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Introduction

Bessel beams: diffraction in a new light
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Diffraction is a cornerstone of optical physics and has implications for the design of all
optical systems. The paper discusses the so-called ‘non-diffracting’ light field, commonly
known as the Bessel beam. Approximations to such beams can be experimentally realized
using a range of different means. The theoretical foundation of these beams is described
and then various experiments that make use of Bessel beams are discussed: these cover a
wide range of fields including non-linear optics, where the intense central core of the
Bessel beam has attracted interest; short pulse non-diffracting fields; atom optics, where
the narrow non-diffracting features of the Bessel beam are able to act as atomic guides
and atomic confinement devices and optical manipulation, where the reconstruction
properties of the beam enable new effects to be observed that cannot be seen with
Gaussian beams. The intensity profile of the Bessel beam may offer routes to
investigating statistical physics as well as new techniques for the optical sorting of
particles.
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(1)

Diffraction is a phenomenon intricately linked to the wave
nature of light and occurs when a wave encounters an
obstacle. In this process the wave may be altered in
amplitude and/or phase and diffraction takes place. The
parts of the wavefront that propagate beyond the obstacle
interfere in some manner and yield a diffraction pattern.
Diffraction is core to the propagation of Gaussian light
beams. The output of a laser is deemed ‘pencil-like’ in
nature and has a very low divergence yet it is subject to
diffraction that causes the light to spread. Gaussian beam
theory shows us how to manipulate the light field to yield
tight focusing or a collimated beam depending upon the
application of interest. The Rayleigh range Zz is the
typical parameter used for characterizing the spread of a
Gaussian light field and denotes the distance over which a
Gaussian beam increases its cross-sectional area by a
factor of two:
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where / is the wavelength and w is the beam waist size. The
notion of overcoming diffraction is very evocative and
indeed appealing from the viewpoint of numerous applica-
tions including atom optics and medical imaging.

This paper deals with the topic of Bessel light beams.
Such beams appear to offer some immunity to diffraction
and thus are potentially an attractive alternative to using
Gaussian beams in a number of scenarios. The Bessel beam
as a mathematical construct was first noted by Durnin [1].
Durnin looked at Whitaker’s solutions of the Helmholtz
equation (2) and saw that particular solutions of the Bessel
type were independent of the propagation direction. More
importantly perhaps were the properties of this solution; in
particular such a beam could have near diffraction limited
features (the centre of the beam has been shown to have a
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minimum diameter of %). with A being the beam wavelength
[1]) which did not spread. Of course the reality is a little
more down to earth. A Bessel beam gets its name from the
description of such a beam using a Bessel function, and this
leads to a predicted cross-sectional profile of a set of
concentric rings. Mathematically the Bessel beam can
contain an infinite number of rings, and so over an infinite
area would carry infinite power. So the conclusion must be
that we cannot make a Bessel beam. What Durnin and co-
workers went on to show [3] was that one could make an
approximation to a Bessel beam (a quasi-Bessel beam)
experimentally which possesses the properties of the
mathematical entity over a finite distance.

The concept of a ‘non-diffracting’ beam proved rather
controversial at first, and perhaps still remains so, with a
comment [4] published in Physical Review Letters relating to
Durnin, Miceli Jr and Eberly’s original Bessel beam paper
[3] suggesting that the Bessel beam was really just a line
image and was nothing particularly new: it was just
something akin to Poisson’s spot [5]. Durnin et al. explained
[6] that there were many ways of generating line images and
that they need not exhibit the properties of the Bessel beam.
Still the idea remains anathema to some; four years after the
original paper was published a second comment was
published [7] suggesting that, depending on interpretation,
the Bessel beam was not non-diffracting at all. This is a
point that must be borne in mind: ‘what do we mean by a
non-diffracting beam in the case of a Bessel beam?’; as
Durnin et al. emphasized in their reply to the second
comment [8], “‘We have confirmed that beams exist whose
central maxima are remarkably resistant to the diffractive
spreading commonly associated with all wave propagation’.
That is, when we compare a Bessel beam to a Gaussian
beam the comparison we are making is between the central
core of the Bessel beam and a Gaussian beam of similar spot
size and it is this central core that is propagation invariant.

In this paper we explore the idea of Bessel light beams
and look at some of the applications that they have found
in the last decade. After elucidating the basics of Bessel
beam generation, applications in non-linear optics, atom
optics, micromanipulation and studies in the pulsed regime
will be reviewed.

2. Properties and generation of Bessel beams

An ideal Bessel beam can be described by
E(r,¢,z) = Ao exp(ik-z)Ju(k,r)exp(Ling) 2)

where J,, is an nth-order Bessel function, k. and k., are the
longitudinal and radial wavevectors, with k= \/k2 + k2 =
2n/A (A being the wavelength of the electromagnetic
radiation making up the Bessel beam) and r, ¢ and z are
the radial, azimuthal and longitudinal components respec-

tively. The intensity structure for a zeroth-order Bessel
beam is shown in figure 1(a). Beams described by higher
order Bessel functions (7 > 0), the high-order Bessel Beams
(HOBBs), have a phase singularity on the beam axis and
hence have a non-diffracting dark, rather than bright, core
[9]. The intensity profile for a first-order Bessel beam is
shown in figure 1(b).

The result that garners the most attention is that this
solution to the Helmholtz equation satisfies the equality, that
for propagation in the z direction, the intensity, 7, obeys:

I(x’y7220):1(x:y) (3)

This means that there is no change in the cross-section as
the beam propagates and thus the beam can be considered
diffraction free, or propagation invariant. One way of
thinking about the Bessel beam is to consider a set of plane
waves propagating on a cone. Each propagating wave
undergoes the same phase shift, k.Az over a distance Az.
This decomposition of the Bessel beam into plane waves
manifests itself in the angular spectrum (figure 2) of the
beam, which is a ring in k-space. Thus the optical Fourier
transform of a ring will result in a Bessel beam, and this is
how Durnin ez al. [3] first experimentally observed an
approximation to a Bessel beam, as is detailed below.

The decomposition of the beam into plane waves also
gives a means to characterize the Bessel beam, that of the
opening angle of the cone defined by the waves traversing
its surface. The angle:

k,
0 =tan" 'L 4
an . (4)

can be used to define the central core spot size of the beam,
which is given by (from the properties of the zeros of a
Bessel function):

2.405
fo="1 (5)

(a) (b)

Figure 1. Bessel beam intensity profiles: (a) for a zeroth-
order beam and (b) a first-order beam (J; beam). Both
beams have the same k, values.
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Figure 2. Angular spectrum of a Bessel beam: (a) intensity profile of Bessel beam. With its accompanying angular spectrum
— the Fourier transform of the Bessel function is a ring in k-space; (b) shows how the k-vectors of the Bessel beam propagate

on a cone.

Since the Bessel beam can be considered as a set of waves
propagating on a cone it also possess another interesting
property, that of reconstruction [10, 11]. If we place an
object in the centre of the beam, the waves that create the
beam are able to move past the obstruction, casting a
shadow into the beam, but ultimately reforming the
intensity of the profile beyond the obstruction. The distance
after which the beam is able to reform is given, from a
simple geometric argument, by:

ak
Zmin ~ i (6)

z

Where a is the width of the obstruction measured from
the beam centre. The reconstruction effect can be seen in
figure 3.

It is useful to note that the Bessel beam has its energy (or
power) evenly distributed between its rings [12, 13], so the
more rings the beam has the lower the energy in the central
core: important in many experimental situations (although
a larger number of rings comes with an increased
propagation distance). Durnin et al. [12] showed that this
fact did not necessarily mean that a Bessel beam could not
carry power as efficiently as a Gaussian beam, which one
might naively expect. Indeed optimized Gaussian and
Bessel beams are comparably efficient at transporting
power. They also showed that the depth of field of a Bessel
beam could be made far larger than that of a Gaussian but
at the expense of power in the central core.

The fact that a Bessel beam can be considered as being
made up from plane waves propagating on a cone also
leads to the realisation that the nodes of the beam
correspond to a m phase shift between adjacent rings, a
fact demonstrated by Lin et al. [13].

The generation of a Bessel beam can be carried out in a
number of ways. The Bessel beam can be thought of as the
Fourier transform of a ring — and this was how Durnin et
al. [3] (see also the tutorial account in [14]) initially
observed a Bessel beam. A ring (an annular slit) was
placed in the back focal plane of a lens to form the beam,
using a setup similar to that shown in figure 4. The opening
angle of this cone is given by:

Figure 3. Bessel beam reconstruction. The figure shows a
cross-section of the Bessel beam as it propagates from left
to right. The axicon that creates the beam is present (within
the mathematical model that generates the figure) at the
hard left of the figure. The intensity profile of the Bessel
beam is seen to reform even after encountering an
obstruction. The obstruction is approximately one-fifth of
the way along the figure from the left and covers the central
core of the beam. This reconstruction is due to the conical
wavefronts of the beam.

d
tan 0 = 3 (7)

where d is the diameter of the ring and f the focal length of
the imaging lens.

Geometrically we can estimate the propagation distance
as:

Zmax — (8)



18 D. McGloin and K. Dholakia

=]
-
s
— e
1, l
-
-k

=

Figure 4. Creation of a Bessel beam by placing an annular aperture S with a diameter d, in the back focal plane of a
converging lens of radius R. The Bessel beam is created from a plane wave P. The Bessel beam, denoted B in the figure has a

propagation distance of z,x.

(where R is the radius of the imaging lens) which, from
(3), can be estimated as (k/k, )R, when we consider the
beam close to the optic axis. Durnin ez al. [3] also found
that the on-axis intensity of the beam oscillated rather
widely before falling off rapidly at the end of the
propagation distance. Further, while the initial experi-
mental results demonstrated very clearly the properties of
the Bessel beam, the method of generation is rather
inefficient, as most of the incident power (from a Gaussian
laser beam) is obstructed by the annular slit. For this
method it was shown that the Bessel beam had both the
smallest spot size and longest depth of focus, i.e.
propagation distance, when compared to a Gaussian
beam and an Airy disc created using the same generating
lens [13] and that the peak intensity of the Bessel beam
was the smallest of the three cases.

A Bessel beam may also be created using an axicon [15,
16], or conical lens element. This idea is shown in figure 5,
and quite neatly illustrates the concept of a Bessel beam as
being made up of a set of waves propagating on a cone. The
opening angle of the cone is given by:

0=(n—1)y ©)

where n is the refractive index of the axicon material and y
is the opening angle of the axicon. Therefore we can also
say, that for the axicon generated beam:

Zmax :k_rWO ~ (10)

The use of an axicon is a far more efficient method of Beam
generation than the annular slit as it utilises the whole, or at
least most of, the incident Gaussian beam. Using an axicon
removes the rapid on-axis intensity oscillation associated

Figure 5. Creation of a Bessel beam making use of an
axicon lens A. In this case the Bessel beam is formed using a
Gaussian beam G. As in figure 4 the Bessel beam has a
finite propagation distance given by zp,.x.

with the annular slit method, giving a far smoother
intensity variation, as is shown in figure 6. The alignment
of the illuminating beam with the axicon is critical in
producing a Bessel beam. Any oblique illumination results
in an element of astigmatism being introduced and this
leads, not to an on-axis spot with a set of concentric circles,
but rather to a chequerboard type pattern. This has been
studied by several authors [17—19].

Other efficient methods of creating Bessel beams exist,
including those wusing holographic techniques, which
imprint the appropriate phase of a Bessel beam onto an
incoming Gaussian beam. These can be static, etched
holograms [20]; or variable holograms made using compu-
ter controlled devices such as spatial light modulators [21,
22]. It is also possible to use a Fabry—Perot cavity in
combination with an annular aperture [16, 23] which
produces a more smoothly varying intensity profile than
the annular slit with lens combination. Uehara and Kikuchi
showed that it was possible to create a Bessel beam inside
an Ar " laser cavity [24]. However in this approach the
effective beam propagation distance is only slightly longer
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Figure 6. Intensity variation along the beam propagation
direction for an experimental approximation of a Bessel
beam beam created using (¢) an axicon with a hard
aperture illuminated with a plane wave; and (b) as in (a) but
with Gaussian beam illumination; (¢) makes use of a
Gaussian beam illuminating an axicon with no hard
aperture.

than a comparable Gaussian beam and so this technique is
perhaps not that useful. More recently there have been
other proposals to create Bessel beams inside cavities
containing axicon elements [25-29], as well as the
experimental demonstration of such a cavity, generating a
zero-order beam, in a dye laser [30].

In discussing Bessel beams it would be remiss not to
point out that there are other families of non-diffracting
beams. The Bessel beam is a circularly symmetric light
pattern, but just as we have elliptical Gaussian laser modes
so we have an elliptical family of non-diffracting beams
which are described by Mathieu functions and these are
called Mathieu beams [31—33]. In Cartesian co-ordinates
we have the plane wave solutions, while another member of
the non-diffracting family, a parabolic solution, has
recently been found by Bandres et al. [34].

2.1 High-order beams

We return briefly to the class of Bessel beams described by
higher-order Bessel functions, i.e n > ( in equation (1).
These were first observed shortly after the demonstration of
zero-order beams by Vasara et al. [20] using computer
generated holograms; later this method was looked at in
more detail by Paterson and Smith [35]. Such beams were
subsequently generated using alternative methods such as
using a spatial light modulator [22], an axicon illuminated
with a Laguerre-Gaussian beam [36, 37] as well as
propagating a zeroth-order beam through a biaxial crystal
[38]. Jarutis et al. examined the case of focusing a Laguerre-

Gaussian beam with an axicon in detail and calculated the
complex amplitude of such a beam to be:

I+3
c1(r, ¢, z) =apr/ 2k, o ( : ) exp
Zmax
72 . In n
(— %) eXp |:l (l(,b — E — Z):| J[(k,.r)

where / is the azimuthal mode index of the Laguerre-
Gaussian beam illuminating the axicon, while r, ¢ and z
denote cylindrical beam co-ordinates. The use of such
beams has allowed the production of interesting non-
diffracting patterns by making use of interfering Bessel
beams [21, 39, 40]. They are also of interest because they
carry orbital angular momentum [41] which is associated
with the inclined wavefronts of such beams, and is
discussed more in the section on micromanipulation below.

There is significant interest in beams which carry optical
vortices [42—45]: these are intensity nulls associated with
phase singularities in the beam. Both Orlov et al. [40] and
Schwarz et al. [46] have investigated the propagation of
Bessel beams carrying optical vortices. In particular Orlov
et al. examined the case of superimposed Bessel beams
carrying vortices and found that in the near field (here the
near field indicates the Bessel beam itself) the vortex
structure is richer than in the far field (a ring in the case of
the Bessel beam, see figure 2). This was confirmed both
experimentally and theoretically. Schwarz et al. [46]
examined the propagation of Bessel beam with an
embedded vortex placed away from the beam axis. This
was achieved by passing a zero-order beam through a phase
grating containing a phase dislocation. They show that the
vortex, in contrast to what one sees with a Gaussian beam,
actually moves toward and ends up in the beam centre as
the beam propagates. Bouchal [47] has examined the case of
an on-axis obstruction, in both intensity and phase, and has
shown that the Bessel beam is able to reconstruct itself
around such obstructions. This is work that has been
experimentally examined by Garcés-Chavez et al. [48].

Recent work [49] has shown the demonstration of so-
called ‘fractional’ Bessel beams, where the order n of the
Bessel function is non-integer. Such beams can be easily
generated with computer generated holograms and have a
non-rotating ‘sprinkler’ type intensity profile, in which the
normally solid inner ring of the integer Bessel beams has a
hole in it (see figure 7).

©)

2.2 Beam propagation

The ‘non-diffracting’ nature of the Bessel beam has fuelled
much interest over the years and the properties of such
beams have been widely investigated. For instance Chavez-
Cerda [50] has interpreted the Bessel beam as being made of
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Figure 7. Simulations of fractional Bessel beams: () shows a fractional Bessel beam with n = 4.5 and (d) shows the phase of
this beam; (b) shows an integer Bessel beam with n = 4 and (e) shows the phase of this beam; (¢) shows the fractional Bessel
beam in (a) after it has propagated 300 mm while (¢) shows the integer Bessel beam in (b) after propagating a similar distance.

(Printed with permission from [48].)

a superposition of travelling waves described by Hankel
functions, which are Bessel functions of the third kind. In
this basis the Bessel beams cannot have an infinite extent,
while still describing the observed propagation properties
of the beams. The notion of propagation invariance has
been extended to more complicated beam intensity
structures. Paterson and Smith [51] examined the case of
a non-diffracting beam whose intensity pattern rotated with
propagation while still maintaining the non-diffracting
properties of the Bessel beam. These ‘helicon’ waves are
superpositions of higher order Bessel functions.

Bouchal has examined the possibility of creating arbitary
intensity patterns that are diffraction free [52]. This idea
could be realized by illuminating a Fourier filter, such as an
annular disc placed in the back focal plane of a lens. A
source then illuminates an amplitude mask placed in front
of the filter. Making use of diffuse, incoherent light sources,
in such a system leads to better replication of the original
amplitude profile, as destructive interference effects are
minimized. By appropriate choice of filter it may be
possible to use this technique to carefully control the
three-dimensional propagation of non-diffracting fields.
The generation of somewhat simpler non-diffracting arrays
using diffractive elements has also been studied by
Lautanen et al. [53].

The superposition of Bessel beams has also been of
interest. Jaroszewicz et al. [54] examined the possibility of
making even narrower core Bessel type beams by interfer-
ing two zero-order beams with different radial and

longitudinal wavevectors together. The central core can
be made almost arbitrarily small, although this is accom-
panied by a dramatic loss in intensity. This work was later
extended to treat the interference of Bessel beams of
differing order (e.g. Jo and J, beams). Experimental work
on interfering Bessel beams has also been undertaken [55]
where beams with different radial wavevectors are inter-
fered. The resulting beams show self-imaging effects,
confirming earlier theoretical work [56].

3. Experiments

In the previous sections we have discussed the generation
and some of the interesting properties of the Bessel beam.
In the following sections we turn our attention to the
applications that have been found for such beams, and
indicate where these have been successful or not, while
looking to future applications of the Bessel beam.

3.1 Optical manipulation

The optical manipulation of particles using Bessel beams
was demonstrated by Arlt er al. [57] in 2001. Micro-
manipulation using optical tweezers [58] is a well estab-
lished technique which makes use of the optical gradient
force to trap and confine microscopic particles at the focus
of a laser beam. The Bessel beam has some advantages and
disadvantages over this technique. The main disadvantage
is that such beams do not have a specific focus and thus
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cannot form a genuine three-dimensional optical trap.
Particles can however be confined in two dimensions and
pushed up (or down) against a sample coverslip. An
example of a typical experimental setup is shown in figure
8. The long, thin central core of the Bessel beam makes it
possible to trap long thin objects, such as rods and E-coli
with relative ease. The ability to trap simultaneously both
high and low refractive index particles in a Bessel beam is
made possible by its ring structure [59-61]. Low index
particles can be caught in the dark regions between the
bright rings, while high index particles are caught in the
rings themselves. High-order Bessel beams (HOBB) can
also be used for micro-manipulation and can be used to
study the orbital angular momentum of light beams [48,
59], including the first demonstration of the transfer of
orbital angular momentum to a low-index particle, as
shown by Garcés-Chavez et al. [59]. The first observation of
the simultaneous transfer of spin and angular momentum
to a particle which is not positioned on the beam axis was
also observed using a Bessel beam [62] and the ring
structure of the beam allowed the quantification of the spin
rates of the particles as a function of radius. In this
experiment the HOBB was circularly polarized, and this
polarization state was altered by passing the light through a
birefringent particle which rotates as the spin angular
momentum of the light is transferred to the particle. The
orbital angular momentum was transferred via scattering
and is a result of the inclined wavefronts of the HOBB.
The reconstruction properties of the Bessel beam have
also found use in optical micromanipulation. Standard
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Figure 8. Experimental setup to create Bessel beam
optical tweezers. The beam from an infrared laser is
expanded using the beam expander f;—f, before passing
through the axicon to form a Bessel beam. This beam is
then telescoped down to the appropriate size for optical
tweezing using the second telescope f3—f4. The beam is then
sent through a microscope sample where the tweezing takes
place. The microscope objective, white light illumination
and CCD camera are used to image the sample.

optical tweezers are made from highly focused Gaussian
beams and such is the divergence of the beam that the
optical forces even a few microns away from the focal point
may be insufficient to trap particles. Also the forces
generated at the focus will draw any particle in, meaning
that a standard optical trap can only trap particles a very
small distance from the focus of the beam, and if multiple
particles are trapped they will form stacks (stacks are
formed due to the trapping forces a small distance away
from the beam focus still being large enough to trap
particles, so if a particle is trapped and another particle
moves near the focus it is unlikely to push the trapped
particle out of the trap but rather get drawn into the trap
above the first particle). It is not possible to trap multiple
particles simultaneously that are spatially separated by
large (millimetre, say) distances. Reconstruction makes
such manipulation possible. If a particle is trapped by a
Bessel beam, the reconstruction of the beam around the
object means that the beam reforms at a point beyond the
object, and this beam can then be used to trap another
particle. Thus a one-dimensional array of particles can be
trapped and manipulated simultaneously [60]. As shown in
figure 9 the particles can be separated by distances

Figure 9. Reconstructing Bessel beam optical tweezers.
Making use of the experimental setup in figure 8 the Bessel
beam in this experiment passes through not one, but two
sample chambers, separated by 3 mm. Due to the long
propagation distance of the beam coupled with the
reconstruction properties of Bessel beams, particles in both
chambers can be manipulated simultaneously. (¢—c) show
a particle being tweezed in chamber I, with each figure
showing different z-positions. Thus in (¢) the beam has
reformed despite tweezing a particle at the bottom of the
cell in (a). (d—f) show the same beam tweezing a particle in
chamber II, with (f) indicating that the beam has reformed
again by the time it exits the second chamber.
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approaching a centimetre and this is limited by the
propagation distance of the beam (so long as the beam
can keep reconstructing it can trap particles). The particles
can be in different sample chambers but can still be
manipulated simultaneously. The distance after which the
beam reconstructs after encountering a particle is to some
extent dependant on the refractive index properties (not
just the size) of the particle and this may be an aid to the
characterisation of particles and used for example in
differentiating cancerous from non-cancerous cells.

While the Bessel beam does not provide a true three-
dimensional trap, the confinement of the central core,
coupled with an ever present source of radiation pressure,
leads to the idea of controlled long distance optical guiding.
This has been demonstrated for extended distances. In, for
example, [63], particles are guided for a distance over 3 mm
in a beam with a central core diameter of 5.6 um. This has
to be compared to the 23 um Rayleigh range of a Gaussian
beam with comparable beam waist and demonstrates the
ability of the Bessel beam to provide long range point to
point optical guiding of particles.

Bessel beams are also finding application in the areas of
statistical physics which examine how particles with
inherent Brownian motion act in the presence of an
external potential. The interest stems from the fact that
activated escape from a metastable state underpins many
phenomena right across the physical sciences and many of
the theoretical predictions have yet to be experimentally
studied. A particle in an optical trap is an excellent system
with which to elucidate the underlying physics of this
situation [64]. Such a particle undergoes Brownian motion
within the trap [65] and can be thermally activated to
escape from the trap region. The motion of a particle in a
harmonic potential as well as ratchet-like potentials can be
studied [66]. Activation (jumping) over a barrier is given by
an exponential law of the form Tk = ¢ exp (AU/kT) where
T is the temperature, AU the difference in optical potential
experience by the object and 7y is a characteristic time for
the process. Studies of the escape and synchronisation of a
particle between two adjacent optical tweezers traps has
been observed [67].

In recent work, it has been recognized that the Bessel
beam offers an important avenue for studying such
activation in a 2D circularly symmetric optical potential
[63]. The geometry of the Bessel beam is advantageous in
some respects for this work. The fall in amplitude of the
light beam has a reciprocal relationship to the radius with
the central ‘non-—diffracting’ core providing the most
intense region of the beam. The large number of rings of
the beam can thus be employed to assist in the amalgama-
tion process and we can make use of this thermal activation
to load particles from a large area (2.5 x 10~? m?) into the
beam centre. The first study of this type of loading used an
optical guiding geometry where particles were seen to

accumulate within beam centre when a tilt was applied to
the beam [68]. This tilt created a washboard-like potential
(see figure 10). A washboard potential is again a rather
ubiquitous and seminal form of landscape across the
physical sciences. In this instance it was possible to create
directed transport of particles towards the beam centre.
This in turn meant that the ‘non-diffracting’ central
maximum of the beam was loaded with particles collected
from a 50—-100 micron radius. In contrast to previous
guiding using light beams this offers obvious advantages:
the outer rings act to direct particles towards the beam
centre: once loaded there they were constrained by the
gradient force to a narrow region at beam centre and
pushed along the beam propagation direction by radiation
pressure.

Researchers have also recently started to look at the idea
of this hopping in a vertical geometry where the actual
transit of microscopic objects between rings of an untilted
Bessel beam may be observed in real time [69]. It is
important to stress that this is in the absence of any flow.
Figure 11 shows this for 2.3 micron spheres with time
denoted for each frame. Interestingly when we place

AT I|'|

| [
W

)

Figure 10. A tilted ‘washboard’ potential. The upper left
figure shows the Bessel beam cross-section intensity profile
with a line profile of the potential created by such a beam
shown in the upper right. Note that all the Bessel function
zeros go to zero. In the tilted case at the bottom of the
figure a bias has been added that lifts the zeros. This
enables particles trapped in the beam to move towards the
centre of the beam more rapidly that in the untilted case.
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Figure 11. The amalgamation of 2.3 micron spheres in the centre of a Bessel beam due to the Brownian motion of the
particles interacting with the optical potential of the beam. The frames are taken every 60 s.

particles of different sizes on the pattern they respond in a
different manner. For example 5 micron spheres and 2.3
micron spheres behave differently. The smaller spheres may
get ‘locked’” into the pattern and only slowly migrate
towards beam centre whereas for this particular Bessel
beam size the larger 5 micron spheres are too large to get
locked into any ring but rather respond to the overlying 1/r
intensity gradient and migrate more rapidly towards beam
centre. This is of interest for separation and sorting of
microscopic objects in the absence of any flow.

3.2 Atom optics

The mechanical effects of light interactions with matter
have led to a number of truly landmark results in the last
decade. Laser cooling and trapping have come to the
forefront of atomic physics and emerged as a powerful
technique whose applicability is ever increasing. The
increase in phase space density offered by laser cooling
is the first step towards compression and cooling of
atomic gases to achieve Bose— Einstein condensation [70].
Nowadays upwards of one hundred laboratories world-
wide have laser cooling apparatus in place and there are
upwards of forty BEC experiments in progress at the time
of writing. Ultra-cold atomic gases have truly opened new
vistas of both fundamental and applied science ranging
from new studies of matter wave properties to ultra-stable
atomic clocks. In tandem with this progress the field of
atom optics has developed with the key goal to
manipulate and control atoms in the manner that
conventional optics does for laser light. Thus intense
activity has centred upon the creation of ‘atom optics
components’: mirrors, beamsplitters and guides for
example. This can be achieved with optical or magnetic
forces but optical forces have become rather attractive in
recent years due in part to the recognition that they are
state independent and thus more widely applicable [71].
Light can exert an optical dipole or gradient force on
atoms that depends upon the detuning of the light
frequency with respect to the appropriate resonant
transition. Essentially this gradient force is analogous to
the gradient force used in optical tweezers for microscopic
particles. If the light is detuned above resonance the

atoms are repelled from the light intensity and thus
hollow regions fully enclosed in two or three dimensions
can be used for atom confinement. In the red-detuned
(below resonance case) we have the atoms drawn towards
the light intensity (just as in standard optical tweezers).
Both forms of detuned light can result in both traps
(dipole traps) or guides for atoms. This latter property can
be used to transport atoms over large distances and the
gradient force counteracts any tendency for the atomic
ensemble to spread or disperse in space. Broadly speaking
red detuned guides require higher power as they are
usually operated far from resonance to obviate heating
from the guide beam. Blue detuned guides require less
power as they can be used very close to resonance as the
atoms primarily reside well away from the beam and
penetrate and interact with the light field relatively
infrequently.

An area where Bessel beams have created significant
interest in atom optics is a non-diffracting guide (see figure
12). The idea here is to confine the atoms within the central
minimum of a high order Bessel light beam. The atoms may
be channelled into the Bessel beam guide from a hollow
Laguerre-Gaussian light mode. The important point is that
the non-diffracting nature of the central region allows the
atoms to be transported an extended distance without
transverse spreading as would be the case for a normal
hollow light beam. Figure 12 shows a potential geometry
for coupling into a hollow Bessel beam. It is important to
note that researchers have been able to transport atoms
into hollow fibres that have dimensions of a few to tens of
microns. This is useful for atom deposition and atom fibre
interferometry. The Bessel beam offers an all-optical
realization of a fibre guide. Also the central region of the
Bessel beam can be of the order of the wavelength. Thus if
we are able to couple a Bose — Einstein condensate into such
a guide one may be able to allow the condensate to
propagate in only a restricted number of modes that can
eventually result in the observation of atomic speckle
patterns.

Bessel beams can also be used for atomic dipole traps.
Optical dipole traps have seen an immense resurgence of
interest and application in the last few years. A translated
optical dipole trap has been used to transport a BEC 30 cm
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Figure 12. Bessel beams as atomic guides — a Laguerre-
Gaussian beam is reflected off a mirror with a hole in it
which allows an atom beam to enter the beam. The optical
and atomic beams pass through an axion with an on-axis
hole and the atoms are subsequently guided in the narrow
Bessel beam guide.

[72, 73], a crossed beam dipole trap with variable potential
depths can be used to instigate evaporative cooling directly
[74] to BEC and such traps have been used recently to help
achieve BEC in caesium [75]. The Bessel beam offers an
interesting prospect for an atomic dipole trap. For a
Gaussian beam we are restricted in that the Rayleigh range
of the beam is proportional to the square of the beam waist,
which thus links these two parameters. For an axicon-
generated Bessel beam, however, we have independent
control of the distance and size of the central maximum. In
this example the opening angle of the axicon dictates the
size directly of the central maximum of the beam whereas
the incident beam diameter is related to the propagation
distance of the Bessel beam. This allows us to create an
optical dipole trap with a very large aspect ratio [76]. Low
temperature Bose systems in 1D are currently the subject of
intense interest as they may exhibit phenomena not seen in
2D or 3D. Notably if we consider the interparticle repulsive
interaction in this region and then look at the typical
parameters for the correlation length of the system versus
mean interparticle separation we can violate the normal
case of a weakly interacting system. The quantum gas then
exhibits Fermi like properties [77] as wavefunction
decreases at short interparticle distances. This is termed a
Tonks gas of impenetrable bosons [78] and is a key current
experimental goal in the field, which has only recently been
realized [79].

Work by Okamoto has also considered using high-order
Bessel beams for the focussing of cold atoms [80]. Here the
use of a blue detuned first-order Bessel beam is proposed to
write a guided beam of atoms, initially generated using a
zeroth-order Bessel beam, down to spots of the order of
100 nm over distances of several millimetres.

3.3 Non-linear optics

The idea of using a Bessel beam to enhance non-linear
optical processes is an attractive one. In conventional
Gaussian optics, perhaps the simplest non-linear process is
that of single pass second harmonic generation (SHG). The
first experimental work on this topic was carried out by
Wulle and Herminghaus [81]. The phase-matching effi-
ciency (a measure of the efficiency of the non-linear
conversion process) was found to be dependent on the
longitudinal wavevector of the Bessel beam (as one would
expect). However this could be tuned by appropriately
focusing the beam and thus, it was argued, that such beams
can be considered as being light beams with a tuneable
wavelength in such experiments. Wulle and Herminghaus
suggested that Bessel beams could be used in conditions
where traditionally it was difficult to phase match, for
instance with new non-linear materials where normal
temperature and angle phase matching conditions were
not suitable.

An ideal plane wave can be frequency doubled, in the
absence of depletion, with an efficiency that is proportional
to the square of the beam intensity and to the length of the
non-linear crystal. Thus by focusing down a Gaussian
beam we can increase the efficiency; however, if we focus
too tightly the beam divergence becomes very rapid and
this leads to a decrease in the conversion efficiency. The
solution would seem to lie in a beam which does not
diverge, and it was this topic that Shinozaki et al. [82]
turned their attention to in 1997. They compared the
conversion efficiency of Gaussian and Bessel beams in bulk
crystals with similar interaction lengths inside the crystal.
They calculated that the Bessel beam was up to 48% more
efficient than the Gaussian beam due to the increased
intensity of the beam along the optical axis when compared
to the Gaussian. Unfortunately Shinozaki et al. had used a
somewhat simplified model for their approximation to a
Bessel beam, which did not take into account the intensity
variation along the beam axis of an experimentally realized
beam or the full cross-section of the beam. Arlt et al. [83]
addressed these points in their paper, carrying out an
experimental comparison between Bessel and Gaussian
beam second harmonic generation. Boyd and Kleinman
[84] had examined the optimal Gaussian beam parameters
for second harmonic generation and Arlt ef al. found that
the conversion efficiency was in fact less for the Bessel beam
than for a Boyd-Kleinman focused Gaussian beam.
Indeed they found that a Bessel beam can never exceed
the conversion efficiency of a Boyd-—Kleinman focused
Gaussian of similar power, due to the fact that the power of
the Bessel beam is distributed equally among its rings.
Experimentally they made use of a holographically
generated Bessel beam passing through an LBO crystal,
and the experimental results were in good agreement with
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their model. This work was confirmed by the later
theoretical study of Magni [85] in which he showed that
the optimal beam for second harmonic generation was in
fact a beam made of a combination of Laguerre-Gaussian
beams with a cross-section only marginally different than
that of a Gaussian and this would only produce a 2%
increase in conversion efficiency over an optimised Gaus-
sian beam.

Further second harmonic experiments were carried out
by Piskarskas et al. [86] in which non-colinear phase
matching was demonstrated in PPKTP (periodically poled
KTiOPO,) and by Jarutis ez al. [87] in which the SHG of
high-order Bessel beams was investigated.

The Bessel beam was also found wanting when used in
pumping an optical parametric oscillator (OPO), a device
which converts the pump field into lower energy signal and
idler fields. An experiment was carried out by Gadonas et
al. [88] that considered optical parametric generation which
created two conical beams with differing polarisations. The
use of OPOs pumped by Bessel beams was first considered,
theoretically, by Belyi ez al. [89]. The authors used an ideal
Bessel beam in their models and showed that in this case the
efficiency of the parametric generation was increased by
using a Bessel beam instead of using a Gaussian beam. The
first parametric oscillator device pumped using a Bessel
beam was produced by Piskarskas et al. [90]. This was a
device based on KTP and produced a characteristic output
beam due to the non-colinear phase matching consisting of
a ring beam surrounding a central spot. Binks and King
[91] demonstrated the first periodically poled material
based OPO pumped using a Bessel beam using PPLN
(periodically poled lithium niobate) which produced a
Gaussian signal beam. Binks and King went on to consider
such a device in more detail [92], and showed that there was
no practical advantage to pumping an OPO with a Bessel
beam rather than a Gaussian beam. The Gaussian beam
pumped device showed lower threshold characteristics and
a better slope efficiency than the Bessel beam pumped
device, while both had a similar threshold fluence.

Other wave-mixing effects have been investigated using
Bessel beams, for instance the enhancement of photo-
refractive two-wave mixing [93], the creation of Bessel
beams within the coherent anti-Stokes Raman scattering
process [29], stimulated Raman scattering [94, 95], higher
order stimulated Brillouin scattering (SBS) and third
harmonic generation [96—101].

3.4 Pulsed Bessel beams

Following the seminal work of Durnin, Micelli and Eberly,
[3] the work on Bessel light beams concentrated on
monochromatic continuous wave realisations of such light
fields. This is what we have concentrated upon in the
discussion in this article. However laser light can also

propagate in a pulsed mode where in addition to spatial
characteristics we have to consider the temporal behaviour
of the light. Indeed mathematically there have been several
solutions that are spatio-temporal invariant and offer
interesting applications. Analogously to the monochro-
matic case, these are immune to spreading and retain their
localisation in both space and time as they propagate.
Applications of such a beam include optical communica-
tion and advanced imaging. In this section we briefly
explore these light fields. It is to be noted that when we go
to such broadband light considerations several publications
have dealt with pseudo non-spreading functions. This
includes focus wave modes, Bessel —Gauss pulses, electro-
magnetic bullets, slingshot pulses, and X waves, among
others. The key point is all these solutions maintain their
spatio-temporal characteristics as the pulse propagates in
free space.

Obviously a key issue is the experimental realization of
such beams and the monitoring of their evolution. Once
such variant of the solution, the X pulse has attracted
particular attention [102]. Its name derives essentially from
the form of the spatio-temporal pulse when a snapshot is
taken in space and time a pulse is obtained that resembles
the letter X rotated about its horizontal axis (see figure 13).
X pulses are known from acoustic [103, 104] and terahertz
radiation regions. Such X waves are termed thus due to the
X shaped intensity distribution over time and radius that
they represent and are the result of interference of few-cycle
wavepackets from ultrashort pulse light sources. The
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Figure 13. Bessel X-wave — left panel simulated result;
right panel experimental result (printed with permission
from from [102]).
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transmission of such beams in dispersive media has also
been considered [105].

In the acoustic region this beam has been of interest as a
candidate for medical ultrasonic imaging. In the optical
domain a restriction on generating such beams is primarily
the extremely broad spectral content. The reduction in the
temporal spread (in addition to the spatial spread) is very
interesting in the short pulse region as it offers a scheme to
overcome group velocity dispersion. Work has character-
ized optical X waves in free space [102]. To record the pulse
a gate could be used but is not feasible at these ultrashort
timescales. Instead a cross-correlation technique was
employed using a reference wave. A key point about such
ultrashort Bessel beams (BB) was utilized in this scheme:
the conical wavevectors mean the beam exhibits super-
luminal propagation meaning it propagates at a different
speed than a reference wave. The superluminal BB
characteristics were recorded by Alexeev and co-workers
in laser plasma [106]. Optical guiding of intense laser pulses
in plasmas has generated attention due to key applications
in X-ray generation and laser driven electron generation.
Indeed the superluminal measurements were performed
with ultrashort 70 fs pulses and three diagnostics used to
verify the rapid plasma generation by the pulse. Notably
the superluminal propagation of the group velocity has
generated some debate but is not a violation of special
relativity: by considering the energy flow of the beam
(Poynting vector) and energy flow speed which is actually
less than c. By consideration of the manner of formation of
the Bessel beam (the interference of conical wavefronts) one
finds that the constant phase intersection points will move
faster than ¢ but once again we re-iterate that the energy
flow of the beam is sub-luminal.

The space time coupling in a Bessel beam has also been
studied [107]. Here a variation in the spatial frequency
spectrum and contrast in the intensity pattern as a function
of pulse duration was recorded. At very short pulse
durations (~ 10 fs or less) a reduction in fringe contrast is
expected due to the enhanced spectral content of the
illuminating pulse. Grunwald and co-workers looked at
micro-axicon arrays to generate femtosecond Bessel light
beams and used pulses of duration 10-30 fs for their
studies. The micro-axicon arrays were fabricated by vapour
deposition of dielectric layers penetrating through shadow
masks and using a scheme of planetary rotation of the
substrate. Illuminating this array from an amplified Ti-
sapphire laser system yielded multiple Bessel beams.
Moving from the CW regime to pulses as short as 12.5 fs,
the contrast and absolute intensity of the beam profile was
altered. The reduction of pulse width was directly
correlated to the increase in spectral bandwidth of the
beam. Superposing several spectral components with a
range in excess of 100 nm gave a spectral off-axis
modulation which in turn resulted in a reduction in

intensity and contrast of the outer fringes of the Bessel
beam profile. Short pulse durations lead to time dependent
geometry of the interference region. A reduced contribution
of the interfering partial waves form adjacent (neighbour-
ing) axicons was observed and a reduction in the axial
extent of the Bessel zone.

Ultrashort Bessel beam have been studied in the context
of laser plasmas. The coupling of intense laser pulses to
plasmas is key to inertial confinement fusion, high
harmonic generation, X-ray sources from laser plasmas
and more elaborate laser based acceleration methods.
These applications require laser pulses to propagate at
high intensity above the ionisation threshold of the atoms.
Within this self focusing processes are of relevance as here
the light field can self-trap and propagate at high intensity
over distances far in excess of the Rayleigh range. Bessel
beams have been observed to exhibit resonant self-trapping
correlated with an enhanced absorption [108]. The self-
trapping of the Bessel beam in a self-generated plasma was
recorded by integrating CCD camera images at the exit
plane of the plasma channel.

A tubular plasma fibre has been generated by optical
breakdown of a target using a Bessel beam of the fifth order
generated by using a phase plate and axicon in tandem
[109]. The insertion of the hollow Bessel beam in this
instance caused the breakdown of the gas and the
generation of the tubular plasma with a maximum electron
density located radially away from the optical axis. The
index of refraction of such a plasma decreases with radius
implying we can utilize this as a waveguide for high
intensity laser pulses. In the experiment, electron density
was rapidly recorded in the high intensity regions of the
beam well before any ion mass motion could have taken
place. This results in plasma waveguides that have smaller
effective core diameters than those produced through shock
expansion. This is a key point in this study as obviating the
need for hydrodynamic evolution to establish deep electron
density profiles means that intense laser pulses of very small
waist sizes can propagate.

4. Conclusions and outlook

The idea of non-diffracting fields is an intriguing one and
has attracted a large amount of work in the seventeen years
or so since Durnin ez al.’s original papers [1, 3]. Of course,
as we have seen the Bessel beam has not been a universal
success; in many areas the perceived advantages of
propagation invariant beams turn out to be not quite as
good as imagined when the experimentally realizable
versions of such beams are applied to the problem at hand.
The problem with the power being shared between the rings
of the Bessel beam has also caused experimental difficulties
and although this can usually be circumvented simply by
increasing the overall power of the whole beam, this may
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not always be possible and may lead to other unwanted
problems. The Bessel beam has had its successes, however.
As we have seen the Bessel beam has extended the optical
‘toolbox’ in micromanipulation providing many techniques
that are not possible using conventional Gaussian beams.
In atom optics the theory seems sound, although the
experiments have not yet been carried out, but unlike in
other areas the practicalities of using quasi-Bessel beams
seem good. There has been much detailed work on the
properties of Bessel beams themselves and this work has
provided a sound footing for the current crop of experi-
mental work as well as that which is to come. As a result of
the study of Bessel beams an improved knowledge of beam
propagation and classes and properties of light beams has
emerged. Perhaps the most intriguing areas of study are
those looking at the motion of microscopic particles in
optical potentials as well in the number of topics that
involve the use of pulsed Bessel beams. There is plenty of
work still to be done and the future looks healthy for the
still controversial idea of a beam that does not diffract.

Acknowledgments

DM gratefully acknowledges support from the Royal
Society. KD acknowledges support from the UK’s EPSRC.
We thank P. Saari and W.M. Lee for allowing us to use
their images. We also thank G.F. Milne for supplying
figure 11 and the experimental data pertaining to it.

References

[1] J. Durnin, J. Opt. Soc. Am. A-Opt. Image Sci. Vis. 4 651 —654 (1987).
[2] E.T. Whitaker, Math. Ann. 57 333 (1902).
[3] J. Durnin, J.J. Miceli and J.H. Eberly, Phys. Rev. Lett. 58 1499 —
1501 (1987).
[4] D. Debeer, S.R. Hartmann and R. Friedberg, Phys. Rev. Lett. 59
26112611 (1987).
[5] J.E. Harvey and J.L. Forgham, Am J. Phys. 52 243247 (1984).
[6] J. Durnin, J.J. Miceli and J.H. Eberly, Phys. Rev. Lett. 59 2612~
2612 (1987).
[7] P. Sprangle and B. Hafizi, Phys. Rev. Lett. 66 837—837 (1991).
[8] J. Durnin, J.J. Miceli and J.H. Eberly, Phys. Rev. Lett. 66 838 —838
(1991).
[9] H.S. Lee, B.W. Stewart, K. Choi, et al. Phys. Rev. A 49 49224927
(1994).
[10] R.P. MacDonald, S.A. Boothroyd, T. Okamoto, et al. Opt.
Commun. 122 169177 (1996).
[11] Z. Bouchal, J. Wagner and M. Chlup, Opt. Commun. 151 207211
(1998).
[12] J. Durnin, J.J. Miceli and J.H. Eberly, Opt. Lett. 13 79-80 (1998).
[13] Y. Lin, W. Seka, J.H. Eberly, et al. Appl. Opt. 31 2708 —2713 (1992).
[14] C.A. McQueen, J. Arlt and K. Dholakia, Am. J. Phys. 67 912-915
(1999).
[15] J.H. McLeod, J. Opt. Soc. Am. 44 592—-597 (1954).
[16] G. Indebetouw, J. Opt. Soc. Am. A-Opt. Image Sci. Vis. 6 150152
(1989).
[17] A. Thaning, Z. Jaroszewicz and A.T. Friberg, Appl. Opt. 42 9—17
(2003).

[18] Z. Bin and L. Zhu, Appl. Opt. 37 25632568 (1998).

[19] T. Tanaka and S. Yamamoto, Opt. Commun. 184 113—118 (2000).

[20] A. Vasara, J. Turunen and A.T. Friberg, J. Opt. Soc. Am. A-Opt.
Image Sci. Vis. 6 1748—1754 (1989).

[21] J.A. Davis, E. Carcole and D.M. Cottrell, Appl. Opt. 35 599-602
(1996).

[22] J.A. Davis, E. Carcole and D.M. Cottrell, Appl. Opt. 35 593598
(1996).

[23] A.J. Cox and D.C. Dibble, J. Opt. Soc. Am. A-Opt. Image Sci. Vis. 9
282-286 (1992).

[24] K. Uehara and H. Kikuchi, Appl. Phys. B 48 125-129 (1989).

[25] S.M. Dutra and P.L. Knight, Opt. Commun. 117 256261 (1995).

[26] J. Rogel-Salazar, G.H.C. New and S. Chavez-Cerda, Opt. Commun.
190 117-122 (2001).

[27] J.C. Gutierrez-Vega, R. Rodriguez-Masegosa and S.J. Chavez-
Cerda, J. Opt. Soc. Am. A-Opt. Image Sci. Vis. 20 2113-2122 (2003).

[28] C.L. Tsangaris, G.H.C. New and J. Rogel-Salazar, Opt. Commun.
223 233-238 (2003).

[29] P. Muys and E. Vandamme, Appl. Opt. 41 6375-6379 (2002).

[30] A.N. Khilo, E.G. Katranji and A.A. Ryzhevich, J. Opt. Soc. Am. A-
Opt. Image Sci. Vis. 18 19861992 (2001).

[31] J.C. Gutierrez-Vega, M.D. Tturbe-Castillo and S. Chavez-Cerda,
Opt. Lett. 25 14931495 (2000).

[32] J.C. Gutierrez-Vega, M.D. Iturbe-Castillo, G.A. Ramirez, et al. Opt.
Commun. 195, 35-40 (2001).

[33] S. Chavez-Cerda, M.J. Padgett, I. Allison, et al., J. Opt. B-Quantum
Semicl. Opt. 4 S52-S57 (2002).

[34] M.A. Bandres, J.C. Gutierrez-Vega and S. Chavez-Cerda, Opt. Lett.
29 44—46 (2004).

[35] C. Paterson and R. Smith, Opt. Commun. 124 121130 (1996).

[36] J. Arlt and K. Dholakia, Opt. Commun. 177 297301 (2000).

[37] N.E. Andreev, S.S. Bychkov, V.V. Kotlyar, et al. Kvantovaya
Elektron. 23 130—134 (1996).

[38] T.A. King, W. Hogervorst, N.S. Kazak, ef al. Opt. Commun. 187
407—-414 (2001).

[39] D. McGloin, V. Garces-Chavez and K. Dholakia, Opt. Lett. 28 657—
659 (2003).

[40] S. Orlov, K. Regelskis, V. Smilgevicius, et al. Opt. Commun. 209
155—-165 (2002).

[41] L. Allen, S.M. Barnett and M.J. Padgett, Orbital Angular Momentum
(Institute of Physics Publishing, Bristol, 2003).

[42] M.R. Dennis, New J. Phys. 5 134 (2003).

[43] I.D. Maleev and G.A. Swartzlander, J. Opt. Soc. Am. B-Opt. Phys.
20 1169—1176 (2003).

[44] S. Orlov, K. Regelskis, V. Smilgevicius, ef al. Opt. Commun. 215 1-9
(2003).

[45] G. Molina-Terriza, J. Recolons and L. Torner, Opt. Lett. 25 1135
1137 (2000).

[46] U.T. Schwarz, S. Sogomonian and M. Maier, Opt. Commun. 208
255-262 (2002).

[47] Z. Bouchal, Opt. Commun. 210 155164 (2002).

[48] V. Garces-Chavez, D. McGloin, M.D. Summers, et al. J. Opt. A-Pure
Appl. Opt. 6 S235—-S238 (2004).

[49] S.H. Tao, W.M. Lee and X.C. Yuan, Appl. Opt. 43 122126 (2004).

[50] S. Chavez-Cerda, J. Mod. Opt. 46 923—930 (1999).

[51] C. Paterson and R. Smith, Opt. Commun. 124 131140 (1996).

[52] Z. Bouchal, Opt. Lett. 27 13761378 (2002).

[53] J. Lautanen, V. Kettunen, P. Laakkonen, et al. J. Opt. Soc. Am. A-
Opt. Image Sci. Vis. 17 22082215 (2000).

[54] Z. Jaroszewicz, A. Kolodziejczyk, A. Kujawski, et al. Opt. Lett. 21
839841 (1996).

[55] S. Chavez-Cerda, E. Tepichin, M.A. Meneses-Nava, et al. Opt.
Express 3 524—529 (1998).



28 D. McGloin and K. Dholakia

[56] S. Chavez-Cerda, M.A. Meneses-Nava and J.M. Hickmann, Opt.
Lett. 23 18711873 (1998).

[57] J. Arlt, V. Garces-Chavez, W. Sibbett, et al. Opt. Commun. 197
239245 (2001).

[58] A. Ashkin, J.M. Dziedzic, J.E. Bjorkholm, ez al. Opt. Lett. 11 288 —
290 (1986).

[59] V. Garces-Chavez, K. Volke-Sepulveda, S. Chavez-Cerda, et al.,
Phys. Rev. A 66 063402 (2002).

[60] V. Garces-Chavez, D. McGloin, H. Melville, et al. Nature 419 145—
147 (2002).

[61] K. Volke-Sepulveda, V. Garces-Chavez, S. Chavez-Cerda, et al. J.
Opt. B-Quantum Semicl. Opt. 4 S82-S89 (2002).

[62] V. Garces-Chavez, D. McGloin, M.J. Padgett, et al. Phys. Rev. Lett.
91, 093602 (2003).

[63] S.A. Tatarkova, W. Sibbett and K. Dholakia, Phys. Rev. Lett. 91,
038101 (2003).

[64] L.I. McCann, M. Dykman and B. Golding, Nature 402 785-787
(1999).

[65] H. Risken, The Fokker-Planck Equation (Springer-Verlag, Berlin/
Heidelberg, 1989)

[66] R.P. Feynman, R.B. Leighton and M.L. Sands, The Feynman
Lectures on Physics (Addison-Wesley, Reading, MA, 1963)

[67] A. Simon and A. Libchaber, Phys. Rev. Lett. 68 3375-3378 (1992).

[68] S.A. Tatarkova, A.E. Carruthers and K. Dholakia, Phys. Rev. Lett.
89, 283901 (2002).

[69] G.F. Milne, D. McGloin and K. Dholakia, 2004 (In Preparation).

[70] S.L. Cornish and D. Cassettari Philos. Trans. R. Soc. Lond. Ser. A-
Math. Phys. Eng. Sci. 361 2699 -2713 (2003).

[71] R. Grimm, M. Weidemuller and Y.B. Ovchinnikov, Adv. At. Mol.
Phys. 42 95-170 (2000).

[72] T.L. Gustavson, A.P. Chikkatur, A.E. Leanhardt, et a/. Phys. Rev.
Lett. 8802 020401 (2002).

[73] A.P. Chikkatur, Y. Shin, A.E. Leanhardt, er al. Science 296 2193 —
2195 (2002).

[74] M.D. Barrett, J.A. Sauer and M.S. Chapman, Phys. Rev. Lett. 8701
010404 (2001).

[75] T. Weber, J. Herbig, M. Mark, et al. Science 299 232235 (2003).

[76] J. Arlt, K. Dholakia, J. Soneson, et al. Phys. Rev. A 6306 063602
(2001).

[77] D.S. Petrov, G.V. Shlyapnikov and J.T.M. Walraven, Phys. Rev.
Lett. 85 3745—-3749 (2000).

[78] M.D. Girardeau and E.M. Wright, Laser Phys. 12 8§20 (2002).

[79] B. Paredes, A. Widera, V. Murg, et al. Nature 429 277281 (2004).

[80] K. Okamoto, Y. Inouye and S. Kawata, Jpn. J. Appl. Phys. Part 1 40
4544-4548 (2001).

[81] T. Wulle and S. Herminghaus, Phys. Rev. Lett. 70 1401 —1404 (1993).

[82] K. Shinozaki, C.Q. Xu, H. Sasaki, et al., Opt. Commun. 133 300—
304 (1997).

[83] J. Arlt, K. Dholakia, L. Allen, er al. Phys. Rev. A 60 24382441
(1999).

[84] G.D. Boyd and D.A. Kleinman, J. Appl. Phys. 39 3597 (1968).

[85] V. Magni, Opt. Commun. 176 245-251 (2000).

[86] A. Piskarskas, V. Smilgevicius, A. Stabinis, et al. Opt. Lett. 24 1053 —
1055 (1999).

[87] V. Jarutis, A. Matijosius, V. Smilgevicius, ef al. Opt. Commun. 185
159—-169 (2000).

[88] R. Gadonas, A. Marcinkevicius, A. Piskarskas, et a/. Opt. Commun.
146 253-256 (1998).

[89] V.N. Belyi, N.S. Kazak and N.A. Khilo, Opt. Commun. 162 169 —
176 (1999).

[90] A.P. Piskarskas, V. Smilgevicius and A.P. Stabinis, Appl. Opt. 36
7779-7782 (1997).

[91] DJ. Binks and T.A. King, J. Mod. Opt. 47 19131920 (2000).
[92] DJ. Binks and T.A. King, J. Mod. Opt. 48 14331445 (2001).
[93] D.J. Biswas, J.P. Nilaya and M.B. Danailov, Opt. Commun. 226
387-391 (2003).
[94] L. Niggl and M. Maier, Opt. Lett. 22 910-912 (1997).
[95] S. Klewitz, P. Leiderer, S. Herminghaus, ef al. Opt. Lett. 21 248250
(1996).
[96] S.P. Tewari, H. Huang and R.W. Boyd, Phys. Rev. A 54 23142325
(1996).
[97] V.E. Peet and S.V. Shchemeljov, Phys. Rev. A 67 013801 (2003).
[98] V.E. Peet and R.V. Tsubin, Opt. Commun. 214 381387 (2002).
[99] V.E. Peet and R.V. Tsubin, Phys. Rev. A 56 1613—1620 (1997).
[100] V.E. Peet, Phys. Rev. A 53 3679—3682 (1996).
[101] C. Altucci, R. Bruzzese, D. D’Antuoni, et al. J. Opt. Soc. Am. B-Opt.
Phys. 17 34—42 (2000).
[102] P. Saari and K. Reivelt, Phys. Rev. Lett. 79 4135-4138 (1997).
[103] J.Y. Lu and J.F. Greenleaf, IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 39 19-31 (1992).
[104] J.Y. Lu, and J.F. Greenleaf, IEEE Trans. Ultrason. Ferroelectr.
Freq. Control 39 441446 (1992).
[105] S. Orlov, A. Piskarskas and A. Stabinis, Opt. Lett. 27 2167—-2169
(2002).
[106] I. Alexeev, K.Y. Kim, and H.M. Milchberg, Phys. Rev. Lett. 88
073901 (2002).
[107] R. Grunwald, U. Griebner, F. Tschirschwitz, et al. Opt. Lett. 25
981983 (2000).
[108] J. Fan, E. Parra and H.M. Milchberg, Phys. Rev. Lett. 84 3085—
3088, (2000).
[109] J. Fan, E. Parra, I. Alexeev, et al. Phys. Rev. E 62 R7603-R7606
(2000).

David McGloin has a PhD from the University of St.
Andrews in the area of Electromagnetically Induced
Transparency, but his interest in novel laser beams
extends back to his undergraduate days where he
studied methods for producing Laguerre-Gaussian
beams as an honours project. After a spell at the
Defence Science and Technology Laboratory at Fort
Halstead in Kent he returned as a post-doc to St.
Andrews to study atom optics, novel laser beams,
such as Bessel beams, as well as optical tweezers and
their applications. In 2003 he was awarded a Royal
Society University Research Fellowship to study
tailored optical fields and their applications in
particle and atomic manipulation.

Kishan Dholakia received his PhD from Imperial
College in laser cooling of trapped ions and then
changed field to look at studies of optical vortices
and became interested in optical tweezers. He has a
variety of basic and applied interests including laser
cooling of atoms and ions, novel light beams, optical
traps and bio-photonics. He was awarded a Royal
Society of Edinburgh fellowship in 1997—2000 and
was co-receipient of the 2003 European Optical
Society prize for his work on the orbital angular
momentum of Bessel light beams. He is currently
Professor of Physics in the School of Physics and
Astronomy at the University of St Andrews.





