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ABSTRACT

It is widely known that beams that have optical vortices along the direction of propagation can be easily created in the
laboratory. However, it is less well known that it is possible to create beams that have vortices transversely through the
beam waist. Despite much work on beams with parabolic trajectories the creation of beams with transverse vortices are
not well understood. Recently such beams have been created in the laboratory with computer-generated holograms.
Though such beams can be created relatively easily, optimization of the vortex structure requires generation of the
correct kinoform for the optical system. Imprecise application of such kinoforms can generate multiple vortices at the
beam focus, which may not be optimal in many experimental applications. In this paper, we discuss the properties of
such beams and investigate the optimal geometry for creating beams with transverse vortices. Applications for beams
with transverse vortices may exist in optical micromanipulation, quantum communications and microscopy.

INTRODUCTION

An optical vortex is a point in an optical field where all waves destructively interfere to produce a “phase singularity” ?a

point with zero intensity and an undefined phase. Though these points are often thought of as a dark point in propagating
beams such as the center of the well-known Laguerre-Gaussian Beams. To understand them more fully one must
consider the full three dimensional evolution of the vortex. In fact optical vortices are not confined to a lines parallel to
the direction of propagation. Vortex lines can form loops, or even knots 3, which may enter or exit a light beam at
different points.

It is possible however to rotate the path of these vortex lines. Most simply by generating a field, which is off center to the
optic axis. This was done by Vasnetsov* by using a superposition of Bessel beams. However, perhaps, a more simple
way to rotate the vortex structure of the beam is to apply a coordinate transform of the original beam in such a way as to
preserve the phase, intensity and momentum information of the original beam. Here we discuss the optimization of a
vortex, which has been rotated by 90 degrees to form a transverse optical vortex>®.

CREATING BEAMS WITH TRANSVERSE VORTICES

There are variety of different ways of creating beams with angular momentum in the laboratory: by using spiral phase

plates’, cylindrical lens pairs®, or often by using holograms®. Computer-generated holograms have become a common

tool in many microscopy, optical trapping and photonics laboratories to generate non-Gaussian beams.. A phase only

spatial light modulator (SLM) can imparts an azimuthal phase shift to a Gaussian beam to produce a beam with orbital
angular momentum.

In order to rotates an optical vortex in the around the beam focus and thus create a transverse vortex. It is possible to
rotate beams through the application of a geometric transform, which is an analogue to the Wigner transform. However,
in here we are dealing with a purely scalar wave. Geometrically rotation can be regarded, as a transformed symplectic
basis of the traditional Heisenberg relation, in which angular momentum is conjugate to angular position. Therefor, a
positional shift and scaling are required to rotationally transform a beam. To perform large angle rotations, it is necessary
to consider the Gouy phase shift when applying any transform past 90 degrees.
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Figure 1 The paths of rays focusing around a vortex with different constriction of the aperture: left unconstricted to right tightly
constricted.

While doing transformation we must also bear in mind that in any practical situation the spatial frequencies in any
system are restricted by the size of the aperture of the objective lens. This in turn restricts the parabolic arc of the beam
in the transverse direction. As shown in the Figure 1, by varying constriction of the aperture, the quality of the resultant
discrete vortex changes.

In order to maximize the available spatial frequencies, we concentrate on beam dynamics in a focal system, which has a
large numerical aperture. However, to understand the restriction of spatial frequencies it is worth remembering that in a
system with a long focal length relative to the size of the optical aperture it is difficult form discrete vortices (Figure
1(b,c)). As the ratio of aperture radius to focal length gets smaller the angles at which the k vectors of incoming plane
waves can contribute to the vortex are restricted.

This manifests itself as a fragmentation of the single central vortex into a series of off centre vortices. Which tend as the

aperture is restricted still further to condense into phase discontinuities running in the direction of propagation. .

The structure outlined above means that for practical purposes beams with well controlled transverse vortices and well
defined symmetric intensity patterns are difficult to make as such beams are reliant on very specific focal parameters.

OPTIMISING TRANSVERSE ROTATING BEAMS

In order to create a beam with a functional single vortex at the center an iterative beam shaping algorithm was employed.
The beam-shaping algorithm was used to modify the intensity around the center of the beam. In order to create a beam
with a loosely donut shaped intensity pattern in the transvers plane.

The basic concept of the algorithm is illustrated in he Figure 2. First, the beam is propagated forward by solving the
Huygens- Fresnel integral (numerically) at each plane, and then weighting the result intensity towards the desired goal
intensity while maintain the phase information. Then the beam is propagated into the far field conjugated and re-
propagated backwards again, as the intensity is weighted to a desired intensity. This process is repeated for 5-10
iterations, at which point the algorithm has usually converged. Typically convergence occurs quickly with computing
time approximately 1 min for128x128x128 pixels on Intel duo processor.

The Figure 3 shows simulation of intensity distribution of transverse vortex created by using interactive beam shaping
algorithm.
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Figure 2 Diagram showing how a light beam is shaped by propagation and weighting of the incoming beam.
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Figure 3. Simulation of the intensity distribution of a transverse vortex produced after the iterative beam-shaping algorithm. Cross
sections of the volumetric rendering of the optical field.
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Since no idealized optical intensity exists for a transverse optical vortex, we use the solution to the radial wave equation
for one electron at hydrogen atom. This is normally expressed in terms of its radial and spherical components and is
similar to the solution for the scalar wave equation for the Laguerre-Gaussian beam. The resultant intensity pattern can
form a 3 dimensional donut shaped intensity pattern, which also has an azimuthal phase gradient in the direction of
propagation.This patter can be scaled to the beam and then used as a goal intensity for the algorithm.

Conclusions

In the paper we discussed how transverse vortices with a “donut like” ring of intensity around them can be generated
experimentally with computer-generated holograms and proper kinoforms. Such vortices can be generated in a
diffraction limited system if proper account is taken of the focal parameters of the lenses. However, more study is
needed to understand full scale of generation of such vorticies and the constraints of transverse vortices in photonics and
bio-photonics applications.

Transverse vortices could be used for novel microscopy techniques. Such as Light sheet microscopy or Stimulated
Emission Depletion microscopy.

Transverse vortices may also find applications in optical trapping.
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