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Abstract

Optical Vortices:

Angular Momentum of Light,

Energy Propagation, and Imaging

by

Henry Sztul

Thesis Advisor: Distinguished Professor Robert R. Alfano

The aim of this thesis is to study salient properties of optical vortices. Optical

vortices are a class of solution to Maxwell’s equations, some having helical wavefronts

and bear orbital angular momentum. Methods of generation of ultrashort and poly-

chromatic optical vortices for use in imaging and spectroscopy are discussed. A new

imaging technique that utilizes the optical force associated with a vortex is shown to

improve image contrast in a turbid medium. Two new classes of beams are shown to

have vortices and carry some well defined angular momentum.

In this thesis, I begin by laying down the mathematical origins of optical vor-

tices and the angular momentum of light. Spin and orbital angular momentum are

discussed and shown to be associated with Laguerre-Gaussian (LG) beams. Interest-

ing properties of these beams are explored including an experimental and theoretical

demonstration of Young’s double-slit experiment. The azimuthal phase variation of

the LG beam is taken into account when analyzing the interference due to the two

slits.

A method of angular dispersion compensation is used to generate femtosecond LG

beams. This thesis reports on the first autocorrelation measurements of LG beams.

This compensation method is also used to generate supercontinuum vortices. The
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white light vortices have tremendous potential in applications to optical spectroscopy

with orbital angular momentum states.

A new technique is used to image through turbid media that relies on the optical

forces associated with a high intensity optical vortex “guide” beam to drag scattering

particles out of the path of a low intensity “signal” beam. First the transverse forces

due to a Gaussian beam are shown to degrade imaging by pulling scatterers into the

path of a second “signal” beam.

Finally, two new classes of optical waves are explored. A new cylindrical vector

mode is described and classified as a hybrid-azimuthal polarization imaginary (HAPi)

mode that has an azimuthally varying polarization including linear and circular polar-

ization that gives rise to an azimuthally varying angular momentum. The propagation

dynamics of optical Airy beams are also numerically analyzed and discussed. This

class of beam is shown to have varying linear and angular momentum.
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1.1 Overview

Over the years scientists in a variety of disciplines have used the properties of light

to investigate the inner workings of the physical, chemical, and biological worlds.

Physicists, biologists, chemists, and astronomers have used the key properties of light

in their investigation into how the universe in which we live evolves. These key prop-

erties of light include: intensity, frequency, wavelength, polarization, and coherence.

It has been shown that polarization of light falls under a larger class of properties

now known as the angular momentum of light [1]. Recently, the spatial and phase

structure of light was shown to be related to the angular momentum and has also

begun to be used in these studies [2].

From hurricanes to whirlpools, vortices have captivated peoples interest for mil-

lennia. Optical vortices are beams of twisted light that have phase or polarization

singularities. Such beam profiles can be twisted like a corkscrew about the axis of

travel and have zero intensity at their center. The vortex has a number associated

with it know as the optical charge that represents the number of times the waves twist

in one wavelength. The higher this number the faster the light spins around its axis

and the larger the dark region at the center of the beam becomes. Wave dislocations

and singularities were first explored by Nye and Berry in 1973 [3] and optical vortices

were experimentally realized optically as carrying orbital angular momentum in the

early 1990s [2, 4, 5].

Laser beams with optical vortices have emerged as a new and exciting form of

light that has a varying phase structure as it propagates through space. These beams

with helical wavefronts are shown to have orbital angular momentum (OAM), much

like circularly polarized light has spin angular momentum (SAM), and that angular

momentum can be transferred to matter. The amount of OAM a beam of light

carries is proportional to how much the phase gradient of the light varies. This can

be thought of as directly analogous to the angular momentum shown to be associated

with circularly polarized light, known as SAM. Experimentally beams of light with

spin and orbital angular momentum have both been realized. Light with circular

polarization was shown to have SAM by Beth in 1936 [1] when a birefringent plate was

made to rotate when hit with circularly polarized light. Reversing the helicity of the

polarization resulted in reversing the direction of rotation of the hanging birefringent

plate. Orbital angular momentum has been seen by the rotation of micro-particles
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[6] and by Bose-Einstein condensates that are made to rotate when they are in the

path of such beams of light [7, 8]. OAM has even been observed in single photon

experiments [9]. New communications protocols can now be developed because of

the ability to control an entirely new degree of freedom, the winding number [10].

Ultrafast uses of these helical beams are an unexplored territory that will lead to new

dynamical processes involving orbital angular momentum in addition to spin.

The potential for the use of OAM in experiments is extraordinary because where

as SAM, or polarization, of light lies in a two-dimensional basis (left- and right-

circular polarization), OAM forms an infinite dimensional basis equal to the charge,

or winding number, of the vortex beam. A number of possible experiments and

applications using orbital angular momentum nature of light have yet to be exploited.

Two areas in particular that lend themselves to be explored with beams of light with

orbital angular momentum are imaging and spectroscopy.
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1.1.1 Statement of thesis

This thesis focuses on the salient features of vortex beams by investigating

the effect of the orbital angular momentum of light and spatial profiles

in light-matter interactions. This investigation aims to show: optical imaging

through turbid media is improved by use of optical vortex beams; and matter can be

shown to be affected by optical vortex beams using spectroscopic techniques.

This research focuses on theoretical and experimental aspects of beams of light

that have angular momentum. Chapter 1 of this thesis first shows the origins of the

angular momentum of light and several solutions to Maxwell’s equations that carry

angular momentum and shows methods of generating these beams.

Chapter 2 describes, theoretically and experimentally, how light with angular

momentum diffracts. Diffraction due to double slits is explored.

Chapter 3 shows the generation of femtosecond Laguerre-Gaussian beams that

carry orbital angular momentum and the characterization of the pulse width of such

beams. Chapter 4 extends this technique to generating Laguerre-Gaussian supercon-

tinuum for applications in spectroscopy using orbital angular momentum states.

Chapter 5 shows experimentally that these vortex beams can be used to obtain

information in a scattering medium.

Chapter 6 describes the field and angular momentum of hybrid-azimuthal beams

and their generation for spectroscopy and imaging applications. The new, simple

method shown in this thesis relies on spinning a single mode fiber.

Chapter 7 investigates the propagation of a class of beams, known as accelerat-

ing Airy beams, that are shown in this thesis to carry a superposition of angular

momentum.

Finally, chapter 8 will discuss the possible direction of future work with light that

has orbital angular momentum.



1.2 Principles of light with angular momentum 5

1.2 Principles of light with angular momentum

1.2.1 Maxwell’s equations and the paraxial approximation

In a source free space electromagnetic radiation is described by Maxwell’s equations,[84]

∇ · ~E = 0 (1.1)

∇ · ~B = 0 (1.2)

∇× 1

µo

~B =
εo
c

∂ ~E

∂t
(1.3)

∇× ~E = −1

c

∂ ~B

∂t
(1.4)

Taking the time derivative of Eq. 1.3, the curl of Eq. 1.4, and equating like terms we

get the wave equation for the electric field,

∇2 ~E − 1

v2

∂2 ~E

∂t2
= 0 (1.5)

where v = c√
µε

is the speed of the wave of the ~E-field. Using separation of variables,

we can define ~E(x, y, z; t) = ~A(x, y, z) ~E(t) where ~A(x, y, z) is an arbitrary field and

~E(t) = exp [iωt]. Substituting this ~E(x, y, z; t) into Eq. 1.5, we are left with the

scalar wave equation (also known as the Helmholtz equation),

(∇2 + k2) ~A(x, y, z) = 0. (1.6)

Let us assume a time independent electric field of the general form,

~A(x, y, z) = ~u(x, y, z) exp(−ikz), (1.7)

where ~u(x, y, z) describes the wavefront of the beam and exp [−ikz] describes the

travel of the ~E-field in the z-direction. If Eq. 1.7 is substituted into the Helmholtz

equations we see, (∂2u

∂x2
+
∂2u

∂y2

)
+
∂2u

∂z2
− 2ik

∂u

∂z
= 0 (1.8)

We can assume that a wave will vary little along the direction of propagation in

relation to the variation in the transverse plane, i.e.

∣∣∣∂2u

∂z2

∣∣∣ << ∣∣∣∂u
∂z

∣∣∣, ∣∣∣∂2u

∂z2

∣∣∣ << ∣∣∣∂2u

∂x2

∣∣∣, ∣∣∣∂2u

∂z2

∣∣∣ << ∣∣∣∂2u

∂y2

∣∣∣. (1.9)
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This is know as the paraxial wave approximation and reduces Eq. 1.8 to the paraxial

wave equation,

∇2
τ~u− 2ik

∂~u

∂z
= 0 (1.10)

where ∇2
τ is the second partial derivatives in the transverse plane. The form of the

solution to this equation depends on the chosen coordinate system. Rectangular coor-

dinates, i.e. (x, y, z), generally gives rise to a Hermite-Gaussian solution; cylindrical

coordinates, i.e. (r, φ, z), gives a Laguerre-Gaussian solution; and elliptical coordi-

nates, i.e. (η, ζ, z), gives an Ince-Gaussian solution to name a few. In fact, as we will

see in Chapter 7, the solution to the paraxial wave equation in rectangular coordi-

nates can even have a solution involving the Airy equation. The following sections

describe the solutions to the paraxial wave equation in rectangular and cylindrical

coordinate systems.

1.2.2 Solutions to the paraxial wave equation

The simplest solution to the paraxial approximation of the wave equation in rectan-

gular and cylindrical coordinates are of the form,

~u(x, y, z) = ~εu0 exp
(
−ikx

2 + y2

2R(z)2
− iψ(z)

)(−(x2 + y2)

w(z)2

)
(1.11)

and

~u(r, φ, z) = ~εu0 exp
(
−ik r2

2R(z)2
− iψ(z)

)
exp

( −r2

w(z)2

)
, (1.12)

defined as the fundamental transverse electromagnetic, or TEM00, wave. In both

Eq.’s 1.11 and 1.12, ~ε is the polarization of the field, the function w(z) describes the

waist of the Gaussian,

w(z) = w0

√
(z2

r + z2)/z2
r , (1.13)

where zr = πw2
o/λ is the Rayliegh length and w0 is the beam waist at z = 0. R(z)

descibes the curvature of the wavefront at any position along the z-axis,

R(z) = z − z0, (1.14)

and ψ(z) in the Gouy phase acquired near the beam waist and is of the form,

ψ(z) = atan(z/zr). (1.15)
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The Gouy phase is a π/2 phase shift that is acquired after light passes through a focal

point. ψ(z) increases from zero to π/4 for z < zr, is π/4 for z = zr and increases

from π/4 to π/2 for z > zr. The spatial field distributions for the TEM00 beam is

shown in Fig. (1.1) in two- and three-dimensions.

Figure 1.1: The spatial field amplitude distribution for a TEM00wave in (a) 2- and

(b) 3-dimensions.

The following are the derivations of higher order modes.

Hermite-Gaussian Modes

To solve the paraxial wave equation in rectangular coordinates, i.e. (x, y, z), we

can use separation of variables and write the electric field amplitude as the product

of two functions,

u(x, y, z) = un(x, z)× um(y, z), (1.16)

where n andm are indices, and solve the paraxial equation for un and um independently.[11]

Let’s assume the following is a solution to un,

un(x, z) = Cn × hn(x)× exp
(−kx2

2w(z)

)
, (1.17)

where Cn is a constant and hn is a function yet to be determined and w(z) is defined

as above. Inserting un into Eq. 1.10 we obtain the following limitation for hn(x),

h
′′

n(x)− 2kx

w(z)
h

′

n(x) +
k2x2

w(z)2
hn(x) = 0 (1.18)

which is similar to form of the Hermite differential equation ,

H
′′

n − 2(x/v)H
′

n + 2nHn = 0. (1.19)
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Therefore hn from Eq. 1.18 is in fact the Hermite polynomial, Hn(
√

2x
w(z)

). The same

method is used to obtain the form of um(y, z) which is the same as un(x, z) with the

dependent variable of the Hermite polynomial being y instead of x.

The final normalized form of the electric field amplitude in rectangular coordinates

becomes,

um,n(x, y, z) = Cn,mHn

(x√2

w(z)

)
Hm

( y√2

w(z)

)
exp

(
−(x2 + y2)

w(z)2

)
exp

(−ik(x2 + y2)

2R(z)
−iψ(z)

)
(1.20)

where Cn,m are normalization constants for the x- and y-directions, zr is the Rayleigh

range and R(z) and w(z) are defined above. As before,

ψ(z) = (n+m+ 1)arctan(z/zr), (1.21)

is the Gouy phase adding a phase from 0 to 2π(n + m + 1) across the focus of the

beam.

The field distribution of these higher order Hermite-Gaussian modes have nodes

in the x- and y- directions corresponding to the value of n and m, respectively. The

order of the Hermite-Gaussian (HG) mode is given by,

N = n+m (1.22)

where n and m are both positive integers.

The intensity distributions, |un,m|2, for several values of HGn,m modes are shown

in Fig (1.2). The polarization of these higher order modes are no different to the

zero-order mode, except that the phase of the light changes by π across any node

line. Across any node, however, there is a π-phase shift in the wave. The TEM00

mode is identical to the HG0,0 mode. Hermite-Gaussian modes will be critical later

in one method to generate beams optical vortices with orbital angular momentum.

Laguerre-Gaussian Modes

In cylindrical coordinates, the solution to the paraxial wave equation will contain

Laguerre Polynomials. As we will see, Laguerre-Gaussian (LG) modes can be thought

to be made up by a superposition of Hermite-Gaussian modes and has orbital angular

momentum associated with the wave amplitude. To see this we must look at where

these LG modes come from.
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Figure 1.2: Various Hermite-Gaussian modes.

In cylindrical coordinates, i.e. (r, φ, z), we can re-write the electric field am-

plitude as,

u(r, φ, z) = up,l(r, φ, z), (1.23)

where l and p are indices for the azimuthal and radial coordinates, respectively. Solv-

ing the paraxial equation for up,` in a similar fashion as we did in the rectangular

coordinate case above and the solution can be expanded in Laguerre modes and takes

the form,[76]

up,` = Cp,l ×
( r√2

w(z)

)|l|
× Ll

p

( 2r2

w(z)2

)
× exp

(−ikr2

2R(z)
− iψ(z)

)
exp

(
− ilφ

)
, (1.24)

where Cp,l is the normalization constant, Ll
p(

2r2

w(z)2
) is a generalized Laguerre polyno-

mial, l is the azimuthal mode (also known as the winding number or charge), p is the

radial mode, and

ψ(z) = (2p+ |l|+ 1)arctan(z/zr) (1.25)

is again the Gouy phase adding a phase from 0 to 2π(2p + l + 1) across the focus of

the beam. The order of the Laguerre-Gaussian mode is given by,

N = 2p+ |l| (1.26)

where p is any positive integer and l is any integer, positive or negative. The intensity

distributions, |up,l|2, for several LGl
p modes are shown in Fig (1.3). Notice the TEM00

modes is the equivalent of the LG0
0.

The salient difference between the the solution to the paraxial equation in rect-

angular coordinates as in Eq. 1.20 and the solution in cylindrical coordinates as in

Eq. 4.1 is the extra phase factor of exp(ilφ) which adds a variation to the phase of

the wavefront and the r|l| term which is responsible for the size of the vortex as seen
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Figure 1.3: Various Laguerre-Gaussian modes

in Fig. 1.3. As we will see, both of these features in Eq. 4.1 contribute to the orbital

angular momentum.

1.2.3 A description of optical vortices

The intensity and phase structure of such a Laguerre-Gaussian (LG) beams is shown

in Fig. 1.4. The field distribution in the x-y plane described by Eq. 4.1 for (a)

l = 1 , (b) l = 2 , (c) l = 3 , and (d) l = 5 is shown. Clearly l = 0 would give

the pure Gaussian wave described earlier in Eq. 1.11. A beam with l = 1 resembles

a doughnut with a singularity or vortex at the beams center and the phase changes

azimuthally from 0 to 2π once. If l = 2 the phase changes azimuthally from 0 to 2π

twice, and so on. Fig. 1.5 shows the helical, twisting nature of the LG beam. In this

figure the points that have the same phase form the helical surface where the number

l corresponds to the number of twists in the helix (l = 1 is shown). The points, in the

figure, show points of equal phase on each wave and the helical surface is the surface

that connects all of these points. The plane shown is a plane of constant phase.

The Laguerre-Gaussian beam is an example of a larger class of beams known as

optical vortices, that have phase or polarization singularities. Such beams can be

twisted like a corkscrew about the axis of travel and have zero intensity at their

center. The vortex has a number associated with it known as the optical charge that

represents the number of times the waves twist in one wavelength. The higher this

number the faster the light spins around its axis.
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!

Figure 1.4: Intensity of Laguerre-Gaussian beams with (a) l = 1, (a) l = 2, (c) l = 3,

and (d) l = 5. The phase of the field around the beam is shown.

select the mode by tilting the etalon.12 By sending the beam
through an interferometer one can examine the ! phase dif-
ference between adjacent lobes, as described below.

A convenient way to produce high-order modes is to use
computer-generated holograms. Binary amplitude holograms
are simple to make, but require a technology that is increas-
ingly becoming obsolete: black-and-white film photography.
This method consists of taking a photograph of a computer
printout of the pattern. The image on the film !i.e., the nega-
tive" is the grating. If the pattern of the grating is composed
of two staggered gratings, then the first-order diffracted
beams will closely resemble the N=1 Hermite-Gauss beam,
as shown in the bottom panel of Fig. 3!a".

By using the grating in one of the arms of the interferom-
eter !G in Fig. 1" one can interfere a beam in a high-order
mode with the original beam in the zero-order mode. The
interference pattern consists of a staggered set of fringes, as
shown in Fig. 2!c". The experiment also demonstrates the
principle of holography: the interference pattern is a recon-
struction of the staggered grating !i.e., the hologram". A low-
cost solution for making the grating is to reduce the com-
puter printout of Fig. 3!a" with a photocopy machine to about
6 mm in size, and make the last photocopy onto transparency
paper.

IV. HIGH-ORDER LAGUERRE-GAUSS SOLUTIONS

The physics of high-order modes gets much more interest-
ing when we consider the solutions of the paraxial equation
in cylindrical coordinates. This solution is not easily found in
the literature,13 but perhaps it is too mathematical to cover it
in an undergraduate optics course. The solution in cylindrical
coordinates !"=#x2+y2 ,#=tan−1!y /x" ,z" is given by

Ep,!!",#,z"

=
A

w!z"
$ #2"

w!z"
%!

Lp
!$ 2"2

w!z"2%e−"2/w!z"2
eik"2/&2R!z"'ei!#ei$!z".

!8"

The solutions contain the associated Laguerre function Lp
!,

and therefore called Laguerre-Gauss modes. The subindices

p and ! label the solutions of order N=2p+ (! (, which also
reduce to the zero-order solution when p= ! =0. The normal-
ization constant is given by10 A= p ! )2/ &!p ! &!(! (+ p" ! "'*1/2.

One of the characteristics of the solution is that the ampli-
tude has a purely radial dependence. When !!0 and p=0
the beams have a characteristic single-ringed “doughnut”
shape, with the radius of the doughnut given by w#! /2. The
radius of curvature of the wave front and the Gouy phase are
the same as in the high-order rectangular solutions.

The most interesting term is the one containing the phase
!#. Ignoring for the moment the correction due to the radius
of curvature of the phase front and the Gouy phase &or
equivalently assuming R!z"→%', the phase of the wave is
given by

&!",#,z" = kz + ! # . !9"

Points of constant phase !i.e., the wave front" form a helix of
pitch ', as shown in Fig. 4 for the case !=1. For !(1 the
wave front consists of ! intertwined helices. In a given trans-
verse plane the phase depends on #. At "=0 the phase is
undefined. At that point there is a phase singularity or
vortex,14 and the amplitude of the wave is zero.

These beams are easily produced with a forked diffraction
grating.15 Figure 3!b" shows a charge-1 forked diffraction
grating. The pattern shown is a graph of the binary valued
interference pattern of a Laguerre-Gauss beam with !=1 and
a noncollinear plane wave. If the propagation vectors of the
wave of order ! and a plane wave of order zero are !0,0 ,k"
and !k sin ) ,0 ,k cos )", respectively, then the phase differ-
ence between them at the z=0 plane is

&!x,y,0" = ! tan−1!y/x" − xk sin ) . !10"

The binary forked grating of charge q=! is the filled contour
graph of the function

f!x,y" = +1, 2m! + *!/2 + &!x,y,0" , !2m + 1"! − *!/2,

0, !2m + 1"! − *!/2 + &!x,y,0" , !2m + 2"! + *!/2,
!11"

Fig. 3. Computer-generated holograms to generate first-order Hermite-
Gauss beams !a", and Laguerre-Gauss beams !b". The lower images are
photos of the diffraction patterns that result when the gratings above are
illuminated by a zero-order beam. The gratings used to produce the patterns
in the images did not have the same density of fringes.

Fig. 4. Perspective view of the wave front of a first-order Laguerre-Gauss
beam. The helical surface is formed by points where the wave has the same
phase !crests, in the picture".
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Figure 1.5: Perspective view of a Laguerre-Gaussian beam with l = 1. The helical

surface is formed by points where the wave has the same phase (reproduced with

permission from E. Galvez, Am. Jour. Phys., 74 335 (2006).)

1.3 Angular momentum of light

1.3.1 Spin angular momentum

Spin angular momentum (SAM) of light is intrinsic and comes purely from the vecto-

rial nature of light, i.e. polarization. The amount of SAM associated with a beam of

light will be derived and shown to come from circularly polarized waves and reducible

to the amount of spin per photon.

First, it is convenient to derive the exact amount of SAM associated with a circu-

larly polarized plane wave. Once this is complete it is nice to see what the calculation

looks like for an arbitrary polarization state.

It is well known that electromagnetic fields have an associated energy flow, the
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Poynting vector, given by,[84, 13]

~S = ε0 ~E × ~B, (1.27)

a linear momentum density, ~p ∝ ~S, and an angular momentum density, ~j = ~r × ~p.
Assuming a vector potential of the form,

~A = n̂u(x, y, z) exp(ikz) (1.28)

where n̂ is the complex direction of polarization (allowing for circular polarization),

then the electric and magnetic fields are found in the Lorenz gauge as

~B(x, y, z) = ik
[
ẑ × n̂u+ (i/k)n̂×∇τu

]
(1.29)

~E(x, y, z) = iω
[
n̂u+ ẑ(i/k)n̂ · ∇τu

]
(1.30)

where ∇τ is the derivative in the transverse plane. So if the polarization, n̂, is

n̂ = x̂ ± iŷ and u(x, y, z) = exp[−(x2 + y2)], i.e. we are working with a circularly

polarized plane wave, then the following are the associated fields for such a circularly

polarized, Gaussian vector potential:

~B(x, y, z) = ik
[
(ŷ + ix̂) + (2i/k)(−y + ix)ẑ

]
u (1.31)

~E(x, y, z) = iω
[
(x̂+ iŷ)− (2i/k)(x+ iy)ẑ

]
u (1.32)

With these fields the linear and angular momentum densities are:

~p = ε0 ~E × ~B = −2ε0ωku
2ẑ (1.33)

~j = ~r × ~p = 2ε0ωkru
2φ̂ (1.34)

where ~r×ẑ = rφ̂. A similar derivation can be carried out for a polarization of opposite

helicity, i.e. n̂ = x̂− iŷ, leading to an angular momentum with opposite sign. These

result shows that the angular momentum is proportional to the energy, u2, and the

initial polarization. To verify that this angular momentum is only present when we

start with a circularly polarized vector potential, it is now beneficial to generalize

the polarization state. If we had started with with some linear polarization state,

n̂ = x̂+ ŷ say, then the angular momentum in the φ̂-direction would indeed be zero.

Approaching this problem a bit more rigorously to generalize these calculations,

let’s now assume a polarization, n̂ = αx̂ + βŷ, where α and β can be complex. The
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fields are now,

~B =
[
(
∂u

∂z
+ iku)(−βx̂+ αŷ) + (β

∂u

∂x
− α∂u

∂y
)ẑ
]
exp(ikz) (1.35)

~E = iω
[
αux̂+ βuŷ − (i/k)(α

∂u

∂x
+ β

∂u

∂y
)
]
exp(ikz) (1.36)

Taking the time-averaged cross product of ~E × ~B it is found that,

~p =
ε0
2

[
( ~E∗ × ~B) + ( ~E × ~B∗)

]
(1.37)

and using Eq.’s 1.35 and 1.36 we see,

~p =
iωε0
2

[
(u∇u∗ − u∗∇u)− 2ikε0|u|2ẑ + (αβ∗ − α∗β)(∇|u|2 × ẑ)

]
. (1.38)

The first term is part of the angular momentum in the φ̂-direction which is zero for

this form of the field amplitude. The term (αβ∗ − α∗β) is the general polarization

term we are interested in and is identified with the spin in the z-direction, σ, as it

is in the φ̂-direction here and when crossed with r̂ gives ẑ. If α = 1 and β = ±i,
i.e. circularly polarization, then (αβ∗ − α∗β) = ±2i. If α = 1 and β = 1, which is

a linearly polarized beam has (αβ∗ − α∗β) = 0, i.e. there is no angular momentum.

Therefore, σ can take the value of ±1 which corresponds to the helicity of the circular

polarization.

Noting that in cylindrical coordinates |u|2 is φ-independent,

∇|u|2 × ẑ = −ẑ × ∂|u|2

∂r
r̂ =

∂|u|2

∂r
φ̂

and looking now only at the z-component of the angular momentum density,

jz = [~r × (ε0 ~E × ~B)]z = rε0( ~E × ~B)φ =
ε0
2
ωrσ

∂|u|2

∂r
. (1.39)

This shows that the angular momentum is directly proportional to the handedness of

the polarization. Finally, integrating across the beam we can find the ratio of total

angular momentum to the energy per unit length,

Jz

W
=

∫ ∫
rdrdφ(~r × ( ~E × ~B)z

c
∫ ∫

rdrdφ( ~E × ~B)
=
σ

ω
. (1.40)

In a semi-classical approximation, W = Nh̄ω, whereN is the total number of photons.

Therefore the angular momentum per photon associated with a circularly polarized

electromagnetic wave is then,
Jz

N
= σh̄, (1.41)



1.3 Angular momentum of light 14

where again σ = (αβ∗ − α∗β) ∝ {±1, 0} is the total spin angular momentum, de-

pending on the polarization state, n̂ = αx̂ + βŷ with α and β being allowed to be

complex. Therefore, the angular momentum due to the polarization of light is either

+h̄ or −h̄ for left and right handed circular polarization, respectively.

Why Call it Spin?

Saying that light, or photon’s, have a quantum mechanical spin may seem a bit

presumptuous. Why call it spin? Is the spin we are talking about the spin we deal

with in quantum mechanics? M.V. Berry [14] gives a nice mathematical overview of

the angular momentum of light and begins to answer these questions. If we consider

the wave function of a photon in the basis of circular polarization we would have,

|ψ〉 =
1√
2

 ψR

ψL

 =

 Ex − ıEy

Ex + ıEy

 , (1.42)

where |ψ〉 is normalized and our left- or right-circular polarization state is either 1

0

 or

 0

1

. If we choose to measure the expectation value of the spin in the

z-direction using this state then we would have,

Sz = 〈ψ|sz|ψ〉, (1.43)

where sz = h̄σz and σz is the z- component of the Pauli matrix. So calculating Eq.

1.43,

Sz = h̄〈ψ|

 1 0

0 −1

 |ψ〉 = h̄
(
|ψ+|2 − |ψ−|2

)
. (1.44)

So if we start with an initial polarization of ψ+, or right circular polarization, then

Sz = +h̄ and if we start with ψ−, or left circular polarization, then Sz = −h̄. Since

these are the exact values of the spin per photon in Eq. 1.41 this angular momentum

can indeed be called what we refer to in quantum mechanics as spin.

1.3.2 Orbital angular momentum

The amount of orbital angular momentum (OAM) associated with a given wavefront

profile of a light beam will be discussed and shown to be reducible to the amount

of OAM per photon. Orbital angular momentum is shown here to come from the
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azimuthally varying phase of the wavefront. Experiments involving the use of beams

of light with OAM and ways of measuring the amount of angular momentum per

photon will be discussed.

In the derivation of spin angular momentum of light we used the vector potential

~A = (αx̂+ βŷ)u(x, y, z) exp(ikz), where the form of u(x, y, z) was that of a Gaussian

in rectangular coordinates, i.e. exp[−(x2 + y2)], to derive the amount of angular

momentum. Suppose instead that u(x, y, z) is of a Laguerre-Gaussian nature with

p = 0, i.e. LGl
0,

u(r, φ, z) = exp(−r2) exp(ilφ), (1.45)

where l can be any integer and is also known as the charge or winding number of the

Laguerre-Gaussian mode.

Using Eq. (1.35 - 1.38) we can derive a value of the total angular momentum for a

Laguerre-Gaussian mode. The φ- and z-components of the linear momentum density

of a Laguerre-Gaussian vector potential are,

pφ =
ωε0l

r
|u|2 + 2iωε0σ|u|2 (1.46)

pz = ck2ε0|u|2. (1.47)

Again using ~j = ~r × ~p, leads to an angular momentum density about the z-axis,

jz = ε0ωl|u|2 + 2iε0ωσr|u|2. (1.48)

Integrating across the beam we can find the ratio of total angular momentum to the

energy per unit length,

Jz

W
=

∫ ∫
rdrdφ(~r × ( ~E × ~B)z

c
∫ ∫

rdrdφ( ~E × ~B)
=
σ + l

ω
. (1.49)

And since W = Nh̄ω, the total angular momentum per photon is

Jz

N
= (σ + l)h̄ (1.50)

where σ is the spin angular momentum and l is the orbital angular momentum. So

a LGl
0beam indeed has orbital angular momentum. With an angular momentum

of this form we are not limited to just Jz/N = ±h̄. Instead, with the addition of

the orbital term, l, we can have any integer value of total angular momentum as

l = {0,±1,±2,±3, . . .}. This equations shows that the total angular momentum is
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dependent on the polarization state, however the orbital angular momentum is only

dependent on the value of l.

Earlier we saw that the spin angular momentum came from the polarization nature

of the light, i.e. circularly polarized light had jz = ±lh̄. Now we are seeing a total

angular momentum that is dependent not only on the polarization, but the phase

structure of the beam profile as well. The extra term in the electric field, exp[ilφ],

corresponds to a different phase at each azimuthal angle of the beam giving rise to

this orbital angular momentum.

Fig. 1.6(a) shows a LG1
0 beam and the wavefronts relative phase at different angles

around the beam. The top, φ = 0, has a phase of zero; φ = 900 has a phase of π/2;

φ = 1800 has a phase of π; φ = 2700 has a phase of 3π/2; and φ = 3600 has a phase

of 0 again. So the phase goes through a 2π cycle once every time around the beam

when l = 1.

A beam with l = 2 has a phase that goes from 0 to 2π twice as you go around

the beam once, and so on, as shown in Fig. 1.4. When l = 0, we have a fundamental

mode, and the phase would be constant everywhere on the wavefront so it is a plane

wave.

This apparently leads to the notion that we are dealing with helical wavefronts

now rather than just plane waves. An analogy is that if you were looking at the

electric field structure of a LG beam it would look like a corkscrew traveling in the

direction of propagation, shown in Fig. 1.6(b). In this figure, we are observing a plane

of constant phase traveling in the z-direction. This is actually an l = 2 wavefront as

there are two angles of the same phase at any z-location. It is this changing phase

along the azimuthal direction that results in the orbital angular momentum.

1.4 Generating beams of light with orbital angular

momentum

There are several methods to generate Laguerre-Gaussian beams of light that carry

OAM. They can be generated directly form a laser cavity given the right conditions

[16], by an astigmatic mode converter that converts HG modes to LG modes [17, 15],

or by spiral phase plates [18, 19]. A fairly simple method to generate a LGl
p from

a Gaussian, TEM00, beam is to use a diffraction grating with a phase singularity
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Figure 1.6: (a) An image of a LG1
0 beam and its associated phase structure and (b)

the wavefronts helical nature of the LG beam.[15]

[40, 20, 21]. One way of thinking of a diffraction grating is as the interference pattern

that you would get from two beams, in this case a TEM00 and LG1
0 beam. If the

beam passing through this diffraction grating is a TEM00 beam then your diffraction

has a zero-order mode of the incident beam, first-order modes of l = ±1, second-order

modes of l = ±2, etc.

1.4.1 Forked diffraction gratings

The form of the diffraction grating is calculated from the interference between the

TEM00 and the LGl
0 beams. If the TEM00 mode is taken as ~E1 and the LGl

0 mode

is ~E2, then the intensity of the two fields added is,

I = ~I1
∗~I2 (1.51)

= ( ~E1

∗
+ ~E2

∗
)( ~E1 + ~E2) (1.52)

= | ~E1|2 + | ~E2|2 + ( ~E1

∗ ~E2 + ~E1
~E2

∗
) (1.53)

where the last term above is the interference term of interest. Taking

~E1 = ~E00 exp[i(ωt+ δ)] ~E2 = ~E0l exp[i(ωt+ θ)] (1.54)

where δ = δ(x, y) and θ = θ(x, y), ~E00 is the field associated with the TEM00 mode

and ~E01 is the field associated with the LGl
0 mode. For the LGl

0 mode, θ(x, y) = lφ,

and for the TEM00 mode, δ(x, y) = kx where k = 2π/λ determines the fringe spacing
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of the grating. The interference comes from the difference between phases between

the two electric fields,

θ − δ = lφ− kx

or,
θ − δ

2
= lφ− πx/λ (1.55)

The condition for a binary grating is that (θ − δ)/2 = nπ, so the expression for our

diffraction pattern is,

nπ =
l tan−1(y/x)

2
− πx

λ
. (1.56)

Figure 1.7: Binary diffraction gratings generated from Eq. (1.56) for (a) l = 0, (b)

l = 1, (c) l = 2, (d) l = 3. (e-h) The equivalent blazed diffraction gratings.

The computer generated holograms (CGH) for (a) l = 0, (b) l = 1, (c) l = 2, (d)

l = 3 are shown in Fig. (1.7). The MATLAB code used to generate this grating is

given in Appendix A. To generate a LGl
0 beam, a TEM00 beam is passed through a

reduced image of Fig. (1.7) on high quality film or a spatial light modulator (SLM)

which is discussed in more detail below.

Figure 1.8 shows how a zero-order Gaussian beam is passed through a forked

diffraction grating, with l = 1, to generate higher-order LG modes. The negative
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aspect of this type mode conversion is the decreasing intensity of higher order modes

due to the diffraction. Conversion efficiency of the first-order mode is on the order of

15%, falling off rapidly in the even higher order modes. This relatively low efficiency

can be increased by using a blazed diffraction grating.

A blazed forked diffraction grating is used to direct more energy into the first

order diffracted beam. To obtain the “blaze” in the computer generated hologram

the grating equation in eq. (1.56) is modified to introduce a phase change from 0 to

2π along each dark (or bright) fringe. If the expression for the binary grating is

H(x, y) =
l tan−1(y/x)

2
− πx

λ
(1.57)

then the expression for the blazed grating becomes,

T (x, y) = exp
[
− imod(H(x, y), 2π)

]
(1.58)

where mod() is the modulo function. Figure 1.7 (e-h) show the blazed gratings for

l = 0, 1, 2, 3, respectively. The blaze on the these gratings comes from a variation in

the grayscale from white to black rather then a physical path length difference on a

traditional blazed grating.

1.4.2 Using a spatial light modulator

In this thesis a reflective type spatial light modulator (SLM) is used to generate

LG laser beams. A SLM is a re-programable liquid crystal micro-display that can

modulate the phase and amplitude of light waves. Information is passed via a DVI

output of a PC to the SLM that displays the information. The HoloEye Corp. LC-720

high speed spatial light modulator was used in this work.

A custom MATLAB graphical user interface (GUI), GratingUI, was designed by

me, to allow easy manipulation of the several key factors involved in generating these

gratings, including: the grating type, i.e. binary or blazed, the grating period, the

blaze angle, the l-value, the resolution of the grating on the screen, and the orientation

of the grating, i.e. vertical or horizontal. The GratingUI uses Eqs. (1.56) and (1.58)

to generate the binary and blazed gratings, respectively, and is shown in Fig. 1.9.

The software code is given in Appendix A. The CGH in the GratingUI window is

maximized on the computer screen (which is also the image sent to the SLM display),

so that it fills the entire SLM. Using this method approximately 45% of the light
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incident on the SLM is converted to the LGl
0 beam, where the l is given by the

charge of the forked grating. The benefit of using the GratingUI program to display

gratings on the SLM is that it is a fast, reprogrammable interface that allows the

grating period, l-value, etc. to be easily manipulated in a multitude of experimental

situations.

When the “Generate Grating ” button is clicked in the software, shown in Fig-

ure 1.9, the grating with the selected parameters appears in the central region of the

figure. Figure 1.10 shows the typical experimental arraignment to create a LG beam

using the SLM and GratingUI program.
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Figure 1.8: Diffraction pattern when passing a TEM00 beam through Fig. (1.7).

The center beam is the TEM00 mode and each next beam moving outward is mode

l = ±1,±2, . . .
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Figure 1.9: The GratingUI program used to generate binary and blazed diffraction

gratings is shown.

Figure 1.10: Setup to use the SLM. The light that is diffracted form the SLM is shown

below assuming an l = 1 grating (shown in the computer display).
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Diffraction of Laguerre-Gaussian

Beams
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2.1 Introduction

One of the salient features of light is coherence which is revealed by interference in

the form of fringes. This interference is a key aspect of the wave-nature of light.

Young’s double slit experiment[22] shows interference phenomena and has resulted

in a multitude of experiments showing the wave nature of light, electrons,[23, 24]

neutrons[25], and most recently atoms[26]. It is our understanding that optical beams

that posses orbital angular momentum have not been used in Young’s double slit

experiment. It is well known that beams of light can carry both spin- and orbital-

angular momentum.[40, 43] The spin angular momentum has been shown to arise from

the vectorial, or polarization nature of light while the orbital angular momentum has

been shown to arise form the spatial distribution of an electromagnetic wave-front[29].

Laguerre-Gaussian (LG) beams of light carry a well defined amount of orbital angular

momentum proportional to the variation of the phase structure of the beam. This

orbital angular momentum is in addition to the spin angular momentum associated

with the polarization state of the light.

This chapter demonstrates a double slit interference experiment using optical LG

beams [30]. This new slant on double-slit interference leads to a better understanding

and interpretation of the nature of the optical orbital angular momentum (OAM) in

interference phenomena.

2.2 Double slit diffraction

A Laguerre-Gaussian beam has a complex field amplitude proportional to

u(r, φ, z)p,l ∝ rlLl
p

(2r2

w2

)
exp

(
− r2

w2

)
exp

(
− ilφ

)
, (2.1)

where w is the waist size of the beam, Ll
p(

2r2

w2 ) is the associated Laguerre polynomial,

l is the azimuthal mode, and p is the radial mode. The amount of orbital angular mo-

mentum that a LG beam with p = 0 bears is lh̄ per photon, where l = 0,±1,±2, . . .

LG beams posses a phase singularity, also called an optical vortex, due to the az-

imuthal phase dependence. As a LG beam propagates there is a phase variation

around a wave-front which is why people now call these helical waves.[49] The vortex

and phase dependence are what will provide an interesting result in these interference

experiments.
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The experimental setup to investigate the interference of LG beams by slits is

shown in Fig. 2.1. A computer generated hologram is used to introduce the azimuthal

phase variation that is inherit to a LG beam.[50, 51] A He-Ne laser beam (632.8 nm) is

passed through a charge-1 forked diffraction grating shown in Fig. 2.1(a) to produce

the LG beams with charge l = ±1,±2 . . .

Figure 2.1: Experimental diffraction setup (M- Mirror, S- Slits, B.T.- Beam Telescope,

N.D.- Neutral Density Filters). Inset: (a) The forked diffraction grating used to create

LG beams of charge l = 0,±1,±2, . . ., (b) LG mode selected with l = +1, and (c)

Helical wave-front of LG beam.

One mode is selected for each double-slit experiment by placing a circular aperture

in front of the beam, allowing only one mode to pass through the slits (S). For the

double-slit experiment the singularity is positioned between the two slits. To position

the singularity between the two slits a beam telescope (B.T.) is used to de-magnify

the LG beam. The two slits have a width of approximately 200µm with a spacing

between slits of approximately 900µm. The LG modes selected are either the l = +1

or l = −1 mode, one of which is shown in Fig. 2.1 (b). Part (c) of the same figure

shows the helical nature of this beam as a plane of constant phase is shown traveling

in the direction of propagation.

In a standard double-slit experiment, with plane-waves, the interference pattern

on a screen results from the optical phase difference, δ, of the incident light field from

each slit to the observation point due to the optical path length difference, ∆. When

a plane wave passes through two slits there is no relative phase difference across a



2.2 Double slit diffraction 26

wave-front of the light at the two slits. The fringes in the far-field will therefore

be spaced equally along the long axis of the slits. Common derivations[34] of the

intensity distribution of the interference between two parts of a plane wave-front on

a screen gives

I(x) ∝ cos2
(δ
2

)
(2.2)

∝ cos2
(πax
λd

)
, (2.3)

where λ is the wavelength of the incident light, a is the slit width, and d is the distance

from the slits to the observation screen. The argument of the cosine, πax/λd, is

derived from the optical phase difference between the two slits.

In contrast, a double-slit experiment using LG helical wave-fronts will exhibit

interference due to the path difference of the incident light from the slits to the

observation point in addition to the contribution from the twisting phase structure

of the wave-front. When a LG beam with l = ±1 passes through two slits and

the singularity falls between the two slits there is a rich relationship between the

relative phase on the wave-front at the slits. In fact, the interference will have some

correlation to the width of the slits because the wider the slits are the more the phase

varies across the slits. This effect can be seen in Fig. 2.2 where the relative phase of

the beam-front is shown by shade (black is 0, white is 2π). In (a) of this figure equal

lines of shade represent equal lines of phase on the wave-front. Note, for the l = ±1

wave-front the phase varies by one cycle as the azimuthal angle goes from 0 to 2π.

Fig. 2.2 (b) shows what the phase variation across the wave-front is within the two

slits. If we call the phase along the left slit φ1(y) and the phase along the right slit

φ2(y) then Fig. 2.2 (c) shows the additional phase difference between the two slits

along the vertical direction given by

∆φ(y) = φ2(y)− φ1(y). (2.4)

While the optical path length difference between the wavefront at the two slits

to the screen remains the same when we use a LG beam incident on the slits, the

optical phase does not. There is an additional phase now due to the azimuthal phase

variance along the LG wave-front. A term ∆φ is added to the interference intensity

distribution at the screen so that:

I(x, y) ∝ cos2
(δ
2

+
∆φ(y)

2

)
(2.5)
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Figure 2.2: (a) The phase structure of a Laguerre-Gaussian wave-front where equal

lines of shade represent equal lines of phase (black is 0 and white is 2π) (b) The same

wave-front lies on two slits with its singularity in between the slits. (c) The phase

difference between the left and right slit. (d) The pixel values along the y-direction

at the center of the slit in (c). These values are ∆φ(y).

∝ cos2
(πax
λd

+
∆φ(y)

2

)
. (2.6)

Eq.’s 2.3 and 2.6 can be seen graphically in Fig. 2.3 (a)-(c), where (c) uses −∆φ(y) =

φ1(y) − φ2(y) modeling a LG incident beam with opposite helicity. The function

∆φ(y) is taken numerically from Fig. 2.2 (d).

The relative phase difference between the two slits along the horizontal diameter

of the LG beam is π while the phase difference at a point closer to the top or bottom

of the slits is some non-integer value of π as shown by the values of phase in Fig. 2.2

(d). The change in the relative phase of the light at the slits should therefore shift

the interference fringes in the x-direction as we look from the top of the interference

to the bottom. The phase difference between the top and bottom of the slits is close

to π which should place constructive interference, or a bright fringe, on top lining

up with a dark fringe on the bottom of the interference pattern. This feature is seen

in the computer generated plot in Fig. 2.3 (a) and (c). The phase variation in the
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y-direction along the slit is what affects the interference pattern. Note, this effect is

not manifested by either a dynamic or geometric phase as discussed by E. Galvez et.

al. [35]

Figure 2.3: (a) Interference pattern from a LG wave-front incident on two slits cal-

culated from Eq. 5.4. (b) Interference pattern from a plain-wave incident on two

slits calculated from Eq. 2.3. (c) Interference pattern from a LG wave-front incident

on two slits calculated with −∆φ(y). Experimental Far field interference pattern ob-

tained from the l = +1 beam (d), l = 0 beam (e), and l = −1 beam passing through

two slits (f).

Fig. 2.3 (d) - (f) shows interference fringes experimentally for l = +1, 0, and −1

respectively. The fringes in Fig. 2.3 (d) are shifted in the x-direction as we look from

the middle of pattern up or down. The fringes are shifted from the left to the right

as we look from the bottom to the top of the interference pattern. Fig. 2.3(f) shows

the pattern with a LG beam with opposite helicity, i.e. l = −1. This fringe pattern

has an opposite shift in its’ fringes as the fringes are shifted in the x-direction from

right to left as we look from the bottom to the top which is opposite the the shift

when l = +1. This makes sense as the phase is varying in the opposite azimuthal

direction. Fig. 2.3(e) shows shows the vertical fringes of this double slit experiment

with a l = 0, i.e. TEM00, beam. This diffraction pattern shows no shift in the fringes
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as we look from the top to the bottom verifying the constant phase front of this beam.

These fringes with no x-direction variation are in agreement with Fig. 2.3 (b).

Along the fringes of Fig. 2.3(d) and (f) lies an apparent interference along the

length of the fringes. This interference along the fringes is not seen as much in the (e)

of the figure which leads us to believe that this effect is related to the phase variation

of the l = ±1 beams. The apparent interference along the vertically twisted fringes

is shown in Fig. 2.4.

Figure 2.4: Observed interference along one fixed vertical interference fringe of Fig.

2.3(d).

2.3 Conclusions

A Laguerre-Gaussian beam is said to be twisted light because of the helical-wave

fronts arising from the azimuthal phase variation. The nature of these twisting light

waves can be difficult to understand. This demonstration of the classic double slit

interference experiment shows this twist in the far-field diffraction pattern. When the

phase variation changes handedness from l = +1 to l = −1 the twist in the diffraction

pattern also changes direction. Using a double slit can therefore be used to determine

the phase structure of a given wavefront. This is the first known demonstration of

Young’s double-slit experiment with optical Laguerre-Gaussian beams.
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3.1 Introduction

Most work that has been done to date involving optical vortices has dealt with

monochromatic, continuous wave light in the form of Laguerre-Gauss (LG) or Bessel-

Gauss waves. Recently there has been development of ultrashort pulses that exhibit

a phase singularity. For short pulses with broad spectral bandwiths the desired phase

dislocation should be imposed on all spectral components while keeping the pulse

width and shape undistorted.

A picosecond LG beam generated inside a laser cavity was recently demonstrated

by Jung et. al. in 2006 [36]. A femtosecond LG beam generated outside the laser

cavity with a computer-generated hologram (CGH) in a 4f system was shown by

Mariyenko et. al. and Bezuhanov et. al. [37, 38]. In each of these demonstrations

the phase of the LG beam was shown to exhibit the azimuthal phase variation propor-

tional to the charge, or winding number l, unique to the optical vortex. The resulting

pulse width was only estimated by Mariyenko et. al. who used a starting pulse width

of ∼ 25fs. Their estimation was calculated by inserting a glass coverslip into the

path of the vortex beam that was interfered with a plane wave. A pulse width of

∼ 66fs was estimated by observing the interference fringes of the l = 1 beam and

the plane wave disappearing. A more accurate pulse duration measurement was not

achieved because of the low conversion efficiency due to using two diffraction gratings

in the mode conversion process.

The difficulty in using a CGH, as shown in Figure 1.7, is that when a polychromatic

beam of light is passed through a diffraction grating each spectral component diffracts

at a different angle. This is known as angular dispersion. The angular dispersion

introduced by the forked-grating used to generate the LG beam effectively destroys

the incident pulse. Figure 3.1 shows how a broadband source passing through a forked

diffraction grating diffracts optical vortices of different wavelengths at different angles.

This chapter discusses the angular dispersion compensation technique and demon-

strates the generation and characterization of femtosecond LG beams with angular

dispersion compensation.
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l = -1 

l = +1 

Broadband Source 

Forked Diffraction 
Grating 

Figure 3.1: A broadband source passing through a forked diffraction grating diffracts

optical vortices of different wavelengths at different angles. Only the ±1st diffracted

orders are shown.

3.2 Dispersion compensation

The following section discusses the method used to compensate for the angular dis-

persion imparted on a short optical pulse after passing through a diffraction grating.

A schematic diagram showing the 4f systems used in this work, also described by

Mariyenko et. al. [37], to compensate angular dispersion is shown in Figure 3.2. The

transverse electric field amplitude from the laser has the form,

E(x, y) ∝ exp
[
− (x2 + y2)

w2

]
, (3.1)

where w is the beams waist. After propagation through the first diffraction grating

with l = 0 the field amplitude of the first diffracted order is,

E(x, y) ∝ exp [−x2/w2 + iKx] exp [−y2/w2], (3.2)

where 2π/K is the period of the l = 0 grating. Note the grating is a linear ruled

grating with its lines along the y-direction thus only the x-dependent factors are

affected. After propagating a distance 2f away from the first grating, the field right
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+1st Order 

Broadband Source 

Linear Diffraction 
Grating 

Forked Diffraction 
Grating 

-1st Order 

aperture 

2f 2f 

Compensated 
l  = +1 

UN-Compensated 
l  = -1 

UN-Compensated 
l  = 0 

Figure 3.2: 4f system used to compensate for angular dispersion due to use of diffrac-

tion gratings [37].

before the lens is,

E(x, y) ∝ exp
[(x− 2Kf/k)2

w2
c

+
ik

2R

(
x2 +

Kx

kf
L2

r +
K

k
L2

r

)]
exp [−y2/w2], (3.3)

where wc is the current waist of the beam, k is the wavenumber, R is the radius of

curvature of the beam, and Lr is the Rayleigh length. Then, after passing through

the lens, which adds a quadratic phase, exp [−ikx2], the electric field just before the

second, forked, grating is,

E(x, y) ∝ exp
[
− (x2 + y2)

w2

]
exp

[ikx2

2f

]
exp [−iKx], (3.4)

since the size of the beam is back to the value w. Notice the phase factor exp [−iKx]
which is the angular dispersion and is opposite to the phase of the beam just after

the first diffraction grating. Since the transmission function of the forked diffraction

grating is exp [i(Kx+ lφ)], the field of the +1st-order diffracted order after the second,

forked diffraction grating is

E(x, y) ∝ exp
[
− (x2 + y2)

w2

]
exp [ilφ], (3.5)

which is a Laguerre-Gaussian beam free of any angular dispersion or chirp.

The following sections describe efficient experimental implementation of this tech-

nique.
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3.3 100 fs LG Beams

To generate a 100fs LG pulse a chirped-pulse amplified Coherent Ti:sapphire re-

generative amplifier system with up to 4µJ pulse energy at 800nm and a 250 kHz

repetition rate was used. The pulse duration at the output of this laser was measured

to be 80fs and the spectral bandwidth was measured to be ∼ 20nm.

The setup to generate LG beams from this source and compensate for the angular

dispersion is shown in Figure 3.3. The Holoeye Corp. reflective type spatial light

modulator (SLM) is used as the diffractive element. Figure 3.3 shows the 4f system

used which is slightly different form that described in Figure 3.2 as we make use of

the reflective SLM to impliment a folded 4f dispersion compensation system.

Angular dispersion is compensated by sending the first order diffracted beam (2 in

the figure) through a lens, L, and back (3,4) to the top half of the forked diffraction

grating where the grating is just a normal ruled grating (5), to give an equal amount

of opposite dispersion in the compensated beam. This setup has the advantage of

compensating both the (+) and (−) first order diffracted beams and also permits us

to see the interference of the two first order modes to verify phase structure without

adding any extra optical elements into the setup.

Figure 3.3: The experimental arrangement used to compensate for the angular dis-

persion introduced by the forked diffraction grating (L- Lens, M- Mirror).

First, because only the +1st-order beam is of interest we can replace the binary

diffraction gratings in Figure 3.2 with a blazed grating as shown in Figure 1.7 (e-

h) so that the diffractive efficiency can be increased. Figure 3.4 shows the CCD

images of the intensity structure of beams that pass through the folded 4f -dispersion
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(a) (b) (c) (d) 

Figure 3.4: The CCD images of the intensity structure of beams that pass through

the 4f -dispersion compensations system for (a) l = +1, (b) l = +2, (c) l = +3, and

(d) l = +5.

compensations system for (a) l = +1, (b) l = +2, (c) l = +3, and (d) l = +5.

Using blazed diffraction gratings allows diffraction efficiencies of approximately

∼ 30% per grating. After the beam reflects off of the grating (on the SLM) the second

time the efficiency of the first diffracted order is ∼ 9%. So starting with a mean power

of ∼ 150 mW yields a compensated LG beam with an mean power of ∼ 10− 13 mW.

The pulse durations in this work were measure with a second-harmonic generated

interferometric autocorrelator. The approximately 10 mW compensated LG beam is

passed into the Femtometer from FemtoLasers autocorrelator which is the lower limit

of the mean power necessary to get a signal. Figure 3.5(a) shows the autocorrelation

signal when the 4f -system is properly aligned. The pulse duration is estimated to be

∼ 105± 20 fs. The accuracy of this measurement is based on the mean power of the

LG beam and the modulation frequency of the SLM which can cause fluctuations in

the autocorrelation signal.

If mirror M3 in Figure 3.3 is moved, forward or backward, chirp is introduced and

the resulting pulse duration can be altered because the position of the focal point

at the grating changes. The estimated pulse duration when the mirror was moved

backward is shown in Figure 3.5(b). The autocorrelation signal, especially, for (b)

of this figure is rather noisy due to the rather low intensity of the LG beam despite

the use of blazed diffraction gratings. The ultimate goal in the future would be to

amplify this low intensity dispersion compensated optical vortex.

What is important to note is that without this dispersion compensation method,

the intensity at the center of the optical vortex would not reach zero due to the disper-

sion introduced and the autocorrelation signal is lost because the pulse is essentially
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~105 fs 

~125 fs 

(a) (b) 

Figure 3.5: Autocorrelation traces measuring the pulse duration of the dispersion

compensated LG beams (a) without and (b) with chirp.

destroyed.

Next, the −1st diffracted order can be used in addition to the +1st diffracted order

so the resulting interference between the (+) and (−) first diffracted LG orders, i.e.

between +l and −l, can be used to investigate the phase structure of the dispersion

compensated beams. Figure 3.6 shows the setup that allows the interference of the

(+) and (−) first order LG beams. When beams with +l and −l are interfered the

resulting interference pattern is found to theoretically take the form:

Eint ∝
∣∣∣ exp [ilφ] + exp [−ilφ]

∣∣∣2
∝ exp [2ilφ] + exp [−2ilφ]

∝ 2 cos (2lφ). (3.6)

Figure 3.7 shows the experimental (a-d) and theoretically calculated (e-h) interfer-

ence patterns for (a,e) l = ±1, (b,f) l = ±2, (c,g) l = ±3, and (d,h) l = ±4. Because

the interference is proportional to the double angle, 2φ, the interference for l = ±1 has

two bright fringes around the beams, l = ±2 has four bright fringes around the beams,

and so forth. The rotational difference between the the experimental and theoretical

images are just an overall, constant, phase difference introduced by a difference in

path lengths between the two arms of the setup.

This section shows the intensity and azimuthally varying phase profiles for various
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Figure 3.6: The experimental arrangement used to compensate for the angular dis-

persion introduced by the forked diffraction grating and view the interference between

the positive and negative diffractive orders after the gratings (L- Lens, M- Mirror).

LG modes consistent with theory. The temporal profile is also shown to be ∼ 105 fs.

3.4 13 fs LG beams

Group velocity dispersion (GVD) can be introduced into an ultrashort, 6.4fs pulse,

after passing through the lens in Figure 3.3. GVD increases the pulse width and

must also be compensated for if a sub-10fs LG beam is to be created. The GVD

accumulated by a pulse passing through a focussing lens and a grating is given by

∂2φ

∂ω2
=

2Lλ2

ωc

(∂2n

∂λ2

)
− 2faλ2

cωd2 cos 2(θ)
, [39] (3.7)

where λ and ω are the wavelength and frequency of the light, L is the lens thickness,

n is the index of refraction, d is the period of the grating, θ is the emergence angle,

c is the speed of light, and a is a constant (a << 1). The first term is the dispersion

introduced by a lens that can be removed if the lens is replaced by a concave mirror.

A 6.4fs LG pulse was produced from a Ti:sapphire Kerr-lens mode-locked oscil-

lator (Rainbow-DFG from FemtoLasers). This laser emits 6.4fs pulses at a 78 MHz

repetition rate with a mean power of 150 mW and a 200 nm spectral bandwidth cen-

tered at 797 nm. The 4f dispersion compensation system that uses a concave mirror

rather than a lens is shown in Figure 3.8. The intensity of the LG beam generated was
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Figure 3.7: Experimental and theoretically calculated interference patterns for (a,e)

l = 1, (b,f) l = 2, (c,g) l = 3, and (d,h) l = 4, respectively.

again approximately 6− 10 mW, the lower limit of the intensity required to achieve

an autocorrelation signal from the Femtometer from FemtoLasers.

Figure 3.9 shows the autocorrelation signal (a) of the beam directly from the laser

and (b) of the dispersion compensated LG pulse with l = +1 using a concave mirror

rather than a glass lens. The pulse duration directly from the laser is estimated to

be ∼ 8 fs while the LG beam with l = 1 is ∼ 13 fs after compensation.. The spectra

of both of these beams are shown in Figure 3.9 (c) and (d), respectively. While the

peaks of the spectra are slightly different, the bandwidth after conversion to a LG

beam remains the same.

3.5 Conclusions

This chapter demonstrates the creation and characterization of ultrashort optical

vortices from a 100fs and 6.4-fs laser source. A folded 4f system is used to compensate

for the angular dispersion introduced by the computer generated hologram used to

generate the LG beam. For the case of the 13 fs pulse, a concave mirror is used

to minimized the group velocity dispersion introduced by a lens used in the system



3.5 Conclusions 39

SLM 

M2 

CM 

M3 

Forked Diffraction 
Grating 

input pulse 

output pulse 

Figure 3.8: The experimental arrangement used to compensate for the angular dis-

persion introduced by the forked diffraction grating and with the lens from Fig. 3.3

replaced by a concave mirror (CM- Concave Mirror, M- Mirror).

shown and described in Figure 3.3.

The ultrashort LG pulses generated have the intensity and azimuthal phase profiles

characteristic of LG beams. The intensity of the LG beam with l = 1 was maximized

so that the pulse width could be measured with an interferometric autocorrelator.

This is the first time such an autocorrelation measurement has been performed on an

LG beam.
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Figure 3.9: Autocorrelation traces of (a) the beam directly from the laser cavity and

(b) after the dispersion compensation of the LG beam with l = 1. (c) and (d) show

the respective spectra of the beam from the laser and the LG beam with l = 1.
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Chapter 4

Laguerre-Gaussian

Supercontinuum: White Vortices



4.1 Introduction 42

4.1 Introduction

Beams of light that have optical vortices, or phase singularities, have been used

to study various optical phenomena in classical and quantum optics including uses

in optical tweezing, quantum communication protocols, and telecommunications to

name just a few[40, 41, 42, 43, 44]. Most of this work has been performed with

monochromatic Laguerre-Gaussian (LG) beams. More recently, white-light optical

vortices have been studied and shown to be more versatile in these applications due

to the wide spectral bandwidth, azimuthally varying phase structure, and unique

quantum number associated with such beams [45]. White-light optical vortices have

thus far been demonstrated using partially coherent and incoherent lamp light sources

which limit their uses [45, 46]. Coherent white-light supercontinuum generated from

ultrashort pulses has been investigated since its discovery by Alfano and Shapiro in

1970 [47] and has shown applications in a wide variety of disciplines from remote

sensing to metrology and more [48]. Supercontinuum has thus far not been shown to

propagate as an optical vortex.

In this chapter the first coherent Laguerre-Gaussian white-light beam generated

from a femtosecond supercontinuum light source with zero angular dispersion is

demonstrated.

A monochromatic Laguerre-Gaussian beam has a complex field amplitude propor-

tional to

u(r, φ, z, t)p,l ∝ r|l|Ll
p

(2r2

w2

)
exp

(−r2

w2

)
exp

(
− ilφ

)
exp

(
iωt

)
, (4.1)

where w is the waist size of the beam, Ll
p(

2r2

w2 ) is the associated Laguerre polynomial, l

is the azimuthal mode, and p is the radial mode. LG beams (with p = 0) have orbital

angular momentum of lh̄ per photon associated with them where l = 0,±1,±2, . . .

. As a LG beam propagates there is a phase variation around a wave-front which is

why these beams are referred to as helical waves[49]. The azimuthal phase variation

is also what gives rise to the optical vortex, or phase singularity. LG beams can be

generated in several ways [40, 50, 51]. In this chapter optical vortices are generated

using an on-axis computer-generated hologram (CGH) on a spatial light modulator.
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4.2 Experimental Arrangements

There are two approaches to generating LG white-light supercontinuum:

Method 1: 100 fs Gaussian beam → fs Supercontinuum beam → fs LG Supercon-

tinuum

Method 2: 100 fs Gaussian beam → fs LG beam → fs LG Supercontinuum

4.2.1 Method 1: A Laguerre-Gaussian beam from supercon-

tinuum

The first method of LG supercontinuum generation begins with the self-focusing of

the original TEM00 femtosecond pulse to generate supercontinuum, then converting

the Gaussian supercontinuum to a LG distribution. Supercontinuum Bessel-type

Gaussian beams have been formed in a way similar to this[77] and this is the method

reported here. This method has an additional advantage that allows the creation of

white-light LG superposition states by moving our CGH off-axis.[41] This could not

be achieved without very high peak powers using method two described the the next

section due to the asymmetric intensity distribution of LG superposition states.

The experimental setup to generate Laguerre-Gaussian supercontinuum beam in

this method is shown in Figure 4.1. A 100 fs Ti:Sapphire laser with a central wave-

length at 800 nm is focussed by a 5 cm focal length lens (labeled L1) into a 1.5 cm

thick piece of BK7 glass. This generates the supercontinuum light source. The white-

light then passes through a 10 cm focal length lens (labeled L2) to create a collimated

Gaussian beam. To generate a LG field distribution with this source, we project a

computer generated hologram onto a spatial light modulator (Holoeye Corp. model:

LC-R 720). The CGH used is a forked, blazed diffraction grating designed to put

much of the power into the first order diffracted beam and is shown in the figure.

We block out all of the reflected beam except the +1st order diffracted beam with

an aperture (labeled A) which leaves only beam with the exp(ilφ) phase structure

desired. This beam appears fuzzy as there has been angular dispersion introduced

due to the diffraction grating used. The LG supercontinuum beam is then manipu-

lated further by using a folded 4f -diffraction setup similar to Bezuhanov et. al. [53]

and described in the preceding chapter to compensate for the angular dispersion in-

troduced by using diffraction gratings. The white-light LG beam is passed through a
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Figure 4.1: The experimental arrangements to generate LG supercontinuum as de-

scribed by method one. (A- Aperture, L1- 5 cm lens, L2- 10 cm lens, F- short-pass

filter with edge at 700nm, BS- beam splitter, FP- fiber probe, SLM- spatial light

modulator). An example of a computer generated hologram used is shown.

short-pass filter to block most of the pump beam. This allows us so to better see our

Anti-Stokes supercontinuum spectrum. The beams’ intensity distribution is recorded

on a black and white CCD camera.

Figure 4.2 shows how angular dispersion is compensated, as in the previous chap-

ter, by sending the first order diffracted beams (2) beam through a lens, L, and back

(3,4) to the top half of the forked diffraction grating (5), where the grating is just a

normal ruled grating, to give an equal amount of opposite dispersion in the compen-

sated beam. This setup has the advantage of compensating both the +1st and the

−1st order diffracted beams and also permits us to see the interference of the two first

order modes to verify phase structure. Figure 4.3 shows the black and white CCD

images of collimated LG white-light beams with l = {0,+1,+2} in (a), (b) and (c)

of the figure, respectively. The distinct zero intensity regions near the center of (b)

and (c) of the figure show that the angular dispersion in the plane of the camera is

indeed negligible. Figure 4.4 shows a color photograph of a dispersion compensated
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Figure 4.2: The experimental arrangement used to compensate for the angular dis-

persion introduced by the forked diffraction grating (L- Lens, M- Mirror).

l = 1 and l = 3 supercontinuum vortex.

The azimuthal phase structure of this beam is verified by looking at the inter-

ference pattern a hard-edge creates when placed across the beams diameter. This is

similar to methods already reported to measure the varying phase structure of white-

light vortices[45]. The hard-edge razor is placed just before the CCD camera blocking

just less than half of the LG white-light beam. The resulting interference pattern is

shown in Figure 4.3 (d) and shows the π-phase shift across the diameter of the beam.

The left side has one more bright fringe than the right side and they meet at the

center at the phase singularity (white arrow). This π-phase shift across the diameter

of the beam is a distinct feature of all LG beams and shows that we do indeed have

a collimated supercontinuum beam with orbital angular momentum proportional to

+h̄ per photon.

The LG white-light beam is coupled into a fiber connected to a spectrometer

that collects the spectral information. Figure 4.5 shows the spectra of the TEM00

supercontinuum (black solid line) and the LG beams (red dotted line). The spectrum

has a peak at 780 nm that is due to the pump beam. This plot shows that the

pump gaussian beam generates supercontinuum white-light that has a bandwidth of

approximately 500 nm. After the supercontinuum is collimated, reflected off of the

SLM, and the appropriate LG beam is selected, Figure 4.5 shows the spectrum of this

white-light optical vortex (red dotted line). Again, we see the peak near 800 nm shows

the spectral position of the pump beam. This plot shows that the LG beam now also
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Figure 4.3: Black and white CCD image of the intensity structure of (a) l = 0, (b)

l = +1, (c) l = +2 Laguerre-Gaussian Beams and (d) the interference that shows the

azimuthal phase structure of the beam shown in (b).

has a bandwidth of approximately 450 nm. The intensities of these two beams are

significantly different so the intensities of the spectra should not be compared. They

are used, however, to show our LG beam does indeed have an increased bandwidth

and we are looking at a LG supercontinuum beam. The LG bandwidth is reduced

slightly due to the wavelength efficiency of the SLM used.

Figure 4.6 shows the CCD images of both an l = 3 beam that is uncompensated,

(a) of the figure, and compensated for angular dispersion, (b) of the figure. Below

the images intensity cross sections are shown. The intensity cross section of the

uncompensated beam in (a) does not have a clear region of zero intensity in the center.

The compensated beam in (b) clearly has a clear vortex region of zero intensity.
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l = 1 Beam compensated l = 3 Beam compensated 

Figure 4.4: A color photograph of a l = 1 and a l = 3 dispersion compensated

supercontinuum optical vortex.

4.2.2 Method 2: Supercontinuum from a Laguerre-Gaussian

beam

The second method to generate Laguerre-Gaussian Supercontinuum starts by gener-

ating femtosecond LG pulses and then focusing the resulting beam into a medium

where self-focusing and four-wave mixing induce spectral broadening giving a su-

percontinuum vortex [47]. The experimental setup to generate Laguerre-Gaussian

supercontinuum beam in this method is shown in Figure 4.7. The difficulty of cre-

ating LG white-light in this way is that energies on the order of 10 − 20 µJ are

necessary to create the filamentation that facilitates supercontinuum generation[52].

This becomes difficult to realize using a CGH approach to generating optical vortices

because of damage to the spatial light modulator (SLM) that we use to project the

CGH at high energies and the relatively low diffraction efficiencies. Vuong et. al. in

Ref. [13] show that multiple filaments are formed when a LG beam is focused in a

water cell, the total number is dependent on the peak power of the pulsed light. The

phase structure of the filaments formed and the resulting structure of supercontinuum

is not known or discussed in previous literature and should be investigated further in

future work.
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Figure 4.5: The spectra of gaussian supercontinuum (black solid line) and Laguerre-

Gaussian supercontinuum beams (red dotted line).

4.3 Conclusions

In conclusion, this chapter demonstrates the first coherent Laguerre-Gaussian white-

light beam generated from a femtosecond supercontinuum light source. The spectrum

of the white-light LG beam covers a similar spectral range as the Gaussian beam,

which using BK7 as the material to generate supercontinuum, was found to be ap-

proximately 500 nm. A new variation on angular dispersion compensation is also

shown that allows simple interferometric verification of phase structure of vortices.

In this case we show angular dispersion compensation of a LG supercontinuum beam

for the first time. Polychromatic Laguerre-Gaussian beams have promise in experi-

ments where two-photon interactions must be avoided such as in optical trapping of

biological materials. These beams are also of interest in telecommunications applica-

tions where information can now be manipulated by wavelength and orbital angular

momentum state. Superposition states described by Vazir et. al. in Ref. [2] can now
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Figure 4.6: CCD images of (a) an uncompensated beam and (b) a compensated beam.

The intensity cross section of each beam is shown under the respective image.

be realized in a white-light source and can be used for such applications. Supercon-

tinuum plus this extra degree of freedom from the orbital angular momentum can

lead to development towards 100’s of terabit data transmission rates.
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Figure 4.7: The experimental arrangements to generate LG supercontinuum as de-

scribed by method two. (A- Aperture, L1- 5 cm lens, L2- 10 cm lens, F- short-pass

filter with edge at 700nm, BS- beam splitter, FP- fiber probe, SLM- spatial light

modulator). An example of a computer generated hologram used is shown.
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Chapter 5

Optical Vortex Imaging
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5.1 Introduction

Over the past decades, many techniques have been devised to improve optical imaging

through turbid media. The general problem is how to detect and image objects buried

or camouflaged inside a region where scattering significantly degrades imaging con-

trast and resolution. Light propagating through a turbid medium undergoes multiple

scattering that randomizes the polarization, phase, and direction of propagation. To

overcome these obstacles, various techniques have been introduced to extract image

information from the scattering background without altering the scattering medium

properties, such as time-resolved techniques [55, 56, 57], frequency-domain techniques

[58], nonlinear optical techniques [59], optical low-coherence [60], Fourier space gate

techniques [61], and polarimetric imaging [62, 63]. The important limitation of these

post-scattering methods is their inability to image through highly scattering medium

effectively. A new, innovative approach is necessary to circumvent some of these

limitations.

The new optical imaging technique that is presented in this chapter relies on the

optical forces associated with the intensity gradient in a beam of light to look inside

the vortex of a Laguerre-Gaussian beam, shown pictorially in Figure 5.1. Beams of

light were first used to manipulate micron sized particles by Ashkin [64]. He showed

that a tightly focussed beam of light had a force associated with it in the region of the

beam with a high intensity gradient. This optical force, that points in the direction

of the gradient and is proportional to the gradient of the intensity, can move micron-

sized particles. If the micron-sized particles, that make up a scattering medium, can

be moved such that a region of “fewer” scattering particles exist, then an image with

increased contrast and resolution can be achieved.

The optical force on a sphere due to a beam of light is given by [64, 65],

Fgradient =
1

2
α∇I

=
1

2
α∇|u|2

=
1

2
n2

b

(
n2 − 1

n2 + 2

)
a3∇|u|2 (5.1)

where u is the field amplitude of the beam and α is the polarizability of a sphere

suspended in a surrounding medium, n(= na/nb) is the ratio of the index of refraction

of the sphere (na) to the surrounding medium, and a is the radius of the sphere.
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Figure 5.1: A depiction of the optical vortex imaging scheme to move scattering

particles into the ring of the vortex. The reduced particle concentration inside the

vortex allows better imaging or signal transmission in that region.

The optical force acts as an optical potential well that draws particles in its path

into the bottom of the potential well. Figure 5.2 shows the optical potential for (a)

a Gaussian wave and (b) a LG wave. With a Gaussian wave particles settle into the

the bottom of the potential well in the center. With a LG wave particles settle into

the double wells, leaving the central region free of particles.

In this chapter the optical gradient force is investigated for both Gaussian and

Laguerre-Gaussian fields and the application of this imaging technique is shown and

discussed. Traditionally, the optical gradient force is used to trap particles in two- or

three-dimensions. This method of imaging relies on using two beams of light. One is

used to guide scattering particles out of the way (using the optical force) of a second,

low intensity imaging “signal” beam.

The second section of this chapter shows that the optical force associated with a

Gaussian beam can weakly confine scattering particles, showing that beams of light

can move scatterers out of the way of a second beam of light like a tornado. The third

section of this chapter shows the use of an optical vortex used as a “guide” beam to

increase imaging contrast in a scattering medium.
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Figure 5.2: The optical potential due to (a) a Gaussian optical wave and (b) a LG

optical wave. Particles are depicted as dots. The arrows indicate the direction the

particles would travel in such a potential.

5.2 Gaussian source to increase light scattering

A Gaussian beam has a field amplitude proportional to

u(r) = uo exp

(
− r

2

w2

)
, (5.2)

where w is the waist size of the beam and uo is the electric field constant. The optical

force on a dielectric particle associated with a Gaussian optical field described in Eq.

5.2 is

FGaussian ∝ −u2
o

(
4r

w2

)
exp

(
−2r2/w2

)
r̂. (5.3)

The gradient force for the field given in Eq. 5.3 is shown in Figure 5.3 (a). The direc-

tion and magnitude of the arrows in this figure represent the direction and magnitude

of the force on a dielectric sphere while the intensity of the Gaussian beam is shown

in the background.

Figure 5.3 (b) shows pictorially, a random distribution of scatterers (blue circles)

distributed in some medium. Part (c) of this figure shows that when a Gaussian beam

is turned on because the force pointing towards the center of the beam, the scatterers

are more likely to be in the central region of the beam.

The experimental arraignment to investigate the affect of a “guide” beam “pulling”

scattering particles into its’ path is shown in Figure 5.4. A green (λ = 532nm)
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(b) (c) (a) 

Figure 5.3: (a) The direction and magnitude of the arrows represent the direction

and magnitude of the force on a dielectric sphere. The intensity of the Gaussian

beam is shown in the background. (b) A pictorial representation of scatterers (blue

circles) randomly distributed without the presence of a Gaussian optical field. (c)

The Gaussian beam turned on, the optical force shown as vector arrows, and the

scatterers “settling” in the region of the smallest optical gradient.

Gaussian, “guide” beam is directed through a glass cell containing a turbid medium

made of polystyrene spheres suspended in distilled water. A red He-Ne laser (λ =

633nm), “signal” beam, is made to travel co-linear with the guide beam by using a

dichroic mirror designed to transmit the green light and reflect the red light. The

light scattered at 900 is collected with a set of lenses so an image of the scattered light

is recorded on a color CCD camera. A filter is used that block almost all of the green

light before the camera. In addition, because the green, “guiding” light has a high

intensity (because the trapping force is proportional to the beam intensity), only the

data from red channel of the CCD camera is used. After this process is used to filter

out all of the green light from the CCD images, approximately 1− 4 counts of green

light are detected per frame (out of a maximum 255) which are later subtracted from

the images of the red “signal” beam as background.

Images from the red channel of the color CCD camera are recorded at one frame

per second. To demonstrate the trapping properties of the Gaussian beam images

were recorded with the red beam alone, with the red beam and the green beam on

together and again the red beam on alone. At time t = 0 the “guide” beam starts off.

At approximately t = 5 − 8s the “guide” beam is turned on until it is again turned

off at t = 50− 55s. Figure 5.5 shows the red scattered light from polystyrene spheres

(d = 0.05µm) at 900 imaged on the CCD camera at one instance of time. The images
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Figure 5.4: The experimental arrangement to investigate the particle confining effect

a Gaussian beam will have on Rayleigh scatterers.

from the CCD camera are processed by selecting a region in the center of the cell, i.e.

the area between the vertical white lines in Fig. 5.5, obtaining a cross section of the

beam and averaging the intensity of each cross section, at each time in that region of

the beam.

Figure 5.6 (a) shows the averaged Rayleigh scattering intensity over time with

a small concentration of 0.05µm sized particles. The “guide” beam is turned on at

t = 5s and left on until approximately t = 49s. When the “guide” beam is turned

on the intensity of the red scattered light, from the “signal” beam increases from

approximately 3700 to 3850 when the green beam intensity is 1.1W (green line),

from 3750 to 4000 when the green beam intensity is 1.6W (blue line), and from 3650

to 4050 when the green beam intensity is 2.1W (black line). This corresponds to

approximately a 5.5%, 7.4%, and a 10.2% increase, respectively which is shown in

Figure 5.7. The increase in the scattering intensity around t = 40s, especially for

the blue and black curves, corresponds to “large” particles, possibly dirt or residual

particles from previous experiments floating around and increasing the scattering

intensity. The image in Figure 5.5 shows such large particles yielding bright red spots

near the center of the cell. The red line in Figure 5.7 is the best fit to the data points
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Figure 5.5: One frame of the video obtained by the color CCD camera of the red

light scattered from the polystyrene spheres in water solution. The area within the

vertical white lines is the region of each frame that is processed computationally.

plotted as blue dots. The red line has a slope of ∼ 4.7 and r2 = 0.99. This highlights

the dependence of the optical force on the “guide” beam intensity.

When the particle concentration is doubled, the percent increase when the “guide”

beam is turned on decreases to approximately 2.7%, 3.4%, and 5.7% for 1.1W , 1.6W ,

and 2.1W respectively. The concentration doubles, the trapping efficiency decreases

by almost a half. This data is shown plotted in Figure 5.8 as blue dots. This figure

also shows the linear best fit line in red that has a slope of ∼ 3.0 and r2 = 0.90.

The value of the slope is less than that of the scattering medium with a weaker

concentration. This shows that the confining efficiency of the Gaussian “guide” beam

decreases for higher concentrations of particles.

These results demonstrate that a high intensity Gaussian beam can be used to

confine scattering particles in turbid media. In fact, you can see this confining effect

by eye when you look at a laser beam traveling in air. When a laser is turned on, dust

particles in the air or in liquid becomes visible and seem to congregate in the region

of the Gaussian beam. The limiting factor in this work is the sensitivity to alignment

in the experimental arraignment and the purity, or homogeneity, of the scattering

medium to understand the phenomena at hand. It was found that if the beams were

not made exactly collinear traveling through the cell, the confining effect of the high

intensity Gaussian “guide” beam was significantly diminished. This experiment is a

proof of principle of this new two-beam approach for imaging through turbid media.
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Figure 5.6: The averaged scattering intensity for 0.05µm particles in distilled water

when the “guide” beam intensity is 1.1W (green), 1.6W (blue), 2.1W (black).

Figure 5.7: The percent change when the green beam is turned on as a function of

guide beam intensity. The red line is the linear best fit with a slope of ∼ 4.7.
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Figure 5.8: The percent change when the green beam is turned on as a function of

guide beam intensity for an increased particle concentration. The red line is the linear

best fit with a slope of ∼ 3.0.
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5.3 LG source to increase image contrast in a scat-

tering medium

A Laguerre-Gaussian beam with p = 0 has a field amplitude proportional to

u(r, φ)l = uo

(
r

w

)|l|
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2

w2

)
exp (−ilφ) , (5.4)

where w is the waist size of the beam and l is the charge of the LG beam.

The optical force associated with an optical field described in Eq. 5.4 is
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The gradient force in the r̂-direction for the field given in Eq. 5.5 is shown in Fig-

ure 5.9. The direction and magnitude of the arrows in this figure represent the

direction and magnitude of the force on a dielectric sphere while the intensity of the

Gaussian beam is shown in the background.

Figure 5.9: The direction and magnitude of the arrows represent the direction and

magnitude of the force on a dielectric spheres for (a) l = 1, (b) l = 2, and (c) l = 3.

The intensity of the Gaussian beam is shown in the background.

Figure 5.9 shows that a particle placed in the path of a Laguerre-Gaussian beam

of light will feel a force pointing towards the region where the gradient of the intensity

is zero, i.e. the center of the ring of the LG beam, for (a) l = 1, (b) l = 2, and (c)

l = 3. This force field will attract particles to the region of highest intensity until
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that region is filled with particles. This leaves a region of fewer scatterers inside the

vortex that is cleaner for a second beam to image through.

The experimental arraignment to investigate the affect of a “guide” beam “pulling”

scattering particles away from the center of the vortex is shown in Figure 5.10. A high

intensity green Laguerre-Gaussian “guide” beam is made to travel collinear with a low

intensity red Gaussian signal beam by using a dichroic mirror (DM) that transmits

green light and reflects red light.

Turbid Medium 

LG Guiding Beam 

Gaussian  
Signal Beam 

“3 Bars” 

CCD 
Camera 

Green Filter 

DM 

SLM 

Laser (532 nm
) 

Figure 5.10: The experimental arrangement to investigate the confining effect a

Laguerre-Gaussian beam will have on Rayleigh scatterers (DM: dichroic mirror).

The LG beam is generated with a computer generated hologram projected on a

spatial light modular as described in previous chapters. The manufacturers stated

upper limit of the intensity that can be reflected off of the SLM before damage to the

liquid crystal display is 5W . With the setup used, this leads to a maximum intensity

of the LG beam being approximately 500mW . Figure 5.11 shows the laser power

of the vortex beam in relation to the laser power directly from the laser head. A

conversion efficiency of approximately 10% is achieved in this setup.

Figure 5.12 (a) shows a color CCD image of three bars of a red “signal” beam

aligned so that it travels inside the green, “guide” vortex of the LG beam with l = 1.

The three vertical red bars are created by passing the He-Ne beam through a bar
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Figure 5.11: The laser intensity of the LG beam with l = 1 as a function of the laser

intensity directly from the laser head. The conversion efficiency is about 10%

chart. The full color image is filtered and only the red channel of the CCD camera is

analyzed. The image of the three bars alone is shown in Figure 5.12 (b) in grayscale

while (c) of this figure shows the vortex alone in grayscale. Notice in the image of the

vortex alone in part (c) that the vortex is not totally symmetric as there is a brighter

area directly to the right of the vortex followed by a darker region just to the right of

the the brighter region. While this is not ideal it will present interesting results upon

analysis of signal transmission through a scattering medium.

A cross section that is 10 pixels high and runs across all three bars is chosen to be

analyzed. Figure 5.13 shows the intensity of the cross sections of the three bars shown

in Figure 5.12 (b) transmitted through a glass cell filled with distilled water and a

low concentration of 0.05µm diameter polystyrene spheres for 90s of data collection.

There are 90 cross sections plotted in this figure. The green, “guide” beam is turned

on at approximately t = 8s and turned off at t = 50s. Looking at the region of the

peaks of the three bars shows that there is some change taking place during the 90

seconds the CCD camera is recording images.
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Figure 5.12: (a) A color CCD image of the the image of three bars of a red, “signal”

beam traveling inside the vortex of the green, “guide” beam with l = 1. (b) Grayscale

image of the three bars taken from the image in (a). (c) Grayscale image of the LG

beam taken from the image in (a).

Figure 5.14 shows the average intensity surrounding each peak. The average

intensity of the left and right peaks (left and right bars) are the bottom two, blue and

red curves, respectively. The top, green curve is the average intensity of the center

peak (center bar). The intensity changes abruptly at t = 8s and t = 50s for each plot

representing when the “guide” beam is turned on and off.

Based on the theory and discussion earlier in this chapter what is expected to

occur when the green, “guide” beam is turned on is the intensity of the red, “signal”

should increase inside the hole of the vortex while the signal of the bars in the ring of

the vortex should decrease. Scattering particles are expected to move away from the

hole of the vortex and towards the ring. What appears to be happening in Figure 5.14

is that for the center bar (top, green curve) the intensity goes down slightly at first

then up and again back down when the “guide” beam is turned off. The intensity of

the right bar (center, red curve) on the other hand, goes up when the “guide” beam

is turned on and down when it is turned off. These two results are contrary to what

is expected.

This contrary result can be explained by looking back at Figure 5.12 (c) which

shows the intensity profile of the LG “guide” beam. Earlier the asymmetric intensity

profile of this optical vortex was pointed out. It turns out that the right red bar

which is plotted in Figure 5.14 (red, middle curve) is directly in the region of the

darker region towards the right side of the optical vortex. For clarity, the vortex is
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Figure 5.13: A cross section of the image in Figure 5.12 (b) showing the intensity of

the 3 bars plotted as a function of pixel number.

shown on its own in Figure 5.15. The region where the right red bar signal is being

improved is highlighted by the white box.

Another feature of Figure 5.14 worth discussing is the short lived nature of the

improvement in the signal of the right red bar. The signal increases at t = 8s until

about t = 11s by about 10% then decreases to a level very close its original value.

This can lead to two conclusions, both based on the fact that the confining effect that

can manipulate scatterers is based on the intensity gradient of a light beam. First,

when the 500mW vortex beam is turned on, the gradient in space and time is very

large. The overall change in intensity is very high at first. After this first perturbation

to the system, the intensity gradient is solely in the transverse plane in space and not

very great which leads to a very little, if any, confinement of scatterers.

The second conclusion that can be drawn from this experiment is that the 500mW

right before the scattering medium is an estimate of the minimum intensity needed

to see an improvement using this imaging technique. This is verified by the results

of the last section which demonstrate that for 500mW almost no change due to a
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Figure 5.14: Cross sections of the image in Figure 5.12 (b) showing the intensity of

the three bars plotted as a function of pixel number. There are 90 cross sections in

total shown. Each cross section is from an image taken every second.
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Figure 5.15: An image of the optical vortex shown alone, taken from Figure 5.12.

The white box shows a region where the signal of the bars is improved due to the

local intensity gradient.

“guide” beam should be present.

5.4 Conclusions

Optical imaging through turbid media can be a difficult task no matter how one looks

at it. This optical vortex imaging technique, that relies on the optical force associated

with an intensity gradient, holds tremendous promise in its ability to clear away

scattering particles for a clear image to be obtained. This chapter has, unfortunately,

not found the ideal conditions or arraignment to carry out this technique. This

chapter has, however, shown that there is promise in using a pump-probe or guide-

signal approach to imaging through turbid media using the optical forces of light.

The first section of this chapter demonstrated theoretically how the optical vortex

imaging method should work. The second section of this chapter demonstrated that
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Particles confined to light regions 
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Figure 5.16: An optical field that has a spatially varying intensity similar to the

boxcar function. Particles would be confined to “light” regions leaving the “dark”

regions free to image through.

scattering particles can be confined to near the center of a path of a Gaussian beam

of light traveling through a scattering medium. There is dependence to the intensity

of the guide beam and the concentration of scattering particles in the medium. The

third section of this chapter aimed to show that an optical vortex could be used to

draw scattering particles out of the path of an imaging beam traveling inside the

optical vortex core.

One limiting factor that hampered the total proof of concept of this technique is

the incident intensity of the optical vortex, guide beam. Due to the limitations on

the generation method of the LG beams (intensity limitations imposed by the spatial

light modulator), the total maximum power available before entering the scattering

medium was 400 − 500mW . One way to circumvent this problem is to use another,

non-diffractive, method of generating the LG beams, perhaps intra-cavity.

An interesting feature to come out of this work is the realization that an optical

vortex is not necessary to accomplish this guide-signal imaging technique. The boxed

in region of the vortex in Figure 5.15 shows all that is necessary to confine particles
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is a region that has a high intensity gradient. This could be accomplished with some

sort of boxcar light field as shown in Figure 5.16 as the light would be in the bright

regions and not in the dark regions. This could also possibly be achieved by using a

guide beam that is pulsed in time that would create the temporally varying intensity

gradient that could possibly more particles more efficiently. Both methods are worth

investigating in future works.
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Cylidrical Vector Beams
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6.1 Introduction

Recently, beams of light that have optical vortices have gained much attention as

shown in the preceding chapters. The Laguerre-Gaussian wave is a class of optical

vortex that arise from an azimuthally varying phase. Optical vortices can also arise

from polarization singularities, manifesting types of radial or azimuthal “vector” po-

larization states. Most recently, there has been considerable interest in the generation

of so called “cylindrical vector beams” (CVB) for numerous possible applications in

optical imaging [66], particle acceleration [67], and efficient laser cutting and welding

[68] among others. Further, radially and azimuthally polarized light enables the fo-

cusing of beams beyond the diffraction limit while generating stationary longitudinal

electric and magnetic fields [69]. These CVBs are generated through several different

methods including: intra-cavity polarization manipulation [70], computer generated

holograms [71], offset input to few-mode optical fibers [72], and excitation of opti-

cal fibers with higher order modes [73]. While these methods have been devised to

generate vector-beams, simple beam generation with a single optical element from a

fundamental TEM00 mode does not exist.

This chapter discusses superpositions of polarization states and the generation of

cylindrical vector optical vortex beams by directly propagating a fundamental laser

mode through a spun optical fiber.

6.2 Hybrid-azimuthal polarization imaginary (HAPi)

states

The general expression for the polarization state of a radially or azimuthally polarized

beam is given by:

ε̂ =

 a cosφx̂+ b sinφŷ

−a sinφx̂+ b cosφŷ
, (6.1)

respectively, where φ represents the angular position around the beam and a, b are

coefficients allowing for circular or elliptical polarization states at some angles.

With a = b = 1 these two polarization states are shown in Figure 6.1 (a) and (b),

respectively. Figure 6.1 (c) shows the polarization state for ε̂ = −a sinφx̂ + b cosφŷ

with a = 1 and b = i. This is a new polarization state that I am defining to be a

hybrid-azimuthal polarization imaginary (HAPi) state. It has a polarization
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Figure 6.1: Depiction of (a) radial and (b) azimuthal polarization states given by Eq.

6.1 for a = b = 1. (c) A hybrid azimuthal polarization state (HAPi) when a = 1 and

b = i

similar to azimuthal polarization at φ = 0, π/2, π, and 3π/2 and circular polarization

at φ = π/4, 3π/4, 5π/4, and 7π/4.

This hybrid-azimuthal polarization can be written as a superposition of the trans-

verse electric, TE0,1, and the hybrid electric, HE2,1 modes. The TE0,1 mode is

the same mode as the azimuthal polarization shown in Figure 6.1 (b) while the

HE2,1 mode is itself a hybrid mode and shown in Figure 6.2. Figure 6.2 shows

that TE0,1 + iHE2,1 gives rise to the HAPi state. The factor of i before the HE2,1

mode represents a π-phase difference between the two polarization states which is

what is responsible for the circular polarization components in the final polariza-

tion. This is very similar to the π-phase difference between vertical and horizontal

polarization which gives rise to circular polarization and spin angular momentum.

It is also similar to a π-phase difference between two orthogonal Hermite-Gaussian

modes that gives rise to a Laguerre-Gaussian mode and orbital angular momentum,

i.e. HG1,0 + iHG0,1 = LG1
0.

6.3 Angular momentum of hybrid-azimuthal po-

larized light

Following the methods of Section 1.3 the linear and angular momentum of the HAPi

mode can be calculated. Note, the polarization state in Eq. 6.1, ε̂, is a function of φ

yet is shown with unit vectors x̂ and ŷ. These could just be written as r̂ and φ̂ but
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Hybrid Azimuthal Polarization 

 + i                         = 
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Figure 6.2: Superposition of the TE0,1 and the HE2,1 yielding the hybrid-azimuthal

state. The factor of i before the HE2,1 mode represents a π-phase difference between

the two states.

this would not allow for the constants a and b which are the terms responsible for the

manifestation of the HAPi state. Assuming the vector potential takes the form,

~A(~r) ∝ (− sinφx̂+ i cosφŷ)u(r) exp [ikz], (6.2)

where u(r) = r exp [−r2], φ = arctan(y/x) is the azimuthal position around the beam

and r =
√
x2 + y2, the electric and magnetic fields calculated from Eq. 1.30 and 1.29,

respectively are:

~B(x, y, z) = −ik
[
(sinφŷ + i cosφx̂)u(r) + (i/k)(sinφ

∂

∂y
+ i cosφ

∂

∂x
)u(r)ẑ

]
(6.3)

and

~E(x, y, z) = iω
[
(− sinφx̂+ i cosφŷ)u(r) + (i/k)(− sinφ

∂

∂x
+ i cosφ

∂

∂y
)u(r)ẑ

]
. (6.4)

Calculating the time averaged linear momentum, ~p, using these fields gives

~p =
ε0
2

[
( ~E∗ × ~B) + ( ~E × ~B∗)

]
= −ωε0 sinφ cosφ

(
∂

∂x
+

∂

∂y

)
|u(r)|2 (−x̂+ ŷ) + ωε0k|u(r)|2ẑ. (6.5)

From Eq. 6.5, the angular momentum density of the HAPi state is calculated as,

jz =
[
~r ×

(
ε0 ~E × ~B

)]
z

∝ 1

2
ε0ωr sin 2φ

(
x
∂

∂x
+ y

∂

∂x

)
|u|2

∝ 1

2
ε0ωr sin 2φ (~r · ∇τ ) |u|2, (6.6)
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where∇τ = (d/dx+d/dy) and using the double angle identity, sinφ cosφ = (1/2) sin 2φ.

Comparing this to the angular momentum calculated for a circularly polarized beam

of light, as in Section 1.3, we see that the “σ” from Eq. 1.40, that had a value of ±1

depending on the handedness of the circularly polarized light and 0 for linearly polar-

ized light, now takes the spatially varying value of sin 2φ. This φ-dependence implies

that locally, the angular momentum varies from 0 at φ = 0 to +h̄ at φ = π/4 to 0

at φ = π/2 to −h̄ at φ = 3π/2 and so on. Wherever there is a circular polarization

in Figure 6.1 (c), the angular momentum is ±h̄. The word, locally, is stressed above

because calculating the total angular momentum by integrating across the beam finds,

Jz =
∫ ∫

rdrdφjz = 0, (6.7)

as the integral over φ of jz in Eq. 6.7 from 0 to 2π is zero. So, while the spatial

variation in the angular momentum density for the hybrid polarization is non-zero,

the total angular momentum is in fact, zero. This differs from the angular momentum

from the cases of pure radial or azimuthally polarized light as the angular momentum

density for both of these modes is zero, i.e. jradial
z = 0 and jazimuthal

z = 0.

6.4 Hybrid-azimuthal polarization from spun fiber

The experimental setup to generate a vortex beam with the HAPi state is shown in

Figure 6.3. A vertically polarized He-Ne laser with a wavelength of 632.8 nm passes

through a half-wave plate and is coupled into a spun, or “twisted”, fiber provided

by Corning Inc. with a 20x microscope objective. The output from the fiber is

decoupled through a second 20x microscope objective and passed through a linear

polarizer that acts as an analyzer to characterize the output polarization state. The

intensity distribution is recorded on a black and white CCD camera.

The fiber provided by Corning is spun at a rate of 20 turns per meter as it is

made, the piece used is approximately ten meters long, and has a cutoff wavelength

of 740nm. Because the laser propagating in the fiber is below the cutoff wavelength

multiple modes can propagate, notably the TE0,1 and the HE2,1 modes. The spin cre-

ates an azimuthal variation of the index of refraction creating some spatially varying

birefringence along the fiber. This adds the π-phase difference necessary to generate

the hybrid-azimuthal mode depicted in Figure 6.2.
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Figure 6.3: Experimental arrangement to generate and analyze cylindrical vector

beams with a spun fiber. (HWP: half-wave plate, LP: linear polarizer)

An example of typical output from the twisted fiber with an input polarization of

45o is shown in Fig. 6.4(a). This figure shows the black and white CCD images of the

collimated output from the twisted fiber when the analyzer polarization is set at (b)

0o, (c) 45o, and (d) 90o. When the analyzer is set to 0o or 90o the intensity pattern

resembles a first-order Hermite-Gaussian mode and when the analyzer is set to 45o the

intensity distribution resembles a first-order Laguerre-Gaussian mode. This twisted

fiber is effectively acting as a mode converter transforming a zero-order mode into a

first-order mode. The orientation of the incident polarization does not destroy the

HAPi output form the twisted fiber.

Table 6.1: Dependence of spin rate of fiber on the output intensity and polarization

Spin Rate Output Intensity Output Polarization

0 turns / m HG1,0 or HG0,1 Linear

10 turns / m Almost Vortex Slight Superposition

20 turns / m Vortex Hybrid-Azimuthal

The dependence of the spin rate on the output state of the fiber is shown in

Table 6.1. When light is coupled into a fiber with the same cutoff wavelength and

indices of refraction is not spin, i.e. a spin rate of 0 turns per meter, no vortex is

seen. Rather, a Hermite-Gaussian mode is seen that is linearly polarized. Depending

on the alignment of the coupling into the fiber, the output is is either a HG1,0 or a

HG0,1 mode. If light is coupled into a fiber with a spin rate of 10 turns per meter,

the output looks like a blend between a vortex and a HG mode and the polarization

is not quite linear and not quite the hybrid-azimuthal polarization. When light is
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Figure 6.4: Black and white CCD image of the intensity structure of (a) the hybrid-

azimuthal polarization beam with an input polarization of 45o and analyzer at (b)

0o, (c) 45o, and (d) 90o. The white arrow shows the direction of the linear polarizer.

coupled into the fiber with a spin rate of 20 turns per meter, the clear optical vortex

with the HAPi state is seen.

This particular HAPi state is shown pictorially in Fig. 6.5(a). Parts (b) - (d) of

this figure show the effect a linear polarizer oriented at 0o, 45o, and 90o has on the

polarization state shown. The shaded area in parts (a) - (d) represent the intensity

distribution, while the arrows denote the polarization state in that region.

The cylindrical vector beam shown and described in Figs. 6.4 and 6.5 is the ex-

perimental observation of the hybrid-azimuthal polarization with circular polarization

states every 90o around the beam profile. This beam can be transformed into a pure

azimuthal polarization state by inserting a quarter-wave plate oriented at 0o or 90o.

This will transform the regions of circular polarization into linear polarization states

oriented at 45o or 135o depending on the handedness of the circular polarization and

not affect the linear polarization states. This beam can be converted further to a pure

radially polarized mode by inserting a half-wave plate oriented at 45o. An example

of this conversion process is shown in Fig. 6.6.
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Figure 6.5: (a) Pictorial representation of the output polarization state from twisted

fiber and spatial profile after analyzer for (b) 0o, (c) 45o, and (d) 90o.
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Figure 6.6: Pictorial representation of converting the output polarization state from

twisted fiber into a pure azimuthally polarized beam then into a pure radially polar-

ized beam.

Figure 6.7 shows the experimental CCD images of the hybrid-azimuthal polarized

beam converted to a pure azimuthally polarized beam. A linear polarizer oriented at

(a) 0o, (b) 45o, (c) 90o, (d) 135o, and (e) 180o is used as an analyzer and the white

arrow in the figure represents the direction of the polarization. When the analyzer

is not used an optical vortex is seen identical to Figure 6.4 (a) with a polarization

identical to the azimuthal polarization shown in Figure 6.1 (b).

6.5 Conclusions

In conclusion, this chapter discusses a new hybrid-azimuthal polarization and its’

associated angular momentum. The angular momentum density is spatially varying
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Figure 6.7: Hybrid-azimuthal polarization converted to a pure azimuthal polarization

after passed through a linear polarizer oriented at (a) 0o, (b) 45o, (c) 90o, (d) 135o,

and (e) 180o. The white arrows represent the direction of polarization.

around the beam which is believed to be a new phenomenon. The first generation

of this new class of vortex beam is demonstrated by propagating a fundamental laser

mode through a spun optical fiber. A dependence on the spin rate shows that the

conversion to the hybrid-azimuthal polarization is facilitated by a spatially varying

index of refraction in the fiber. We characterized the polarization state of the output

from the fiber and discussed the process of this mode conversion.

The HAPi state has many potential applications due to the fact that in one beam

of light there exists every polarization state: vertical, horizontal, left-circular, and

right-circular polarizations. This spatially varying polarization could be useful for

imaging, optical trapping, and optical communications.
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Optical Airy Beams
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7.1 Introduction

There has been a lot of attention paid to various interesting, non-trivial solutions

to the paraxial wave equation. Some of these beams exhibit interesting features

such as spin or orbital angular momentum[76], diffraction-free propagation [77], self

reconstruction [78], or acceleration. Depending on the coordinate system there are

Hermite, Laguerre, Bessel, and Ince-Gaussian solutions to name just a few. Most

recently there has been increasing attention paid to the Airy solution of the paraxial

wave equation first described by Berry and Balazs in 1979 [79]. The observation of

this solution was first in the context of the Schrödinger equation describing a free

particle. The 1-D and 2-D Airy solution was most recently shown experimentally by

Siviloglou et. al. in optical beams of light [80]. The Airy beam is said to be free of

diffractive spreading and freely accelerating in the absence of any external potential

[82].

In this chapter the Poynting vector and angular momentum of the Airy beam as

it propagates through space is investigated. First, classical electrodynamics will be

used to numerically calculate the Poynting vector of the airy wave packet. Next, two

methods are employed to analyze the angular momentum of the Airy beam. The first

is calculating ~j = ~r × ~p while the second is calculating the angular momentum spec-

trum of this beam of light [83]. These methods provide complimentary information

and insight as to how this beam travels through space.

7.2 Airy solution to the wave equation

The (2 + 1)D paraxial wave equation describes the wave propagation of the electric

field φ as,

2i
∂u(sx, sy, ξ)

∂ξ
+∇2

τu(sx, sy, ξ) = 0 (7.1)

where sx = x/x0 and sy = y/y0 are normalized transverse coordinates, ξ = z/k(x0 +

y0) is a normalized propagation distance, x0 and y0 are normalization constants,

k = 2πn/λ0 and ∇2
τ is the second partial derivative in the transverse direction.

The non-dispersive solution to this (2+1)D equation is,

u(sx, sy, ξ) = Ai
(
sx − (ξ/2)2

)
Ai
(
sy − (ξ/2)2

)
exp

[
i(sxξ/2 + syξ/2)− i(ξ3/12)

]
,

(7.2)
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where Ai(x) is the Airy function and is shown in the inset at the center of Fig.

7.1. This type of beam can be produced experimentally with a specially designed

diffraction grating [80].

In theory a non-dispersive beam of this sort would have infinite power. However in

practice, this can not be the case because a beam can not propagate infinite power.

As discussed in Refs. [80, 81], to experimentally realize the Airy beam an initial

condition must be employed to act as an exponential aperture function. Taking this

initial condition as, u(sx, sy, 0) = Ai(sx)Ai(sy) exp
[
a(sx + sy)

]
, where a << 1 and is

a positive parameter that limits the infinite energy in the Airy tail, the electric field

amplitude becomes

u(sx, sy, ξ) = Ai
(
sx − (ξ/2)2 + iaξ

)
Ai
(
sy − (ξ/2)2 + iaξ

)
exp [asx + asy]×

exp
[
−(aξ2/2)− i(ξ3/12)− i(a2ξ/2) + iξ(sx + sy)/2

]
. (7.3)

Figure 7.1(a-d) shows the intensity in the transverse plane at various ξ-positions

when a = 0.15 and xo = yo = 0.1. All of the intensity peaks are changing position as

ξ increases. The main intensity peak in the sx− sy plane of the Airy beam travels at

45o, along the line sx = sy, following the trajectories,

xm =
λ2

oξ
2

16π2x2
o

and ym =
λ2

oξ
2

16π2y2
o

. (7.4)

7.3 Airy’s Poynting Vector

The rate of electromagnetic energy flow per unit area, or the Poynting vector, is

a commonly known quantity in electrodynamics [84, 85]. This vector is routinely

examined for plane waves but has received considerable attention in the literature with

regard to Laguerre-Gaussian beams of light that have helical wavefronts [76, 86, 87].

The Poynting vector is defined as [85]:

~S = (c/4π) ~E × ~B, (7.5)

where c is the speed of light. Given a vector potential ~A = ε̂u(sx, sy, ξ) exp [ik2ξ(x0 + y0)],

where ε̂ is an arbitrary polarization and u(sx, sy, ξ) is the Airy field amplitude given

by Eq. (7.3), we can use the ~E and ~B-fields in the Lorenz gauge, as given by Ref.

[76] and shown in Eqs. 1.29 and 1.30, to calculate the time-averaged Poynting vector,



7.3 Airy’s Poynting Vector 81

Figure 7.1: The intensity of the finite-energy Airy wave in the sx − sy plane, given

by eq. (7.3) with a = 0.15 at ξ = 0.025 (a), ξ = 0.05 (b), ξ = 0.075 (c), ξ = 0.1 (d).

The inset shows the behavior of Ai(x).

< ~S >. Assuming an x̂-polarized field (really ŝx-polarized in this new notation),

< ~S > becomes [76]

c

4π
< ~E × ~B > =

c

8π

(
~E × ~B∗ + ~E∗ × ~B

)
=

c

8π

[
iω(u∇τu

∗ − u∗∇τu) + 2ωk|u|2ξ̂
]
. (7.6)

The ξ̂ term in the above equation is the energy flow in the ξ̂-direction which is just

proportional to the linear momentum density in that direction. This is typically the

main contributing component of ~S in Gaussian optics. The first term is what we are

really interested in here as it contributes a non-zero ŝx- and ŝy-component and an

additional ξ̂-term to the Poynting vector.

Figure 7.2 (a-d) shows the numerically computed ŝx- and ŝy-components of the

Poynting vector for a = 0.15 at ξ = 0.025, 0.050, 0.075, and 0.1, respectively. The

direction and magnitude of the arrows (shown in red) correspond to the direction and
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magnitude of the energy flow in the transverse plane. The intensity of the Airy field

is shown in the background of each frame to show the direction of the energy flow

in relation to the peaks of the Airy beam. The flow of energy of the main peak at

ξ > 0 is consistently pointed at 45o relative to the sx− sy plane at all ξ-locations. In

contrast, the direction of the energy flow for the Airy tails, or the peaks oriented along

the horizontal or vertical axis approaches a direction perpendicular to that axis. The

net energy flow is measured, however, to be constant and pointed in the direction

that the main peak moves, i.e 45o or along the line sx = sy.

Figure 7.2: The numerically calculated Poynting vector in the sx − sy plane, of the

finite-energy Airy wave given by eq. (7.6) with a = 0.15 at ξ = 0 (a), ξ = 0.025

(b), ξ = 0.050 (c), ξ = 0.075 (d). The intensity of the Airy field is shown in the

background of each frame.

It is interesting to note that in (a) of Fig. 7.2, the Poynting vector is initially

pointing in the negative sx or negative sy-direction on each Airy tail; in (b) of the

figure the direction starts to turn partially towards the direction of the energy flow

of the main Airy peak (45o); and in (c) and (d) as the beam propagates further, the
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direction swings around even more towards 45o. This change in the Poynting vector

can be interpreted as explaining why the optical Airy beam is said to be accelerating

since ~S ∝ ~p and a change in ~p would lead to a non-zero acceleration.

7.4 Angular Momentum of the Airy Beam

It is well known that as ~p ∝ ~E × ~B from which follows that angular momentum

density about the ξ̂-direction is

jξ(sx, sy, ξ) = ~r ×
〈
~E × ~B

〉
ξ

= sx · Ssy + sy · Ssx . (7.7)

The numerically computed < ~S > taken from Eq. 7.6 and shown in Fig. 7.2 is

used to calculate the angular momentum in the ξ̂-direction. Figure 7.3 (a-d) shows

the ξ̂-component of the angular momentum density with a = 0.15 at ξ = 0.025, 0.050,

0.075, and 0.100, respectively. At ξ = 0 the computed angular momentum is zero so

it is not shown. In Fig. 7.3 reds are positive values (clockwise), blues are negative

values (counter-clockwise), and green is zero. The non-discrete nature of these values

will be discussed in the next section.

As the beam propagates, the net angular momentum in the ξ-direction is always

zero. The spatial distribution of the angular momentum is changing however, and

locally has non-zero values of angular momentum. Not only is the angular momentum

changing in the Airy tails, but there are also changes to the angular momentum in

the main Airy peak. This change of angular momentum is a torque that corresponds

to the force present due to the changing linear momentum.

7.5 Angular Momentum Spectrum of Airy Beams

Recently a new type of imaging was proposed that is based on the phase and spatial

profile of the wavefront and is coined spiral imaging [83]. This spiral imaging is similar

to what Ref. [88] refers to as the orbital angular momentum (OAM) spectrum of a

beam of light that they show experimentally. One can use this technique to get a

more complete picture of what the zero net angular momentum density with local

non-discrete, non-zero values means.
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Figure 7.3: The numerically calculated angular momentum in the ξ̂-direction of the

finite-energy Airy wave given by eq. (7.7) with a = 0.15 at ξ = 0.025 (a), ξ = 0.050

(b), ξ = 0.075 (c), ξ = 0.100 (d). Reds are positive values, blues are negative values,

and green is zero.

Any optical beam can be decomposed into a superposition of angular harmonics

in cylindrical coordinates written as

u(r, φ; z) =
1√
2π

∑
m

am(r, z) exp (imφ), (7.8)

where am(r, z) = 1/(2π)1/2
∫ 2π
0 u(r, φ, z) exp (−imφ)dφ and the energy of each mode,

m, is described by Cm =
∫∞
0 |am(r, φ, z)|2rdr. The power, or weight, of each angular

momentum state for the arbitrary field u is given by[83]

Pm =
Cm∑∞
−∞Cn

. (7.9)

Figure 7.4(a-f) shows the angular momentum spectrum of the Airy beam where

the field, u, is taken from Eq. 7.3, i.e. the weight of each spiral mode when the field
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is decomposed in these spiral harmonics, for ξ ranging from 0 to 0.125. Note that the

sum of all of the weights of the modes at each ξ location is one and the net angular

momentum is zero.

Figure 7.4: The angular momentum spectrum of the finite-energy Airy wave given by

eqs. (7.8, 7.9) with a = 0.15 at ξ = 0 (a), ξ = 0.025 (b), ξ = 0.05 (c), ξ = 0.075 (d),

ξ = 0.100 (e), and ξ = 0.125 (f).

The angular momentum, Jξ, is shown to have non-discrete, non-integer values

(positive and negative). Fig. 7.4 shows that this Airy field, locally , has an integer sum

of discrete values of orbital angular momentum while the total angular momentum is

in fact zero.

7.6 Conclusions

This chapter analyzes the spatial evolution of the Airy solution to the paraxial wave

equation and shows that while momentum is changing, energy and momentum are

conserved. The linear and angular momenta are shown to be changing as the Airy

beam propagates in the ξ-direction which should have implications when analyzing the

velocity of this field. Some form of the velocity, be it phase, energy, or signal velocity,

should be changing as the beam propagates and should be investigated in future

studies. These beams have promise for applications in optical trapping, imaging, and
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spectroscopy where a sample might interact with a changing momentum and spatially

varying angular momentum.
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Chapter 8

Outlook, Conclusions, and Future

Work
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This thesis discusses the use and generation of optical vortices for applications in

imaging and spectroscopy. The topics discussed here just touch the surface in these

areas. This chapter focusses on directions for future research in relation to imaging

and spectroscopy using optical vortices that can carry orbital angular momentum.

8.1 Optical vortices in light-matter interaction

8.1.1 Spectroscopy of quantum dots with light carrying or-

bital angular momentum

Chapter 4 discusses the generation of coherent white light optical vortices from super-

continuum. Each spectral component of this broadband light has a discrete amount

of orbital angular momentum, lh̄. Never before has this been available for use in

spectroscopic applications. Figure 8.1 shows a white optical vortex, generated in the

method shown in Chapter 4, and passed through a sample whose spectra is measured

using a spectrometer. As an example, a white light LG supercontinuum beam is

passed through a interference band-pass filter which is shown in Figure 8.1.

Spectra can be taken for beams of light with various l-values. Different l-values

should have different transmission or absorption spectra because absorption line cor-

respond to differences between energy levels and selection rules for S, L, and J .

Absorption spectra has shown a dependence on the polarization state used, i.e. spin

state, and should do the same with orbital angular momentum states of light.

Quantum dots seem particularly suitable for investigating light-matter interac-

tions with beams of light with orbital angular momentum because of their well de-

fined, discrete energy levels.

8.1.2 Raman spectroscopy with optical vortices

Raman spectroscopy is a technique used to study the vibrational, torsional, and

rotational modes of molecules. When light is incident upon a molecule there can be

a collision between the light and the molecule. If we observe an inelastic collision,

where the vibrational energy of the molecule is changed, the scattered light has a

slightly higher or lower in energy in order for the total energy of the collision to be

conserved. This is the premise of the Raman effect and is the process involved in
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Figure 8.1: A white light optical vortex is generated and passed through a sample.

The light transmitted through the sample is collected with a spectrometer and the

spectrum is observed for different angular momentum states. The spectrum of an

optical vortex that passes through an interference bandpass filter is shown as an

example.

observing frequencies higher (anti-Stokes) or lower (Stokes) than the light incident

on the molecule.

Traditionally, light incident on a sample comes in the form of either linearly or

circularly polarized beams of light. These conventional fields are transverse modes

with no longitudinal component. This section will examine what happens to the

Raman spectrum if the incident light is a tightly focussed radially polarized beam of

light that has a longitudinal component to the electric field.

For a fundamental vibrational frequency to appear in the Raman spectrum the

amplitude of the dipole moment induced by the incident radiation must change during

the vibration considered. The induced dipole moment is given by,

~P = α · ~E, (8.1)

where ~E is the incident electric field vector and α is the polarizability tensor of the

molecule. The three components of the induced dipole moment are written explicitly

as,

Px = αxxEx + αxyEy + αxzEz (8.2)
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Py = αyxEx + αyyEy + αyzEz (8.3)

Pz = αzxEx + αzyEy + αzzEz. (8.4)

Every one of the nine components of the polarizability tensor change when the nuclei

are displaced from their equilibrium positions. For small displacements the compo-

nents can be expanded as,

αxx = α0
xx +

∑
k

[(∂αxx

∂xk

)
0
xk +

(∂αxx

∂yk

)
0
yk +

(∂αxx

∂zk

)
0
zk

]
+ · · · (8.5)

where similar relations hold for the rest of the components. Upon changing to normal

coordinates and inserting an electric field,

Ex = E0
x cos 2πνt Ey = E0

y cos 2πνt Ez = E0
z cos 2πνt, (8.6)

we get the relation,

Px =
(
α0

xxE
0
x + α0

xyE
0
y + α0

xzE
0
z

)
cos 2πνt

+
∑

ı

[(∂αxx

∂ξı

)
0
E0

x +
(∂αxy

∂ξı

)
0
E0

y +
(∂αxz

∂ξı

)
0
E0

z

]
ξ0
ı (8.7)

×[cos 2π(ν + νi)t+ cos 2π(ν − νi)t]

where similar relations hold for Py and Pz. The first term in the above equation

is the Rayleigh term as it is radiating the same frequency as the initial radiation.

The second term is the Raman term with a Stokes (ν + νi) and anti-Stoke (ν − νi)

frequency.

A normal mode of vibration will appear in the Raman spectrum if at least one of

the components of the change of polarizability are non zero, i.e.(∂αxx

∂ξı

)
0
,
(∂αxy

∂ξı

)
0
,
(∂αxz

∂ξı

)
0
, · · · 6= 0. (8.8)

This is the classical origin of the normal modes of vibration in the Raman spectra of

molecules.

A conventional Raman spectroscopy system consists of a monochromatic light

source, sample, collection optics, a monochromater, and a CCD or photo-multiplier

tube. The typical light source for such a system is a Gaussian laser in its fundamental

mode with an electric field given by,

~E(x, y, z) = êE0 exp
[
− (x2 + y2)/w2

]
× exp

[
− ı(kz − ωt)

]
. (8.9)
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This field describes a Gaussian wavefront traveling in the z-direction, with a beam

wast w, an amplitude of E0, and a polarization vector ê. Light of this nature has

either linear polarization, e.g. ê = x̂, or circular polarization, ê = ˆx± ıy. In either

case the polarization is limited to the transverse direction and there is no component

of the electric field in the z-direction. In light of the fact this is a transverse field, i.e.

Ez = 0, we can therefore see that

Px =
(
α0

xxE
0
x + α0

xyE
0
y

)
cos 2πνt

+
∑

ı

[(
∂αxx

∂ξı

)
0

E0
x +

(
∂αxy

∂ξı

)
0

E0
y

]
ξ0
ı (8.10)

×[cos 2π(ν + νi)t+ cos 2π(ν − νi)t],

with similar expressions for Py,z. Equation 8.10 shows there is no information obtained

about αxz,yz,zz due to the absence of a z-component to the electric field.

If the electric field incident upon a scattering molecule is a longitudinal mode, i.e.

has a z-component, a complete picture of the polarizability and the molecules struc-

ture can be obtained. One type of electric field that has an x-, y-, and z-component

is a tightly focussed radially polarized beam of light which has a polarization vector

given by,

ê = xx̂+ yŷ = r̂. (8.11)

         (a)                   (b)                   (c)                  (d) 

Figure 8.2: Examples of (a) vertical, (b) horizontal, (c) circular, and (d) radial po-

larization.

Fig. 8.2(d) shows vectorially what a radially polarized wave looks like compared

to linear and circular polarization (a-c). There are several methods for generating

radially polarized fields, that when tightly focussed have longitudinal components.
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Regardless of the method the final induced dipole moment of the molecule in the

presence of the electric field will include the z-component terms, which it does not

with conventional linear or circular polarization.

With a tightly focussed radially polarized beam incident on a molecule, the Raman

term of the induced dipole moment in the x-direction is given by,

PRaman
x =

∑
ı

[(∂αxx

∂ξı

)
0
E0

x +
(∂αxy

∂ξı

)
0
E0

y +
(∂αxz

∂ξı

)
0
E0

z

]
ξ0
ı (8.12)

×[cos 2π(ν + νi)t+ cos 2π(ν − νi)t],

with similar expressions for PRaman
y,z . The added Ez term when in the presence of a

longitudinal field can increase the strength of vibrational modes as well as allow for

the presence of previously unseen vibrational modes.

8.2 Optical imaging with Airy beams

Chapter 7 discussed the propagation dynamics and angular momentum of accelerating

optical Airy beams. This new class of beam was shown to bend in the transverse

plane is it propagates. The bend in the Airy beams propagation can be exploited for

applications in imaging and signal propagation. Figure 8.3 shows how an object that

is hidden behind a second object can not be seen by (a) a Gaussian beam while it

can by (b) an Airy beam.

Most recently, the self-healing properties of Airy beams has been investigated 1.

Figure 8.4, reprinted from Broky et. al., shows the self-healing property of an Airy

beam. The main lobe of the Airy beam is blocked at z = 0 (a) and observed reforming

at z = 11cm (b) and by z = 30cm (c) it has totally reformed. This self-healing is

thought to occur due to the energy flowing from the tail of the Airy beam into the

region blocked.

The self-healing property of the optical Airy beam can be used to image in adverse

environments. Figure 8.5 (a) shows a scheme where an image is embedded in the

main Airy lobe, an “H” in this case. This can be accomplished by using a beam

with an image embedded in it to generate the Airy beam by using a spatial light

modulator with a cubic phase profile. Figure 8.5 (b) shows the main lobe blocked

1J. Broky, G. A. Siviloglou, A. Dogariu, and D. N. Christodoulides, ”Self-healing properties of
optical Airy beams,” Opt. Express 16, 12880-12891 (2008).
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Figure 8.3: Attempting to image an object behind another with (a) a Gaussian beam

is not possible. (b) If an Airy beam is used the object hidden behind another can be

seen and detected.

Figure 8.4: Self healing property of an Airy beam shown experimentally by blocking

the main lobe of the Airy beam at z = 0 (a) and observing it reform at z = 11cm

(b) and z = 30cm (c). Reprinted from (J. Broky, G. A. Siviloglou, A. Dogariu, and

D. N. Christodoulides, ”Self-healing properties of optical Airy beams,” Opt. Express

16, 12880-12891 (2008) )
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Z = 0 Z = 20cm 

H H

(a) (b) (c) 

Figure 8.5: Scheme to use an Airy beam to pass information through a scattering

medium even when the intensity maximum of the beam is blocked by an obstacle.

The letter “H” is embedded in the main Airy lobe (a). The main lobe is blocked (b)

but can recontruct itself and the image of the “H” at a further propagation distance

(c).

by some obstacle in a medium corresponding to a propagation distance z = 0. Due

to the energy flow in the Airy beam the main Airy lobe will reconstruct itself as in

Figure 8.4 (c). Now, however, the image, the letter “H” is contained in the energy of

the Airy tails and should reconstruct itself upon further travel, a distance z = 20 as

an example, shown in Figure 8.5 (c). This image reconstruction would definitely not

occur if a Gaussian beam were used because the self-healing is a property of so-called

“diffractionless” beams. Another such beam that this might work is the Bessel beam.
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Appendix A
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Computer Program to Generate Binary Forked Diffrac-

tion Gratings

The following Matlab code generates a binary diffraction grating with charge L and

displays it as a figure in a new window. The variable n determines the size of the

array.

clear all;

n = 2^10; % Size of the array

mask = zeros(n); % Sets the mask as an array of all zeros initially

I = 1:n; % Setup size of array

x = I-n/2;

y = n/2-I;

[X,Y] = meshgrid(x,y); % Initiate cartesian coordinates

theta = arctan2(X,Y); % Transforming to polar coordinates

r = sqrt(x.^2 + y.^2); %

D = 2*pi;

K = 0.11.*2*pi/D; % Grating Constant

L = 1; % Sets the value of ‘L’

% This is where the magic happens. ‘A’ is the grating function

A = (((L.*theta)./1) - K.*X) >= 0;

% If ‘A’ is greater than zero then it the (X,Y) location in the array is set to 1

mask(A) = 1;

figure % Initializes a figure

imagesc(real(mask)) % Displays the mask as an image in the figure

colormap(gray) % Sets the color to grayscale

axis off % Turns the axis display off
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Computer Program to Generate Blazed Forked Diffrac-

tion Gratings

The following Matlab code generates a blazd diffraction grating with charge L and

displays it as a figure in a new window. The variable n determines the size of the

array.

clear all;

n = 2^10; % Size of the array

mask = zeros(n); % Sets the mask as an array of all zeros initially

I = 1:n; % Setup size of array

x = I-n/2;

y = n/2-I;

[X,Y] = meshgrid(x,y); % Initiate cartesian coordinates

theta = arctan2(X,Y); % Transforming to polar coordinates

r = sqrt(x.^2 + y.^2); %

D = 2*pi;

K = 0.11.*2*pi/D; % Grating Constant

L = 1; % Sets the value of ‘L’

% This is where the magic happens.‘A’ is the grating function

A = (((L.*theta)./1) - K.*X);

% This gives the mask the blazed appearance due to the modulo function

mask = (1/sqrt(2)).*exp(-i.*0.3.*mod(A,2*pi));

figure

imagesc(real(mask))

colormap(gray)

axis off

GratingUI Program to Generate Diffraction Gratings

function varargout = GratingUI(varargin)
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% GRATINGUI M-file for GratingUI.fig

% GRATINGUI, by itself, creates a new GRATINGUI or raises the existing

% singleton*.

%

% H = GRATINGUI returns the handle to a new GRATINGUI or the handle to

% the existing singleton*.

%

% GRATINGUI(’CALLBACK’,hObject,eventData,handles,...) calls the local

% function named CALLBACK in GRATINGUI.M with the given input arguments.

%

% GRATINGUI(’Property’,’Value’,...) creates a new GRATINGUI or raises the

% existing singleton*. Starting from the left, property value pairs are

% applied to the GUI before GratingUI_OpeningFunction gets called. An

% unrecognized property name or invalid value makes property application

% stop. All inputs are passed to GratingUI_OpeningFcn via varargin.

%

% *See GUI Options on GUIDE’s Tools file. Choose "GUI allows only one

% instance to run (singleton)".

%

% See also: GUIDE, GUIDATA, GUIHANDLES

% Edit the above text to modify the response to help GratingUI

% Last Modified by GUIDE v2.5 24-Apr-2006 14:43:24

% Begin initialization code - DO NOT EDIT

gui_Singleton = 1;

gui_State = struct(’gui_Name’, mfilename, ...

’gui_Singleton’, gui_Singleton, ...

’gui_OpeningFcn’, @GratingUI_OpeningFcn, ...

’gui_OutputFcn’, @GratingUI_OutputFcn, ...

’gui_LayoutFcn’, [] , ...

’gui_Callback’, []);

if nargin && ischar(varargin{1})
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gui_State.gui_Callback = str2func(varargin{1});

end

if nargout

[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});

else

gui_mainfcn(gui_State, varargin{:});

end

% End initialization code - DO NOT EDIT

% --- Executes just before GratingUI is made visible.

function GratingUI_OpeningFcn(hObject, eventdata, handles, varargin)

% This function has no output args, see OutputFcn.

% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% varargin command line arguments to GratingUI (see VARARGIN)

% Choose default command line output for GratingUI

handles.output = hObject;

% Update handles structure

guidata(hObject, handles);

% UIWAIT makes GratingUI wait for user response (see UIRESUME)

% uiwait(handles.figure1);

% --- Outputs from this function are returned to the command line.

function varargout = GratingUI_OutputFcn(hObject, eventdata, handles)

% varargout cell array for returning output args (see VARARGOUT);

% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB
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% handles structure with handles and user data (see GUIDATA)

% Get default command line output from handles structure

varargout{1} = handles.output;

% --- Executes on button press in radiobutton1.

function radiobutton1_Callback(hObject, eventdata, handles)

% hObject handle to radiobutton1 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hint: get(hObject,’Value’) returns toggle state of radiobutton1

% --- Executes on button press in radiobutton2.

function radiobutton2_Callback(hObject, eventdata, handles)

% hObject handle to radiobutton2 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hint: get(hObject,’Value’) returns toggle state of radiobutton2

function edit1_Callback(hObject, eventdata, handles)

% hObject handle to edit1 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,’String’) returns contents of edit1 as text

% str2double(get(hObject,’String’)) returns contents of edit1 as a double

%handles.edit1 = str2double(get(hObject,’String’));

% --- Executes during object creation, after setting all properties.
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function edit1_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit1 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);

end

function edit2_Callback(hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,’String’) returns contents of edit2 as text

% str2double(get(hObject,’String’)) returns contents of edit2 as a double

% --- Executes during object creation, after setting all properties.

function edit2_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit2 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);
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end

% --- Executes on button press in pushbutton1.

function pushbutton1_Callback(hObject, eventdata, handles)

% hObject handle to pushbutton1 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Display the surface plot of current data

% Creating data to plot

radio1 = get(handles.radiobutton1,’Value’);

radio2 = get(handles.radiobutton2,’Value’);

radio3 = get(handles.radiobutton3,’Value’);

radio4 = get(handles.radiobutton4,’Value’);

size = str2double(get(handles.Size1,’String’));

step = str2double(get(handles.edit4,’String’));

R = str2double(get(handles.R,’String’));

L = str2double(get(handles.edit1,’String’));

D = str2double(get(handles.Period1,’String’));

[x,y]=meshgrid([-size:size/step:size]);

fi = atan2(y,x);

K = 2*pi/(D);

if radio1 == 1

n = length(x);

nn= n/2 - 500;

test = sin(L*fi+K*x);

for h = 1:n

for j = 1:n

if (test(h,j) >=0)

T(h,j) = 1;

else

T(h,j) = 0;
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end;

end;

end

clear h j n nn;

end

if radio2 == 1

H = (1/(2*pi))*mod((L.*fi-K.*x),(2*pi));

clear fi;

T = exp(i*R*D.*H);

T = real(T);

end

if radio3 == 1

T = (L.*fi);

T = (1/(2*pi))*mod(T,2*pi);

end

if radio4 == 1

num = str2double(get(handles.Array,’String’));

r = size/2;

fi1 = atan2(y+r,x+r);

fi2 = atan2(y-r,x-r);

fi3 = atan2(y-r,x+r);

fi4 = atan2(y+r,x-r);

Theta1 = (L.*fi1);Theta1 = mod(Theta1,2*pi);

Theta2 = (L.*fi2);Theta2 = mod(Theta2,2*pi);

Theta3 = (L.*fi3);Theta3 = mod(Theta3,2*pi);

Theta4 = (L.*fi4);Theta4 = mod(Theta4,2*pi);

T = 100*(Theta1 + Theta2 + Theta3 + Theta4)./num;

end

handles.current_data = T;
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guidata(hObject,handles);

surf(x,y,T)

view([90,90])

shading interp

colormap gray

function Period1_Callback(hObject, eventdata, handles)

% hObject handle to Period1 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

%Hints: get(hObject,’String’) returns contents of Period1 as text

% str2double(get(hObject,’String’)) returns contents of Period1 as a double

% --- Executes during object creation, after setting all properties.

function Period1_CreateFcn(hObject, eventdata, handles)

% hObject handle to Period1 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);

end

function Size1_Callback(hObject, eventdata, handles)

% hObject handle to Size1 (see GCBO)
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% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,’String’) returns contents of Size1 as text

% str2double(get(hObject,’String’)) returns contents of Size1 as a double

% --- Executes during object creation, after setting all properties.

function Size1_CreateFcn(hObject, eventdata, handles)

% hObject handle to Size1 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);

end

% --- Executes on button press in Close.

function Close_Callback(hObject, eventdata, handles)

% hObject handle to Close (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Close the GUI

clear all;

close;

function edit4_Callback(hObject, eventdata, handles)
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% hObject handle to edit4 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,’String’) returns contents of edit4 as text

% str2double(get(hObject,’String’)) returns contents of edit4 as a double

% --- Executes during object creation, after setting all properties.

function edit4_CreateFcn(hObject, eventdata, handles)

% hObject handle to edit4 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);

end

% --- Executes during object creation, after setting all properties.

function uipanel3_CreateFcn(hObject, eventdata, handles)

% hObject handle to uipanel3 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% --------------------------------------------------------------------

function uipanel3_SelectionChangeFcn(hObject, eventdata, handles)

% hObject handle to uipanel3 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)
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switch get(hObject,’Tag’) % Get Tag of selected object

case ’radiobutton4’

set(handles.Array , ’Visible’, ’on’);

set(handles.text9 , ’Visible’, ’on’);

case ’radiobutton1’

set(handles.Array , ’Visible’, ’off’);

set(handles.text9 , ’Visible’, ’off’);

case ’radiobutton2’

set(handles.Array , ’Visible’, ’off’);

set(handles.text9 , ’Visible’, ’off’);

case ’radiobutton3’

set(handles.Array , ’Visible’, ’off’);

set(handles.text9 , ’Visible’, ’off’);

end

function rot_Callback(hObject, eventdata, handles)

% hObject handle to rot (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,’String’) returns contents of rot as text

% str2double(get(hObject,’String’)) returns contents of rot as a double

% --- Executes during object creation, after setting all properties.

function rot_CreateFcn(hObject, eventdata, handles)

% hObject handle to rot (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
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% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);

end

% --- Executes on button press in rotate.

function rotate_Callback(hObject, eventdata, handles)

% hObject handle to rotate (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

rot = str2double(get(handles.rot,’String’));

view([rot,90])

% --------------------------------------------------------------------

function File_Callback(hObject, eventdata, handles)

% hObject handle to File (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% --------------------------------------------------------------------

function Exit_Callback(hObject, eventdata, handles)

% hObject handle to Exit (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

close;

% --------------------------------------------------------------------

function Save_Callback(hObject, eventdata, handles)
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% hObject handle to Save (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

T = handles.current_data;

filename = uiputfile(’*.jpg’,’Save Image As:’);

imwrite(T,filename,’jpg’)

% --- Executes on button press in Memory.

function Memory_Callback(hObject, eventdata, handles)

% hObject handle to Memory (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

clear all

% --------------------------------------------------------------------

function Open_Callback(hObject, eventdata, handles)

% hObject handle to Open (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

filename = uigetfile(’*.jpg’,’Open Image:’);

T = imread(filename,’jpg’);

imshow(T)

% --------------------------------------------------------------------

function Exit_M_Callback(hObject, eventdata, handles)

% hObject handle to Exit_M (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% --------------------------------------------------------------------



110

function Exit_B_Callback(hObject, eventdata, handles)

% hObject handle to Exit_B (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

clear all;

close;

% --- Executes on selection change in Lvalue.

function Lvalue_Callback(hObject, eventdata, handles)

% hObject handle to Lvalue (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: contents = get(hObject,’String’) returns Lvalue contents as cell array

% contents{get(hObject,’Value’)} returns selected item from Lvalue

% --- Executes during object creation, after setting all properties.

function Lvalue_CreateFcn(hObject, eventdata, handles)

% hObject handle to Lvalue (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: popupmenu controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);

end

function Array_Callback(hObject, eventdata, handles)
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% hObject handle to Array (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,’String’) returns contents of Array as text

% str2double(get(hObject,’String’)) returns contents of Array as a double

% --- Executes during object creation, after setting all properties.

function Array_CreateFcn(hObject, eventdata, handles)

% hObject handle to Array (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);

end

% --- Executes on selection change in zoom.

function zoom_Callback(hObject, eventdata, handles)

% hObject handle to zoom (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: contents = get(hObject,’String’) returns zoom contents as cell array

% contents{get(hObject,’Value’)} returns selected item from zoom

val = get(hObject,’Value’);

switch val

case 1
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zoom(1)

case 2

zoom(0.25)

case 3

zoom(0.5)

case 4

zoom(0.75)

case 5

zoom(1.0)

case 6

zoom(1.25)

case 7

zoom(1.5)

case 8

zoom(1.75)

case 9

zoom(2)

end

% --- Executes during object creation, after setting all properties.

function zoom_CreateFcn(hObject, eventdata, handles)

% hObject handle to zoom (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: popupmenu controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,’BackgroundColor’),

get(0,’defaultUicontrolBackgroundColor’))

set(hObject,’BackgroundColor’,’white’);

end
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function R_Callback(hObject, eventdata, handles)

% hObject handle to R (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,’String’) returns contents of R as text

% str2double(get(hObject,’String’)) returns contents of R as a double

% --- Executes during object creation, after setting all properties.

function R_CreateFcn(hObject, eventdata, handles)

% hObject handle to R (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc

set(hObject,’BackgroundColor’,’white’);

else

set(hObject,’BackgroundColor’,

get(0,’defaultUicontrolBackgroundColor’));

end
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