7.5, the Gaussian beam

(right image) shows an intense beam guiding a single particle from left to right.

There is no evidence of a beam downstream of the particle. In contrast, the

self-healing properties of the Bessel beam which were discussed in Chapter 4

can be seen as two particles are guided from left to right with a two-photon

signal present in between (left image).

I was able to use these images to estimate the reconstruction distance of the

particle within the beam. By using IMAQ software I took a line pro�le of the

image and analysed it within Microcal. A renormalised plot as shown in �gure

7.6 gives a measurement of 65 and 68 µm respectively for the two particles. We

were able to compare this result with a simulation created by a colleague. In a

comparison with the theory as detailed in Chapter 4, for a 2.3µm particle in a

beamwith axicon of angle γ = 1 and refractive indexn = 1.5, the reconstruction

distance is approximately 66 µm.

This work shows good comparison of experimental results to the theory of self-

healing Bessel beams. In the next section, the aim was to investigate whether

this property would show allow for deeper penetration through turbid media.
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Figure 7.6: Line pro�le to show reconstruction of Bessel beam around guided microspheres
of diameter 2.3µm

7.3 Multi-photon processes in turbid media

In this section we explore the reformation of Bessel beams for nonlinear excita-

tion through turbid media. The self-healing properties of Bessel beams which

were this basis of this work was driven by a desire to better understand the

penetration of Bessel light beams into turbid media with potential applications

for deep tissue penetration. Initially we look qualitatively at two-photon excita-

tion of blue �uorescing spheres, KTP crystallites and �uorescein through very

turbid media. Subsequently, we set about trying to qualitatively measure the

penetration of Bessel beams versus equivalent Gaussian beams through turbid

media. The aspiration is to translate any positive �ndings into applications in

the probing of deep tissue.
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Figure 7.7: Schematic showing a vertical Bessel beam travelling through a series of chambers
containing nonlinear materials in solutions. (a) blue �uoresecing spheres, (b)
KTP crystalites and (c) �uorescein

In the �rst experiment, we use a series of small chambers each containing

different substance which, under the correct conditions would exhibit either 2-

photon excitation or second harmonic generation. An illustration of the simple

experimantal apparatus is set out in �gure 7.7. To make the sample chambers,

I used a series of microscope slides and cover slips. Sheets of sticky-backed

plastic were pre-fabricated into a mesh of squares with holes cut out. These

were stacked to make the sample chambers. I used pipette to place a measured

solution of �uorescing particles into the chamber which was sealed with a small

thin cover slip. As a demonstration, some images were captured to determine

whether further experiments were warranted. As the images show, it was

possible to excite �uorescing spheres, KTP crystal fragemnts and �uorescein

even when the samples were highly concentrated. Figure 7.8 shows the Bessel

beam as imaged through a sample with a low concentration (left) and high

concentration (right) of non-�uorescing 5µm polymer spheres. Above this, a

second sample chamber contained 5 µm green �uorescing spheres. Finally a
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Figure 7.8: Images of Bessel beam within �rst sample stage with no IR �lter. (l) with dilute
concentration of non-�uorescing spheres; (r) with high concentration of non-
�uorescing spheres as used in experiment

third chamber containing KTP crystal fragments was placed on top. I was able

to image through the sample chamber using an IR �lter to determine if there

was any two photon signal from the spheres or KTP fragemnts. As is showm in

�gure 7.9, a strong signal is emitted from both.

I also noted that the beam itself introduced convection effectswithin the sample

chamber. Particles trapped within the Bessel beam were guided upwards to

the top of the chamber where they would arrange themselves within the high

intensity areas of the central spot and outer rings. The two images in �gure

7.10 shows how 1 micron blue �uorescing spheres arrange themselves within a

Bessel beam with a 2 micron diameter central spot.

These investigations showed that it was possible to achieve nonlinear excitation

of materials even through a turbid material. From this, the aspiration was to

qualitatively determine whether Bessel beams exceeded Gaussian beams in

penetration depth through turbid media.
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Figure 7.9: Images of Bessel beam through in second and third chambers: (l)as imaged in
middle chamber with strong concentration of green �uorescing spheres; (r) as
imaged in top sample containing KTP crystallites

Figure 7.10: 1µm blue �uorescing spheres within a femtosecond Bessel beam with a central
spot size of 2µm. The particles self-assemble into the Bessel beam pattern

7.4 Penetration through turbid media with Bessel beams

In this experiment, the two-photon signal from �uorescein is used to measure

how well a beam penetrates through a high concentration solution of non-

�uorescing polymer spheres. Using 5 different beam powers (20 to 100 mW),

3 solution concentration, 3 different particle sizes and several chamber depths,

images of the �uorescein chamber were captured and analysed using IMAQ

software. For this experiment, I used a Bessel beam with a central core of 5 µm
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and a length of 6 mm. Initial I used large polymer spheres with a diameter of

25 µm. The size of the spheres proved to be too large to allow the Bessel beam

to reform. Equally, the Gaussian beam was quickly attenuated. Therefore,

I moved to using particles with a diameter of 1 and 6.53 µm non-�uorescing

polymer spheres. For Mie particles I used smaller 470 nm particles labelled

with a red �uorophore. As illustrated in 7.11, the polymer solutions were placed

into a chamber (C) of a known thickness (B). The beam (C) enters the chamber

and the two photon signal from the �uorescein in the chamber (A) is measured.

To avoid contamination, a chamber was made for each sample. The chamber

was constructed by overlaying a series of plastic chambers each measuring

80µm thick. The concentrations of polymer spheres to water were 1:30, 1:60

and 1:90. Tomake the solutionmore turbid, I refrained from adding any heavy

water to the solution. To compare, a Gaussian beam with a spot size 5µm. I

conducted the experiment with the same powers. As con�rmed earlier in the

chapter, the Gaussian beam contains much more power within the spot size

compared to the same size of central core in a Bessel beam. For this reason, I

observed greater signals at shallower chamber depth and therefore commenced

my experiment at greater depths.

Figure 7.11: Schematic of sample chamber used to determine the penetration of beam
through sample. (A) �uorescein chamber for measurement of 2 photon sig-
nal (B) chamber wall (C) beam path (D) polymer sphere solution
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In the course of this experiment, I captured and imaged over one thousand

images. Some of these images are shown in �gure 7.12. Each image was

characterised by its mean pixel intensity and plotted with depth of chamber for

each of the samples at each of the beam output powers.

Figure 7.12: Images of two-photon excitation-induced �uorescence from �uorescein as gen-
erated by a Bessel beam (upper) and Gaussian beam (lower) propagating
through a chamber containing a concentrated solution of 1 micron polymer
spheres. Output power from laser is decreased from 100mW to 20mW (l-r) and
the sample depth is approximately 2.4 mm

From the results it appeared that the Bessel beam had better penetration

through the chamber with 1:30 in solution of red polymer spheres of diam-

eter 470nm as shown in �gure 7.13.

The �rst observation was that the signal was quickly attenuated for the 6.53µm

diameter particles. This reinforces the observation that for effective penetra-

tion, the core or spot size of the beam should be greater than the particle size.

The second observation was that the signal was greater for penetration through

the smaller 0.47 µm spheres. However, this could be explained by the �uores-

cence of the spheres themselves. From the results it became evident that the

experimental data was inconclusive. As shown in ??, there was no clear trends

to be seen across the piece.
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Figure 7.13: Plots show the mean pixel intensity of two-photon excitation-induced �uores-
cence signal for Bessel and Gaussian beams with an average power of 80mW
propagating through a chamber containing particles of and 470nm

For conclusive results, a better experimental methodology was required. First

and foremost, the measurements should have been made for the same sample

chamber depth for each beam. This was done in work continued by a colleague.

In that work, a cuvette was used as a container for different concentrations of

solution. A silicon-diode detector was used tomeasure any signal fromboth the

Bessel and Gaussian beams for varying powers and solution concentrations.
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Figure 7.14: Plots show the mean pixel intensity of two-photon excitation-induced �uores-
cence signal for Bessel and Gaussian beams with an average power of 100mW
propagating through a chamber containing particles of diameter 470nm

7.5 Discussion

There were several positive outcomes from the work detailed in this chapter.

• Most signi�cantly we successfully exploitmultiphoton excitation by ultra-

short pulsed lasers as a visualisation technique. From this it was possi-

ble to compare the theoretical reconstruction distance of a Bessel beam

aroundanobject bydirectmeasurement. This imagewasderived from the

two-photon excitation-induced �uorescence generated by a femtosecond

laser Bessel beam as it reformed around the object.
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• By exploiting the self-healing properties of a Bessel beam it was possi-

ble to generate second-harmonic generation and two-photon excitation-

induced �uoresence through solutions with extremely high concentra-

tions.

• The self-healing properties of the Bessel beam through turbidmedia were

observed for particles with a diameter smaller than the central spot size

of the Bessel beam.

From the previous work on the reconstructive properties of the Bessel beam

the aim was to investigate the potential of Bessel beams for deeper penetration

into tissue. In this set of experiments, I set out to measure the penetration

of Gaussian and Bessel beams through turbid media as a function of particle

concentration and depth.

After reviewing the work, a muchmore fruitful approach would �rst be to mea-

sure the penetration of the beams as a function of only one variable. The main

�aw in the experiments I carried out was the construction of the chambers.

Though the idea was sound in theory, the practicalities of making chambers of

different depths led to the inconclusive results. It was not possible to measure

accurately the chamber depth. An alternative method was to use a chamber of

a standard size and measure the penetration of the beams as function of par-

ticle concentration. Rather than measure the two-photon excitation-induced

�uorescence from the �uorescein chamber, a better method would be to simply

measure the output power from the sample chamber using a photo-multiplier

tube through an IR �lter.
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This experiment was not as successful as I had hoped. The intention was to

redesign the experiment and repeat the experiment. However, this work was

picked up by others in the group as part of another group of experiments using

longer wavelength lasers. It should be noted that a paper published in 2004 by

another group successfully carried this work to completion.
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CHAPTER 8

White-light Bessel beams

In this �nal chapter some very exciting research is detailed. My work until

this point had been to exploremultiphoton excitation and optical guiding using

ultrashort pulsed lasers and Bessel beams. As my research was coming to an

end, some members of the group had started working with white-light sources

to explore the generation of broadband beams. I was keen to get involved with

this work as it seemed to be a natural extension ofmy research. In this work, we

used a femtosecond laser to investigate the generation and properties of Bessel

beams with spatially coherent white-light sources. Given the broad bandwidth

of this source, it was not known whether it would be possible to generate Bessel

beams using an axicon. It was possible that the bandwidth would lead to a

washing out of the Bessel beam structure. Alternatively it might behave as a

superposition of many Bessel beams at incremental wavelengths. This work

subsequently led to some initial experiments into optical guiding with white-

light Bessel beams. Although I was unable to �nish this work myself, it led

to related investigations by others within the group [78]. Before, detailing

this work, we will discuss the creation of this white-light source called the
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supercontinuum which could �nd very useful applications in optical imaging.

For optical imaging techniques, the ultimate light source would have the coher-

ence and intensity of a laser source and a spectral range that spans the UV to

IR wavelengths. The use of such coherent white-light sources could potentially

revolutionise in vivo optical imaging techniques as it is here that the aspiration

is to obtain functional images of inside the body. This is best achieved when

spatial and multi-wavelength information is combined. As we will discuss, the

key properties of the supercontinuum that could be exploited in for such optical

imaging techniques are its extremely broad spectral range, coherence and high

intensity.

First it is worth considering contrasting and comparing the supercontinuum

light with other white-light sources. The obvious comparison is to the light-

bulb. The bene�ts of the incandescent light-bulb are limited to its lowmanufac-

turing and operating costs. While supercontinuum sources require sometimes

expensive pump sources, it is easily coupled into a waveguide and has a coher-

ent, intense output. Alternatives have included coupling three lasers with from

the green, red and blue regions of the spectrum to produce a pseudo-white light

source [81]. Although such a con�guration would overcome the limitations of

the light-bulb, the costs and limited spectral range render it far inferior to the

supercontinuum for applications in optical coherence tomography and spectral

characterisation. More technically, the coherence of the white light sources

is an important consideration. In an earlier experiment by Fischer et al., a

halogen bulb and a supercontinuum light source were characterised[82]. Both

of these approximate to a white light source, however, the halogen bulb has a

far lower spatial coherence than the supercontinuum. A series of pinholes were
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used to spatially �lter the light from the halogen bulb incident on an axicon.

The pinhole diameter was increased, and the Bessel beam formation imaged.

It was found that the outer rings in the Bessel beam became degraded with in-

creasing pinhole diameter. It was deduced that the spatial coherence of a source

limited its ability to fully form a Bessel beam in this manner. Consequently,

the supercontinuum, with its high spatial coherence, is a superior white light

source.

8.1 Supercontinuum generation

Before settingout theexperimentalwork, it is important todiscuss thephysicsof

supercontinuumgeneration itself. The technique of converting the output from

a narrow bandwidth pulsed laser source into this amazingly broad spectrum

of pulses is relatively new. For this reason, a complete understanding of the

mechanisms which contribute to the process has, at the time of writing, not

yet been achieved. However, there are several nonlinear mechanisms which

are believed to combine to launch the process. In the following section, these

nonlinear processes are mentioned however the reader is referred to Chapter 2

for an more in-depth treatment.

First letus consideranearlymethodused forgeneratinga supercontinuum[83].

In an experiment which borrowed techniques from pump-probe spectroscopy

the feasibility of simultaneously acquiring time-resolved data at a continuum

of wavelengths was explored. The output from a modelocked Ti:sapphire laser

producing38mJoptical pulses at 780nmwith adurationof 200 fswas focussed
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into a cell containing water. The resulting strong nonlinear optical processes

and high power densities combined to broaden the spectral bandwidth of the

ultrashort pulses. With the aid of a polychromator and a streak camera, it was

possible to record temporal pro�les against wavelength simultaneously. From

this, the researchers were successfully able to transilluminate and image breast

tissue and subsequently identify inclusion.

Since then, supercontinuum generation techniques have advanced. Highly dis-

persive photonic crystal �bres have replaced water as the broadening medium.

�Holey�, microstructured, and tapered photonic crystal �bres (PCFs) are de-

scendants of the optical �bres used inmodern telecommunications technology.

In traditional optical �bres, the light is guided by virtue of total internal re-

�ection which is made possible by the relative refractive index of the core and

cladding. In photonic crystal �bres, the guiding mechanism is a more subtle

one; the index differential is obtained by creating amatrix ofmaterials with var-

ious refractive indices. Thismatrix formation allows themanufacturer to create

materials with novel dispersion properties or simply with very low refractive

index. The title would suggest that the �bres are made from some crystalline

material however it is in fact the distinctive cross-sectional pattern which gives

photonic crystal �bres their name. Some examples of these structures are

shown in �gure 8.1 .

These �holey �bres� comprise a solid-index core encased in an array of air tubes

are arranged along the length of the �bre. The result is a hybrid air-silica mate-

rial with a refractive index lower surrounding a higher index core. The relative

dimensions of the core diameter, hole diameter and separation determine, to a

great extent, the properties of the optical �bre. Single-mode guiding is achieved
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Figure 8.1: PCF structures developed for different applications. From top left clockwise (a)
highly nonlinear �bre (b) endlessly single-mode �bre (c) high NA �bre and (d)
polarisation maintaining �bre

by fabricating amatrix of small holes around a larger core; formulti-mode guid-

ing, the reverse holds. In either case it is the large refractive index step which

enables con�nement of the light to the silica core. The dispersive properties of

the �bre act to shift the zero dispersive wavelength of silica, 1270 nm, to amuch

shorter wavelength. For telecommunications applications, the wavelength of

the pulses are matched to the zero dispersion wavelength of the material as the

desire is to minimise the spectral broadening of the pulses as they propagate

through the �bre. In supercontinuum generation the aim is to encourage the

spectral broadening. For this reason the wavelength of the pump source should

reside in the lower end of the desired spectrum.

The broadening mechanisms are not yet fully understood but it is believed that

the interplay of four-wave mixing, stimulated Raman scattering and self-phase

modulation are integral in the broadening effect. The determining factors

for the supercontinuum generation are the dispersion of the �bre relative to

the pumping wavelength, the pulse length and the peak power. The magni-

tude and sign of the dispersion is key in determining the particular nonlinear
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processes which will dictate the stability and spectral pro�le of the continuum.

Low dispersion is required to achieve ef�cient broadening as it facilitates the

phase-matching needed for nonlinear processes. The high peak powers of the

pulses increases the nonlinearity of the �bre and boosts the dramatic super-

broadening of the laser pulses and therefore allows for shorter �bre lengths.

Consider a photonic crystal �bre with a zero dispersion wavelength at 900nm.

When the PCF is pumped with femtosecond pulses at 800 nm in the normal

dispersion regime, self-phase modulation is the dominating broadening mech-

anism with Raman scattering acting to broaden the longer wavelengths. The

result will be a spectrumwith a smooth and stable pro�le. Figure 8.2 shows that

as the pump wavelength moves closer to the zero dispersion wavelength other

nonlinear processes will come into effect. The Raman scattering and self-phase

modulation will broaden the spectrum into the anomalous dispersion regime

and therefore form a soliton at approximately 940nm. As the peak power of the

pump pulses increases, this soliton will move to longer wavelengths.

Supercontinuum generation techniques, being relatively novel, are being ex-

plored and developed. In essence, the technique involves coupling a carefully

crafted photonic crystal �bre structure to a suitable laser source near the zero

dispersionwavelength to generate a supercontinuumoutput. If the PCF isman-

ufactured in such away as to blue-shift the zero dispersionwavelength from the

IR to the NIR, it becomes possible to use high-power Ti:sapphire lasers as the

source for supercontinuum generation. Figure 8.3 shows how the spectrum of

an input pulse with a centre wavelength of approximately 800nm broadens over

the length of the �bre to a bandwidth extending into the blue and mid-infrared

regions, 400 to 1250nm).
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Figure 8.2: Spectra of supercontinuua generated by pumping with a femtosecond laser. As
the pump wavelength moves towards the zero dispersion wavelength, the spec-
trum increases in bandwidth

Supercontinuum generation techniques have included the generation of sub-

micron diameter �bres which shift the zero dispersion wavelength as far as

500nm. This means that other sources can be used such as a low power mi-

crochip lasers operating at 532nm [85]. The use of cw lasers as pump sources

have also been well documented [86]. Prahbu et al. have demonstrated how

the integration of a Bragg grating can give extreme enhancement near the Bragg

resonance wavelength [87]. It has also been demonstrated that irradiation of

the �bre by UV light can be used to modify the refractive index and hence

increase the waveguide dispersion thereby shifting the zero dispersion wave-

length even further. It should be noted that supercontinuum generation is not

restricted to the visible spectrum. There would be many potential applications

for an broad infrared supercontinuum. One such application is in optical coher-

ence tomography. As discussed in Chapter 2, sources in the infrared spectrum
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Figure 8.3: Intensity contour plot to illustrate how the spectral bandwidth (x-axis)of an in-
fraredpulse broadenswith increasing length of photonic crystal �bre (y-axis)[84]

give enhanced penetration of tissue but the resolution of OCT techniques is

inversely proportional to the bandwidth of the laser. With the vast bandwidth

of an IR supercontinuum can provide both high resolution and deep penetra-

tion. The output of the supercontinuum is dependent on the amount of pump

light coupled into the �bre. The ef�ciency of the conversion from pump source

to supercontinuum is enhanced by optimising and aligning the coupling of the

laser beam into the photonic crystal �bre using an optical element such as a lens

or microscope objective. To achieve optimum coupling, the pump source must

be focussed into one end of the �bre. Equally, to enable the output to be used

ef�ciently, another optical element is used to direct the beam as desired. The

amount of intensity transferred successfully to the �bre from the laser source

dictates the extent of the spectral broadening and hence the bandwidth of the

output pulses. From this general overview of supercontinuum generation and

its potential applications we shall now discuss the speci�c apparatus we used

to generate the supercontinuum for use in subsequent experiments.
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8.2 Supercontinuum generation experimental apparatus

Figure 8.4 shows a schematic of the experimental set-up used for a white light

supercontinuum generation. For this work, the shortest pulses were required

Figure 8.4: Schematic illustration of the experimental set-up forwhite-light supercontinuum
generation. The 10 fs, 780 nm pulses from a Ti:sapphire is coupled in and out
of the Femtowhite PCF using micrscope objectives mounted on XYZ-translation
stages.

so the Femtosource Ti:sapphire laser as described in Chapter 6 was used. The

pulse characteristics weremeasured and found to have a pulse duration of 10fs

at 780nm. The repetition rate of the cavity was approximately 80MHz. To

set up the apparatus, the output from the Ti:sapphire laser was raised using

a series of mirrors to bring the height of the beam to 12.5cm. The height of

the beam was measured in the far distance to ensure that it remained at his

height. The neutral density �lters were used to reduce the power of the beam

to approximately 60mW . It was important to keep the average power below

120mW as extremely high peak powers can optically damage the PCF. Next,

I placed a x40 objective within the beam path and using the XYZ-translation

stage the objective was maneuvered so that the output from the laser remained
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at the correct height. Next, the Femtowhite (NL-PM-750) PCF was placed in

front of the objective. Again the, PCF was mounted on an XYZ-translation

stage to permit �ne positioning. Using a low-range power meter connected to

an oscilloscope, I was able to �nely adjust the positions of the objective and the

PCF to maximise the IR output from the PCF. Eventually the coupling of the

laser into the PCF was suf�cient to initiate launch the supercontinuum. It was

then possible to place the second microscope to couple the output of the PCF.

I was then able to align and collimate the supercontinuum beam. The beam

could then be manipulated as required by using mirrors or lenses. By using a

prism I was able to view and image the spectrum of the supercontinuum. A

photograph showing the spectral output I generated in the laboratory is shown

in �gure 8.5. As may be observed the intensity of the light generated across the

spectrum is non-uniform as shown by the dips within the spectral range.

Figure 8.5: Image of supercontinuum spectrum generated by a dispersive prism
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8.3 Experiments to characterise white-light Bessel beams

These experiments sought to investigate how the spatial and temporal coher-

ence properties of a source in�uenced Bessel beam formation and the subse-

quent suitability in optical micro-manipulation. Generation of a monochro-

matic, temporally and spatially coherent Bessel beam had been demonstrated

and investigated quite fully. Here, given the vast spectrum, the Bessel beam

could be considered a superposition of hundreds of Bessel beams at successive

and incremental wavelengths. Perhaps it could exhibit some other valuable

characteristics. From the work carried out in the course of this research, it

appears that the supercontinuum Bessel beam not only behaves as a superpo-

sition of monochromatic Bessel beams, but it also offers some bene�ts over a

single wavelength Bessel beam of the same power.

Preceding research into Bessel beam generation was carried out bymembers of

the research group using a variety of sources including cw lasers, femtosecond

lasers, a supercontinuum source and even a halogen bulb[78]. From this, a

simple theory of broad-bandwidth Bessel beams was developed and this will

now be discussed.

8.3.1 Theory of white-light Bessel beams

The theory detailed in Chapter 4 was developed by Fischer et al. which could

be used for Bessel beams generated by a broad bandwidth source. Here it is
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proposed that the Bessel beam would have a central core encircled by number

of rings, Nrings given by

Nrings ≈ Integer

(
1.67(∆ωFWMH/ω0)

−1 − 1/2

2

)
(8.1)

where ωFWHM is the source bandwidth and ω0 is the centre wavelength. It

follows that the number of rings will decrease as the bandwidth increases. Also

the number of rings will decrease with centre wavelength (ω0 = 2πc/λ). We set

about verifying this relationship in the experiments detailed in Section 8.3.2.

The propagation distance, zmax of a Bessel beam is approximated by the ratio

of the beam waist ω0 to the angle of the cone of k vectors Ω. From this the

propagation can be written as

zmax(λ) =
ω0

(n(λ)− 1)γ
(8.2)

where γ is (90 − Ω/2). Figure 8.6 shows this relation plotted for a BK7 axicon

with γ = 1◦. It shows that the propagation distance should increase with

wavelength. Consequently, in a supercontinuum, the shorter wavelengths will

dominate the focal line closer to the axicon and slowly give way to the longer

wavelengths as the propagation distance increases. As shown in �gure 8.7

three discrete wavelengths λ1, λ2 and λ3 will form Bessel beams at different

points in space. We attempt to measure the propagation of a Bessel beam with

wavelength in Section 8.3.3

Finally, let us consider the reconstruction properties of a supercontinuum

beam. As set out in Chapter 4, the distance, zmin after which a Bessel beam

starts to reform when the central core is blocked by an obstruction of radius rob
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Figure 8.6: Theoretical propagation distance of the spectral components of a Bessel beam
generated by a supercontinuum beam with a beam diameter of ω0

is approximated by

zmin = rob
k

kr

(8.3)

This can be approximated by the relationship

zmin(λ) ≈ rob

(n(λ)− 1)γ

where γ is the apex angle of the axicon and n(λ) is its wavelength-dependent

refractive index. A plot of reconstruction distance around a 50µm obstacle

against wavelength is shown in �gure 8.8. In Section 8.3.4 we will set out to

verify this relationship experimentally.
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Figure 8.7: An axicon of angle γ will act to focus the wavelength λ1, λ2 and λ3 at different
points past the axicon

8.3.2 White-light Bessel beam profile

The cross-section of the Bessel beam is quite distinctive and, by now, familiar.

This pattern is created by the interference pattern of the conicalwavefronts gen-

eratedby the optical element suchas the axiconor spatial-lightmodulator. How

would the coexistence of so many wavelengths affect this interference effect?

Would the wavefronts combine to obliterate the core and ring structure? To

investigate, this experiment entailed photographing the beam cross-sections at

discrete wavelength intervals within the spectral range of the supercontinuum.

From the theory, it is understood that the point of maximum intensity for a

Bessel beam is determined by the wavelength and size of the light incident on

the axicon. In this experiment, that point would vary with the chosen tranche

of wavelength. Furthermore, the intensity across the spectral range of the
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Figure 8.8: Plot showing wavelength dependent reconstruction distance after a spherical
obstacle with a 50µm diameter. The Bessel beam is generated using an axicon
with an opening angle of 1◦

supercontinuum is not uniform. For this reason, the photographs of the cross-

section had to analysedwith reference to a normalised intensity. Consequently,

there was a wide variation in the resolution of the images. To illustrate how the

diameters of the central spot and outer rings increase with wavelength �gure

8.9 shows a selection of cross-section images at various discrete wavelengths

within the spectral range of the supercontinuum. The image taken with no

�ltering shows that the Bessel beam is a superposition of the individual Bessel

beams over the range of wavelengths.

For comparison, we plot the theoretical Bessel beam pro�le at the wavelengths

450nm, 850nm and 1µm in �gure 8.10. Now, by using National Instruments
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Figure 8.9: Photographs capturing the cross-sections of the white-light supercontinuum
beam at various wavelengths within the spectral range as viewed through in-
terference �lters ranging from 450nm to 1micron

IMAQ andMathcad software packages, to take line pro�les from these images I

was able tomap theBessel beamcross-section to the theoretical pro�les. Figure

8.11 shows pro�les taken from images at the different wavelengths with a best

�t line. Here there is evidence of the variation in spectral intensity along the

supercontinuumpro�le. In fact, some images were saturatedwithin the central

spot area. That aside, the plots show good agreement between the captured

Bessel beam pro�les and those derived from theory.
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Figure 8.10: Plot to show the theoretical cross-section pro�les of a Bessel beam at 450, 850
& 1000 nm as expected by theory

8.3.3 White-light Bessel beam propagation

The next stage of characterisation was to investigate the longitudinal propaga-

tion of the supercontinuum Bessel beam. Again, this was done by analysing

cross-section images captured using a CCD camera.

First, the experiment aimed to measure the propagation distance of the Bessel

beam as a function of wavelength. This was done by inserting each interference

�lter in turn. A transverse image of the Bessel beam was captured using a

Watec CCD camera which could be translated on a XY-translation translation

stage. Images were captured at 10 micron intervals along the longitudinal

axis of the Bessel beam. A line pro�le bisecting the Bessel central spot gave a
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Figure 8.11: Plot to show the experimental cross-section pro�les of a Bessel beam at 450,
850 and 1000 nm as measured using a CCD camera and interference �lters

succession of line pro�les which were normalised and compiled usingMathCad

into a representation of the beam pro�le as shown in �gure 8.12. From this

work, measurements of the propagation distances of the Bessel beam at various

wavelengths could be made. This laborious approach gave some encouraging

results at �rst. The number of images involved in this work exceeded 10, 000.

Again, variation in intensity over the spectral range of the supercontinuum

meant analysis of the data proved dif�cult. I usedMathCad to compile contour

plots from the line pro�les along the line of propagation. One such contour

plot is shown in �gure 8.13. The image suggests that the propagation of the

Bessel beam starts closer to the axicon for the shorter wavelengths as expected.

However, when compared to a contour plot generated from renormalised line

pro�les, that assertion no longer seems valid. The next experiment was to
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Figure 8.12: Examples of pro�les obtained using line pro�les from cross-section images of
beam

investigate the reconstructive properties of a supercontinuum Bessel beam.

We will discuss this now.

8.3.4 White-light Bessel beam reconstruction distance

Having characterised the pro�le and the propagation distance, the next task

was to measure the reconstruction distance of each colour within a white light

Bessel beam as it reforms behind an object. As detailed earlier in this chapter

the reconstruction distance of a Bessel beam is dependent on the wavelength-

dependent refractive index of the axicon. This was plotted for a BK7 axicon in

�gure 8.8 which shows that the reconstruction distance should increase with

with wavelength.

To verify this I needed a circular obstacle. Creation of a suitable obstacle

was dif�cult. In previous work carried out by the group, the scale dictated

that small spheres or pen dots could be used. I attempted to carry out this
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Figure 8.13: Contour maps generated by MathCad to show how the propagation distance
of the Bessel beam varies with wavelengths between 500 and 750 nm unnor-
malised(l), normalised(r)

experiment using tiny pen dots as the object. The shape of these obstacles

were not uniform and therefore an alternative obstacle was required. One was

created by Steve Neale who deposited gold atoms onto a glass slide using a 50

micron mask. To measure the diameter of the obstacle, the beam was imaged

with a graticule replacing the obstacle as shown in �gure 8.14. This shows

Figure 8.14: Image shows the how the obstacle (r) was measured by �rst imaging a graticule
(l) and then the obstacle (r) placed in the same plane.

both the supercontinuumBessel beam pro�le and the obstacle. By knowing the

dimensions of the graticule the obstacle was imaged andmeasured using IMAQ

software as having a diameter of 49.6µm ± 0.5µm. From this the theoretical
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reconstruction distance could be calculated and this is shown in �gure 8.15

Following good practice, the obstacle was placed at a suitable distance from

Figure 8.15: Plot shows the theoretical reconstruction distance of a Bessel beamas a function
of radiation wavelength

the axicon which was measured to be approximately 5cm. First, the CCD

camera was mounted on an XY translation stage which had a resolution of

10µm. Thousands of images were captured at discrete interval along the beam

propagation at each wavelength. As in the propagation distance experiment,

line pro�les bisecting the Bessel central spot were taken and compiled using

MathCad into a representation of the beampro�le. It was hoped that the labour

would result in a determination of the reconstruction distance. A comparison

of the reconstruction distance at 400 nmwith that at 850 nm is shown in �gure

8.16.

In this image, the reconstruction distance of the 850nm wavelength beam ap-

pears to be shorter than that of the 400nm. However, the resolution of the

images captured at the longer wavelength is superior. This variation in resolu-
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Figure 8.16: Images generated to show how the pro�le of a Bessel beam reconstructs after
an object at two wavelengths (a) 850nm and (b) 400nm

tion and spectral intensity obfuscates the underlying results. In an alternative

method, I extracted the line pro�les into an excel spreadsheet where the values

were renormalised. A plot showing the reconstruction distances after an obsta-

cle for wavelengths 450, 650 and 850nm is shown in �gure 8.17. From this the

reconstruction distances could be estimated. The resolution issues introduce

errors and furthermore hysteresis in the equipment and �uctuations in the

illumination meant that the errors associated with these measurements were

large. An alternative method was sought.

According to the theory, the change in reconstruction distance over the 400 to

1000nm range was expected to take place within 40nm. An alternative approach

involved visually determining the point at which reconstruction of the spot was

deemed to occur. However, while the eye is very good at detection rapid move-

ment but it is not the best tool for observing gradual changes in patterns. After

many attempts to determine the point of reconstruction this way, I measured

the point at which the spot began to appear and the point at which translating

the stage did not seem to affect the change of size or intensity of the central

spot. An interpolation gave a measurement of the reconstruction point. The

168



Figure 8.17: Plot of reconstruction distance after obstacle for beams at 450, 650 and 850nm.

results of this method are shown in �gure 8.18.

While there was good agreement of the measurements and the theory, again

this method contained signi�cant reading errors. For successful publication a

better experimental method was required.

In a repeat of the experiment, this time the CCD camera was mounted on an

XYZ-translation stage which was computer controlled in the axis parallel to

beam propagation as depicted in �gure 8.19. Wavelength selection was made

by using a suite of COMAR interference �lters. Neutral density �lters were

used to prevent saturation of the camera. Photographs were initially taken at

10µm intervals along the axis of beam propagation. At the end of each run,

the camera was returned to the starting point to determine if there was any
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Figure 8.18: Plot showing the reconstruction distances around a 49.6 micron object as a
function of wavelength. These measurements were made by an interpolation
method and has large errors associated with the readings.

signi�cant hysteresis error arising during the experiment. None was observed.

Initially the experiment was carried out along the range of 0 to 3mm for the

650nmwavelength. The imageswere analysed and collated into an excel spread-

sheet. A plot showed that the reconstruction appeared to occur in the region

of 2.6 to 2.7mm. This was determined by the fact that the central spot ceased

to increase in size between these two points. This permitted the experiment to

be repeated in the region of 2.65 to 2.83mm but at a higher resolution of 1µm

intervals. Again the experiment was repeated 3 times for each wavelength.

This method proved to be far more pro�table. Each set of images was analysed
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Figure 8.19: Schematic of experimental apparatus used for imaging the reconstruction of a
supercontinuum Bessel beam around a circular obstacle. Interference �lters
are used to select the wavelength.

as in the previous experiments, however, the higher resolution allowed a de-

termination of where the central spot had reconstructed. The limiting factor

in these measurements was no longer human error but the camera resolution.

It followed therefore that at the longer wavelengths which have larger central

spots, the measurement error was reduced. The results are shown in �gure

8.20. From the theory in chapter 4 and the experimental results just discussed,

Figure 8.20: Plot shows the experimental reconstruction distance (mm) of a Bessel beam
after an 49.7µmobstacle at discretewavelengths in the supercontinuumspectral
bandwidth 400nm to 1000nm)

it is clear that the expectation is that the shorter wavelengths would reform as
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a Bessel a beam earlier than the longer wavelengths. Thus, a blue central spot

should be visible prior to the addition of other colours with distance to form

a visible white central spot. Similarly, the shorter wavelengths will disappear

before the longer wavelengths leaving a red and infra-red tail to the central

spot. Figure 8.21 shows the cross sections of the beam along the central axis

with no spectrum �ltering which reinforces the experimental result above.

Figure 8.21: Images of the white-light Bessel beam showing the formation central spot at
the of start of the beam propagation. The development of the central spot from
blue to white shows that the Bessel beam forms with the shorter wavelength
light �rst.

Another image shown in �gure 8.22 was captured with a degree of neutral

density �ltering shows the spectral variation around the central white spot. The

Figure 8.22: Image of central spot of a white light Bessel beam as generated by a supercon-
tinuum source. The white central core is encircled by a spectrum which shows
that the longer wavelengths have a larger spot size.
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experiments carried out in the preceding sections veri�es that the Bessel beams

generated by a supercontinuum source do in fact behave like a superposition

of monochromatic Bessel beams at incremental wavelength steps. In the �nal

experiment, wewill look at the possibilities of guidingwithin a supercontinuum

beam.

8.4 Experiments in optical guiding using white-light Bessel

beams

After the reconstruction work was completed, the supercontinuum source was

aligned to a guiding apparatus to perform some �nal guiding experiments.

The aim of these experiments was to identify any bene�ts to be gained from

using the supercontinuum source compared to a femtosecond or cw laser. The

beam diameters of both the Ti:sapphire pump laser and supercontinuum were

measured again using the BeamMaster and the apparatus was set up as shown

in �gure 8.23. The output from the Femtosource laser can be directed by

a �ipper mirror to two set-ups. The �rst is a supercontinuum guiding set-up.

The Ti:sapphire beamwith a diameter of 2mmwas aligned and coupled into the

PCFusing themicroscope objective. By adjusting theXY-translation stages, the

output could be optimised to give the a broad spectral output. I optimised the

output from the PCF which had a diamater of 2.5mm, collimated and directed

the beam through a ×4 telescope. A �ipper mount was used to redirect the

output fromtheTi:sapphire laser througha separate×5 telescope. This ensured

that that beam diameters were approximately 10mm in both cases. Guiding

experiments were carried out using in turn, a 25mm lens, 50mm lens and a 1◦
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Figure 8.23: Experimental spparatus for comparison of supercontinuum and femtosecond
guiding. Two setups were arranged in parallel to generate the same size Bessel
beams. In the femtosecond setup, the magnifying telescope is 1 : 5 while the
supercontinuum beam is expanded by a 1 : 4 telescope

axicon. Guiding velocities were measured for a range of output powers using

each of the lenses with the results shown in table 8.2. The main observation

Supercontinuum Power Velocity (µm/s) Velocity (µm/s)
(mW) 25mm lens 50 mm lens

100 48 32
80 45.7 18.8
60 25 13.9
40 16 8

Table 8.1: Table shows the mean guiding velocities of 10 2.3µm particles at various powers
using a supercontinuum source focussed through (i) 25 mm lens and (ii) 50 mm
lens

was that the particles seemed to be guided at much higher velocities than for

the femtosecond or cw Ti:sapphire beams. To compare, the guiding velocities

were measured for the femtosecond beam as detailed in table ??. It was not

possible to guide well with femtosecond average powers of less than 100mW .

Equally, it was not possible to extract more than 100mW of supercontinuum
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average power at the cuvette.

Power(mW) Velocity microns/second

450 42
400 40
350 32
300 26
250 18
200 13
150 10

Table 8.2: Table shows the guiding velocities of 2.3µm at various powers using a 10fs femto-
second Ti:sapphire laser

Power(mW) Velocity microns/second

100 48
80 46
60 25
40 16

Table 8.3: Table shows the guiding velocities of 2.3µm at various powers using a supercon-
tinuum source

From this we see that optical guiding is possible not only at lower powers when

using a supercontinuum Bessel beam, but also at increased velocities. It can

be seen that the guiding velocities can be achieved for approximately a quarter

of the equivalent power from the femtosecond laser. To compare guiding dis-

tances �gure 8.24 show composite images taken by the CCD camera along the

length of the cuvette for the same power (100mW).Here we can see that the su-

percontinuum offers extended guiding distances compared to the femtosecond

beam. Also evident was that the scattered light from the particles showed a

spectral change over the propagation distance from blue through green and

yellow to red. If one recalls that the Bessel beam generated by the super-

continuum can be considered as a superposition of Bessel beams generated of

a continuum of wavelengths then the extended guiding properties are easily
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understood. The next logical hypothesis is that the greater the bandwidth of

the supercontinuum output, the greater the propagation distance of the Bessel

beam. It follows therefore, that the effect shouldbediscernible in anexperiment

which compares the guiding of particles with a broad bandwidth femtosecond

laser and a cw laser of the same central wavelength. As detailed in Chapter

5, this was indeed the case. This work strongly suggested that the it would be

Figure 8.24: The relative guiding distances of 2.3µm polymer spheres in a 100mW average
power (i) supercontinuum beam and (ii) a femtosecond Ti:sapphire beam are
shown

possible to achieve super-extended guiding distances result. This result helped

to explain some observations made in the work described in Chapter 6. The

broader bandwidth of the femtosecond laser permitted stronger con�nement

and marginally longer guiding distances. Here, with a much larger spectral

bandwidth the effect is much more evident. I repeated the experiment but to

compare femtosecond with cw guiding using this Femtosource and we can see

in �gure 6.21 that the extended guiding effect is detectable here, if not in the

previous experiments. The images show the comparative guiding distances for

a range of powers using 2.3µm polymer spheres over the length of the cuvette,

d.

While I was unable to complete this work, it generated interest in exploring
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broad bandwidth lasers to achieve enhanced optical guiding distances. In

related work, it was shown that by exploiting the broad bandwidth of the super-

continuum, it is possible to achieve enhanced optical guiding distances using

Gaussian beams [88]. In fact, guiding distances with Gaussian beams were

found to be comparable with Bessel beams. This can be explained by the

extended line of focus which was modelled by Pascal Fisher and Antonia Car-

ruthers and is shown in 8.25. Here the extended distances usually associated

Figure 8.25: Plot which shows the modelling of the intensity of a Gaussian beam focussed
by a lens for 3 different bandwidths. The broadband white-light beam may be
seen to have an extended line of focus which can be used for extended guiding
applications

with Bessel beams are produced with Gaussian beams and contain the higher

powers associated with Gaussian beams.
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8.5 Discussion

In the course of the work detailed within this chapter which explored the gen-

eration and properties of white-light Bessel beams there were several positive

outcomes.

• Awhite-light Bessel beamwas generated using a supercontinuum source.

Uusing using ultrashort pulses to induce nonlinear effects in a photonic

crystal �bre, a broadband output was incident on an axicon to produce a

Bessel beam. Key to this Bessel beam generation is the spatial coherence

of the incident white light from the supercontinuum.

• The Bessel beam was fully characterised in terms of its wavelength-

dependent transverse pro�le, propagation and self-healing properties and

was found to behave like a superposition of Bessel beams at a range of

wavelengths.

• Initial experiments in optical guiding showed an increase in optical guid-

ing distances for white-light Bessel beams compared to their femtosecond

and cw counterparts. This extended guiding distance is as a consequence

of the extremely broad bandwidth of the supercontinuum source. This

acts to extend the focal line of the beam.

This work proved to be very interesting and exciting. By this point, I had

improved my theoretical understanding of optical guiding and my experimen-
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tal techniques. By virtue of my earlier experiments, I was able to carry these

experiments out more accurately and speedily. I gained an understanding

of supercontinuum generation and experience of aligning and optimisation the

photonic crystal �bre and optics for ef�cient supercontinuum generation. Most

importantly however, I had by this point understood that the key to scienti�c

research is accurate measurement. While many of the phenomena investi-

gated in this chapter may appear intuitive the veri�cation of the physics had

to be experimentally proved. Pivotal in accurate measurement is the equip-

ment and techniques used. The early attempts showed that with standard

XYZ-translation stages it was unrealistic to expect to accurately measure to the

micron scale. Hysteresis and misalignments introduced massive uncertain-

ties which rendered analysis of the results inconclusive. After completing my

three year research period, I returned to repeat and improve the experiment

as it was hoped that the results could form part of a publication. This time

I knew that I would require much better methods and equipment. Using a

computer-controlled translation stage I was able to make measurements with

much higher con�dence and accuracy. The speed of the technique also allowed

me to take more measurements more quickly. From this I was able to reduce

the uncertainty in the measurements. In the course of the white-light Bessel

beamwork I captured and analysed over 20,000 images. Thismeant that while

the experiments themselves may only take a matter of days, the majority of the

timewas spent in extracting information from these images. My aspiration was

to build accurate 3-dimensional interpretations of the reconstruction distances

and Bessel beam pro�les. For this I looked into obtaining software that was

able to consolidate the 2-dimensional images into a 3-dimensional composi-

tion. These are readily used by biologists working in microscopy experiments.

However, the cost and operating requirements of the software could not justify
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the bene�ts.
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CHAPTER 9

Conclusions & further work

As stated at the start of this thesis, the aim of the work was to explore the use

of ultrashort-pulsed lasers in multiphoton excitation and optical guiding with

non-Gaussian beams. Here, at its conclusion we shall discuss to what extent

this aim has been successfully achieved.

In the �rst experiment the aimwas to determine whether the high-peak powers

ofultrashort lasers could yieldbene�ts in theoptical guidingofparticleswithina

beam. Wedemonstrated that the particleswere guided at comparable velocities

in femtosecondandcw laser beams. This result applied tobothguiding inBessel

and Gaussian beams.

We also demonstrated that while the guiding velocities were comparable, it

was possible to use the high-peak powers to exploit multi-photon excitation

in materials. Furthermore, a successful demonstration of the simultaneous

second-harmonic generation and optical guiding in a Bessel beam was per-

formed.
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This work led to the use of ultrashort-pulsed lasers in visualisation techniques.

The two-photon excitation-induced �uorescence from �uorescein allowed the

properties of beams to be imaged. We saw that the Bessel beam had a self-

healing property that the Gaussian beam lacked. From these images the re-

construction distance of a Bessel beam around an object was found to be in

good agreement with the theory. This effect has been developed as a means for

visualisation in optical binding studies. It has also been used as a means for

mapping the pro�le of ultrashort pulses.

The next experiments aimed to explore multi-photon excitation through turbid

media usingBessel beams. Thisworkwas compromised by a�awed experimen-

tal approach. A different experimental approach would have yielded better and

more conclusive quantitative results. However, we successfully demonstrated

qualitatively, that the self-healing properties of a Bessel beam facilitated pene-

tration through turbid media for multi-photon excitation.

Finally, using spatially coherent broadband white-light sources, successful

demonstration of white-light Bessel beam generation was performed using an

axicon. This white-light Bessel beam was characterised in terms of its pro�le,

propagation and self-healing properties and found to be consistent with the

wavelength-dependent theory of Bessel beams. More importantly, initial ex-

periments in optical guiding using this supercontinuum source indicated that

extendedguidingdistances couldbeobtainedby exploiting thebroadband spec-

trumof the laser. Revisiting earlier experiments using a femtosecond laser with

a broader bandwidth and shorter pulses con�rmed to me that the bandwidth

of the source contributed to extend the focal line of a beam.
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From this work, I would like to have been able to carry out further experiments

using the supercontinuum source. If it was possible to extend the guiding

distance of a beam by using a source with a broader spectral bandwidth, it

would have been interesting to see whether Gaussian beams could be used for

optical guiding over longer distances in this way. As it transpired this work

was carried out by others after I had completed my research in the group. The

results, as mentioned in Chapter 8, show that broadband white-light Gaussian

beams can have guiding distances comparable to Bessel beams. The added

bene�t of the Gaussian beam is that the power will be used for guiding and not

distributed over the entire structure as in a Bessel beam.

To summarise, we have explored quite thoroughly the use of ultrashort pulses

in multiphoton excitation and optical guiding and achieved some good results.

For me, one of the most interesting outcomes lies in the extended guiding

distances of white-light beams. For years, the Bessel beam has been the beam

of choice for optical guiding over larger distances. For the �rst time, we see

here that the spectral properties of a beam can be used to make Gaussian beam

the preferred option.
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