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Abstract

Optical trapping and tweezing has been aroundniidst 30 years and since found its place in the
fields of physics and biology. Over the years ti@ishnique has advanced exceedingly and is a
unique tool to carry out research in the micromeind nanometre scale regime. The aim of this
dissertation was to illustrate that an optical piag and tweezing system is an effective tool far t
manipulation of micron sized particles and thatngssuch a system allows one the ability to
accurately and precisely measure optical forcethén piconewton scale. A custom built single
gradient optical trapping system was built to fitate the manipulation of micron sized particles.
Here we will highlight some of the key componentsioch a system and give an explanation of
how these components affect the optical trap. Tioaeoe this system, we exploit the ability to
shape light and in particular laser light to getersovel laser beams. This was achieved using a

diffractive optical element known as a spatial tigiodulator (SLM).

A spatial light modulator is an electronically adsksed optical element which when incorporated
into an optical system effectively manipulates pihase of light in order to generate various novel
laser beams. In particular these novel laser béachsde Laguerre-Gaussian, Bessel and recently
proposed Bessel-like beams. Each of these beantaim®rinteresting properties which can be
beneficially exploited. Laguerre-Gaussian beamspanticularly known as ‘donut’ shaped beams
since they have a central dark hole. Increasingtter of these Laguerre-Gaussian beams leads to
an increase in the central dark region. These beaenef particular interest since they carry otbita
angular momentum. This is not easily observed; lwvewewhen incorporated into the optical
trapping system, leads to the rotation of trappadigles due to the transfer of photons carrying
orbital angular momentum. Bessel and Bessel-likertseon the other hand are classes of beam that
possess interesting non-diffracting and self-retantve properties upon encountering an obstacle.
Here the generation and properties of these noamérl beams will be discussed in detail.
Furthermore it is well known that these novel laseams prove highly useful when incorporated
into an optical trapping system hence we will iliate the effects on a trapped particle when
incorporating a Laguerre-Gaussian beam carryirpaldgical charge of one. It is expected that the

trapped particle should rotate due to the trarsfferbital angular momentum.



The knowledge gained from beam shaping and the sniatrap micron sized particles optically
allows one the ability to incorporate this techm@dn a number of fields, including the promising
field of microfluidics. This is an emerging fieldat deals with investigating fluid properties at th
nano and microlitre regime. Optical tweezers iraggpt into a microfluidic device are beneficial

since they are an adequate tool for measuring flowd using Stokes’ Law.
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Chapter 1

Introduction

Since the first optical trap, discovered over 3@rgeago, optical trapping and tweezing has become
a well known application to manipulate micron sparticles without physical contact. Optical
trapping found its place in the world of physicsthre early 1960s when Authur Ashkin and
colleagues at Bell Laboratories discovered thatanisized particle could be trapped and levitated
in the medium of air and water by the use of cauptepagating laser beams (Ashkin, 1970). Upon
the attempt to further develop this applicationytltgscovered the first three dimensional single
gradient optical trap, widely known as an opticakézer (Ashkinet al, 1986). Today optical

tweezers are extensively studied both in the fiefdshysics and biology.

For a biologist this application is useful to tréacteria and viruses and understanding the
limitations of trapping at the single cellular Iév@n the other hand to a physicist optical twegzin
opens a window to determine piconewton forces (Ratin & Stelzer, 2002). There are two
influential forces that act on a dielectric paditchat determines the ability of the particle to be
trapped, namely the scattering force which acthéndirection of radiation pressure and pushes the
particle along the propagation of the beam of lmyind the gradient force that acts in the directibn
the intensity gradient of the beam of light. A $atpap is achieved when the gradient force exceeds
the scattering force. Due to the advancement din@logy today, precise and accurate methods can

be used to determine these forces, which will dtdeth in section 4.4.

Apart from building a single gradient optical trégr the manipulation of single particle, it is
possible to build novel traps which are made pdesdilp incorporating a spatial light modulator into
an optical trapping system. A spatial light modottats a diffractive optical element that is

electronically addressed. Incorporating a spaitihitImodulator into an optical trapping system will
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allow one the ability to not restrict trapping tciagle particle at a time since it is useful tém

producing an array of optical traps that can béviddally controlled (Mellvilleet al, 2003).

A spatial light modulator can serve other purposikin an optical trap and in particular it allows
for versatile beam shaping. Beam shaping usingadiffre optics allows for the generation of
various types of novel laser beams which will bentismed in chapter three; those that will be
discussed include Laguerre-Gaussian beams that adnital angular momentum and Bessel beams
which are non-diffracting in nature. Each of thbeams has their own interesting properties which
can add value to an optical trap. Incorporatingé¢hrovel beams into an optical trap leads to the
advancement of the trap. Instead of just three da@al manipulation of a trapped patrticle, it is

also possible to rotate or spin particles.

Here we will discuss the procedure to build a sirgyladient optical trap and use the advancements
in fast speed video microscopy to accurately amtipely calibrate the trap. We will look at the
generation of novel laser beams using a spatihat hgodulator especially the generation of Bessel
beams and consider an entirely new concept of pinduBessel-like beams with z-dependent cone
angles. We will take this a step further and comsithe transfer of orbital angular momentum
(OAM) to a trapped particle when trapping with aglarre-Gaussian beam by incorporating a

spatial light modulator into the optical trappingtm.



NOVEL LASER BEAMS FOR OPTICAL TRAPPING AND TWEEZING 3
LASER BEAM PROPAGATION

Chapter 2

Laser Beam Propagation

Light is described in terms of electromagnetic atidn which is a form of energy that displays
wave-like behaviour as it travels through spactectEomagnetic radiation has both an electric and
a magnetic component which oscillate perpendictitareach other and perpendicular to the
direction of energy propagation. There exist numsrgources of light however of particular
interest is the propagation of laser light. Lasghtl is monochromatic and directional and it is
known to have a high degree of spatial and tempawhkrence unlike white light that diverges
rapidly as it propagates. Most lasers are builthstat they emit a beam with an approximate
Gaussian intensity profile. In order to determine field of a Gaussian beam one can consider two
approaches: either using the Fresnel diffractionaégn or by solving the time independent
Helmholtz equation (Siegman, 1986). By considetimgHelmholtz approach we can show that the
field of a Gaussian beam consist of the followiraygmeters: beam width, Rayleigh range and
beam divergence. There exist other solutions toHbknholtz equation which include Laguerre-
Gaussian beams, Hermite-Gaussian beams (KogelmikLan1966), Mathieu beams (Gutierrez-
Vega et al, 2000) and Ince-Gaussian beams (Bandres & Gutieviega 2004a; Bandres &
Gutierrez—Vega, 2004b). We choose the Helmholtzagmh as the appropriate starting point which

is discussed in the section that follows.
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2.1 General Solution to the Time Independent Heltalequation

The time independent Helmholtz equation consistdlafcalar quantities and reads as

DZE(r,z)—Zik%E(r,z)=0, (2.1)

where E(r,z) is the electric field in the radial directiorkis the wave number and? is the

Laplacian which is given by
O =—+—+— (2.2)

Applying the Laplacian to the electric field yields explicit form of the Helmholtz equation
expressed as
62 2 2

67E(r,z)+:y—2E(r,z)+:?E(r,z)—2ik%E(r,z)=0. (2.3)

The paraxial approximation is defined by the cdnditd?E(r,z)/ 0z << kdE(r,z)/0z which
means that the longitudinal variation in the motatafunction E(r,z) changes very little in the
wavelength associated with bedm/ k. In this approximation the third term in Eq. (2¢3n be
neglected, the equation simplifying to

02 02

0
—E(r,2)+—E(r,2) -2k —E(r,2) =0. 2.4
axz()ayz() az() (2.4)

In order to solve for the electric field in Eq.4}%.a simple trial solution is considered in thenfcof

a Gaussian envelope as

_ . ikr 2
E(r,2) = E, exp(-P(2)) ex;{ 2q(z)]’ (2.5)

wherer? = x* + y?  E, is the initial electric field and®®(z) and q(z) are analytic functions & We

substitute the trial solution, Eqg. (2.5), into E8.4) and we thus arrive at a form that is easily

differentiable
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0° ikr 2 0° ikr 2
— E, exp(-P(2)) ex +— E, exp( — P(z))ex
o 0 PCP(2) F{Zq(Z)J Y p( — P(2)) r{ 2q(z)J
(2.6)
~ 2k 2 E, exp(-P(2)) ex k® 1o
az 0P 29(z))
Carrying out the necessary differentials the fiedd be simplified as given by
_ o 2.2 2
£, [ 2|k_k2r Jex{ ikr Jexp(_P(z))
a2 a°(2) 2q(2)
(2.7)

. ikr? @ .0 ikr 2 _
- E0{2|k{[ 2402 % q(2) -i % P(z)j exp P(z))ex;{ 2q(z)ﬂ} =0.

After some re-arranging in order to group all tbencnon terms the field can be expressed as

-2k k*r?  K*r? , ~ ikr? | _
Eo{{ 1) FQ + ) q'(2) + 2kP (z)} exp( P(z))exp{zq(z)} =0. (2.8)

For the above equation to hold true it can be bleseen that all the terms within the square
brackets have to equal zero
2k k?r?

- 2kP'(2)- = 1-q'(z)=0.
@ 2 a9 09

For an arbitrary the above equation can be separable into two pacts that an expression for

g'(z) and P'(z) can be determined
1-9(2=0=0(2=1 (2.10)

and
2ik

kP (2) +25 =0= P'(2) = (2.11)
a2

|
ECX

It is well known thatq(z) = z+iz, hence the derivative of the analytic functi(z) is given as
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P@=-——
2% Zg (2.12)
which can be integrated to gi*z) as
0 i .0 1 .0 . . .
—P(2) =- =—— =——In[z+iz P(2) =-iln[z+iz,]. (2.13
0z (2) Z+izg 0z z+izg 0z [ rl= P(2) [ Rl ( )

By inverting the terng(z) = z+iz; we can further write this term as

1 1 2i

= - . 2.14
92 R(@) kw(2) W

The termP(z) can be simplified such that it takes the form &f pihase of the field seen below

P(z) =-ilIn[z+izg]

= —i{ln(z2 +275) - tan‘l(z—;ﬂ (2.15)

exp{— [ tan’l(ZRH
Z
— (2.16)
z\/1+ z +2 z2
z

By substituting the results obtained in Eq. (2.i@®) the trial solution Eq. (2.5) and assuming by
definition the expression for the radius of curvatand beam width is known the field can be

expEiP(2) =

expressed as

A . _ikr? (o 2
E(r,z)—EOW(Z) exp( |Z(z))ex;{ 2R(z)}ex{ (W(Z)J ] (2.17)

where {(z) =tan*(z,/z) is the Gouy phase terniR(z) is the radius of curvature and(z) is the

beam width.
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2.2 Gaussian Beam Propagation

A Gaussian beam is propagation invariant which reearretains its spatial distribution as it

propagates in free space, however there in a chargjge as illustrated in Fig. 2.1.

Fig. 2.1 Propagation of a Gaussian beam in freeesplong the optical axis.

In order to determine the geometric properties ofzaussian beam, each of the parameters
mentioned in Eqg. (2.17) have to be considered iddally (Saleh & Teich, 1991). We consider a
Gaussian beam propagating in free space with respdabe optical axis, where the width of the

beam varies as a function of the propagation distaas

R

W(z) = w, 1+(Zi] (2.18)

wherez is the propagation distance amgis the beam waist and; is the Rayleigh range. The
Rayleigh range is the distance along the direatiopropagation from the beam waist to the point at
which the cross sectional area of the beam is éoufBee Fig. 2.2) and is given &g = mvgm,
where Ais the wavelength. As observed, the Rayleigh rdsgérectly dependent upon the beam

waist and inversely proportional to the wavelendth.the propagation distance increases the beam

width Eq. (2.18) increases linearly, further segntiie dashed line in Fig. 2.2. Cleanly,is the

point at which the beam width is at its minimum whe= 0.
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Fig. 2.2 Geometrical interpretation of the beamttvidith respect to propagation distance.

It is not only the size of the beam that changdhk am increase in propagation distance, theress al

a change in wavefront of a Gaussian beam whichbsamexpressed in terms of the radius of

R(2) = z, /1+(Z_2R)2' (2.19)

Similar to the width of the beam, the radius ofvature is dependent on the Rayleigh range and the

curvature given as

propagation distance. Astends to infinity, the radius of curvature chantyesarly with respect to

zhence the wave-front is planar as observed inZRj.
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R(z)

Fig. 2.3 The following plot illustrates a flat radi of curvature as z tends to infinity, the radifis

curvature is infinite at z=0.

Consequently when the propagation distance is atpriv to the Rayleigh range then the beam

width Eq. (2.18) increases Kzﬁwowhich shows that the beam width is larger thanbibam waist

by a factor/2 . The radius of curvature on the other hand isnitei at the beam waist. The
divergence of a Gaussian beam is also relatedetdRthyleigh range such that once the limit of

z>> z, is reached, the beam would diverge rapidly artefgred by

z W (2.20)

Furthermore we identify that the phase of a Gansk&am can be determined by considering the
Gouy phase term which describes thé2 phase shift once the beam crosses the beam waidt wh

is defined by

2(2) = tan‘l(zij. (2.21)

R
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This Gouy phase term has to be taken into accoum@nwinformation about the wavefront is
required as illustrated in Fig. 2.4. Noticeably firase is zero at =0and increases asymptotically

towards a value ofi/2as the propagation distance increases.
&(z)

75/2 ................................................

............................................... -t/2

Fig. 2.4 The Gouy phase undergoes £ shift upon crossing the beam waist.

Since we have dealt with all the parameters of asGian beam we now look to simplify the field
even further. Since it is the intensity of the dighat is observed in most experimental setups,
instead of the electric field, taking the absolstgiare of the electric field Eq. (2.17) denotes the

intensity of a Gaussian beam as defined as

2
I(r,z) = E0c|E(r,z)|2 =1, ex{_ Z(W(YZ)J ] (2.22)

where E,and |, are the electric field and intensity of the bearthatbeam waist respectively. This

intensity distribution is further illustrated ingzi2.5. A Gaussian beam has the highest intensity a

the peak (z=0) after which the intensity falls wffzero.
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counts
4000

0

Fig. 2.5 The following represents the transversenisity profile of a Gaussian beam.

To this point all the parameters to describe a Gauosfield were discussed with respect to free
space propagation; however, in every optical systenfield will also pass through various optics
which include lenses and mirrors just to name a féance to properly understand the propagation
of a Gaussian beam within an optical system, thapggation of the field through an optical
element should be considered. ABCD matrices arayatnacing technique that can be used to
design an optical system by tracing the light ghtiough the system. Listed in Table 2.1 are the
ABCD matrices of simple optical elements that eéhtlipeam can encounter (Kogelnik and Li,

1966).
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Table 2.1 List of a few common ABCD matrices thé¢ight beam would encounter.

Element Diagram describing each ray ABCD Matrix

transfer matrix

(a) Propagation in

=8 1 z

free space where z is

the propagation

distance. 0 1

(b) Thin lens whereby

f is the focal length of]

the lens. 1 0

(c) Reflection from a

planar mirror.

(d) Refraction at a
planar interface (n, g |0,
and n, are the initial 1 O
and final refractive

indices respectively).
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These ray transfer matrices are important for tigetstanding of how light rays are affected within
an optical system. As an example, let us conslueetfect of a light ray in free space. Since each

ray is described in terms of positign and angled we can define the initial ray to have a position
y,and an anglé, passing through a system giving a final ray havingosition y,and an
angled, (See Fig. 2.6). To determine the position and aoflthe final ray, we have to traverse

through the system from right to left.

37!

l z

01

N

q

Fig. 2.6 The effects of a single light ray travadlithrough free space.

Hence to obtain the position and angle of the fiaglwe simply multiply the initial ray by the free

space propagation matrix as seen below

HEHA
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From the above equation, it is seen that the posittf the final light ray is altered by

Yy, =Y, + 6 zwhile the direction of the ray remains the safie= g, .

This approach can be carried out for the rest efrly transfer matrices. The propagation of rays
through a thin lens is the most familiar, Table(&)Jland can be used to determine the width of a

beam. The ray transfer matrix for a thin lens isedelent upon the focal length of the lehs Since

in the image depicts a biconvex (positive) lenktha light rays passing through the lens will fecu

at a distancef away from the lens. Since most optical systemsmiseors to direct light rays,

Table 2.1(c) illustrates the effects on a light tagon encountering a planar mirror. For a planar
mirror the light rays will enter at angég and leave with an angt®, where#,= 6,. When a light ray
travels through two mediums of different refractimdices n and n, Table 2.1(d), the ray will bend

due to a change in the angle at the interfaceeofrtedia.

So far we have considered free space propagatidmext we will look at the effects an optical
element will have on a beam. The obvious choicelevbe to look at the propagation of a beam
through an optical lens hence we choose a thin IReerring to Fig. 2.7.the light rays are well
collimated or in other words parallel to the optiagis upon encountering the lens of focal length,

f and focused at a distanze f away from the lens.

A g

A 4

W) =/

Fig. 2.7 Parallel light rays upon encounteringreslare focused a distanze f after the lens.
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In order to determine the width of the beam atftioeis of a thin lens we require information about
the propagation of a beam through free space dsaw¢hrough a thin lens which can be extracted

from Table 2.1.

Multiplying these two matrices out gives an indicatof the ABCD matrix for a beam travelling

through a lens as seen below

1 7| 1 1-z/ f
= . (2.24)
0 -1/f 1 |-1/f 1

The complex radius of curvature of a Gaussian besmbe written as

_Ag +B
Cq+D

Q.

_—iAzz+z
-iCzg +1° 79)

In order to eliminate the denominator in Eq. (2,28)is multiplied and divided by the complex

conjugate and thereafter taking into consideratioly the real values oy, yields

—iAzp +z _iCzgy +1
4 =— X ,
-iCz, +1 iCz, +1

and hence setting the real parts pfajzero
q2 :ACZ§ +z=0. (226)

From the ABCD matrix, it is clear thah=1-z/ f andC = -1/ f , substituting these results into

Eq. (2.26), we are able to solve for the propagatistance

2
zz, 1

iz
2.27)

Z=
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In order to eliminate all unwanted terms we mujtiphd divide by f > and divide out byz; which

leaves a simplified expression for the propagatiistance

= (2.28)

Substituting the result obtained for the propagatiistance Eq. (2.28) into the expression of the
beam width Eg. (2.18), yields the beam width aistadcez = f given by

f
w(f)=w, l+Z—. 19)

Recalling that the Rayleigh range is givenzRy- mvé//l and substituting this into Eqg. (2.29),

results in the expression

w(f) :i. (2.30)
T8
From Eq. (2.30), it is observed the width of thaueis dependent on the focal length of the lens
and inversely proportional to the beam waist. Tdggiation proves helpful when setting up an
optical system, in allowing determination of thedthi of the beam at the focus of the beam. The
propagation of a beam through a thin lens can bésaised to determine an expression for the

imaging equation. If an object is placed a distadgein front of a thin lens, the image would

appear a distance, away from the lens as seen in Fig. 2.8.
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d I

Fig. 2.8 Image of a beam through a thin lens itatgtg the effects of imaging of an object.

For convenience, the object is labelled AB while iimage of the object is represented by CD. F is
the focal length of the lens and OE is the repregiem of the object at the lens. Now we find

similar triangles to find the relation between tigect and the image

In triangles EFO and DFC, using similar trianglb®, ratio of the equal sides of the triangles can b
written asCD/EO=CF/OF. This can be expressed in terms of the image rdistaobject

distance and focal length as follows,

=——=—"1__=—1-1 (2.31)
EO OF f f
Similarly considering triangles DOC and AOE,
AB OB d

Siog=ot (2.33)
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Upon dividing by the image distance and rearrangfiregterms, we end up with an expression for

the imaging equation as

11,1 234
f d d,

Furthermore the magnificatiom,, can written as a ratio of the image to the objistiance

o

Ny (2.35)

3
I
2|

It was mentioned that lasers emit a beam width gpraximate Gaussian profile. However there

was no mention about the quality of the beam it§difs can be determined by measuring the beam

quality factor M ? which is determined by equating tih&?with the product of the beam waist and

the beam divergence

M?2)
T

w,0 = (2.36)
Experimentally theM?® value is determined by measuring the width of lkam as it propagates
upon passing through a thin lens of focal lerfgthHere for convenience a lens with a focal length
of 300 mm was chosen and the beam width was mehfom a distance 75mm in front of the lens
to 600 mm away from the lens. By expanding EqL§Rusing the results obtained in Eq. (2.36) we
attain a quadratic form of the beam width as giuerEq. (2.37) that can be easily plotted to

determine the beam parameters.

_MP , 2zMF MNP
WZ(Z)_WgnZZ = z+( w2 +W | (2.37

By plotting the beam width with respect to the @gation distance, (see Fig. 2.9), and fitting a
second order polynomial, the values for the coeffits in the polynomial in conjunction with the
expression in Eq. (2.37) can be used to calculaevalues of the beam waist, beam quality and
position of the waist using

2 _ Wpa

M? == (2.38)
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bZ
=,/C——— 2.39
Wo 1a 39)
-b
_-b 2.40
%= (2.40)

Carrying out the necessary calculations, the beathwas measured to be 0.099 = 0.002 mm, the
beam quality was 1.148 + 0.054 and theosition of the waist was 341.72 + 0.21 mm. Sinee

expected that the field is a Gaussian distributigth a beam quality factor 1 and we measured the
beam quality factor to be 1.148 + 0.054 we can kmecthat we have a good quality Gaussian

beam.

y = 6E-06x> - 0.0041x + 0.7101

w2(mm?)

0.05

0,05 100 200 300 400 500 600 700

Propagation distance z (mm)

Fig. 2.9 Plot of the change in beam width due tananease in propagation distance upon passing

through a thin lens of focal length 300 mm.
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CHAPTER 3

Novel Beams

3.1 Laguerre-Gaussian Beams

As previously mentioned there exist other typetasér beams which, like a Gaussian beam, also
hold interesting properties. One such beam is diied Laguerre-Gaussian field which is also a

solution of the Helmholtz equation where the eledteld is expressed as (Galvez, 2006)

i _ Jor . T ’ o 2r? K X =i
E"(“”’Z"[@J (o) ol o oy

xexp(i(2p +[/| +1¢ (2)).

As in the case of a Gaussian beam, most of trepers retain their symbolism whex€z) is the
beam width,Lép is the generalised Laguerre polynomial, ahdnd p are the topological charge

and the radial order respectivelR(z)is the radius of curvature(z) is the Gouy phase shift and
¢is the azimuthul phase. The term that containsatimuthal phasexp(/¢), is identified with

the amount of orbital angular momentum carried ly beam. It has a quantizé&i? azimuthal
phase and leads to an orbital angular momentutfigber photon (Kennedgt al, 2002). This is a
general form of a Laguerre field and can be singaito a Gaussian beam by setting the values of
the topological charge and the radial order to .zHroonsidering the generalised case where the
topological chargd,, is non zero, varying the order of the topologichhrge while keeping the
radial order fixed at zero leads to the generatibthe different order Laguerre-Gaussian beams

carrying integer amounts of orbital angular momamtu
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To further understand this concept, consider theafront of a beam carrying a topological charge
of one. Instead of being planar, the wavefrontelichl in shape and the phase of the wavefront will

vary phase from 0 ton2once as seen in Fig. 3.1.

Fig. 3.1 Helical wave-front of a Laguerre-Gaussi@am showing one rotation from 02o.

Increasing the order of the topological charge deadan increase in the number of cycles between
0 and271 where these beams also possess an on axis zemsifpt This region of zero intensity as
in the case of the orbital angular momentum is aependent on the topological charge. By
increasing the order of the topological charge dimeter of the region of zero intensity also

increases and this is illustrated in Fig. 3.2.
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(a) (b) (©)

Fig. 3.2 Theoretical images of various orders LagiSaussian beams: (a) Laguerre-Gaussian
beam carrying a topological charge of 1, (b) Lager&aussian beam carrying a topological charge

of 2 and (c) Laguerre-Gaussian beam carrying dagjmal charge of 3.

There are numerous experimental methods to praithese beams (Arkit al, 1992; Beijersbergen,
1994; Clifford et al, 1998; Heckenbergt al, 1992; Turnbullet al, 1996). Beijersbergeant al.
were the first to demonstrate the existence of eaguGaussian beams by a method known as
mode conversion. This method makes use of two dgitial lenses that are used to define a region
in which the Gouy phase of a beam can be maniglld&g enforcing an/2 phase shift on a
Hermite-Gaussian beam they were able to conves tigam to a Laguerre-Gaussian beam.
However there are easier approaches which inclbdeuse of diffractive optics, namely phase
plates, demonstrated for the first time by (Bazlveabal, 1990) where a hologram with a screw
dislocation was etched onto a plate in order toegge Laguerre-Gaussian beams of azimuthal
order £1 depending on the left and right handedoéske forked pattern. Other methods include
making use of digital holography which is the mosst effective route. In this case by using a
spatial light modulator, which is a liquid crystivice that is electronically addressed, the pbase
the incoming beam is modulated to produce the eg@dield. There exist other beams which also
carry orbital angular momentum such as higher-8ebeams, which are the solutions to the
Helmholtz equation; due to the fact that they ameetoped by Laguerre-Gaussian beams (Dholakia
& McGloin, 2005), also there exist Mathieu beamsiti@rez-Vegeet al, 2000) and Ince-Gaussian
beams which are the explicit solution to the wagaation in elliptical cylindrical coordinates and
which complete the family of beams that carry @b#éngular momentum (Bundres & Gutierrez-
Vega, 2004c).
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Laguerre-Gaussian beams are useful within optiegping systems since they cause trapped
particles to rotate due to the transfer of ortatadular momentum (Atersaat al, 2001; Heet al,
1995). The combination of a higher-order Laguereeissian beam with a Gaussian beam allows
for atoms to be trapped within a magneto optiay {{Snaddept al, 1997). These beams have also
been used as toriodal traps for Bose-Einsten caader{Temperet al, 2001; Wrightet al, 2002)
and optical dipole traps (Kuget al, 1997). They can also write optical wave guidestomic

vapour (Truscotét al, 1999).

3.2 Bessel and Bessel-Like Beams

3.2.1 Bessel Beams

A Gaussian beam as stated previously is well défiewed retains its spatial distribution as they
propagate. It was also seen that Gaussian beafrectiis they propagate upon reaching a certain
distance defined by the Rayleigh range. There ®xisiwever a class of beams that are non-
diffracting in nature, Bessel beams. They are at®ol to the Helmholtz equation (Durnet al,
1987). Mathematically a Bessel beam is said totexier an infinite area and carry an infinite
amount of power. This holds to be true in theorwéweer this ideal case is not reproducible in the
laboratory. In principle we are able to generaBeasel-Gauss beam where the field is represented
as (Goriet al, 1987)

2

A (ko). :
E[r,z]—AW(Z) ex;{l[k ZkJZ |Z(Z)}J0(krr/(|z/zR))

x ex + G g
{(WZ(Z) ZR(Z)J[ k2 ]:l

whereAis the amplitude factor], is the zeroth-order Bessel function whig is the radial wave

(3.2)

vector andv, is the initial beam waist. The remaining paramet€g, z;, R(z) and {(z) hold the
same definition as for a Gaussian beam. By settiegpropagation distanaeto equal zero, the
field is further simplified to a form that is easilecognisable as a Bessel function enveloped by a

Gaussian beam
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E(r0) = AJO(krr)ex;{— (Lj } (3.3)
Wo

It is also possible to produce various higher olessel beams by merely replacing the starting
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field by a Laguerre Gaussian field. The field dfigher order Bessel beam is represented by

w(2)

-1 ik ,»  kZZ?
xexp| ——+ r<e+——1|
F{(Wz(z) 2R(2)J( k2 H

where the order of the topological chargedetermines the order of the Bessel beam and shefe

E[r, 2] = Ao ex;{i(k—;—iJz—Z(z)}J((krr/(iz/zR))exp(ii£¢)
(3.4)

the parameters hold the same definition as explgineviously.

The original method for producing these beams éhtoed by Durnin and colleagues was to use a
circular slit to produce an annular ring that wdlsiminated onto a lens (Durniet al,
1987),however over the years other methods wereodstmated both internal and external to the
laser cavity which include the use of anistropigstails (Khiloet al, 2001), holography (Vasaet

al., 1989; Davidsoret al, 1991) and using a conical optical element knowmrasxicon (Artl &
Dholakia, 2000).

Although holography is considered as the most vYiégssince it is the easiest approach, the use of
an axicon is the most efficient since it allows fdmost a hundred percent transmission of the
incoming light and it eliminates the generationotiier orders that would be seen in the case of
holography. For this reason experimentalists préfisr method over the rest. From here onwards,

producing a Bessel beam by the use of an axicdrbeitliscussed in detail.

An axicon is a conical optical element that transf® any field into a non-diffracting field. When
an axicon is illuminated by some arbitrary fielde ight rays will propagate along the cone to form
a diamond shaped region in which the Bessel figldt® Anywhere within this region the Bessel

field will be non-diffracting.
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The non-diffracting region of a Bessel beam ismldiby z,, and denotes the maximum distance

the Bessel field can propagate given by
=—W, = —, (B.5
max k 0

where k the wave vectork, is the wave vector in the radial direction giverkisingd, w,is the

Gaussian beam waist arftlis the opening angle defined as
0 =(n-1y, (3.6)

where yis the cone angle of the axicon amdis the refractive index. Since,is inversely

proportional to the opening angle which is diregtpportional to the cone angle of the axicon, it
can be concluded that the non-diffracting regionlépendent upon the cone angle such that the

smaller the cone angle the greater the non-diffigctegion. Looking at slices of the non-
diffracting region it is clear that the Bessel diglill have a maximum radius 2%, /2, this radius

is defined as
Fmax = Zmax tand. (37)

Considering the field entering the axicon, if a €&dan beam is used as the starting field then the
light rays will travel along a cone such that tivel interfere and form a region in which exists a

zero-order Bessel beam as seen in Fig.3.3.

GaUSSian Bessel
beam Axicon  beam
\\
I Wo /
7

max

Fig.3.3 Generation of a Bessel-Gauss beam by iliatirig an axicon with a Gaussian beam.



NOVEL LASER BEAMS FOR OPTICAL TRAPPING AND TWEEZING 26
NOVEL BEAMS

Anywhere within this regiorg,., , the Bessel beam is non-diffracting, howevethatboundary of

this non-diffracting region the Bessel field undsrg an abrupt change in spatial transformation
from a Bessel field (near-field intensity profil®) a conical field characterised by an annular ring

(far-field intensity profile). This is depicted kig. 3.4.

Intensity Intensity

AN AN, :

Jo(kr) Sty 2mrp) )} — 2mndr — 1)
(a) (b)

Fig. 3.4 Intensity profile of a zero order Bessehim: (a) near-field intensity profile where the
intensity is greatest at the central position thfteg the intensity decreases moving further away

from the central position. (b) far-field intensjtyofile is an annular ring.

Similar to a zero-order Bessel field, a higher-oessel field will also have a conical field ireth
far-field, however in the near-field, the Besseldihas a central zero-intensity dependent upon the

order of the Laguerre-Gaussian beam (see Fig. 3.5.)
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Fig. 3.5 Intensity profile of a higher-order Besbebm carrying a topological charge of one in the
(a) near and (b) far-field.

Bessel beams also hold interesting properties dimeg are not only non-diffracting, but they are
also self-reconstructive, which means these beaws the ability to reconstruct upon encountering
an obstruction (Bouchat al., 1998; Litvinet al, 2009; Sogomoniasat al, 1997). Since the light
rays travel parallel to the optical axis, placimgadostacle in the path of the beam will cause soime
the light to be obstructed by the obstacle, howewsr of the light rays that are not blocked will
reconstruct to form the Bessel beam. A geometriddghds used to illustrate the effects of

reconstruction of a Bessel beam (see Fig. 3.6).
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AXxicon

‘ Obstlacle

Fig.3.6 Self reconstruction of a Bessel beam upwoentering an obstacle placed within the non-

diffracting region.

Since the obstacle will block off some off the ligthere exists a shadow region from the obstacle

to the point at which the beam will reconstructisT$hadow region is defined kg ;. as

__d

Z. . 3.8
min 2tan9 ( )

As observed in Fig.3.6, the region that is shadeblue represents the region of reconstruction of
the Bessel beam. The only limitation placed on tbeonstruction of these beams is that the
obstruction has to be placed within the non-difirecregion. The abrupt change in intensity profile

from the near to the far field can be consideredagor disadvantage to such beams, however we
have come up with a way to overcome this problesotign 3.2.2.), and as far as we know this has

not been done before.

3.2.2Bessel-Like Beams

Up until this juncture a single axicon was usedyémerate various orders of Bessel beams that
existed for a finite propagation distance. It hasrbshown that this limited region of validity bEt
Bessel beam can be overcome by generating Besamisbwith z-dependent cone angles. These
beams are so-named Bessel-like beams and havelthatage of retaining their spatial intensity
distribution as they propagate from the near- &oftir-field. Many techniques have been considered

for the generation of BLBs, including introducingherical aberrations into an optical system
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(Gonchasovet al, 2007; Jaroszewics & Morakes, 1998)he idea here is to form cone-like
propagation in order to obtain a uniform on—axisfife. Alternatively these beams are generated
using a defocused Galilean-type telescope in aa@rtroduce negative spherical aberrations into
the optical system (Aruga, 199Aruga et al, 1998) however it was recently shown that it is
possible to create such Bessel-like beams usiraparration free method (Belgt al, 2010) which
will be discussed in the remainder of this sectibhe scheme proposed to produce these Bessel-

like beams consists of two axicons and a lendw@trihted in Fig. 3.7.

Fig. 3.7 Schematic of optical design to produceepesthdent Bessel-like beams which retain their

spatial distribution from the near to the far field

When a Gaussian beam is passed through the lentharfidst axicon an annular ring is produced
which is the Fourier transform of the Bessel fipl@duced by the first axicon. This annular ring
thereafter illuminates the second axicon suchttimBessel field that is generated exists not only
the near-field, since as it is propagated intoféindield it retains its spatial distribution. Tlspatial
distribution is retained by varying the cone aragea function of propagation distance such that as

y(2) tends to zero the Bessel field will exist in the-field or as it tends to infinity.

Confirming this idea mathematically, the stationguyase method is implemented in order to
deduce firstly that the field entering the secorit@n is conical. From the Fresnel integral, the

field at the input plane of the second axicon gl as
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where 1/ pZ =1/w; +ik, /2F =ik, /2z,,w,is the beam radius of the Gaussian beaqis the
distance between the two axicong,is the cone angle of the second axicok,is the wave

number, pis the radius,@ is the angle and- is the focal length of the Fourier lens. Theraafte

applying the stationary phase method to the figtbg
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As calculated above, the field some arbitrary distaz after the second axicon is thereafter
determined from

2 @
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where
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and the radius of curvature is written as

R(2) = z[1+ . i f } 13)

We define the cone angle as a function of the mapan distance as

V221+(V1_V2)f _
z+z-f

W2 = (3.14)

Using the known asymptotic form of the zero-ordees&l function of the first kind,

J, =2/ rzcos-7/4), the field after the second axicon is attained as

E,(0,2) = %,/W(m(p, 2)+9.(p.2))

X exr{ik% |:'07 + Rp(z) - yz(Z) R(Z):HJO(kOy(Z)p)

(3.15)

Clearly Eq. (3.14) shows that the cone anglés dependent upon the longitudinal distance ziand
confirms that an increase in z will lead to a dasesin the cone angle. Similarly the above
mathematical approach can be carried out for highger z-dependent Bessel-like beams (Beyli
al., 2010). These z-dependent Bessel-like beamglijesBessel beams, also have the ability to self
reconstruct; however, since they retain their gpalistribution as they propagate, the position of

the obstacle is not limited and can be placed at paint along the propagation axis.
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Chapter 4

Optical Trapping and Tweezing

4.1 An Overview

On a daily basis the movement of objects on a mscate is observed, a good example would be
the forces applied to push and pull a block whiesutts in the movement of the block from one
point to the next. The greater question here is,vea achieve this with light? The answer lies in a
well known application known as optical trappingdaweezing, discovered over 40 years ago by
Authur Ashkin at the Bell laboratories whereby tiglas used as a tool to manipulate micron sized
particles (Ashkin, 1970).

The first stable optical trap was demonstratedha éarly 1970s which involved the use of
focussing two visible wavelength continuous wasetebeams onto a trapping chamber, containing
either of micron sized liquid or gas patrticles, ghhiwvas centralised between the two beams as in
Fig. 4.1. It was observed that the particles, upatering the vicinity of the light beams, were
accelerated within the chamber in the directiom@fatest intensity of light which was due to the
forces arising from the radiation pressure of dasdm. Furthermore, blocking off one of the beams

leads to the trapped particle being dispersed @Bedwnian motion.
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Fig. 4.1 First optical trap demonstrated by Artshkin, known as the dual beam trap or counter-

propagating beam trap.

Approximately 16 years later, Authur Ashkin andleabues reported the existence of the first
single gradient optical trap which was the sucaes$dhe counter propagating trap (dual beam
trap). Unlike the dual beam trap where the forcksadiation pressure merely accelerated the
particles, it was proven that a second componetiteofadiation pressure existed which acted in the
backward direction towards the axial intensity geatl (Ashkinet al, 1986). Since then optical
trapping and tweezing has been extensively stuiiedanipulate micron and recently nano sized
particles Dienerowitz,2008). With the growing development of the fieldhmlography, optical
tweezers over the years has advanced consideilphe textent that it is possible to demonstrate
trapping of an array of particles (Mellvilkt al, 2003; Schonbruet al, 2005; Woerdemanet al,
2009). Optical trapping is a versatile tool for a@te and precise investigation with respect to
Piconewton force measurements. Over the years ialsa become a key tool for many applications
in the biological field (Abbondazierirat al, 2005; Blocket al, 1989; Neumaet al, 2003, Perkins

et al, 2004; Shaevitzet al, 2003). There have been an extensive review ottmstruction and
principles of an optical trap (Neuman & Block, 2004olley & Padgett, 2003; Smitht al, 1999)
which will be discussed in the sections that follow
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4.2 Principle of an Optical Trap

An optical trap is attained by strongly focussintight beam through an objective lens with a high
numerical aperture in order to form a diffractidmited spot. Since light contains photons which
carry energyE = hv and momenturh/ A, a successful trap is dependent upon the chanlijeeaf

momentum acting on a particle. As mentioned prestioit is the forces due to radiation pressure
that determine the magnitude of the trap. The tdpgarticle is governed by two forces acting upon

it, namely the scattering and the gradient force.

The scattering force pushes the particles in thection of light propagation while the gradient
force on the other hand acts in the direction efitliensity gradient. For a stable trap, the gradie
force must exceed the scattering force which lgadstable trapping in the axial direction. It is

possible to also attain lateral trapping.

In order to describe the forces acting upon thégbey there are three models to consider (whieh ar

dependent upon the wavelength of the trapping ldsend thediameter of the particla)’ which

arise from the scattering theory of light (BartonAdexander, 1989; Bartoat al, 1989; Gouesbet

et al, 1988). For large particles, i@>> A, the Mie regime is applicable to determine the
respective forces. If the particles are smallecdmparison to the wavelength of the trapping laser
with a<< A _ then the Rayleigh regime should be consideredl|usirated in Fig. 4.2. Both of

these regimes will be explained further in the rted sections. There exists a third regime known
as a Lorentz-Mie regime where the diameter of thdige is comparable with respect to the
wavelength of the trapping laser, nage= A (Rohrbach & Stelzer, 2002), however we will not

include this regime in our explanation that follows
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Mie Regime Rayleigh Regime

>|
e
.

Fig. 4.2 Dependence on patrticle size and the wag#ieof the trapping laser: Mie Regime when
the size of the particle is greater than the wangtle of the trapping laser. Rayleigh regime when

the size of the particle is less than the waveleogthe trapping laser.
4.2.1 Mie Regime

Within the Mie regime, ray optics is used to ddserthe forces acting on the particles as illustrate
in Fig. 4.3. When the incident light impinges ore tharticle, it is refracted due to a change in
medium, which will cause a change in momentum. Adiog to Newton’s third law, an opposite
and equal change in momentum acts on the parti@dace the force that acts upon the particle is
equal to the rate of change of momentum whichappitional to the light intensity. As seen in Fig.
4.3(a), if the incident rays are parallel beforepimnging upon the particles, then the intensity
gradient increases from left to right hence thetigarwill be attracted to the centre of the beam
consequently lateral trapping is achieved. On therchand when the light rays are tightly focused
and thereafter impinge upon the particle as in #ig(b), then the net force is toward the focus and
a stable three dimensional trap is obtained (araglping).
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Intensity profile Intensity profile

Net
Force

(a) (b)

Fig. 4.3 The diagram illustrates the particles éha within the Mie regime, (a) when the light
rays impinging onto the particle are parallel thiea particle is attracted to the centre of the beam
(lateral trapping) however (b) when the light ghtily focused before interacting with the particle,

the particle is attracted to the focus and a steodigl trap in three dimensions is obtained.
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Consider the scattering of a single ray off a phetias seen in Fig. 4.4. If an incident ray

P impinges onto the particle, it is refracted andeatd causing a change in momentum.

PT’R

Fig. 4.4 Single ray impinging upon a particle cagsa reflection and refraction of rays.

The total force acting on the particle is then shen of the contributions due to the reflected ray
PFRand its refractive counterpaRd? ,PT?R,PT?R?,...,PT?°R" where Ris the Fresnel reflection

coefficient andT is the Fresnel transmission coefficient from thefasie. From this the net force

can be broken up into two components, the scagfddrce and the gradient force whefleis the
angle of incidence whileg, is the angle of reflection (Ashkin, 1992). The tfences respectively

are expressed as
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where—"— is the incident momentum per second of whitjis the refractive index of the medium
o

in which the particle is immersed,is the speed of light an@ is the power. In order to determine

the trapping efficiency we consider a dimensionfasorQ that is related to the trapping force as

Fdrag
=— 4.3
Q=15 (4.3)

c

where F,., =6myrv is Stokes drag ang, r, vare the viscosity of the medium, radius of the

drag

particle and velocity of the medium respectively.\Earying the dimensionless factors with respect

+F2

tof for the scattering, gradient force and fig,, = F2 grad

scat

as illustrated in Fig. 4.5 we

observe that if the incident angle is less thahtBén the gradient force will exceed the scattering
force; furthermore, increasing the angle of incisefeads to the two forces almost cancelling each

other out.
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Fig. 4.5 Relation of the dimensionless factd®s,,, Q¢ and Q, With respect tod.

4.2.2 Rayleigh Regime

To satisfy the condition for the Rayleigh regime tliameter of the particle must be less than the
wavelength of the trapping lase<< A . Within this regime the trapped particle acts mskectric
dipole being influenced by a spatially varying #éliecfield where the scattering and gradient forces
are easily separable. The scattering force is digdrupon the initial intensity of the light beam

and is given as

m 4.4)

wherecis the speed of lightn, is the refractive index of the mediur, is the initial intensity and
O is the scattering cross section which is expreased

128718 ( m? -1

o= ¥ T2l (4.5)

where A is the wavelength of the trapping laserjs the radius of the particle amd is the ratio

of the refractive index of the particle to thattioé medium. Bear in mind that the valuerof must
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be greater than one, hente>n, wheren, is the refractive index of the medium ang is the

refractive index of the particle.

On the other hand, the gradient force is dependjeon the gradient of the intensity by defined as
(Neuman & Block, 2004)
Fo. =20, (4.6)

d
gra an

m

where @ is the polarizability of the particle defined as

2
2.3 m _l
a=nir’| ——| 4.7
m ( 2+2j ( )

For a strong axial trap in three dimensions thedigre force must exceed the scattering force.
Furthermore the direction of the gradient forcedependent upon the refractive index of the
particle. When the refractive index of the partidegreater than that of the medium then the force
acts in the direction of the intensity gradient lewer if the refractive index of the particle isdes

than that of the medium then the force acts inapgosite direction of the intensity gradient and

trapping will not be achieved.
4.3 Optical Design Considerations

Constructing a basic Gaussian trap is a simplegolae. Some of the key components include
choosing the appropriate laser for the applicatibthe trap, a proper beam expander as well the
correct microscope objective lens. It is also vitatlecide upon the right imaging and illumination
system. A home built optical trapping system casilgae built provided the necessary optical
elements are obtainethich includes the appropriate laser, mirrors, ésns dichroic mirror which

is specific to the wavelength of the laser, a nscope objective lens, a stage to hold the sample, a
white light source for the illumination and a CCar@era for viewing the trap as represented in
Fig. 4.6. One can obtain a commercial system whidess tedious to set up, however there is a

limitation on the applications that can be perfadme
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With a custom built system there is much more rdome-arrange the trap when the need arises
hence the next section deals with a descriptiveview of all the key components mentioned to

give an understanding of the correct procedureautiol fa successful optical trapping system.

[llumination
system
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| - o1
i Objective | Objective
| lens | lens
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Fig. 4.6 Optical trapping system highlighting theylcomponents required to form a stable trap. M

and M are flat mirrors, L.and L, are lenses used as a beam expander aigdthe tube lens.
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4.3.1 Choice of Laser

The choice of laser is dependent upon a few aspelkish include high power output, good
pointing stability and low power fluctuations. Fitris reason mostly continuous wave lasers are
chosen with a Gaussian beam. Power fluctuationsildhoe avoided since this would lead to a
variation of the trap stiffness. The beam shouldued collimated with a high pointing stability

since any instability can lead to a displacemeriheftrap position at the sample plane.

The choice of wavelength is also critical and ipatelent upon the type of samples of interest. For
biological samples, wavelengths between 750-1100anen preferred since there is a minimal
absorption of heat at this range, hence the samitlleot be destroyed. When considering silica
beads, the choice of wavelength is not a severelgmosince damage due to absorption is not an

issue, although over heating of the medium shoealdvwided.
4.3.2 Microscope Objective Lens

The microscope objective lens is the key compométhtin the trapping system. It is important to
choose an objective lens with a high numerical taperwith a value between 1 to 1.3 in order to

attain a tightly focused beam. A standard objedews can either be finite or infinitely corrected.

For a finite corrected objective lens the samplienisged a set distance behind the back aperture of
the lens onto the camera or detector. With anitefyncorrected objective lens, which is commonly
used in most systems, a tube lens is needed toeirtteg sample onto the camera or detector.
Generally in most optical trapping systems the dbje lens plays a dual role since the same
objective lens that is used to attain a diffractiveited spot is also used for the imaging of the
specimen plane. This is further illustrated in Fgi. Even though an objective lens consists of a

compound of lenses for simplicity a single lenslistrated.
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Fig. 4.7. Image illustrating the path that the tighy goes through when passing through an

objective lens, (a) a finitely corrected objectigas and (b) an infinitely corrected objective lens

An objective lens with a high numerical apertureesommended to attain a strong optical trap. It
also is important with respect to the resolutionveo of the specimen being trapped and imaged.
An objective lens with a high numerical aperturdlemts more light in order to form a brighter

image at the image plane. The numerical apertutefined as

NA=n,sind, (4.8)

where n,is the refractive index of the medium between tloatf face of the objective lens to the

front of the cover slip of the microscope slide ahds the half angle of the angular aperture of the
lens. The refractive index plays a vital role itaating a high numerical aperture and for this oeas
oil immersion objective lenses are the most likepice since the oil immersion compensates for

the low refractive index of the distilled water med.
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4.3.3 Beam Expander

In order to attain an efficient trap the beam dinéas to be of the order of the diameter of the
back aperture of the objective lens. If thererisuader fill of the objective lens, there would de
decrease in intensity gradient that would leadweaker trap. Slightly overfilling the objectivenke
leads to a tightly focused beam, although care ldhoe taken not to over fill the objective lens as

this would lead to heating.
4.3.4 Kohler lllumination

Kohler lllumination was first introduced in 1893; Bugust Kohler, in order to improve the field of
microscopy. He proposed that using the opticalgtesiutlined in Fig. 4.8 (which consists of a
white light source, a collector and condenser tespectively, field and aperture diaphragm) would
yield an evenly illuminated specimen. The advantigsuch a system is that the illumination and
the region of interest can be controlled indepetigetihis is achieved by either varying the field
diaphragm which is responsible for controlling tregyion of interest or adjusting the aperture

diaphragm which is responsible for adjusting thenination of the sample.

Field Aperture
diaphragm diaphragm

Condenser
lens

Collector
lens

fcon fcon

Sample
plane

1

White light 1
source -
i

1

o

=

A

-
-------G:__ L

Fig. 4.8 An optical design proposed to obtain aengv illuminated sample where fcol is the focal

length of the collector lens and fcon is the fdeagth of the condenser lens.

To understand the concept of Koéhler illuminatioe thptical design illustrated in Fig. 4.8 can be

broken up into two parts. The first part deals with light source which is coupled to the collector
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lens used to re-image the light source to the ffackl plane of the condenser lens. At the start the
position of the white light source is determineddethe position of the aperture diaphragm gives
an indication of the magnification of the whiteHtgsource. At this point it is important to bear in
mind that the light source should cover the endi@meter of the aperture diaphragm. It is also

observed that the field diaphragm is uniformlyrtimated.

The second part to setting up a Kéhler illuminatsystem is the addition of a condenser lens. The
primary purpose of this lens is to image the fietdained at the field aperture to the sample plane.

By adjusting the position of this lens the shargrafthe sample can be adjusted.

To visualise the concept of Kohler illuminationfeeto Fig. 4.9 of an arbitrary specimen. In frame
Fig. 4.9(a) notice the sample is unevenly illumaehjudging by the dark region on the top end of
the sample. By closing the field diaphragm the oegof interest is varied as in Fig. 4.9(b).
Thereafter adjusting the height of the condenses liecreases the sharpness of the specimen,
observed in frame Fig. 4.9(c). Frame Fig. 4.9(dbasically illustrating the repositioning of the
camera such that the specimen being imaged isecenfinally in frame Fig. 4.9(e), the field

diaphragm is opened once again and an evenly ilated specimen is obtained.

AN ;,-" o 3 = '/!7 f A L
o ) I ) AEC

Fig. 4.9 Images illustrating the steps performedttain an evenly illuminated sample (Davidson &
Feller, 2000).

Furthermore applying this to an optical trappingteyn improves the quality of the imaging shown
in Fig. 4.10 whereby the sample being imaged ctmsilsilica beads dm in diameter in distilled
water. It is conclusive that there is an improvehierhe quality of the imaged sample with Kéhler

illumination.
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(a) (b)

Fig. 4.10 Images illustrating the effects of Kéhidbumination on a sample: (a) An image of the

sample prior to Kohler illumination and (b) the sdenafter Kohler illumination

4.4, Calibrating an Optical Trap

Calibrating an optical trap gives an indicationtbé efficiency of the trap which can be useful
information when dealing with specific applicatioi$ere are many methods that can be used to
calibrate an optical trap (Neuman & Block, 2004gréithe viscous drag force, equipartition and the
power spectrum method will be discussed in ordemiderstand the effects the trapping power has
on the strength of the trap.

As previously mentioned we have chosen a videoddseéection method to view our trap, hence
for the calibration methods, it is preferable tthei use a CCD (Charged couple device) camera or
recently introduced smart camera (Complementanahoeide semiconductor) CMOS technology.
Both of these devices have their own advantagesdaadivantages, and it comes down to which
sensor best suits the practical application.

There is an ongoing debate as to which of the egbrtologies is superior. CCD cameras have been
around since the early seventies. The advantagsio§ a CCD would be that it has a lower noise,
higher sensitivity and image quality; however tlemnsume a lot more power and dissipate a lot
more heat. They are larger in comparison to CMQO@8etas and are not able to cope with frame

rates greater that 15frames/sec.
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CMOS imagers have their disadvantages in that théfer from a satisfactory amount noise and
they have a lower image quality in comparison ©6@D camera however they do consume less
power, they cost less, they are smaller in dimerssend they can cope with high speed imaging
(Biggset al, 2006). It is for this reasoning that when dealvith the tracking of particles for the

calibration of an optical trap, CMOS cameras asdgrred.

There are other choices of detection namely usiggaalrant photo detector (QPD) which is a non-
video based method. A QPD consists of four silibased photodiodes. This method offers high
sensitivity as well as low noise output and hasntbits place in the field of optics for highly

sensitive force measurements of micro and nandcjest
4.4.1 Viscous Drag Force Method

This is the most direct method of calibrating thecé acting on a trapped patrticle. It makes use of
the viscous drag used to dislodge a particle frisnequilibrium position in order to determine the
strength of the trap. Since we are dealing withramicsized particles the inertial forces are quite

small and hence negligible. As a result the dragefds determined from
Fdrag = :BV’ (49)

where £ is the drag coefficient and is the velocity of the bead. From Stokes’ Lawsitknown
that the drag coefficient acting on a particle wathradius ofr is given byg =67mr . When the

particle just about releases from the trap the doage acting on the particle is considered to be

equal to the optical trapping force

Farag = Firap- (4.10)
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4.4.2 Equipartition Method

A trapped particle may displace within an opticaptdue to the influence of thermal fluctuation of
the medium that it is immersed in. This displacenuérthe particle from its equilibrium position is
measured and thereafter the trap stiffmessn be determined from the equipartition equation

expressed as
1 1 5.,
> kgT = > K<X > (4.11)

where T is the temperatur&, is theBoltzmann constantl(380650%102JK ™*)and <x2> is the

mean variation of the particle from its equilibriymosition. Since the particle displaces from its
equilibrium it acts like a harmonic oscillator, gy Hooke’s law, which means that there is a

restoring force that acts on the particle to retuta its trapped position:

Firap = ~KX, (4.12)

where « is the trap stiffness determined from the equipant equation and is the displacement
of the particle. This method has its advantagesesiie measurement is independent on the
viscosity of the fluid or the geometry of the peli

4.4.3 Power Spectrum Method

Once trapped, a particle will displace within thapt as mentioned in the previous section, from
which the Brownian motion of the particle can beleited to determine the trap stiffness. The
power spectrum method makes use of this thermakuftion as given by Eq. (4.13) which

describes a Lorentzian

kgT

R ()

(4.13)
where T is the temperaturky is theBoltzmann constant anfdis the corner frequency. This

power spectrum can be fit with a corner frequeriym which the trap stiffness can be calculated

as
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K

f.=———,
¢ 12m%a’p

(4.14)

wheref,is the cornery; is the viscosity of the medium and is the trap stiffness. Using the power

spectrum method to determine the trap stiffnessiires) a detector system with an adequate
bandwidth to record the power spectrum well beytme corner frequency. Experimentally the

power spectrum is attained by a Fourier transfoomadf the data obtained from the displacement
over a period of time from the time to the frequedomain. An example of a power spectrum is

shown in Fig. 4.11.

Corner
frequency

a7

M,
Aoy ¥
——

Frequency

Fig. 4.11 The power spectrum plot illustrating Brewnian motion of a trapped particle.

From the power the corner frequency (roll off fregay) can be extracted which is the frequency at
which the particle escapes the trap denoted byy#lew dotted line (refer to Fig. 4.11). At

frequencies below the corner frequendy< f.) the particle is said to be trapped however when
the frequency is greater than the corner frequércy f.), the particle is said to be free (Gibson et

al., 2008; Berg-Sorensen & Flyvberg, 2004).

As previously mentioned it is the displacementid# particle that is used to determine the trap
stiffness. This displacement is obtained by tragkihe particle using an appropriate tracking
algorithm. There are many algorithms that can heel dsr the tracking which include the centre of
mass (Ghoskt al, 1994; Leeet al, 1991) and cross correlation (Gelktsal, 1988; Kusumet al,
1993). The different types of algorithm can be siléexd into two types. The first type of algorithm
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estimates the absolute position of the particledoh frame independently. An example of this type
of algorithm would be the centre of mass. Altervelii the algorithm will determine the position of
the particle in one frame with respect to subsetfieme, which is how the cross correlation

algorithm works.

For the centre of mass method one would haveeasure the distance a particle has moved, the
centre of mass is calculated and subtracted fraancémtre of mass of a subsequent frame. The

centre of mass is determined from

n

Z(Xi'lij)

c === (4.15)

X n

i=1 j=1

where X is the coordinate of the pixel in the x-directiomdd; is the intensity of that pixel. This

method makes an assumption that the intensityeopikel is greater than that of the background. It
is therefore vital to narrow the region of interestthat as much of the background can be excluded.
Although this approach is valid for particles thate symmetric and asymmetric, it is very

susceptible to a change in particle shape andtatien from one frame to the next.

The cross correlation method on the other hand eoespthe position of a particle,in one frame
to the position of the particle in successive franiget the position of the particle in the sucogssi
frames beK. If K which represents the particle being tracked iteshielative td in increments of
one pixel then for each increment a correlatiorugdk determined that describes how well the

values ofK andl are alike. This is done by finding the correlatimetweerk andl from

Xx,y :zglxﬂ,ﬁy(Kij)’ (416)

i=0j=0

wherex andy describe the distance thathas moved over the original positibn
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Chapter 5

Experimental Generation of Novel Beams for Optical

Trapping

5.1 Observation of Various Order Laguerre GausBreaims

As previously discussed, there are many ways temggs Laguerre-Gaussian beams. Phase plates
are well known for this purpose (Bazhenetw al, 1990) however they are structure dependent
hence most people tend to use a Spatial Light Mddu{SLM) since they are versatile. An SLM is

a liquid crystal device as illustrated in Fig. that is electronically addressed to modulate thasph

of the incoming beam appropriately in order to gatethe desired output beam. This is achieved
by programming a grey scale phase pattern ontsdreen of the SLM. It is important for an SLM

to be calibrated prior to being used in any apfiice(See Appendix A).

(b)

Fig. 5.1 Image of an SLM (a) and (b) is a zoomeiiriage of the liquid crystal display which has a
pixel dimension of 1920 by 1080.
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One can build a basic optical system to createsthesms where the most vital component is the
SLM as seen in Fig. 5.2. A Gaussian beam, Figa}.2vas directed onto a spatial light modulator
(Holoeye PLUTO VIS) with the appropriate grey scalese pattern, Fig. 5.2(b). The phase of the
beam was modulated accordingly and a Laguerre-@Gaubsam, Fig. 5.2(c), was generated which
is passed through a lens of focal length 100 mnthviias thereafter magnified by a 10x objective
lens and detected by a Scorpion IEEE 1394 CCD Carfmodel SCOR-20S0). We were able to
experimentally generate various order Laguerre-8ansbeams by varying the grey scale phase

pattern that was electronically addressed to thtiagdight modulator as illustrated in Fig. 5.3

Spatial Light o
Modulator Objective
lens

CCD
Camera

T

(b)

Fig. 5.2 Optical system to generate various ordgguerre-Gaussian beams where (a) is a Gaussian
beam, (b) is the greyscale phase pattern and (og isorresponding Laguerre-Gaussian beam being
generated, where f is an imaging lens with a fteragth of 100 mm.
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Fig. 5.3 Experimental images of the generationafous order Laguerre-Gaussian beams using a
SLM where (a) is the greyscale phase pattern wittogological charge of one, (b) is the
corresponding Laguerre-Gaussian beam, (c) and (d) tae greyscale phase pattern and
corresponding Laguerre-Gaussian beam respectivagpe the polarity of the beam changed to
negative one. Similarly (e) is the greyscale phzetgern carrying a topological charge of two and
(f) is the corresponding Laguerre-Gaussian beara.seme is true for (g) and (h) except there is a
change in polarity from positive two to negativeotwi) is the greyscale phase pattern carrying a
topological charge of three and (j) is the corresiiog Laguerre-Gaussian beam. (k) and (l) are the
greyscale phase pattern and corresponding Lag@aussian beam respectively except the polarity

of the beam is changed to negative three.
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In order to generate a Laguerre-Gaussian beamimgraytopological charge of one we had to vary
the phase of the initial beam from 0 to @ce which is attained by the grey scale phagenpaas
seen in Fig. 5.3(a) where the white region reprissarzero phase hence at this point the phase of
the beam will remain unchanged while the blackargiepresents a phase of. Zhe Laguerre-
Gaussian beam that is generated for this partigray scale phase pattern is shown in Fig. 5.3(b)
where the dark central region is indicative of eoziatensity of the beam. Producing a Laguerre-
Gaussian beam carrying a topological charge ofthegane is attained in a similar manner except
the direction in which the phase varies is revemseghown in Fig. 5.3 (c) and the corresponding
Laguerre-Gaussian beam is seen in Fig. 5.3(d). "A¢thé case of a Laguerre-Gaussian beam
carrying a topological charge of two as shown ig. Bi.3(f), the phase of the beam was varied from
0 to 2 twice which means that the grey scale phase pattes modulated from white to black
twice as seen in Fig. 5.3(e) and furthermore amesme in the topological charge leads to an
increase in the region of zero intensity. The sarae be said for a Laguerre-Gaussian beam
carrying a topological charge of negative two asnsien Fig. 5.3(h) except the grey scale phase
pattern varies in phase in the opposite directigrstaown in Fig. 5.3(g). Producing higher-order

Laguerre-Gaussian beams will follow the same tiedeen in Fig. 5.3(i) to Fig. 5.3(1).

To understand how these beams differ from a Gaussgiam, we look at the way the beam of light
travels along the optical axis. In the case of ass&n beam, the light rays propagate paralldido t
optical axis however for a Laguerre-Gaussian beaenlight rays are twisted along the axis as
observed previously in Fig. 3.1. This twisting ajaime optical axis causes the light rays to cancel
out at the axis which gives rise to the centrabzatensity. The region of central zero intensgy i
influenced by the order of the topological chargade an increase in the topological charge leads
to an increase in the number of times the lighstsvalong the optical axis. This means there
would be an increase in the region of zero intgrsitce there is an increase in the number of times
the light cancels out. This is further highlightedFig. 5.4 which illustrates the influence thagé th

topological charge has on the number of twisthefieam.
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Fig. 5.4 An increase in the order of the topolobaterge leads to an increase in the number of

spirals of the beam and an increase in the rediapro intensity.

The region of zero intensity was determined asesgnted in Table 5.1 for each of the Laguerre-
Gaussian beams mentioned. We see that for a LagGawssian beam carrying a topological
charge of one the region of zero intensity is apipnately 0.554 mm while for a beam with a
topological charge of three, this region is appmately 1.795 mm. Overall experimentally we
showed that an increase in the order of the beaats|to an increase in the region of zero intensity
which was expected since this region is influenbgdthe order of the topological charge. The
polarity of the charge in this case is insignific@mce both positive and negative topological
charges adhere to the same form. A significanpenty of these beams is that they carry orbital
angular momentum. This is not easily seen howewean be observed by placing these beams into
an optical trapping system which brings about tb&ation of a trapped particle. This will be

discussed further into the experimental analysstisn 6.3).
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Table 5.1 Region of zero intensity for the varibaguerre Gaussian beams

Order of Laguerre Region of zero
Gaussian beamiGP) |  intensity (mm)

LG? 0.55

LG? 1.32

LGg 1.80

LGY 0.56

LGS, 1.31

LGS, 1.79

5.2 Realisation of Zero- and Higher-Order BesselrBe

A Bessel-Gauss beam is easily reproducible usingadoon. The most vital issue that is
encountered is the alignment of the axicon itsklfthe beam passing through the axicon is
misaligned then this will lead to aberrations ahdudd be avoided at all costs. Since it is known
that the Bessel field exists for a finite distacdy after which the field transforms into a corica
field, it is important from the start to be awafetlte restriction that is placed upon the systehre T
cone angle of an axicon is fixed hence in orderaxy the region in which the Bessel field exists;
the beam waist has to be varied using an appregdram expander. Fig. 5.5 illustrates a schematic

of the optical setup used to demonstrate the giaeraf a Bessel-Gauss beam.
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Axicon Objective
lens lens

A=532 nm

CCD

Spatial Light
Modulator Camera

Fig. 5.5 Experimental setup used to generate aeBbsam using a single axicon and a spatial light

modulator to control the field that is passed tigiothe system.

A 532 nm green frequency doubled Nd:YAG laser (nhdd&-532C-2000)was used with a
Gaussian mode which was directed by a few mirrate a spatial light modulator in order to vary
the beam entering the axicon by varying the ph&sleeoinitial beam. The axicon that was used had
an opening angle of°’5The beam was magnified by the objective lensiaratjed on a Scorpion
IEEE 1394 CCD Camera (model SCOR-20S0). Firstlyplgjecting a uniform grey scale phase
pattern onto the screen of the SLM, a Gaussian beasnallowed to pass through the system in
order to generate a zero-order Bessel beam in dae field and thereafter taking the Fourier
transform of the Bessel field by placing a lendoafal length 50 mm after the axicon in the system
as illustrated in Fig. 5.6, a far-field image oétBessel beam was obtained which was an annular
ring. As expected the near-field intensity profi¢ a Bessel beam has a bright central spot
surrounded by concentric rings. The far-field irsign profile is an annular ring. By changing the
phase pattern on the SLM so that the phase is matatlfrom O to 2 once, a first order LG beam
can be passed through the axicon which in turnyred a high-order Bessel beam carrying a
topological charge of one as illustrated in Fig.(&). Similar to the Laguerre-Gaussian beam, these
beams have a central zero intensity depicted bydhnle spot in the centre of the beam followed by

concentric rings. Yet again the far-field intengigttern is an annular ring as seen in Fig. 5.7(b).
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(a)

Fig. 5.6 Intensity profile of a zero-order Bessehain carrying a topological charge of one in near-
(a) and far-field (b).

(a)

Fig. 5.7 Intensity profile of a higher-order Besseam carrying a topological charge of one in near-
(a) and far-field (b).
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This was carried out for various orders of Lagu€essian beams which are summarised in Fig.
5.8. As previously mentioned, a higher-order Bebsalm carrying a charge of one is generated by
a Laguerre-Gaussian beam of order one. By vantiegphase from 0 tor2once depicted by a
change in the gray scale phase pattern going frbitewo black as in Fig. 5.8(a). The near- and far-
field intensity patterns are shown in Fig. 5.8(njl &ig. 5.8(d) respectively for a Bessel beam of
order one. Comparing a higher-order Bessel bearyiogra topological charge of three as in Fig.
5.8(Kk) to that carrying a charge one, it is notidedirstly that the phase patterns used to geaerat
the Laguerre-Gaussian beam has changed. For al Besse carrying a topological charge of three
the phase pattern varies from 0 totBrice as seen in Fig. 5.8(i) which is seen byghase pattern
varying from white to black three times. This ledolshe Laguerre-Gaussian beam having a greater
region of zero intensity as in Fig. 5.8(j) and thlisfurther seen in the Bessel beam where by the
central dark region of the Bessel beam has alseased as shown in Fig. 5.8(k). The far-field

intensity profile however remains the same.

Thus far, the generation of zero and higher ord=ssBl beams were discussed. We have mentioned
that a Bessel field can only exist for a finitetdiwce within its non-diffracting regions after winiit
undergoes a spatial transformation into an anmirgr This is a major disadvantage to such beams
and up until recently there was no way around piniblem. We have come up with an improved
optical scheme that overcomes this disadvantagesing a double axicon and lens system which

will be discussed in the next section.
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Phase pattern Near-field Far-field
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Fig. 5.8 Experimental images of the generation e€&l beams using a single axicon where (a) is

M

the greyscale phase pattern of order one, (b)esctiiresponding Laguerre-Gaussian beam, (c) is
the higher-order Bessel beam of order one in tlze-field and (d) is the far-field intensity profile
of the field which is an annular ring. Similarly) (8 the greyscale phase pattern of order twds(f)
the Laguerre-Gaussian beam of order two, (g) ictreesponding higher-order Bessel beam in the
near-field and (h) is the far-field intensity ptefiwhich is an annular ring. Yet again (i) is the
greyscale phase pattern of order three, (j) isctireesponding Laguerre-Gaussian beam, (k) is the
higher-order Bessel beam of order one in the nelt-ind (1) is the far-field intensity profile tie

field which is an annular ring.
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5.3 Realisation of Bessel-Like Beams

In order to incorporate the scheme in Fig. 3.7 iatoexperimental setup, a frequency doubled
Nd:YAG laser (model MG-532C-200R,= 532 nm) was directed onto a phase-only SLM (Hgt
PLUTO VIS SLM with 192@1080 pixels and calibrated for ar2phase shift ak = 532 nm). The

SLM was used to vary the beam illuminating the emidBy changing the phase pattern depicted on
the screen of the SLM, the phase of the initialnbegas modulated accordingly. Thereafter the

respective beam was passed through a lens of lferegth 40 mm followed by two axicons placed
75mm apart. The images were captured @ta@pion IEEE 1394 CCD Camera (model SCOR-20S0).

The following setup as constructed in the labogat®ishown in Fig. 5.9

0 = (0 WSO o OV
'in-......

©3

Fig. 5.9 Experimental setup to generate z-deperBessel-like beams: (a) Spatial light modulator
(SLM); (b) double axicon lens system wherg) (b the first axicon; (}) is a 40 mm lens and {his
the second axicon and (c) is the Scorpion IEEE 138D Camera (model SCOR-20S0).
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To further illustrate the concept of this new pregd optical scheme, Fig. 5.10 is an image of the

double axicon and lens system as seen in the lavpra

Fig. 5.10 Image emphasising the double axicon ansl $ystem as set up in the laboratory.

When a uniform grey scale phase pattern was @rgjeonto the SLM, a Gaussian beam will be
passed through the system without any change whaih to a zero-order Bessel-like beam being
produced not only in the near-field however in taefield as well. By changing the phase pattern
on the SLM, various orders Laguerre-Gaussian beaers produced leading to various higher-
order Bessel-like beams being generated. For aehigider Bessel-like beam carrying a
topological charge of 1, the phase pattern onpladia light modulator varied in phase from 0 to 2
once, depicted by the grey scale pattern changing fwhite to black once as mentioned
previously. The Laguerre-Gaussian beam producedahadntral zero intensity depicted by the
central dark region and carried orbital angular rentam ofi. The corresponding Bessel-like beam
also carried the properties of the Laguerre-Gands@éam since it also had a central zero intensity
surrounded by concentric rings. This was furthemried out for various higher-order Bessel-like

beams and a summary of some of the experimentadtsese shown in Fig. 5.11.
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Phase pattern Near-field Far-field

(m) (0) (p)

Fig. 5.11 Various order Bessel-like beams retairirgr spatial distribution from the near- to the
far-field: (a) is a uniform grey scale phase pattarich leaves the phase unchanged hence a
Gaussian beam (b) passes through the double agicsiem to produce a zero-order Bessel-like
beam in the near (c) and far-field (d). The greglesgphase pattern (e) varies in phase once and
allows a Laguerre-Gaussian beam of order one (fats through the system producing a higher-
order Bessel-like beam carrying a topological chan§ one in the near (g) and far-field (h). The
same can be said for (i) to (I) except the ordathefcharge is negative one. The grey scale phase
pattern that varies in phase three times (m) léadsLaguerre-Gaussian beam of order three (n) to
pass through the system producing a higher-ordssddike beam carrying a topological charge of

three in the near (n) and far-field (p).
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Similar to Bessel beams, Bessel-like beams alsengindself-reconstruction however the position at
which the obstruction has to be placed is not atilign factor. To illustrate that these beams also
possess the ability to self-reconstruct upon entwing an obstruction a ball bearing of diameter
0.120 £ 0.001 mm was placed in the path of a Girder Bessel-like beam as shown in Fig. 5.12.
The Bessel-like beam before reconstruction is spried in Fig. 5.12(a). Upon placing the ball
bearing 200 mm away from the second axicon we wbddahat the central region of the beam was
overshadowed by the obstacle as seen in Fig. §.hp{ever the outer rings of the beam are still
seen. Taking into account the diameter of the abstm the shadow region was calculated to be
239.08 mm after the obstruction. By placing the egaron a rail we were able to image the beam at
various positions after the obstruction to detemntime distance at which self reconstruction occurs.
We noticed that approximately 250 mm from the alition the beam started to reconstruct and at
a distance 525 mm from the obstruction we noticecbmplete reconstruction of the beam as
illustrated in Fig. 5.12(c). Since the Bessel-ltkeams are not confined to distances z,s, zhe
axial position at which the obstruction has to lteced is not a limiting factor. Of particularly
interest is that Bessel-like beams retain theitigpdistribution as they propagate hence thera is
continuous interference of light rays throughowt tptical axis. Due to this an obstruction placed
outside the z.« region or even off the optical axis will still idsin a successful reconstruction of
the beam. In our case the obstruction was placpbajnately 75.6 mm outside thg.zregion and

noticeably we obtained a well reconstructed Beliselbeam.

(a) (b) (©)

Fig. 5.12 Self reconstruction of a Bessel-like bezrying a topological charge of 1: (a) the beam
before encountering an obstruction; (b) overshadgwadf the beam due to the obstruction being

placed in its path and (c) the Bessel-like beamumaergone a complete self-reconstruction.
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Thus far the existence of Bessel beams and Bdkeebéams with z-dependent cone angles been
demonstrated. We have overcome the issue of thgpabhange in intensity distribution from the
near- to the far-field as illustrated in Fig. 5.1/e have successfully proven that Bessel-like tseam
with z-dependent cone angles do exist howevereagtpense of losing their non-diffracting nature.
To validate this statement we considered lookinthatdiffraction of the various order Bessel-like
beams as they propagate. This was done by lookitigeavidth of the beams at set intervals apart.
The results obtained are illustrated in Fig. 5.08 &ve notice that there is a linear increase in
divergence. The zero-order Bessel-like beam dafnguch more slowly in comparison to the

higher-orders. The higher the order of the Beskeldeam the greater the divergence.
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Fig. 5.13 Graph illustrating an increase in diveige of various order Bessel-like beams as they

propagate from the near- to the far-field.

To investigate this increase in diffraction, wegeld the camera on a rail and imaged a zero-order
and a higher order Bessel-like beam with a topehgcharge of one at intervals of 50 mm

increments over a distance of 1000 mm as represent€ig. 5.14 and 5.15. By comparing the
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frames in both figures it is apparent that therehiange in magnification of the beam. For the zero-
order Bessel-like beam, Fig. 5.14, it was the Gauspart of the beam that spread out due to an
increase in the propagation distance. On the oftaexd for the Bessel-like beam carrying a
topological charge of one, Fig. 5.15, it was thgulerre-Gaussian part of the beam that spread out.
To validate this observatiowe measured the central region of the zero-order Békseebeam in
Fig. 5.14 (frame a) to be approximately 8 and thereafter compared this value to frame Ifgnres
the central region was measured to bau@bwhich concludes that these Bessel-like beamhtkfig
diffract as they propagateso far we have dealt with the generation of noasét beams by passing
a Gaussian beam through a spatial light modulatibr thve appropriate gray scale phase pattern. We
showed that we were able to generate various aideaguerre-Gaussian beams. We applied this
concept to the generation of various higher-ordes$l beams using a conical lens known as an
axicon. These beams exist for a finite region aftkich they spatially transform into a conical
field. To overcome this abrupt spatial transformatirom the near to the far field we considered an
optical scheme that allowed us the opportunity tadpce Bessel-like beams which retained their
spatial distribution as they propagated. We nowthe&knowledge gained from the propagation of a
Gaussian beam (Chapter two) and from the abilitshi@mpe a beam to build a single gradient optical
trapping system which will be discussed in detailhe chapter that follows and further incorporate

a Laguerre-Gaussian beam into an optical trap e the rotation of a trapped particle.
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(a) (b) (c) (d)

(e) () (2 (h)
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Fig. 5.14 Images of a zero-order Bessel-like beataiming its spatial distribution as it propagates

from the near- to the far-field.
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(a) (b) (c) (d)
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(m) (n) (0) (p)
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Fig. 5.15 Images of a higher-order Bessel-like beamying a topological charge of one retaining

its spatial distribution as it propagates fromtiear- to the far-field.
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Chapter 6

Demonstration of Optical Trapping and Tweezing

6.1 Single Gradient Optical Trap

Taking all the design considerations in sectionidt8 account, the optical trap in the laboratory
was built according to the illustration depictedFig. 6.1. A diode pumped Nd:YAG frequency
doubled laser (model MG-532C-200bat lased at a wavelength of 532 nm was used whacha
maximum power output of 400 mW however during tberse of the experiments the power was
set to 200 mW. The beam was passed through a smiakihich attenuated the amount of power
that was passed through the system. MirroysaMl M directed the beam towards a beam expander
which consisted of two concave lenses of focaltles® and 150 mm respectively. At this point the
beam was magnified by a factor of 3, before it wassed through mirrors Jvand M, which
directed the beam towards the vertical axis of tthp. Upon leaving mirror Mthe beam was
steered onto a dichroic mirror which reflected thser beam downwards into a 100x LOMO
objective lens with a numerical aperture of 1.25levl transmitted any other wavelength from the

white light source.

At this point the beam was focused to a point @agtage which held the sample. The sample was
placed on a microscope slide of dimensions 75 mrB5xmm. With respect to the sample
preparation, a vinyl sticker of dimensions 20 m20xmm was placed onto a microscope slide. This
vinyl sticker had a hole of diameter 5 mm and thiss of 10um in the middle which acted as a
well for the sample. The sample was placed on thel \sticker and covered by a coverslip

(dimensions 20 mm x 20 mm). An image of the sarigotdhown in Fig. 6.2.
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Fig. 6.1 Optical trapping system as built in thieokatory: The beam from a Nd:YAG laser lasing at
532 nm was directed through a polariser and reftetty two flat mirrors M and M towards a
beam expander consisting of lenseshd L,. The beam was thereafter directed by mirrogsalid
Mginto the vertical axis of the trap onto a dichroigror which reflected the laser light into a 100x
LOMO objective lens onto a stage. The stage heddsdmple which was illuminated by a Kdhler
illumination system made up oglLL, and Ls. A tube lens k. was used to collect the light that was
imaged onto a Scorpion IEEE 1394 CCD camera (m8@&R-20S0).



NOVEL LASER BEAMS FOR OPTICAL TRAPPING AND TWEEZINT?l

DEMONSTRATION OF OPTICAL TRAPPING AND TWEEZING

Fig. 6.2 Microscope slide containing the samplsilida beads 4m diameter in distilled water.

To give an idea as to what is meant by the welllinch the sample sat, refer to Fig. 6.3 where the
dimensions of the well is 5 mm x 5 mm with a thieka of 10Qum (i.e. the dimensions of the vinyl

sticker) in which the sample was placed.

'100 um";"""';"-;'
00 0 0
...... ©0 0 09

5 mm

Fig. 6.3 lllustration of the sample on the micrgzeaslide where the depth of the well the sample is

placed in is 10@um.

To ensure that enough light passed through thelsdimpimaging of the trap a Kéhler illumination
system was set up so that there was an even ilationmof the sample by a uniform amount of light

where a white LED (Light emitting diode) was usedlze light source.
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The trap was imaged to a Scorpion IEEE 1394 CCDecarfmodel SCOR-20S0) and a tube lens of
focal length 150 mm was used to collect the lightoothe camera since an infinitely corrected

objective lens was used. Fig 6.4 is an image etridpping system as set up in the laboratory.

Fig.6.4 Optical trapping system as set up in thedatory: the beam passes through two mirrors
onto the dichroic mirror which directs the beamoithe 100x microscope objective lens. The

sample is illuminated below and captured by a SoartEEE 1394 CCD camera (model SCOR-
20S0).
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An experimental image of a trapped patrticle is sieeRig. 6.5. As observed the particle that is
trapped is the one that is in focus while the oédhe particles are out of focus. This is an exiemp

of axial trapping.

Trapped
particle Un-trapped

60 pm

particle

80 um

Fig. 6.5 Experimental image of a trapped partigigfdcus) surrounded by un-trapped particles (out

of focus).

Once a particle is trapped it can be held withantilap until it is forced to dislodge. Alternatiyet
can be moved around by merely moving the laser beamanually moving one of the beam
steering mirrors. This is illustrated in Fig. 6the solid circle indicates the current positionthos
particle while the dashed circle indicates the fomsiat which the particle was previously located.
The images in Fig. 6.6, demonstrate that the pantias moved in a triangular motion until it was

brought back to its initial position.
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(a) (b)

(d) (c)
Fig. 6.6 Manipulation of a trapped particle in mgalar movement: the particle is first trapped (a),
thereafter movement of the laser beam causes amantef the particle (b), where the white circle
is the position to which the particle was movedlekiie red dashed circle indicates the position the

particle was previously at. This movement is furteeen in (c) and (d), whereby the particle was

almost returned back to its original position.
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Furthermore, slight movement of the stage causedsthrounding particles to move, while the

trapped particle remains fixed as seen in Fig. 6.7.

(a) (b)

Fig. 6.7 Movement of the stage while keeping tla@ped particle fixed: in frame (a) the trapped

particle is represented by a blue circle while m@inding particle is marked with a red cross. Afte
the movement of the stage (b) we observe thatrdqgpéd particle is still at the same position

however the surrounding particle marked with thrassrhas been displaced from its initial position.

In Fig. 6.7(a) the particle that is trapped is leidcand a surrounding reference particle is marked
with a red x, the movement of the stage causesetieeence particle to move Fig. 6.7(b) however
the trapped particle still remains fixed as seethieydotted arrow.

6.2 Determining the Strength of the Trap

6.2.1 Calibrating the Trap Using the Drag Force Method

Experimentally, the drag force was measured byratewcontrol of an automated stage (Optiscan
ES10). The stage was set to increase in speedliinieaorder to dislodge the particle from its
equilibrium position, and hence the velocity at eththe particle was dislodged from the trap was
obtained by measuring the displacement of the gdparticle. Since the frame rate was set at 15
frames per second the time difference between catige frames was 0.0667 s
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Using this knowledge the velocity at which the jmdetescaped the trap was determined as
v, = —, (6.1)

where 4x is the distance that the particle displaces ahd the difference in time. Thereafter
using the drag force equation seen in Eq. (4.9)ttheping force was determined. For a power
output of 10 mW we measured a velocity 2.27xh/s resulting in a trapping force of 0.928 pN.
This analysis was carried out for various trappiogvers and results attained are depicted in Fig.
6.8. The experimental results confirm the linedatienship between the trap stiffness and the
power of the trapping laser. For an output powet@hW the trapping force was determined to be
0.928 = 0.505 pN however for a 100mW power outpet trapping force was 6.187 = 1.323 pN.
This confirms that the higher the trapping powes $ftronger the optical trap. As observed there is
an increase in the error of the measurement ggaler passing through the system was increased.
This could be due to a misinterpretation of disptaent distance of the particle upon escaping the

trap.

Trapping Force (pN)
a~

y=0.0554x
R?=0.9672
3
2
1
0
0 20 40 60 80 100 120

Power (mW)

Fig. 6.8 Plot representing the drag force methamhihg the effects the trapping power has on the
trapping force.
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6.2.2 Calibrating the Trap Using the Equipartition Method

Here National Instruments-Labview was used as bttodetermine the displacement of the particle
from its equilibrium position which was recorded GMOS camera (Marlin, model F131B). By
measuring the displacement of the trapped paffticha its equilibrium we obtained an approximate
Gaussian distribution as shown in Fig. 6.9. Fors tharticular distribution the variation in

displacement from its equilibrium position was @B@m.
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Fig. 6.9 The particle distribution representing ttisplacement of a trapped particle from its

equilibrium position.

By measuring this variation in displacement whikrying the power, we were able to use the

equipartition equation Eq. (4.11) which makes uk¢he absolute temperature and Boltzmann’s

constant to determine the trap stiffnesswhere <x2>is the variation of the particle from its

equilibrium position. It is known that the partictescillates within the potential well hence the
trapping force was determined from Hooke’s law wehttre trap stiffness is directly related to the
trapping force. For a power output of 10 mW in thelirection we measured a variation in

displacement of 2.50xI0m by tracking a trapped particle for a 1000 framisch resulted in a
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trapping force of 1.847 pN. The results obtainedtifie various powers are illustrated in Fig. 6.10.

The trapping force at 10 mW trapping power wasg18).18) pN in the x direction and (7.03 £

1.37) pN in the y direction while at 100 mW thedemeasured in the x direction was (1.83 + 0.18)

pN and the y direction 7.223 + 0.176 pN. Yet agaasee a near-linear relationship between the

trapping force and the trapping power.

19 ® x direction
9 | ey direction y=0.082x
%=
8

y=0.0813x
R2=0.8059

Trapping force (pN)
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Power (mW)

Fig. 6.10 Plot representing the equipartition mdtebhowing the effects the trapping power has on
the trapping force.

It is apparent that there was an increase in ther @f our measurements with an increase in
trapping power. This is due to the fact that athbigpowers the variation of the trapped particle

become more difficult to examine since the partislsore strongly bound.
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6.2.3 Calibrating the Trap Using the Power Spectrum Métho

For the power spectrum calibration the centre ofsnalgorithm was used as the appropriate
tracking method and National Instruments-Labviewaasol to carry out the tracking which was

recorded by a CMOS camera (Marlin, model F131B)céa particle was trapped, a region of
interest was chosen as in Fig. 6.11(left) in otdedlecrease the field of view in which the software
would track. The threshold was increased so thgped particle is well defined as seen in Fig.

6.11(right) to alleviate any noise from the backgrd while tracking.
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Fig. 6.11 Image of a trapped particle used to dater the corner frequency from the power

spectrum method.

Once the particle was trapped, we used the softwateck the particle until we obtained 30 000

data points over a period of approximately 30 mésutom which the power spectrum was plotted

as seen in Fig. 6.12.
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Corner
7 frequency

Fig. 6.12 The power spectrum illustrating the Brawmnmotion of a trapped particle at a trapping
power of 100 mW.

By extracting the corner frequency from the poweectrum, the trap stiffness was determined
using Eq. (4.5) wherd is the cornery; is the viscosity of the medium and is the trap stiffness.

For a power output of 10 mW we measured a correguiency of 3.35xIDHz by tracking a
trapped particle for 30 000 frames whigsulted in a trapping force of 0.860 pN. This gs@l was
carried out for various powers and the resultsinbthare illustrated in Fig 6.13. As observed there
is a linear relationship between the trap stiffrasd the trapping power. For a power output of 10
mW, the trap stiffness was measured to be (0.82%)(N while for a power of 100 mW the trap
stiffness was (3.64 + 0.43) pN. The discrepancfethis method are influenced by the tracking of
the particle since the particle was tracked fornsany frames to obtain a satisfactory power
spectrum, the measurements were taken over a @um@iti30 minutes. The centre of mass method
was chosen for the tracking particle however ttdsking algorithm is very susceptible to a change
in environment and noise. Small movement in andirzalathe trap influenced the displacement of

the particle and hence the results obtained.
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Fig. 6.13 Plot representing the power spectrum ate#howing the effects the trapping power has

on the trapping force.

Overall all three methods confirm a near-lineaatiehship between the trapping power and the
trapping force. Thus far we have looked at a siggéelient optical trap however by manipulating a
Gaussian beam we are able to build an opticaltapclude novel beams. The next section will
concentrate on adapting the optical trap to inclrdpping with a beam carrying orbital angular

momentum.

6.3 Optical Trapping lllustrating the Transfer of O#dit Angular

Momentum

Until now we have seen trapping due to the transfdinear momentum. However it is possible to
achieve trapping due to the transfer of angular emtom (Rubinstein-Dunlogt al, 1998).
Angular momentum can be decomposed into two comgeneamely spin angular momentum
which arises due to polarization and orbital angumeomentum which arises due to the spatial
distribution (Allenet al, 1992). Over the years a considerable amount of Was been carried out

with respect to the effects of spin angular momentlating back to 50 years ago by Beth and
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colleagues (Beth, 1936). Demonstrating trappingh wespect to spin angular momentum is
attained by introducing a quarter wave plate it optical system. By rotating the quarter wave
plate, the polarisation of the beam is varied agnkck the trapped particle will tend to spin or teota
(Galajda & Ormos, 2003; Ibenech, 2008). The resthf section will deal with the transfer of
orbital angular momentum. In Chapter two, we disedsthe existence of beams carrying orbital
angular momentum and mentioned different methodsréate such beams, however, from this
point onwards, we only consider Laguerre-Gaussieants. It is known that these beams carry
orbital angular momentum dependent on the topodbgibarge of the beam, so that placing these
beams into an optical trap will initiate a transéérorbital angular momentum from the beam to
trapped particle, hence causing the particle tateot The rate of rotation of the particle can be
determined from

=&
Q= o (6.2)
where w is the angular speed given by
. A0
=lim—, 6.3
© At (6.3)

where A@ and At are the change in angular position and time rasdg. Using Eq. (6.2) and Eq.
(6.3), the torque exerted on the particle can Heulated taking in consideration that within a
viscous medium, the torque is associated with tlag dorque such that the torque exerted on the

particle is dependent upon the drag coefficienttaedrate of rotation given as
r=8mr30, (6.4)

where is the rate of rotatiom,is the radius of the particle amdis the viscosity of the medium
which in this case is 1.003 x #0Nms. Since the rotation is caused due to the tramdferbital
angular momentum, the particle has to absorb plkdtoorder to see the rotation. Hence the silica
beads are replaced by graphite particle since élbsprb more easily. These particles are prepared
in dilute ethanoic acid. The rotation due to ttesfer of orbital angular momentum by a Laguerre-

Gaussian beam carrying a topological charge ofi®eeen in Fig. 6.14.
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Fig. 6.14 Rotation of a graphite particle with aguarre-Gaussian beam carrying a topological

charge of one.

The particle rotates in an anti clockwise directitm order to calculate the rate of rotation the
angular position has to be determined. Clearlys is@en in frames (b) and (c) of Fig. 6.14, the
particle has rotated by an angular positiona#f hence using Eqg. (6.3) the angular speed is
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determined to be 5.24 rads/s. Using this resolt,@an calculate the rate of rotation using EQ)(6.
which is calculated to be 0.83 Hz. Furthermorettiigque acting on the particle is determined to be
2.09 x 10 Nm using Eq. (6.4). A Similar analysis can be iearout for higher order Laguerre-
Gaussian beams. The higher the order of the Lagnigaussian beam, the greater the amount
orbital angular momentum carried by the beam sithee orbital angular momentum is charge
dependent hence it can be stated that the higkeiofiological charge, the greater the amount of

orbital angular momentum carried by the beam, #is¢éef the rate of rotation.
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Chapter 7

Discussion

Prior to setting up a single gradient optical tthpre were certain considerations that have to be
taken into account. One factor that affects thbilityy of the trap is the beam that is passed tgtou
the system hence to build an optimum trap one woetpiire a beam with good beam quality
factor. The beam quality factor affects the symmnef the beam, although it is possible to trap
with an elliptical beam, it is preferable to haveb@am with a circular symmetry. Typically a
Gaussian beam has a beam quality factor close ¢oamwl is circularly symmetric. This was
experimentally validated by looking at the transeeprofile of the beam as it propagated in the z
direction where th&/? value was determined to be 1.15 + 0.65 which igginally close to one and

satisfactory for the proposed application.

A home built single gradient optical trapping systevas built in accordance to the design
considerations stipulated in section 4.3 where seduan appropriate beam expander to ensure the
beam was large enough to slightly overfill the baglerture of the objective lens. We used a 100x
microscope objective lens with a numerical aperfrd..25 which meant we obtained a tightly
focused diffractive limited spot. One can still @ibt trapping with a lower magnified objective lens
however for optimum trapping a high numerical apertis required which is the reason for the
choice of our objective lens. The sample was ilheatéd by a Kéhler illumination system which we
found gives an even distribution of light on thengée. It is important that the sample is well
illuminated so that the trap can be visualisedl@ndamera. An infinitely corrected objective lens

was used hence a tube lens was included in thersysi that the trap was imaged onto the camera.

It was shown that 4m diameter silica beads that were prepared inlldidtivater were successfully
trapped, and were able to be manipulated in thrieeertsions as was shown in Fig. 6.6.
Furthermore it was illustrated that movement ttegstcaused the surrounding particles to move
however the trapped particle stayed stably trapped.



NOVEL LASER BEAMS FOR OPTICAL TRAPPING AND TWEEZINTBG
DISCUSSION
Using the three calibration methods discussed utige 4.4 we were able to determine the
efficiency of our trapping system by varying theygo that we passed through the trap. The drag
force method was the most direct method whichtilaied the effects that the viscous drag has on a
trapped patrticle. If the viscous drag is strongugothe particle will dislodge from the trap and by
determining the velocity with which the particlecaped we were able to use the Stokes’ drag to
determine the trapping force acting on the parti€larrying out this analysis at various powers
showed that an increase in trapping power leadantancrease in trapping force and that the
trapping is linearly related to the trapping powsrseen in Fig. 6.8 The trapping force at 100 mW
was measured to be (6.19 * 1.32) pN while at 10 wé\obtained a trapping force (0.93 + 0.51)
pN. This method is dependent upon the size angeslod the particle being trapped and the

viscosity of the medium has to be known.

Carrying out the equipartition method yielded aikimtrend for the relationship between the
trapping force and the trapping power. The varratid the trapped particle from its equilibrium
position due to thermal fluctuations that were présn the medium was used to determine the
variation from the trapped position and since tlaetiple acts as a harmonic oscillator hence it
obeys Hooke's law, the trapping forces were deteechi This method is independent upon the size
of the particle and the viscosity of the medium.180 mW we obtained a trapping force of (7.03 +
1.37) pN in the x direction and (7.22 + 0.18) pNtlie y direction while at 10 mW the trapping
force measured was to be (1.85 + 0.18) pN in tH&ection and (1.83 + 0.18) pN the y direction.

The last calibration method carried out was the grospectrum method which like the equipartition
method makes use of the displacement of the paftioin its equilibrium position to determine the
trap stiffness. The displacement of a trapped gartivas tracked until 30 000 data points was
obtained such that a set of data for the displaotwifea particle over a period of time was attained
A Fourier transform of the data yielded the powmgctrum. This spectrum illustrated the Brownian
motion of a trapped particle which showed the regib which the particle was trapped, just about
escaped the trap and was said to be free. Theeneguat which the particle just about escapes the
trap was known as the corner frequency hence tygpitng power was varied and the corner
frequency was measured for each power such thdtahestiffness was determined. Similar to the
other two methods we obtained a linear relationdiepyveen the trapping power and the trap
stiffness. At 100 mW we obtained a trap strengt643 0.43) pN while at 10 mW the trap strength
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measured wa®.86 + 0.21) pN. This method is also dependent upersize of the particle and the

viscosity of the medium.

There are discrepancies in the power spectrum rde#isoopposed to the other two methods
however all three methods showed the same linesd tbetween the trapping power and the
trapping force. The reasons for the discrepandi¢beoresults obtained vary for each method. For
the drag force method, the velocity at which thelipe escapes the trap is used to determine the
trapping force, and at higher powers there is atgreerror in determining this velocity since it is
harder to determine the actual distance the partidplaces. This is due to stronger flow pushing
the particle further away from the trap which résuh a misinterpretation of the displacement
distance. With respect to the equipartition methaidhigher power the particle is more tightly
bound hence it is harder to visualise the displasdrof the particle from its trapped position. At
higher powers this displacement is much smalleultieg in a higher error in the measurement of
variation of the particle displacement. The powsecsrum method gave the lowest measurements
of the trapping force. This method makes use ofritlygm to track a trapped particle hence one of
the reasons for the discrepancies in the resultklde due to the choice of algorithm. We used the
centre of mass algorithm to track our particless #tigorithm is very susceptible to change of the
environment of the particle which means small an®uwri noise can affect the tracking process.
Overall all the methods emphasise the importancehef trapping power on trapping force.

Knowing the efficiency of the system is vital infioation that is required for certain applications.

Interest does not only lie in the building of sgjradient traps however in the past couple years a
lot of work has been carried out in novel trapse Hieneration of novel beams are possible making
use of diffractive optics. We used a Gaussian baarour starting field in all our experiments to

generate various novel beams which include Lagt@agssian beams, Bessel beams and Bessel-

like beams.

Laguerre-Gaussian beams are of interest sincecdugy orbital angular momentum. A spatial light
modulator was used to vary the phase of our stafteld accordingly to produce various order
Laguerre-Gaussian beams. It was shown that a gsigscale phase pattern that varied in phase
from O depicted by white ton2depicted by black we could generate a Laguerres8an beam
carrying a topological charge of one which showdy orbital angular momentum amount equal to
¢h since the amount of orbital angular momentum edridy the beam is dependent upon the

topological charge. We were able to produce vararders Laguerre-Gaussian beams as illustrated
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in Fig. 5.3 by varying the grey scale pattern agsied to the spatial light modulator. We further
incorporated a Laguerre- Gaussian beam carryingpaldgical charge of one into the optical
trapping system and observed a clockwise rotatfoa graphite particle which confirms that these

beams do carry orbital angular momentum which @trdnsferred to a trapped patrticle.

We also experimentally produced Bessel beams whieha class of non diffracting beams and
further went on to experimentally validating thdstence of Bessel-like beams. Bessel beams are
well known for their non-diffracting and self resructive properties. We used an axicon to
generate zero and higher-order Bessel beams. loag® of a zero order Bessel beam, we passed a
Gaussian beam through the system and generatedselB®eam in the near field which had an
intensity profile of a central bright spot surroeddby concentric rings which in the far field
transformed into a conical field represented byaanular ring. Using the knowledge gained from
generating various order of Laguerre-Gaussian baeenaere able to produce higher order Bessel
beams by varying the field that was passed thrabghaxicon. These Bessel beams illustrated the
same properties of a Laguerre-Gaussian beam dirdgoi had a central zero intensity and the far

field intensity profile obtained was an annulagrin

Considering that this abrupt change in intensitfifg from the near to the far field can be a major
disadvantage to these beams, we came up with sopteal scheme that overcame this problem.
Using a double axicon system such that we variedctime angle with respect to the propagation
distance we were able to successfully produce adBégam that retained its spatial distribution as

it propagated from the near to the far field andhamed these beams Bessel-like beams.

By passing a Gaussian beam through this doubl@madgstem we produced a zero order Bessel
like beam which like a zero order Bessel beam hedréral bright spot surrounding by concentric
rings however it retained its spatial distributias it propagated. We replaced the starting field to
allow various order of Laguerre-Gaussian beamsags pghrough the system and produced higher
order Bessel like beams which also had a central inéensity. It is well known that Bessel beams
undergo self reconstruction, and to test that tmaes property holds for Bessel like beams we
placed an obstruction in the path of a Besselitam and showed successful reconstruction. The
difference between a Bessel and Bessel-like bedimaisthere is no limitation on the position of
obstruction. For a Bessel beam the obstructiontddse placed within the non-diffracting region,
however since Bessel-like beams retain their spdistribution as they propagate the obstruction

can be placed at any position along the propagat@
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Retaining the spatial distribution of a Bessel béaran advantage, although this was achieved at
the expense of losing the non diffracting naturéhese beams which was experimentally shown by
considering the spreading of the central regionthefse beams as they propagate, the slight
diffraction being linear with an increase in propagn distance. The higher the order of the Bessel-
like beam the greater the diffraction. Even thotiggse beams are quasi non-diffracting, Bessel-

like beams are an interesting addition to the aldsessel beam.

Overall using a spatial light modulator is a usetobl to produce novel beams which when

incorporated into an optical trapping system cafdyinteresting results.
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Chapter 8

Conclusion

8.1 Summary

The aim of this work was to generate novel beant @#ilise them within an optical trapping
system. In chapter two we dealt with understandivey properties and behaviour of a Gaussian
beam. From the Helmholtz equation we derived thkl fof a Gaussian beam and thereafter looked
at understanding each parameter that affects #ld. f\WWe showed that a Gaussian beam is
propagation invariant hence it retains its spatiatribution as it propagates, although not it siz
We also looked at how a Gaussian beam would prapaghen encountering an optical element
such as a thin lens and from this we were abldésvshow the imaging equation was derived. By
using a thin lens and determining the width of ai$3&an beam at set intervals away from the lens
we were able to use the quadratic form of Eqg. (2t@2letermine the quality of a beam which is the
M? value. For our laser ths1?> was approximately one which denoted we had a gpaity

Gaussian beam.

We went on to using our knowledge of a Gaussianmmb&agenerate various novel laser beams.
Using a diffractive optical element known as a gpdight modulator (SLM) to vary the phase of a
Gaussian beam according to the appropriate grdg ptese pattern projected onto the screen of
the SLM we produced various order of Laguerre-Gansbeams which carry orbital angular
momentum. We showed that these beams diffract tkligts they propagate. A class of non-
diffracting zero- and higher-order Bessel beamsewmoduced using a conical optical element
known as an axicon. These beams exist for a fprid@agation distance after which they undergo a
spatial transformation into a conical field depittey an annular ring. Of interest was the idea of
generating Bessel-like beams, which are demondtrexperimentally for the first time. These
beams should make their mark in the field of optice to the fact that they retain their spatial

distribution as they propagate from the near- ® fdr-field or in better terms towards infinity
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however they do so at the loss of their non-diffrax nature as seen by the divergence of the
various higher-order Bessel-like beams. It wassitiated that like Bessel beams they also undergo

self reconstruction.

The principles of an optical trapping system haeerbinvestigated, with particular emphasis in
understanding how the variation in the size of plagticle with respect to the wavelength of the
trapping laser could affect the forces acting am plrticle. It was verified that the gradient force
must exceed the scattering force in order to attaiptical trap. Each of the key components that
form an optical trapping system was reviewed frohmclv a successful optical trapping system was
built to stably trap micron sized particles in #ndal direction and manipulate these particles by
movement of the laser beam itself. Furthermore ds wbserved that a strongly trapped particle

remains un-affected by the movement of surroungagjcles.

By carrying out various calibration methods, it wdesmonstrated that it is possible to accurately
and precisely determine the strength of the trdyis Was achieved by carrying out the drag force,
equipartition and power spectrum calibration methdebr the drag force method we obtained a
trapping force of (6.12 + 1.32) pN at 100 mW an®8z+ 0.51) pNat 10 mW. The equipartition
method measured at 10 mW the trapping force w&5£10.18) pN in the x direction and (1.83 +
0.18) pN in the y direction while the trapping ferat 100 mW was (7.03 + 1.37) pN in the x
direction and (7.22 + 0.18) pN in the y directidrhe power spectrum method made use of the
centre of mass algorithm to track the particle étednine the trapping force. At 10 mW power the
trap stiffness was determined to be (0.86 = 0.21yhile at 100 mW the trap stiffness was (3.64 £

0.43) pN. It can be concluded that at higher powesswould obtain a stronger trap.

Lastly we considered a novel trap where we intredua Laguerre-Gaussian beam carrying a
topological charge of one into an optical trappiiygtem and were able to rotate a graphite particle
with a rotation rate of 0.83 Hz. This proved thdiital angular momentum is easily transferred to a

trapped particle.

Overall we showed that novel laser beams can beessfully produced using a spatial light
modulator and using an optical trapping and twegsgystem can be a useful tool to carry out force

measurements and manipulate micron sized patrticles.
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8.2 Future Work: Discovering Avenues in the Field/icrofluidics

As far as future work is concerned, optical tragpand tweezing is a versatile tool that can be
incorporated into the emerging field of microfluddi Microfluidics opens up avenues to carry out
research on a microscopic scale instead of in thlk to investigate flow control analysis for
example. This enables one the ability to cut doesources and carry out investigation in the
micron scale. An image of a microfluidic channelrépresented in Fig. 8.1. Most microfluidic
devices (channels) are made up of a material knasvlPDMS (Polydimethylsiloxane) (Sia &
Whitesides, 2003).

Fig. 8.1 Image illustrating a microfluidic channéth a depth of 10@um.

Optical trapping proves to be useful in this fisidce incorporating a spatial light modulator iato
optical trapping system allows for the ability twsoguce an array of optical traps within a
microfluidic channel to hold mesoscopic and biobadi particles which can be addressed
independently by chemical reagents in a contratheshner (Erikssort al, 2007; Merendat al,
2007, Ozkaret al, 2003; Uhriget al, 2009). Alternatively using various Laguerre-Gaasdeams
which transfer orbital angular momentum to a trapparticle causing it to rotate can influence the
mixing of different media within the channel. Thidll also allow one the ability to measure fluid
flow by using the Stokes drag force method (Padefed, 2006). An optical trap can also be used
to direct particles for optical sorting within aarofluidic channel (Engeet al, 2004; MacDonald
et al, 2003, MacDonal@t al, 2004; Linet al, 2008) as illustrated in Fig. 7.2.
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This is achieved by trapping a particle as in Big(a) and moving it down the column, Fig. 8.2(b),
and thereafter upon reaching the junction releafiegparticle from the trap and allowing the fluid

flow to push the particle along as indicated in. Big(c).

(a) (b) (©)

Fig. 8.2 A pair of optical tweezers is a usefullimosort particles within a microfluidic channel.

Overall optical tweezers incorporated in the fiefl microfluidic offers a vast number of
possibilities that will be beneficial to study. hi¥ is all possible using the knowledge gained from
beam shaping using optical tweezers as an effetdlefor manipulation of micron and nano sized

particles.
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Appendix

Al. SLM Calibration Method

A spatial light modulator is a liquid crystal degithat is electronically addressed by a circuitrboa
in order to modulate the phase or amplitude oftligie liquid crystal is made up of birefringent
molecules arranged in a lattice formation encldsgdwo electrodes as seen in Fig. A1. The main
characteristic of these crystals is that they @&efringent. They are arranged such that they cbnsi
of 1920 by 1080 pixels each having a dimensionuoh.8

Liquid crystal (LC)
/ molecules
A
Optical
Axis
\ 4

\/

Electrodes

Fig. Al lllustration of the structure of the liquilisplay of a spatial light modulator.
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When an electric field is applied to the electrgdbe molecules tend to tilt in the direction oé th
electric field. This brings about a change in te&active index seen by the light which in turn
causes a change in the phase. Keep in mind thahtiee is represented by grey-level pattern that is
programmed onto the liquid crystal. In order to emstind how the phase changes with respect to
an applied electric field, we consider two case&willustrate a 0 and 2 phase shift. In the case
for a zero phase shift there is no applied eledieid as observed in Fig. A2(a). The liquid crysta
molecules are aligned parallel to the electrodesydver, when a voltage is applied across the
electrodes, the molecules will align itself in thieection of the electric field as indicated in Fig
A2(b).

0 2n
Zero applied Applied electric
field field
oD o
coCo
oo
CoCo
Grey-level: 0 Grey-level: 255
Phase shift:0 Phase shift:2n
(a) (b)

Fig. A2 lllustration of the effects a change in phd&as on the liquid crystal.

The phase shifi is given by

21T
:7“”// -Ng), (AL)
whereo is the phase shift} is the path length of the light as it travels tigh the birefringent

medium, n, —n; is the change refractive index seen by the liglit/ais the wavelength. Since the

applied voltage is proportional to the refractimeléx seen by the light, clearly for a zero applied

field the phase shift is zero and noticeably thasehshift is wavelength dependent.
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Now if an electric field is applied to the electesg the liquid crystal molecules will tend to retat
the direction of the electric field. This bringsoaib a change in the refractive index as seen by the

light and hence a change in the phase shift.

Since the phase shift is wavelength dependent,Sthiel has to be calibrated for a specific
wavelength in order to ensure an appropriate chantgee phase shift from 0 tat2For this reason
the SLM has to be calibrated prior to being useanyn application.

A2 Procedure of Calibration

The SLM is calibrated in order to verify that theseO to Z phase shift over all 256 grey-levels.
The first step would be to measure the phase mtdnlaver the entire 256 grey-levels. This is
achieved by carrying out the experimental setupesgnted in Fig. A3. The key components to
consider would be that the beam should large entaglluminate the entire plate as seen in Fig.
A4(a) so that the two spots that are reflectedhenstreen of the SLM have an even distribution of
intensity, Fig. A4(b).

A=532 nm 1

Spatial Light
Modulator M,
CCD
} M
Camera :D L, L L, ’
Objective 3
lens

Fig. A3 Optical system used to calibrate an SLM.



NOVEL LASER BEAMS FOR OPTICAL TRAPPING AND TWEEZING 105
APPENDIX

(a) (b)

Fig. A4 The following diagram describes the corii#atnination required for the calibration of the
SLM: (a) the beam has to cover both the spotsefhthsk and (b) the two spots have to sit evenly
on the screen of the SLM as well as there shoulanbeven distribution of intensity.

For this reason beam expanders of focal lengthen@l5 300 mm respectively were used to magnify
the beam by a factor of 20 times. A third lensafal length 200 mm was used to focus the beams
onto a 20x objective lens. The purpose of the dbjedens was to superimpose both the spots onto
each other such that the interference of both beamlksl be detected. A webcam was used for the

detection of the interference pattern presentddgnA5.
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Fig. A5 Interference pattern obtained when bothitb@ms are superimposed on each other.

The interference pattern is scanned horizontallpguthe software to generate a one dimensional
intensity plot of the interference pattern for egchy-level as in Fig. A6. The red dots represkat t

intensity minima of the intensity pattern for eagby-level.

2] i)
241 20
xa] =
il ]
1= 1
] ]
1 1411
E ] 170
] 1m
L] m
&1 &0
a an
1| .
] -0

BT el b R Dol el g g

Fig. A6 One dimensional greyscale plot of the ifgemce pattern obtained.
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By substituting the appropriate value into the wafe, it is seen that the grey-level of 255 gives a
phase shift of Fig. A7, which shows that the devicaot calibrated for this wavelength hence the
voltages which address each pixel have to be dltergroduce this required O ta Phase shift.
Repeating the procedure described will result amiththe appropriate 0 tathase shift shown in

Fig. A8.
2.50
2.00
2 " W’""LW”O 1.68
b ol g
= 1.50 i
i i
N 5
2 7
2100 ="
oy
0.50 el
Y Rl
lﬂw
£
0.00 i
-176 24 224 424 624 824 1024
Grey-level

Fig. A7 The measured phase (red) and the desiraskephift (yellow).

2.50
2.00

1.50

Phase Shift/z
3

0.50

0.00 =
-176 24 224 424 624 824 1024

Grey-level

Fig. A8 The measured phase (red) and the desirasepthift (yellow) after the voltages have been

adjusted appropriately.
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Shape invariant higher-order Bessel beams
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Abstract:

We present a method to higher-order Bessel beatis zadependent cone angles. Such
fields, if engineered correctly, are shape invdréaming propagation and thus do not suffer
from a transition from a Bessel-shaped intensitfiler in the near field to an annular ring
in the far field. We demonstrate the productionsoth fields in the laboratory with an
optical system comprising a combination of two ariE and a lens, allowing for control of
the cone angle of the resulting field. While tlesulting shape invariant fields are not
perfectly non-diffracting, they do maintain manytbé some properties of Bessel beams,

including self-reconstruction.

Keywords:
Non diffracting, Bessel beams, spatial light mothralLaguerre-Gaussian beams, Bessel-
like beams

1. Introduction

Bessel beams (BBs) have been extensively studiedt@luheir non-diffracting and self
reconstructive properties and are one of many isolsito the Helmholtz equation. Durnin

et al. [1] outlined a method of producing zero ordessel beams by illuminating a circular
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slit followed by a Fourier transforming lens, arastsince been followed by both internal
[2,3] and external to the laser cavity [4,5]. Qofehe most efficient methods to create a
zero order Bessel beam external to the laser cavity pass a Gaussian beam through a
conical lens, or axicon, with the interfering caliavaves producing the desired field
within a well defined region (dependent thie cone angle of the axicon). Anywhere within
this region the Bessel beam is both non-diffractargl self-reconstructing [6]. At the
boundary of this non-diffracting region the Besseéam undergoes an abrupt
transformation from a Bessel-shaoed intensity [gd@fiear-field) to an annular-ring-shaped
intensity profile (far-field) of the conical fieldReplacing the input Gaussian beam with any
higher-order Laguerre-Gaussian ()3eam leads to the generation of higher-order &ess
beams [7] with the aforementioned properties. Hinsupt change in intensity profile can
be considered as a major disadvantage to such bé&amexample, in the limited distance
over which a particle may be optically trapped [B]has been shown that this limited
region of validity of the Bessel beam can be overedy generating Bessel beams with z-
dependent cone angles. These beams, so-named-Besdmeams (BLBs), and have the
advantage of retaining their spatial intensityrdisition as they propagate from the near- to
the far-field: shape-invariant fields. Many techueg have been considered for the
generation of BLBs, including introducing spheriedlerrations into an optical system [9,
10]. The idea here is to formone-like propagation in order to obtain a unifaym-axis
profile. Alternatively these beams are generatedgua defocused Galilean-type telescope
in order to introduce negative spherical aberratimomo the optical system[11,12] however
it was recently shown that it is possible to crestiech BLBs using an aberration free
method [13]. However, the properties are such lsehave not been fully explored, nor

have the techniques been shown to extend to thergtgon of higher-order Bessel beams.

In this paper we outline an optical system of aldeaxicon and a lens that may be used to
generate BLBs of any order, and show that the geée@rbeams remain shape invariant
during propagation. We show that such BLBs rensailftreconstructing, but exhibit slow

diffraction during propagation. The changing scalléhe field suggests that the on-axis

intensity gradient of such BLBs may be controlleflrelevance to optical trapping and
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tweezing, while the encoded vortex is unalteredough the optical system, thus

maintaining the orbital angular momentum properniethe field.

2. Generation of Bessel beams (BBs)

Mathematically a Bessel beam is said to exist @reinfinite area and carry an infinite
amount of power. This holds to be true in theorywéweer this ideal case is not reproducible
in the laboratory. In principle we are able to gate a Bessel-Gauss beam where the field
is represented as [14]

E[rz] = A%ex{i{k—;—ijz—ié(z)}lo[krr Iiz 1 zy)]

;{[ -1 ik J[ , k,zzzﬂ
xXex + r~+——m-|_|,
w?(z) 2R(z) k?

whereAis the amplitude factow,is the beam waisk is the wave vector given ¥z / 4 ,

(1)

k. is the wave vector in the radial direction defirtad ksing, zis the direction while

z,,W(2), R(z) and{(z )are the Rayleigh range, beam width, radius of dureaand Gouy

phase shift respectively all of which are exprdsse

zp = )IO’ (2)
w(2) = w, 1+(Zij , 3)
R(z) =z 1+(Z—ZR] , 4)
@) = tan‘l[i]. (5)
Zg

From the definition of Eq. 1, the field at z = Oyri@e expressed as
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E(r0)= AJO(krr)ex;{—(LJ ] (6)
Wo

Furthermore it is possible to produce various higirders Bessel beams by merely
replacing the starting field by a Laguerre-Gaus§ield. The field of a higher-order Bessel
beam is represented by

E[r,Z = A Wo exp{i(k—k—sz—Z(z)}JZ(krr/(iz/zR))exp(iiM)
w(2) 2k

{[ -1 ik j[ , kfzzﬂ
X exX| + r =+ ,
w (z2) 2R(2) k?

where the order of the topological charge,determines the order of the Bessel beans

(7)

the azimuthul phase while the rest of the pararadield the same definition as expresses
previously.

Prior to elaborating on the generation of BLBsjsitinstructive to briefly review the
generation of conventional BBs of any order. ItMsll known [15] that illuminating an
axicon with a Laguerre-Gaussian beam of zero ramtaér and azimuthal ordéresults in
a BB of order, described by & function. Such an optical set-up is shown scheaiét
in Fig.1.

Bessel

Gaussian
beam

beam Ax

N
SN
[, /

7~

icon

Zma:\'

Fig.1. Design to generate a zero-order bessel lusarg a single axicon.
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We first reproduce the results of [ref] using gréaser source (frequency doubled Nd:
YAG laser, MG-532C-2000), suitably collimated, apassed through an axicon of cone
angley= 5°. The results are as expected: lttre0 Laguerre-Gaussian beam (Gaussian) is
transformed into a BB of ordér= 0 (J)) with a Bessel profile in the region defined by,z
and an annular ring outside this region. Comparotheory and experiment is shown in
Fig. 2.

Fig.2. Theoretical and experimental images of thaegation of a Bessel beam using a
single axicon: (a) is an image of a theoretical $3&an beam followed by the corresponding
experimental image (b). (c) and (d) are theoretaral experimental images respectively of
the near-field intensity profile of a bessel be#w.observed the intensity is greatest at the
central position followed by concentric rings. Tfae-field intensity profile is a conical
field depicted by a annular ring whereby (e) istheoretical image of field while (f) is the

experimental observation.

By replacing the input Gaussian beam by a LaguBaessian beam of azimuthal order
(LG)) it is possible to produce higher-order Besselnie#BB) [15]. Laguerre Gaussian
beams belongs to a family of beam’s that carrytarlaingular momentum [16]. The orbital
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angular momentum carried by a Laguerre Gaussiam healependent upon the order of
the topological charge it carries and since ithis &zimuthul phase term that leads to the
amount of orbital angular momentum carried by ltleam, the higher the topological
charge, the greater the amount of orbital angutamentum carried by the beam. There are
many ways to generate a LBeam; we opt here to create the azimuthal phasatica
using a grey-scale digital hologram programmed @npihase-only spatial light modulator
(SLM), as illustrated in Fig. 3. The input Gaussizeam (a) was directed onto a SLM
(Holoeye Pluto, 1080 x 1920 pixels) programmed vath appropriate grey scale phase

pattern (b) in order to increase the azimuthalxnafethe field from 0 td.

Spatial light 10x Objective

m(ﬁulator fl lens CCD Camera
© ) al
 =={==C

(b)

Fig.3. Optical system to generate various ordegukae-Gaussian beams consisting of a
spatial light modulator used to manipulate the phaksthe incoming beam accordingly
followed be a single lens of focal length 100mnt tledayed the plane at which the beam
was imaged which was captured by a Scorpion IEE# 13CD camera (model SCOR-
20S0). A 10x objective lens was used to magnifylbts@m onto the camera.

This procedure was carried out for various ordérslay appropriate choice of hologram.
The experimental results obtained are represent&igi 4, showing that the vortex of the

input beam could be adequately controlled.
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Fig.4. Experimental images of the generation ofoter orders Laguerre-Gaussian beam
using a SLM. When a uniform grey scale pattern addressed to the screen of the SLM
(a), the phase of the beam remained unaltered Hbroeetical (b) and experimentally (c)

we generated a Gaussian beam. However by changingrey scale pattern to modulate
from black to white (d) once such that the phasthefbeam is said to be altered from O to
2n  once we obtained a first order Laguerre-Gausbieam both theoretically (e) and

experimentally (f). Higher-order Laguerre-Gaussimams were generated by increasing
the number of times the phase varied from 0 #obf changing the grey scale pattern

accordingly.
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In order to produce high-order BBs, the generatéddeams were propagated through the
optical scheme illustrated in Fig.1. As with therezorder Bessel beams, higher-order
Bessel beams exist for a finite propagation distaarad have an annular ring as the far-field
intensity profile. The results are shown in Figahd are consistent with those found by
others [14].

Phase pattern Near-field Far-field

(c)
I, c

J)

(98]

Fig.5. Experimental images of the various higheteoBessel beams.

A BB, beam carrying a topological charge of one, as se€ig. 7(c), has a central zero in
intensity associated with the vortex of the beafxs the order of the vortex increases so
does the region of the central null intensity, &kdwise for negative topological charge.

The far-field intensity profile in all cases wasamular ring.

Having reviewed the known generation of zero amghéii-order Bessel beams, which exist
for a finite propagation distance, we now turn atiention to the subject of this paper: the

generation of shape invariant Bessel beams.
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3. Generation of Bessel-like beams (BLBS)

Thus far a single axicon was used to generate Bbsaens of any order, with the Bessel
beam existing over a finite propagation distandee $cheme illustrated in Fig. 6 consists
of two axicons and a single lens which will be usedvercome this abrupt change in
intensity profile from the near- to the far-fieM/hen a Gaussian beam is passed through
the lens and the first axicon an annular ring mdpced at a distandeafter the lens (the
Fourier transform of the Bessel field produced iy first axicon alone). This annular ring
is thereafter illuminated onto the second axictirhas been shown that this system results
in a Bessel beam with a cone angle that changéspndgpagation distance, tending to zero
in the limit of very large z [13]. A consequencetbis is that the radial profile of the field

remains Bessel-like in shape during propagatiomftiee near- to the far-field.

[ Ax AX,

Z : z
Fig.6. Optical scheme used to generate Bessebldans with z-dependent cone angles
[13].

Experimental observation of the generation of @zeder Bessel-like beam is illustrated in
Fig. 7. When the system was illuminated by a Gamsbeam as seen in Fig. 7(a) a zero-
order Bessel-like beam was produced in the nela di illustrated in Fig. 7(b), while after
propagating a distance far greater thag 2124.25 mm) the field remains shape invariant
(Fig. 7(c)). Such a field has several useful propg, including the capability to have a
higher concentration of energy in the core of tharh as opposed to the conventional-non
diffractingbeams [11, 12].
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Fig.7. Experimental images of the generation oém@o0rder Bessel-like beam in the near-
and far-field.

We now combine the results of the previous sectidth the concept in this section, to
produce shape invariant BLBs for the first timeohder to incorporate the scheme in Fig. 6
into an experimental setup, a frequency doubledY¥d5 laser p = 532 nm) was directed
onto a phase-only SLM (HoloEye PLUTO VIS SLM witB2Dx1080 pixels and calibrated
for a 27 phase shift ak = 532 nm). The SLM was used to vary the beam ithating the
axicon. By means of changing the phase patternctégbion the screen of the SLM, the
phase of the initial beam was modulated accordinfihereafter the respective beam was
passed illuminated onto the first axicon followegda Fourier lens of focal length 40 mm
and thereafter passed through the second axicarth. &icons were placed a distance
75mm apart. The images were captured on a ScotfgBi 1394 CCD camera (model

SCOR-20S0). The following setup as constructetiéniaboratory is shown in Fig. 8
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Laser
Polariser
Spatial light
modulator

Axicon, Objective

lens
CCD
Camera

Fig.8. Experimental setup to generate z-dependerssd-like beams where an SLM
(HoloEye PLUTO VIS) was used to modulate the phak¢he beam that was passed

-
N
N

through the double axicon system which consisted Bburier lend.; with a focal length

of 40 mm and 4x objective lens was used to maghd#beam onto the camera.

By traversing through the optical system such éh@aussian beam as seen in Fig. 9(a) was
directed onto the SLM containing a grey scale plpastern that modulated the phase of the
incoming beam from 0 tor2once which produced a first order Laguerre-Gaussis
represented in Fig. 9(b). It is apparent that taguerre-Gaussian beam had central zero
intensity since it contained a central dark holeisTbeam was thereafter illuminated onto
the first axicon and a Bessel beam was generateeredfter using a lens with a focal
length of 40 mm the Bessel beam was Fourier tram&fd to form an annular ring. This
annular ring was thereafter passed through thensleawicon such that a Bessel-like beam
was produced (near-field intensity profile) thahtzoned central zero intensity surrounded
by concentric rings as represented in Fig. 9(cy A®urier transforming this BLB we

observed that in the far-field the beam retairshepe as observed in Fig. 9(d).
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Fig.9. Experimental images of the generation oighér-order Bessel-like beam carrying a
topological charge of one in the near- and fadfiel

This procedure was carried out for various ordessBelike beams by passing a Laguerre-
Gaussian beam (Gaussian) through the double adodrnens system and a summary of

the results obtained are represented in Fig. 10.
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Fig.10. Summary of the experimental observation-dépendent Bessel-like beams.

The self reconstruction properties of Bessel bebave been extensively studied over the
years [17, 18]: it is now understood that if an talngtion is placed within the validity
region of a Bessel beam it will self-reconstrudeatome distance defined as the shadow

region measured b / 2tan((h —1)y) where Dis the diameter of the obstruction,is the
refractive index of the axicon angd is the cone angle of the axicon [19]. Furthermeee

note that if the obstruction is placed off the oatiaxis then the conventional non-
diffracting Bessel beam will only partially selfe@nstruct. Here we show that BLBs also
exhibit this characteristic. To illustrate that $eebeams also possess the ability to self-
reconstruct upon encountering an obstruction alEdring of diameter 0.12 + 0.001 mm
was placed in the path of a first order BLB as smaw Fig. 11. The Bessel-like beam
before reconstruction is represented in Fig. 11{@pn placing the ball bearing 200 mm
away from the second axicon we observed that thdraderegion of the beam was
overshadowed by the obstacle as seen in Fig. hblls¢ver the outer rings of the beam are

still seen. Taking into account the diameter of tstruction the shadow region was
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calculated to be 239.08 mm after the obstructionpBcing the camera on a rail we were
able to image the beam at various positions dfterobstruction to determine the distance
at which self reconstruction occurs. We noticedt thpproximately 250 mm from the
obstruction the beam started to reconstruct arddastance 525 mm from the obstruction
we noticed a complete reconstruction of the beanilesgrated in Fig. 11(c). Since the
BLBs are not confined to distances zmxthe axial position at which the obstruction has
to be placed is not a limiting factor. More partanly since BLBs retain their spatial
distribution as they propagate there is a contisunterference of light rays throughout the
optical axis. Due to this an obstruction placedsinigt the z.x region or even off the optical
axis will still result in a successful reconstroctiof the beam. In our case the obstruction
was placed approximately 75.6 mm outside thg megion and noticeably we obtained a

well reconstructed BLB.

Fig.11. Self reconstruction of a Bessel-like beanrying a topological charge of one: (a)
the beam before encountering an obstruction; (lBrshadowing of the beam due to the
obstruction being placed in its path and (c) thesd®élike beam has undergone a complete

self-reconstruction.

Finally we remark on the free-space propagatiosuath fields. While we have shown
them to be shape invariant, they are no longerdiffracting. We measured the diffraction
of the various order BLBs by placing the cameraaaail and thereafter imaged the beam
at a range of positions along the axis of propagat increments of 100 mm intervals. The
central region of the beams was measured and shég@btained are illustrated in Fig. 12.

We observed that in all cases there was a lineaease in the width of the central region
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as the propagation distance was increased. Thesteffvas influenced by the order of the

BLB such that the higher the order the greatedifieaction.

2.5
¢ [0
@
m ..s’f)’-
zE "
T - a1 P Caa
E. - l:‘;"‘a’""'@)
p— 'sr;o -
= ) m_g 23R
=] 225"
— -
= 3 <25 @
o L5 e [2 an R —— »
E ! ¢ e ’
= ___*.--""—
E ® g”’ W i
O & i
—
o a8t -~
5 1 m=
eh
=
=
o
O
b=t 1
o 105
0
0 100 200 300 400 500 600 700 800

Propagation distance (mm)

Fig.12.Graph illustrating an increase in divergence ofowes orders Bessel-like beams as
they propagate from the near- to the far-field.

To further illustrate this increase in diffractidfig. 13 and 14 represents intensity profiles
of a zero- and a higher-order Bessel-like beamh(aitopological charge of one) at over a
distance of a 1000 mm. Furthermore we measureddhieal region of the zero-order BLB
in Fig.13 (frame a) to be approximately B which compared to frame (t) where the
central region was measured to be2b concludes that these BLBs slightly diffract as
they propagate. This confirms that there is chaimgéhe size of the beam which is

noticeable when comparing each of the frames ih figtires.
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(a) (b) {c} (d)

(e) (f) (g) (h)
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(q) (r) (s) (t)

Fig.13. Images of a zero-order Bessel-like beam retaintsgspatial distribution as it
propagates from the near- to the far-field.
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Fig.14. Images of a higher-order Bessel-like beamying a topological charge of one

retaining its spatial distribution as it propagdtesn the near- to the far-field.
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4. Conclusion

We have verified previously reported results ongbeeration of Bessel beams of zero and
higher-order, and exploited these techniques fer demonstration of shape invariant
higher-order Bessel-like beams. These beams wenersko have similar near- and far-
field intensity profiles, albeit with a scale facuifference, indicating the reduction in the
non-diffracting nature of such fields as compaedieal Bessel beams. Although they are
not perfectly non-diffracting, such fields have @maxis intensity gradient in the direction
of propagation which can be useful in certain aggtions, for example, in optical trapping

for accelerating trapped particles along the Bessleimn.
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Higher-order Bessel like beams with z-dependent cone angles
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ABSTRACT

As m the case of zero-order Bessel beam being produced by illuminating an axicon with a Gaussian beam. higher-order
Bessel beams are generated by substituting the Gaussian beam with a Laguerre Gaussian (LG) beam. These beams hold
similar properties to zero-order Bessel beams except they carry orbital angular momentum (OAM). They also undergo an
abrupt spatial transformation at the boundary of their non-diffracting regime whereby the near-field intensity distribution
is a Bessel function which transforms into an annular ring (far-field profile). This can be considered a disadvantage to
such beams in comparison to a Gaussian beam that is propagation invariant. By using a double axicon lens system this
Bessel beams with z-dependent cone angles can be produced however at the expense of its non-diffracting nature. Here
we outline an optical design to produce higher-order Bessel-like beams with z-dependent cone angles that will retains 1ts
spatial distribution as z—w.

Keywords: Higher-order Bessel beam. Laguerre Gaussian beams, axicon

1. INTRODUCTION

Since the inception of zero-order Bessel beams being the simplest solution to the one dimensional Helmholtz equation
introduced by Durnin in 1987. researchers of the photonics comnmnity has extensively studied the subject further. Over
the years a few techniques have been proposed to generate these beams experimentally. One of the most well known
method mtroduced by Durnin himself, is the annmulus method whereby a lens and ring slit aperture is used to produce
such beams [1].

Other methods include using a conical lens known as an axicon [2, 3]. This 1s the most efficient method since there 1s
almost a hundred percent transmission of the initial beam intensity that produces the Bessel beam. A miore advance
method is using holography which involves the use of diffractive optical elements. Recently the development of spatial
light modulators has lead to generation of not only Bessel beam but numerous other novel beams as well [4].

The interesting characteristic of Bessel beams are that they non-diffracting as well as self-reconstructive within their
validity region [3]. They downfall is that they exist for a finite distance hence outside their boundary region a Bessel
function undergoes a spatial transformation and forms a conical field.

Here we will demonstrate the generation of zero- and higher-order Bessel beams using a conical lens. We will also
outline a method that overcomes the limitation of propagation distance hence instead of obtaining an annular ring in the
far-field the Bessel beam will retain its spatial spectruun to form a Bessel beam in the far-field as well [5].

2. GENERATION OF BESSEL BEAMS USING A SINGLE CONICAL LENS

Mathematically Bessel beams exists over an infinite area carrying an infinite amount of power. This ideal case however
is not reproducible experimentally. As mentioned previously there are a few techniques to demonstrate the existence of
Bessel beams however due to its efficiency an axicon is chosen to demonstrate the generation of these beams as
illustrated in Fig. 1.
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Gaussian beam Bessel beam
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Figure 1: Schematic of the optical design to demonstrate the existence of Bessel beams using an axicon lens,

An axicon lens with a cone angle of 5%is illuminated by a Gaussian beam. Since an axicon is a conical lens, the light rays
propagate along a cone to form a diamond shaped region in which interference occurs and hence a Bessel beam is
produced. Unlike a Gaussian beam which are propagation invariant, Bessel beams exist for a finite region which is

inversely proportional to the divergence defined by (1).
k ,
= (1)

z =—0)y ¥ —
max 0
k a

:
where wo is the beam radius and 0 is the divergence defined by Eq.(2)
8=(n-1y

Eq. 2 confirm that Bessel beams are non-diffracting within 1ts validity region however at the boundary they undergo a
transformation from a Bessel function (near-field profile) to a conical field characterized as an annular ring intensity
distribution (far-field profile). The above optical design was incorporated into an experimental setup whereby the
theoretical as well as experimental results are depicted in Fig. 2. As observed there is a good agreement between the

(2)

theoretical and experimental results obtained.

Fig.2: Theoretical as well experimental generation of zero-order Bessel beam: (a) theoretical image of zero-order Bessel
beam (near-field profile). (b) theoretical image of the zero-order Bessel beam (far-field profile). (¢) experimental image
of a zero-order Bessel beam (near-field profile) and (d) experimental image of a zero-order Bessel beam (far-field
profile).

Taking this a step further and illuminating the axicon lens with higher-order Laguerre Gaussian (LG) beams instead of a
Gaussian beam leads to the generation of higher-order Bessel beams. LG beams carry orbital angular momentum (OAM)
which is dependent on the order of the topological charge. [ They are generated using a spatial light modulator. The
grayscale phase pattern as well as the corresponding LG beam obtained experimentally is illustrated in Fig. 3.
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Phase pattern

Experimentally
generated vortex beam

Fig.3: Grayscale phase patterns for the different order vortex beams as well as the correspondimg vortex beam.

It can be deduced that Higher-order Bessel beams are composed of a Bessel beam engulfed by a LG Beam hence they
also carry OAM. Fig4 illustrates the experimental results obtained for different higher-order Bessel beams in the near-
and far-field.

Near-
field

Far-
field

Fig.4: Near- and far-field images of Higher-order Bessel beams.

The higher the order of the Bessel beam. the greater the amount of OAM carried by the beam. As in the case of zero-
order Bessel beams, higher-order Bessel beams also exist for a finite region as well as they are non-diffracting.

3. Z-DEPENDENT BESSEL-LIKE BEAMS

This abrupt change in intensity distribution from the near- to far-field can be considered a disadvantage to such beam and
can be avoided using a double axicon and lens system illustrated in Fig.5. Upon propagating a well collimated Gaussian
beam through axicon. Ax; and a spherical lens of focal length F. a conical field is produced. The conical field thereafter
passes through the second axicon, Ax; which refracts the light rays in the direction of beam propagation such that the

crossing angles, 6.decreases as the propagation distance increases. This implies that a Bessel function is still produced as
Z— 0,
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Fig.5: Optical design to generate z-dependent Bessel-like beams
4. CONSIDERING A MATHEMATICAL APPROACH TO EXPLAINING Z-DEPENDENT
BLB’S

The stationary phase method is implemented in order to confirm that the field entering the second axicon is conical.
From Fresnel integral the field at the input plane of the second axicon is defined by Eq. 3.

iky 00y
a1

i f ik,
01(;0~-'1)=—?‘3 o “ I [ —ikgr21 - cos(@—@y) Pl Cdpdey (3)
= S5 o\

L 23
Where wyis the beam radius of the Gaussian bean. kp is the wave number is given by Eq.4

1.1 65 & ()

3 3 f
P Wy 2F 2z

Thereafter applying the stationary phase method, the above equation yields:
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As calculated above the field some arbitrary distance z after the second axicon is thereafter determined from Eq. 6
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Where

glp = L L ™

R(z ={1+ £ }
:l_f R (8)
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and we define:

L+ =) f

=L
Z 5=
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From the zero-order Bessel function of the first kind. J | = 4\||"; cos(z — %) . Eq. 10 1s attained
b
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Eq. 9 clearly shows that the cone angle. v. is dependent upon the longitudinal distance z as well as it confirms that an
increase in z will lead to decrease in the cone angle. Similarly the above mathematical approach can be carried out on
higher-order z-dependent BLB's [6].

5. EXPERIMENTALLY GENERATED Z-DEPENDENT BESSEL-LIKE BEAMS

From the above in can be deduced that these beams are Bessel-like hence they are so named z-dependent Bessel-like
beams. These beams are produced however at the expense of losing its non-diffracting nature which will be validated
shortly. Incorporating the optical design outlined in Fig. 5 into an experimental setup results to the generation of BLB's
in the near- and far-field illustrated in Fig. 6.

Near-
field

Far-
field

Fig. 6: z-dependent Bessel-like beams.

As mentioned previously z-dependent BLB's are produced at the loss of their non-diffracting nature. An experimental
system was design to validate the above statement. It was observed that there is a linear increase in diffraction as the
propagation distance was increased. The results obtained are illustrated in Fig. 7. It can be deduced that the higher the
order of the BLB’S the quicker the beam diffracts.
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Fig. 7: Graph illustrating the divergence of z-dependent Bessel-like Beams.

6. CONCLUSION

Here it was shown that by the use of ordinary optical elements found in the laboratory. a new method for generating
Bessel beams in the far-field is possible, This was achieved by basically varying the cone angle such that as z—w. v —0
hence zero- and higher-order Bessel-like beams in the far-field are easily reproducible. Conclusively this new design for
generating long range z-dependent Bessel-like beams can be an advantage for many applications especially in optical
trapping.
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