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Abstract

Since the last decade there has been a growing interest in cylindrical vector
beams, owing to their interesting properties especially under tight focusing con-
ditions. Cylindrical vector beams have axially symmetric polarization profiles or
electric field orientations in the pupil plane. Two important members of cylindrical
vector beams are the radially polarized and the azimuthally polarized beams. For
an azimuthally polarized beam the electric field vector at each location in the pupil
plane of the beam points in the direction perpendicular to radius vector, while for a
radially polarized beam it points in the radial direction. When a linearly polarized
beam (polarized along X) is focused by an aplanatic lens system, in the low numer-
ical aperture (NA) case, the focal volume is primarily X polarized and there is only
a negligible amount of Z polarized component. Thus it had appeared to be almost
impossible to generate longitudinally polarized light in free space for many years.
However, if the same X polarized beam is focused by a high NA lens, the focal vol-
ume will also contain a significant amount of Z polarized light where Z is the optical
axis of the lens system. Consequently a radially polarized beam when focused gives
rise to pure longitudinal polarization at the focal point as the transversely polarized
fields interfere destructively. With the increase in the NA of the focusing lens the
strength of the longitudinal field at the focus becomes greater than the maximum
of the transverse field in the focal volume. The longitudinal field at the focus has
certain unique properties, for instance, the corresponding field has non propagating
power since it corresponds to a null Poynting vector. An azimuthally polarized beam
on the other hand when focused gives rise to a doughnut like intensity distribution
both under low NA and high NA conditions.

The unique properties of cylindrical vector beams make them important in many
applications. For example the radially polarized beam is used in confocal microscopy
for super-resolution, in optical trapping and particle manipulation, in electron ac-
celeration, in laser cutting, to map the orientation of single molecules, while the
azimuthally polarized beam is used in optical trapping, in material processing, in
dark field imaging, and also in scanning optical microscopy.

All the above applications assume a perfect unaberrated radially polarized or
azimuthally polarized beam. However any optical system essentially suffers from

aberrations with a degree that may vary from one system to other. Therefore from
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the applications point of view it is imperative to ascertain the effect on the focal
volume properties of the cylindrical vector beams due to the aberrations present in
the beam. There have already been a few investigations on the effect of aberrations
on cylindrical vector beams. However, most of such studies investigated only focal
plane properties due to the presence of primary aberrations. Many applications
of the cylindrical vector beam, in contrast, depend on the properties of the entire
focal volume and not just the focal plane. Besides an optical system may contain a
combination of both primary and secondary aberrations. In this thesis we provide
a comprehensive study on the effect of both primary and secondary aberrations on
the entire focal volume properties of cylindrical vector beams.

The energy density in the focal volume of a linearly polarized beam in the low
NA case can be calculated using Scalar Diffraction theory. However, the same can
not predict the focal volume in the high NA case. In such cases a vectorial version of
the diffraction theory needs to be used. In our work we used the vectorial diffraction
theory elaborated in the work of Richards and Wolf. However the integral form of
the diffraction theory of Richards and Wolf are not very convenient for beams with a
complex pupil function. In such a situation often the Fourier Transform form of the
Vectorial diffraction theory becomes more useful. We employ the Fourier Transform
form of the vectorial diffraction theory to compute the parameters such as Cartesian
field components, energy density, Poynting vector and resultant polarization in the
focal volume of aberrated cylindrical vector beams. Our theoretical investigation
revealed several important phenomena involving the cylindrical vector beams. Some
of the observations include generation of a boat-shaped intensity distribution near
the focus of the coma aberrated azimuthally polarized beam, astigmatism resilience
of Gaussian like beam derived from an azimuthally polarized beam, appearance of
propagating field on the optical axis of a coma aberrated radially polarized beam and
so on. We also made use of an experimental arrangement to verify the numerically

obtained results in the low NA case.

12
TH-1501_ 10612103



Acronyms

NA
LPB (XPB)
APB
RPB
CCD
CGH
H
APBH
DFT
FFT
ID
LCSLM
PBS

P

PH
Pol
PA

SA

PC

SC
PSA
SSA
S80ER
RMS

TH-1501_ 10612103

Numerical Aperture

Linearly Polarized Beam
Azimuthally Polarized Beam
Radially Polarized Beam

Charge Coupled Device
Computer Generated Holography
Helical Phase Mask

Azimuthally Polarized Beam With a Helical Phase Mask
Discrete Fourier Transform

Fast Fourier Transform

Iris Diaphragm

Liquid Crystal Spatial Light Modulator
Polarizing Beam Splitter

Prism

Pinhole

Polarizer

Primary Astigmatism

Secondary Astigmatism

Primary Coma

Secondary Coma

Primary Spherical Aberration
Secondary Spherical Aberration
80 % Energy Radius

Root Mean Square

13



TH-1501_10612103



Contents

L Declarationl 5
[ Certificatel 7
| Acknowledgements| 9
[_Abstractl 11
[ Acronyms| 13
L Contents| 15
[ List of figures| 18
[_List of tables| 27
G T ich [Thes; ol 28
2 Vectorial diffraction theory| 34
RI Tntroductionl . . . . . . . . . ... 34
[2.2  Maxwell’s equations and scalar diffraction theory| . . . . .. ... .. 34
[2.3  Vectorial diffraction theory|. . . . . . . .. ... ... ... ... ... 37
[2.3.1 Integral expressions for an X polarized beam| . . . . . . . . .. 39

[2.3.2 Integral expressions for a Y polarized beam| . . . .. ... .. 41

[2.3.3  Integral expressions for an arbitrarily polarized beam| . . . . . 41

[2.4  Fast Fourier Transtorm form of vectorial difiraction theoryl . . . . . . 43
[2.4.1 Expressions for an X polarized beam| . . . . ... .. ... .. 43

[2.4.2  Expressions for a Y polarized beam| . . . . . .. ... ... . 46

[2.4.3  Expressions for an arbitrarily polarized beam| . . . . . .. .. 48

[2.5  Vectorial diffraction theory using Discrete Fourier Transform| . . . . . 49

15

TH-1501_ 10612103



CONTENTS

[2.5.1  Derivation of the length units for the numerically constructed |

[ focal volumel . . . . . . . .. 51
[2.5.2  Focal field computation in the presence of aberrations|. . . . . 52

2.6 Conclusion|. . . . . . . . . . 54

[3  Aberration effects on the azimuthally polarized beam| 55
3.1 Introductionl . . . . . . . . .. 55
(3.2 Numerical simulation| . . . . . . . .. .. o oL 56
[3.2.1 Polarization profile near the focus| . . . . . . . ... ... ... 57

[3.2.2  Effect of astigmatism| . . . . . . . ... ... ... .. 59

823 FEffectofcomal. ... ... ... .. ... ... . ........ 60

.24 PEffectof trefoill . . . . .. . ... oo 61

[3.2.5  Effect of spherical aberration| . . . .. . ... ... ... ... 63

[3.2.6  Generation of a boat-shaped beam| . . . . . ... .. ... .. 64

[3.3  Experimental generation of cylindrical vector beams tocused by a low [

[ NAlend . . ... . . o e e 67
[3.3.1  Brief description of the experimental setup| . . . . . . . .. .. 67

[3.3.2  Results and discussionl . . . . . . . ... ... L. 70

3.4 Conclusionl . . . . . . . . . 73

4  Effect of primary aberrations on an azimuthally polarized beam |

[  with a helical phase mask]| 75
4.1 Focal field components of an azimuthally polarized beam with a he- |

| lical phase maskl. . . . . . ... ..o 76
4.2  Numerical simulationl . . . . . . .. . . ... oo 7
[4.2.1 Effect of primary astigmatism| . . . . . . ... ... ... ... 78

[4.2.2  Effect of primary comal . . . . . . . ... ... ... 81

[4.2.3  Effect of primary trefoil] . . . . .. ... ... ... ... ... 84

[4.2.4  Effect of primary spherical aberration|. . . . . . . . ... ... 84

[4.3  Experimental demonstration in the low NA case/ . . . . . . . ... .. 87
M4 Conclusionl. . . . . . . . . L 89

[>  Effect of primary and secondary aberrations on a radially polarized |

[_beaml 91
b1 TIntroductionl . . . . . . . . . ... 91
[>.2  Numerical simulation of high NA focusing . . .. ... ... ... .. 92

16

TH-1501_ 10612103



CONTENTS

[5.2.1  Effect of primary and secondary astigmatism|. . . . . . . . .. 94
[5.2.2  Effect of primary and secondary comal . . .. ... ... ... 97
[5.2.3  Effect of primary and secondary trefoil| . . . . . ... ... .. 98
[5.2.4  Effect of primary and secondary spherical aberration| . . . . . 100
[5.2.5  Effect of tetratoil and pentatoll| . . . . . . ... ... ... .. 101
[>.3  Experimental demonstration in the low NA casel . . . . . . . ... .. 104
Hh4  Conclusionl. . . . . . . . . 106

[6 Poynting vector profile of a tightly focused radially polarized beam |

[ 1n the presence of primary aberrations| 107
6.1 TIntroductionl . . . . . . . . . . .. 107
[6.2  Poynting vector profile| . . . . . . .. ... ..o 109
(6.3 Numerical simulation of the Poynting vector profilel . . . . . . . . .. 110

[6.3.1  'Time dependence of the Poynting vector profile] . . . . . . . . 114
6.4 Conclusionl. . . . . . . . . . ... 117

[7 Conclusion and future prospect| 118
(.1 Conclusionl. . . . . . . . . .. 118
[7.2  Future prospect| . . . . . . . ... 121

L__References| 122

[__Publicationsl 135

17

TH-1501_ 10612103



List of Figures

M1

(a) A Low numerical aperture focusing lens system and (b) a high

numerical aperture focusing lens system. The maximum value of the

angle ¢ 1s the semi angle of aperture, o). . . . . . . . ... ... ...

M2

Computer simulated focal spots of (a) radially polarized and (b) az-

imuthally polarized beams using tocusing lenses of three different nu-

merical apertures, (i) NA=0.1, (ii)) NA=0.74, and (iii)) NA=0.9[ . . . .

R1

(a) Schematic of an aperture 3 illuminated by monochromatic light,

and (b) a spherical wave incident on a circular aperture| . . . . . ..

P2

Focusing of an incident beam by an aplanatic lens system. ¢go and

g, are the unit vectors normal to the ray and away from the optical

axis. The incident rays are assumed to suffer refraction at a single

surface called the focal sphere indicted by dashed lines| . . . . . . ..

3

(a) Spherical cap of the three dimensional pupil plane, and (b) mag-

nified view of a section of the spherical shell|. . . . . ... .. .. ..

P

Co-ordinate rotation for the Y polarized pupil plane with respect to

the X polarized pupil plane.| . . . . . .. ... ... ... ...

B5

Schematic showing the difference between (a) the FF'T based compu-

tation of the entire frequency plane and (b) the DF'T based compu-

tation of specific frequency component. The pixel with co-ordinate

(p, q) will correspond to spatial frequency co-ordinates (k,,k,) =

G e

.6

Schematic showing (a) the pupil plane and (a) the wavevector orien-

tation for a marginal ray|. . . . . . . . ... 0oL

18

TH-1501_ 10612103



LIST OF FIGURES

B

Normalized intensity distributions (a) I, (b) I,, (¢) I, + I, in the

XY plane and (d) I, + [, in the XZ plane of an azimuthally polarized

beam in the aberration free case. Every image has different peak

intensity, which is indicated at its top by the horizontal color bar.| . .

B2

Polarization profile of an azimuthally polarized beam in the (a) XY,

(b) XZ and (c¢) YZ planes. Polarization ellipses are overlaid on the

normalized total intensity distributions in the corresponding plane,

mn the aberration free casel . . . . . . . . . ...

B3

Normalized intensity distributions /,, [, and [, + I, of an azimuthally

polarized beam in the presence of astigmatism at 0° with RMS am-

plitude 1 radian in the (1) XY, (ii)) XZ and (iii) YZ planes. Every

1mage has different peak intensity, which 1s shown at its top by the

horizontal color bar) . . . . . . . ...

B4

Polarization profile of an azimuthally polarized beam in the presence

of astigmatism in the (a) XY, (b) XZ and (¢) YZ planes. Polarization

profiles are overlaid on the normalized total intensity distributions in

the corresponding plane.| . . . . . . . . ... ... ...

B5

Normalized intensity distributions /., [, and I, + [, respectively, of

an azimuthally polarized beam in the presence of coma with ¢,,,,=1

radian, (a-c) in the XY and (e-g) YZ planes, and (d) I, + [, in the

X7 plane. Every image has different peak intensity, which 1s shown

at its top by the horizontal color bar.| . . . . . . . .. ... ... ...

[3.6

Polarization profile of an azimuthally polarized beam in the presence

of coma in the (a) XY, (b) XZ and (c) YZ planes for ¢,,,,=1 radian.

Polarization ellipses are overlaid on the normalized total intensity

distributions in the corresponding plane.| . . . . . . . . ... .. ...

B7

Normalized intensity distributions (a) I, (b) 1,, (¢) I, + I, in the

XY plane, [, + I, in the (d) XZ and (e) YZ planes of an azimuthally

polarized beam in the presence of trefoil with ¢,,,,=1 radian. Every

1mage has different peak intensity, which 1s shown at its top by the

[3.8

Polarization profile of an azimuthally polarized beam in the presence

of trefoil in the (a) XY, (b) XZ and (¢) YZ planes. Polarization

ellipses are overlaid on the normalized total intensity distributions in

the corresponding plane.| . . . . . . . . . ...

TH-1501_ 10612103

19

62



LIST OF FIGURES

B9

Normalized intensity distribution [, 4 [, of an azimuthally polarized

beam in the presence of spherical aberration with ¢,,,,=1 radian in

the (a) XY, (b) XZ and (c¢) YZ planes. Every image has different

peak intensity, which is shown at its top by the horizontal color bar.| .

[3.10

Polarization profile of an azimuthally polarized beam in the presence

of spherical aberration in the (a) XY, (b) XZ and (c¢) YZ planes.

Polarization ellipses are overlaid on the normalized total intensity

distribution in the corresponding planef. . . . . . . ... ... .. ..

63

B

Line plots of the normalized intensity distributions /, and [, of an

azimuthally polarized beam in the presence of coma with ¢,,,,=1

radian along (a) X, (b) Y and (c) Z axes, (d) variation of the intensity

at the focus with ¢,,,; varying between -1.8 to 1.8. Intensity plots

are normalized by the maximum value of intensity in the XY plane

64

B.12

Intensity maxima locations (represented by the red dots) along the

circumference of the boat-shaped beam in the (a) X7 and (b) YZ

planes obtained from a coma aberrated azimuthally polarized beam

with ¢,,,s=1 radian, The plots of the intensity values corresponding

to the red dots vs ¢ in X7 and YZ planes in the presence of coma

with ¢,,,s equal to (¢) 1 radian, (d) 0.9 radian and (e) 1.1 radian.| . .

B3

Experimental setup to generate arbitrary vector beams.|. . . . . . . .

B.14

Intensity distribution of an azimuthally polarized beam at different

orientations of the analyzer.| . . . . . . . .. .. ... ... ... ...

B.15

Resultant intensity distributions of azimuthally polarized beam in the

XY, X7 and YZ planes, respectively, obtained (a—c) theoretically

and (d—f) experimentally in the aberration free case| . . . . . . . ..

B.16

Resultant intensity distributions of azimuthally polarized beam in

the XY, XZ and YZ planes obtained (a—c) theoretically and (d—f)

experimentally in the presence of ¢,,,,= 1 radian of (i) astigmatism,

(ii) coma, (iii) trefoil and (iv) spherical aberration.| . . . .. ... ..

[3.17

Variation of maximum value of intensity along the circumference of

the boat-shaped beam in the X7 and Y7 planes vs the angle ¢ cor-

responding to the (a) theoretically obtained and (b) experimentally

obtained results.. . . . . . ...

20

TH-1501_ 10612103



LIST OF FIGURES

[3.18 Difterent projections of the digitally constructed 3D boat-shaped beam

from the (a) theoretically obtained and (b) experimentally obtained

data of the coma aberrated azimuthally polarized beam. The projec-

tion planes are indicated at the bottom right corner of each image.|. .

A1

(a) Cylindrically symmetric polarization profile of an azimuthally po-

larized beam and (b) the surface plot of a helical phase mask.,| . . . .

n2

Resultant focal intensity distribution /;,; of (i) the X polarized beam

and (ii) the APBH in the aberration free case in the (a) XY, (b) XZ

and (¢) YZ planes| . . . . . ... ...

A3

Line plots of the resultant intensity for the X polarized beam and the

APBH along (a) X, (b) Y and (c) Z axes in the aberration free case.

T'he intensity values in these plots are normalized by the respective

!

Total focal intensity distribution [, of (i) the X polarized beam and

(ii) the APBH in the presence of primary astigmatism with RMS

amplitude 1 radian in the (a) XY, (b) XZ and (c) YZ planes. Every

1image has a different color bar which is shown at its top.| . . . . . . .

5

Line plots of resultant intensity for the X polarized beam and the

APBH along (a) X, (b) Y and (c) Z axes in the presence of primary

astigmatism with RMS amplitude 1 radian. The plots of both beams

are normalized by respective maximum value of intensity in the aber-

ration free casel . . . . . ..o .

16

Plots of (a) 80% energy radius, and (b) Strehl ratio variation in the

presence of primary astigmatism with RMS amplitude varying in be-

tween 0 to 1.2 radian. SOER values for the two beams are normalized

by the respective values in the aberration free case| . . . . . . .. ..

i7

Total focal intensity distribution [, of (i) the X polarized beam and

(i1)) the APBH in the presence of primary coma with RMS amplitude

1 radiam in the (a) XY, (b) XZ and (c¢) YZ planes. Every image has

a different color bar which is shown at itstop.| . . . . . . .. . . . ..

TH-1501_ 10612103

21

82



LIST OF FIGURES

A3

Line plots of resultant intensity for the X polarized beam and the

APBH along (a) X, (b) Y and (c¢) Z axes in the presence of primary

coma with RMS amplitude 1 radian. The Plots of this two beams

are normalized by the respective maximum value of intensity in the

aberration free cased . . . . . . ..

19

Plots of (a) 80% energy radius, and (b) Strehl ratio variation in the

presence of primary coma with RMS amplitude varying in between 0

to 1.2 radian. 80ER values for the two beams are normalized by the

respective values in the aberration free case.| . . . . . . . . ... . ..

110

Resultant focal intensity distribution /;,; of (i) the X polarized beam

and (ii) the APBH in the presence of primary trefoil with RMS am-

plitude 1 radian in the (a) XY, (b) XZ and (c) YZ planes. Every

image has a different color bar which is shown at its top.| . . . . . . .

AT

Line plots of resultant intensity for the X polarized beam and the

APBH along (a) X, (b) Y and (c) Z axes in the presence of primary

trefoil with RMS amplitude 1 radian. The plots of the two beams are

normalized by respective maximum value of intensity in the aberra-

tion free casel . . . . ..,

12

Plots of (a) 80% energy radius, and (b) Strehl ratio variation in the

presence of primary trefoil with RMS amplitude varying in between

0 to 1.2 radian. S8OER values for the two beams are normalized by

the respective values in the aberration free case.| . . . . . . . . . . ..

13

Resultant focal intensity distribution /;,; of (i) the X polarized beam

and (i1) the APBH in the presence of primary spherical aberration

with RMS amplitude 1 radian in the (a) XY, (b) XZ and (c) YZ

planes. Every image has a different color bar which is shown at its top.| 85

14

Line plots of resultant intensity for the X polarized beam and the

APBH along (a) X, (b) Y and (c) Z axes in the presence of primary

spherical aberration with RMS amplitude 1 radian. The plots of this

two beams are normalized by respective maximum value of intensity

M5

Plots of (a) 80% energy radius, and (b) Strehl ratio variation in the

presence of primary spherical aberration with RMS amplitude vary-

ing in between 0 to 1.2 radian. 80ER values for the two beams are

normalized by the respective values in the aberration free case.|. . . .

22

TH-1501_ 10612103

86



LIST OF FIGURES

{4.16 Resultant focal intensity distribution /;,; of the APBH in the (a) XY,

(b) XZ and (c¢) YZ planes obtained theoretically, and in the (d) XY,

(e) XZ and (f) YZ planes obtained experimentally, in the aberration

free case, using a focusing lens of NA=0.056. . . . . . . .. ... ...

17

Resultant focal intensity distribution /;,; of the APBH in the (a) XY,

(b) XZ and (c) YZ planes obtained theoretically, and in the (d) XY,

(e) XZ and (f) YZ planes obtained experimentally, in the presence

of ¢.ms=1 radian of (i) astigmatism, (ii) coma, (iii) trefoil and (iv)

spherical aberration, using a focusing lens ot NA=0.056.| . . . . . ..

[1.18

Plots of 80% energy radius for the X polarized beam and the APBH

VS @pms corresponding to (a) astigmatism, (b) coma and (c) trefoil.

S80ER values of each beam are normalized by the respective 8OER

.19 (a) Plots of 80% energy radius for the X polarized beam and the

APBH vs ¢,.,,,s of spherical aberration. 80ER values of each beam are

normalized by the respective 80ER value in the unaberrated case. (b)

Plots ot Strehl ratio for the X polarized beam and the APBH vs ¢,.,,,,

of corniFNu. =R AN . W L

b1

Gray scale plots of the phase profiles of, (i) (a-d), of primary astig-

matism (Zg), primary coma (Zg), primary trefoil (Z1y) and primary

spherical aberration (Z;; ) and (ii) (a-d), of secondary astigmatism

(—Z12), secondary coma (—Zi6), secondary trefoil (—Z;5) and sec-

ondary spherical aberration (—Zs). Both primary and secondary

aberrations have RMS amplitude of 1 radian each.|. . . . . . . . . ..

92

B2

The normalized resultant intensity distribution (I, + I, + I.) of a

radially polarized beam in the aberration free case in the (a) XY, (b)

XZ and (c¢) YZ planes, for a lens with NA=0.9| . ... ... .....

53

The normalized resultant intensity distribution (I, + I, + I.) of a

radially polarized beam aberrated with ¢,,,,=1 radian of (i) positive

primary astigmatism and (ii) negative secondary astigmatism in the

(a) XY, (b) XZ and (c) YZ planes.| . . . .. ... ... ... .....

TH-1501_ 10612103

23



LIST OF FIGURES

[5.4 (a) Line plots of total intensity in the XY plane along X or Y axis, (b)

line plots of total intensity or 7 polarized intensity along the optical

axis, (c) variation of Strehl ratio and (d) variation of 80ER in the

presence of positive primary and negative secondary astigmatism vs

Drms. SOUER values are normalized by the value in the respective zero

aberration cases.| . . . . . .. 95

[5.5 The normalized resultant intensity distribution (I, + I, + I.) of a |

| radially polarized beam aberrated with ¢,,,s=1 radian of (i) positive |

| primary coma and (ii) negative secondary coma in the (a) XY, (b) |
| XZand (c) YZ planes,| . . . . .. .. oo 96

[5.6 Line plots of total intensity in the XY plane along (a) X and (b) |

| Y axes, (c) line plot of total intensity along the optical axis, in the |

[ presence of positive primary and negative secondary coma. . . . . . . 96
[5.7 (a) Variation of Strehl ratio and (b) variation of 80ER vs ¢, of |
[ positive primary and negative secondary coma.|. . . . . . . . ... .. 97

[>.8 Normalized resultant intensity distribution (I, + 1, + I,) of a radially |

| polarized beam aberrated with ¢,,,s=1 radian of (i) positive primary |
| trefoil and (ii) negative secondary trefoil in the (a) XY, (b) XZ and |
| (c) YV plfines.| . . onim. . WA & o . % . 8N 98

[5.9 (a) Line plot of total intensity in the XY plane along the X axis, (b) |

| line plot of total (and also Z polarized) intensity along the optical |

| axis. Variation of (c¢) Strehl ratio and (d) 80% energy radius in the |

| presence of positive primary and negative secondary trefoil vs ¢,,,s.| . 99

[5.10 Normalized resultant intensity distribution (I, + [, + /) of a radially

|
polarized beam aberrated with ¢,,,,=1 radian of positive primary |
spherical aberration in the (a) XY plane and (b) XZ or YZ plane and |

|

negative secondary spherical aberration in the (¢) XY plane, and (d)
XZor YZ plane|. . . . . .o 99
[5.11 (a) Line plot of total intensity in XY plane along the X axis, and |

| (b) line plot of total and Z polarized intensity along the optical axis. |

| Variation of (c¢) Strehl ratio and (d) 80% energy radius in the presence |

| of positive primary and negative secondary spherical aberration vs ¢,.,,,.[100

[5.12 The normalized resultant intensity distribution (I, + I, + I.) of a |

| radially polarized beam aberrated with ¢,,,s=1 radian of positive (i) |
| tetrafoil and (ii) pentafoil in the (a) XY, (b) XZ and (c) YZ planes.| . 101

24
TH-1501_ 10612103



LIST OF FIGURES

513

(a) Line plot of total intensity in XY plane along the X axis, and

(b) line plot of total intensity along the optical axis. Variation of (c)

Strehl ratio and (d) 80% energy radius vs the ¢, for each of tetrafoil

and pentafoil| . . . . . ..o

102

.14

Normalized resultant intensity distribution (1, + I, + I.) of a radially

polarized beam in aberration free case, in the (a) XY, (b) XZ and (c)

Y7 planes obtained theoretically and in the (d) XY, (e) XZ and (f)

Y7 planes obtained experimentally,| . . . . .. ... ... ... ...

102

515

Normalized resultant intensity distribution (I, + I, + I,) of a radially

polarized beam aberrated with ¢,,,,=1 radian of positive primary

astigmatism (PA) and negative secondary astigmatism (SA) in the

(a) XY, (b) XZ and (c) YZ planes obtained (i) numerically and (ii)

experimentally| . . .. ... ... o o0 oo

.16

Normalized resultant intensity distribution (I, + I, + /,) of a radially

polarized beam aberrated with ¢,,,,=1 radian of positive primary

coma (PC) and negative secondary coma (SC) in the (a) XY, (b) XZ

and (c) YZ planes obtained (i) numerically and (ii) experimentally|

.17

Normalized resultant intensity distribution ([, + I, + I,) of a radi-

ally polarized beam aberrated with ¢,.,,s=1 radian of positive primary

spherical aberration (PSA) and negative secondary spherical aberra-

tion (SSA) in the (a) XY, (b) XZ and (c) YZ planes obtained (i)

numerically and (ii) experimentally,| . . . . . . . . ...

105

6.1

Normalized time averaged Poynting vector profiles (i) (S.), (i) (S,)

and (iii) (9,) in the XY, XZ and YZ planes near the focus of a radially

polarized beam in (a) the aberration free case and (b) in the presence

of 1 radian RMS of spherical aberration (Z11). . . . . . . .. ... ..

111

62

Normalized time averaged Poynting vector profiles (i) (S5.), (i) (S,)

and (iii) (S,) in the XY, XZ and YZ planes of a radially polarized

beam in the presence of 1 radian RMS of (a) astigmatism at $45°

(Z5) and (b) astigmatism at 0° (Zg).| . . . . . . ... ... ... ...

6.3

Normalized time averaged Poynting vector profiles (i) (5), (ii) (S,)

and (iii) (S,) in the XY, X7 and YZ planes of a radially polarized

beam in the presence of 1 radian RMS amplitude of (a) y coma (Z7)

and (b) x coma (Zg).| . . . . . ..

TH-1501_ 10612103

25

112



LIST OF FIGURES

(6.4 Normalized time averaged Poynting vector profiles (i) (S,), (ii) (5y) |
| and (iii) (S,) in the XY, X7 and YZ planes of a radially polarized |
| beam in the presence of 1 radian RMS of (a) y trefoil (Zy) and (b) x |
| trefoil (Z10). . . - - o o 113

(6.5 (a) Line plot of (S,) and (5,) in the presence of x coma or (S,) and

| (S,) in the presence of y coma both with ¢,,,,=1 radian, along the

| optical axis from -3\ to 3\ on the two sides of the nominal focus,

| (b) variation of central value of the Poynting vector profile with ¢,

[6.6 Time evolution of the Poynting vector profile of a tightly focused

in the aberration free case. T'he Poynting vector ellipses are overlaid

|
radially polarized beam in the (a) z=-), (b) focal and (c) z=\ planes |
|
|

on the respective intensity distributions over an area described by (x,
y)=-Ate A M ... 40 . . .. ... W T, 115
[6.7  Time evolution of the Poynting vector profile of a tightly focused ra-

dially polarized beam in the (a) z=-A, (b) focal and (c) z=\ planes,

Orms=1 radian. The Poynting vector ellipses are overlaid on the re-

|
|
in the presence of (i) astigmatism at 0° and (ii) x coma both with |
|
|

spective intensity distributions over an area described by (x, y)= -A
tof 1. . . . T . . W B 116

[6.8 Time evolution of the Poynting vector profile of a tightly tocused

radially polarized beam in the (a) z=-), (b) focal and (c) z=\ planes

in the presence of ¢,,,,= 1 radian of (i) x trefoil and (ii) spherical

aberration. T'he Poynting vector ellipses are overlaid on the respective

intensity distributions over an area described by (x, y)=-Ato A|. . . 117

26
TH-1501_ 10612103



List of Tables

[2.1 Zernike circular polynomials.|. . . . . .. ... ... 000 53

27
TH-1501_ 10612103



Chapter 1

General introduction and thesis

overview

The properties of light in the focal volume is important in most of the applications
where a focused light beam is used. An important property of the focusing lens is
the numerical aperture (NA). The Numerical Aperture is a measure of how much
light can be collected or emitted by the lens system. It is described by the angle,
called the semi-angle of aperture, made by the marginal ray with the optical axis
of the lens system. The semi-angle of aperture is also defined as the ratio of the

aperture radius and focal length of the focusing the lens. Therefore

NA:nsinaan (1.1)
2f
where n is the refractive index of the medium, « is the semi angle of aperture, D is
the diameter of aperture and f is the focal length of lens.

Figures|l.1| (a) and (b) show the schematic of a low and a high NA lens system,
respectively. For a low NA lens system, the diameter(D) is small while the focal
length(f) is large and the converse is true for the high NA lens system. A larger
NA lens will be able to visualize finer details than a lens with a smaller NA. For
diffraction limited optics, lenses with larger NA collect more light and hence will
give rise to a higher resolution images. However the same will provide shallower
depth of field.

When a linearly polarized beam polarized along X is focused by an aplanatic lens
system, in the low numerical aperture (NA) condition the focal volume comprises

primarily X polarized light as there is only a negligible amount of Z polarized com-
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Figure 1.1: (a) A Low numerical aperture focusing lens system and (b) a high numerical
aperture focusing lens system. The maximum value of the angle 6 is the semi angle of
aperture, o.

ponent. Thus in low numerical aperture case the vectorial properties of the beam
near the focus is not important. However, later it was shown that any beam of finite
diameter has a longitudinal field component, even in a free space [I]. When focused
by a high NA lens it is seen that the focal volume due to an X polarized beam
also has Z polarized intensity which goes upto about 15% of the maximum of the
net intensity in the focal volume for a lens with NA=0.9 . Thus in high numerical
aperture focusing condition the vectorial nature of the light near the focus becomes

important.

In the recent times there has been a growing interest in cylindrical vector beams,
owing to their interesting properties. Cylindrical vector beams are light beams with
cylindrically symmetric polarization profiles. Two important members of cylindrical
vector beams are the radially polarized beam and the azimuthally polarized beam.
For an azimuthally polarized beam the electric field vector at each location in the
pupil plane of the beam points in the direction perpendicular to the radius vector,
while for a radially polarized beam it points in the radial direction. The radially
oriented electric fields in the pupil plane give rise to zero lateral field at the focal
point such that only longitudinal component of the electric field can exist there.
The strength of the longitudinal component increases as the NA of the focusing lens
increases. Beyond a certain numerical aperture the axial component of the radially
polarized beam dominates the total intensity near the focus [2] resulting in a sharper
focal spot when compared to a linearly polarized beam. This axial field near the
focus has non-propagating power and localized in space. The azimuthally polarized

beam on the other hand has null intensity at the center of the focal volume for lens
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Chapter 1: General introduction and thesis overview

(i) (ii)

Figure 1.2: Computer simulated focal spots of (a) radially polarized and (b) azimuthally
polarized beams using focusing lenses of three different numerical apertures, (i) NA=0.1,
(ii) NA=0.74, and (iii) NA=0.9

systems having NA from low to high. Figure [1.2| shows the numerically simulated
focal spots (or intensity point spread functions) of (a) radially polarized and (b)
azimuthally polarized beams under three different numerical apertures, (i) NA=0.1,
(ii) NA=0.74, and (iii) NA=0.9.

The unique properties of the tightly focused cylindrical vector beams make them
important in many applications. The radially polarized beam, for example, is used
in optical trapping [3|, 4, [, [6], in super-resolution optical microscopy [7], in laser
cutting [8], in non-linear microscopy [9], in the study of molecular orientations [10],
in the creation of a long needle of axially polarized light [11, 12], 13] and so on.
The azimuthally polarized beam, on the other hand, is used in optical trapping
[14, 15, [16], in material processing [17], in dark field imaging [18], in the waveguide

as a pump beam [19] and also in scanning optical microscopy [20].

Aberration in a light beam focused by a lens is the deviation of the phase profile
in the image region from the Gaussian reference sphere. The aberrations present in
an optical system leads to significant modifications in the focal volume properties

of the beam being focused. An optical system may suffer from various types of
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aberrations. Thus the applications involving the cylindrical vector beam essentially
get affected by aberrations to a degree that may vary from case to case. Aberra-
tions present in an optical system can be divided into two groups, namely lower
order (such as primary) aberrations and higher order (such as secondary) aberra-
tions. Both the aberrations can be conveniently represented by Zernike polynomials,
which are orthogonal polynomials [21] forming a complete set of basis functions to
represent classical aberrations. There are published works on the effect of primary
aberrations on different types of beams, such as, linearly polarized beam [22] 23],
radially polarized vortex beam [24], singular beam [25, 26] and on Gaussian beam
[27] etc. However most of the published works dealing with the cylindrical vec-
tor beam emphasize the properties of the beam in the focal plane only and thus
the properties of the cylindrical vector beams over the entire focal volume is not
well investigated. Moreover the effect of secondary aberrations on the focal volume
properties of cylindrical vector beams is also not well known.

In this thesis we have taken up a comprehensive study on the effect of various
Zernike mode aberrations on the focal volume properties of the two most impor-
tant members of the cylindrical vector beam. We have used the Fourier transform
form of the vectorial diffraction theory [I), 28] to compute the Cartesian component
of the electric and magnetic fields near the focus, which are then used to obtain
various parameters in the entire focal volume. We have investigated the effect of
the most common aberrations, such as primary aberrations on the azimuthally po-
larized beam. Since many applications of the azimuthally polarized beam exploit
the azimuthally oriented electric field vectors in the focal volume, in our study, we
also discuss the aberration effect on the polarization profile near the focus of the
azimuthally polarized beam. As the effect of primary aberration on the focal plane
of a radially polarized has already been studied [24], in this thesis, we present a
more complete study of the radially polarized beam by including the effects of both
primary and secondary aberrations over the entire focal volume. The numerically
obtained focal intensity distributions with a low NA lens are also experimentally
verified using a division of wavefront based vector beam forming setup.

The Poynting vector is an important parameter of light beams, which is defined
as the energy flow per unit time through unit area [29] of the beam. Poynting vector
plays a crucial role in trapping applications as it essentially decides the magnitude
of the radian pressure on the trapped particle. The longitudinal field of the radially

polarized beam at the focal point corresponds to a zero Poynting vector and hence

31
TH-1501_ 10612103



Chapter 1: General introduction and thesis overview

there is no radiation pressure. Thus an unaberrated radially polarized beam may
provide an efficient optical trap. In this thesis we also investigate how the Poynting
vector profile in the focal volume of a radially polarized beam gets modified due to
the presence of various aberrations.

Below we provide a chapter wise overview of the entire thesis work.

The numerical investigations presented in this thesis are based on the vectorial
diffraction theory. which can be derived starting from the well known scalar diffrac-
tion theory. In chapter?2 we have briefly discussed the history of scalar diffraction
theory, starting with Maxwell’s equations. It is followed by a discussion on the inte-
gral form of the vectorial diffraction theory of Richards and Wolf [1]. The integral
form provides the focal field components near the focus of a lens system, which is
illuminated by an X polarized incident beam. This theory can be extended for a Y
polarized incident beam and thus for an arbitrarily polarized incident beam by taking
the vector sum of two orthogonally polarized pupil functions. However, for discrete
and complicated pupil functions and in the presence of aberrations, the integral form
is often difficult to use. In such cases the Fourier transform form of the vectorial
diffraction theory in Cartesian coordinate system [28], which is also taken up in this
thesis, provides a more convenient way. The chapter? discusses the Fast Fourier
Transform (FFT) form of the vectorial diffraction theory for an X polarized beam
and its extension for a Y polarized beam and eventually for an arbitrarily polarized
beam. Further we have also discussed the discrete Fourier transform (DFT) form of
the vectorial diffraction theory which provides a computationally less intensive way
to compute focal field components with a superior spatial resolution.

In chapter3 we have investigated the effect of all the primary aberrations such
as astigmatism, coma, trefoil and spherical aberration on an azimuthally polarized
beam by using the theory developed in chapter2. In this investigation we have no-
ticed that in the presence of coma the total intensity distribution of an azimuthally
polarized beam in the focal volume takes an interesting shape of a boat-like struc-
ture. Here we have also investigated how the primary aberrations distort the axially
symmetric polarization profile of the azimuthally polarized beam. In this chapter we
describe an in-house developed and division of wavefront based vector beam forming
setup which will be used to verify some of the numerical results in the low NA case
obtained in this thesis work.

In chapter/ we have discussed the effect of primary aberrations on an az-

imuthally polarized beam with a helical phase mask (referred to as APBH). The
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focal intensity distribution of the azimuthally polarized beam with a helical phase
mask is very similar to the focal spot of a plane wavefront beam in the low NA case
as both the beams have circularly symmetric focal intensity distributions. In this
chapter we have investigated the effect of primary aberrations on the APBH and an
X polarized beam (XPB) and the relative performance of the two against primary
aberrations. We have observed that the effect of astigmatism is less prominent on
the APBH as compared to the XPB, thus the APBH is more resistant to astigma-
tism. Hence the APBH is a better beam for optical systems known to suffer from
astigmatism.

In chapters we have discussed the effect of both primary and secondary aberra-
tions on a radially polarized beam. Primary aberrations such as astigmatism (Z),
coma (Zg), trefoil (Zy19) and spherical aberration (Z;1) have their counter parts in
secondary aberrations such as second astigmatism (Z13), coma (Z4), trefoil (Z13)
and spherical aberration (Z32) with a negative sign. In this chapter we have made a
comparative investigation on the effect of primary aberrations and their secondary
aberration counter parts on the radially polarized beam.

Poynting vector profile of a radially polarized beam plays important role in op-
tical trapping and related applications. In optical trapping, on a trapped particle
there exists two forces, (1) the gradient force, and (2) the scattering force such as
radiation pressure. Gradient force depends on the intensity value of the laser beam
at the focus and the radiation pressure depends on the Poynting vector on the opti-
cal axis. In the case of an ideal, unaberrated radially polarized beam, the Poynting
vector along the optical axis is zero resulting in zero radiation pressure. Therefore
in the case of the radially polarized beam there exists only gradient force towards
the focus which helps to trap a particle stably. In chapter6 we have discussed
the effect of primary aberrations on the Poynting vector profile near the focus of a
radially polarized beam. In this chapter we have investigated the effect of various
aberrations on the time average value and time evolution of the Poynting vector.
Here we have observed that in the case of coma there appears non zero Poynting
vectors along the optical axis. Thus the Poynting vector profile near the focus of a
radially polarized beam is maximally effected by coma.

The thesis work is concluded in chapter 7 by highlighting the important findings
of the thesis work. The same chapter also includes a brief discussion on future

prospects.
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Chapter 2

Vectorial diffraction theory

2.1 Introduction

The primary objective of this thesis is the investigation of the effect of aberrations on
the various focal volume properties of a tightly focused cylindrical vector beam. The
investigation will involve calculation of electric and magnetic field vectors near the
focus of the beam. Thus there is a need of a suitable theory to be able to compute
the focal field components. In this chapter we start with a brief description on
the basic developments in the field of scalar diffraction theory and then discuss
their extension to vectorial diffraction theory. We will describe different forms of
the vectorial diffraction theory that can be employed to numerically compute the
Cartesian components of the electric and the magnetic fields. This chapter will also
describe computation of some important physical parameters in the focal volume
and the modification in the theory to take into account the effect of aberrations in

the beam.

2.2 Maxwell’s equations and scalar diffraction the-
ory

Diffraction is one of the phenomena in the realm of physical optics that relates to
a propagating electromagnetic wave. It is defined as the deviation of light ray from
the rectilinear path and is caused by the confinement of lateral extent of the incident
wave. Diffraction effects are more prominent when the size of the confinement is

comparable to the wavelength of the light. It plays an important role in all the
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2.2 Maxwell’s equations and scalar diffraction theory

applications involving propagation of light and is the limiting factor on the perfor-
mance of an imaging system. According to Huygens each point on the wavefront of
a disturbance is considered to be a new source of secondary spherical disturbance.
Thus the wavefront at later instant can be found by constructing the envelop of the

secondary wavelet.

We begin our discussion by stating the Maxwell’s equations in electrodynamics.
In free space the charge density (p) and current density (J) are zero, and hence the

Maxwell’s equations have the following form

V-E=0
V-H=0
V x q:—ﬂog
Vxﬁ:eoaa—lj

where E and H represents the electric field and magnetic field vectors.

If the propagation medium is linear, isotropic, homogeneous (i.e. with uniform
permittivity ¢), and non dispersive, then we get wave equations for E and H from

Maxwell’s equations as

2 52
FE———— =0 2.1
v 2 0%t (21)
- n?0°H
V?’H — — = 0 2.2
2 0%t (2:2)
o e . . . o 1 . .
where, n = \/g is the refractive index of the medium, ¢ = e 18 the velocity

of light in free space. The two vector wave equations obeyed by E and H , can be
replaced by an identical scalar wave equation, as given below, which will be obeyed

by any components u(P,t), of these two vectors,

n_2 O?u(P,t)
¢z 0%

V2u(P,t) — =0 (2.3)

Considering harmonic time dependence, we may write u(P,t) = R{U(P) e~ ™}

Substituting u(P,t) in the above time dependent wave equation, we obtain
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Figure 2.1: (a) Schematic of an aperture ¥ illuminated by monochromatic light, and (b)
a spherical wave incident on a circular aperture.

(VP4+ kU =0 (2.4)

where ko = 27n? is the wave number. The time independent wave equation [2.4] is
known as the Helmholtz equation. The complex amplitude of any monochromatic

wave propagating in vacuum or in a homogeneous medium must obey such a relation.

Scalar diffraction theory relates to the conversion of the scalar wave equation,
which is a partial differential equation, into an integral equation. It can be used
to study and to analyze most types of diffraction phenomena and imaging systems
subjected to the approximations. The first important attempt to solve the Helmholtz
equation to develop an integral theorem is by Kirchhoff and it is the basis for the
mathematical formulation of scalar diffraction theory [30) B1]. The results of scalar
diffraction theory holds when the wavelength of light is much smaller than the
aperture size of the diffracting device used to control the wave. The Kirchhoff
formulation of diffraction can be made use to obtain the complex amplitude at a
point Py behind an aperture 3 as shown in Fig. 2.1 (a), where complex amplitude at
each point P; inside the aperture is known, considering monochromatic illumination

at wave number ky. This is known as Huygens-Fresnel principle, given by

T

1 eikon
U(FR) = 5//2 U(P) - cosfds (2.5)

Here rg; is the vector joining Py and Py, ds is the area element, and 6 is the angle

between 1p; and the normal to the aperture plane.

We then consider a spherical monochromatic wave W incident on a circular

aperture X of radius d and converging towards the axial point O as shown in Fig.
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2.3 Vectorial diffraction theory

(b). Fp is a point in the neighbourhood of O with 7, as the position vector.
Assuming that r, and d of the aperture are small compared to the radius z=CO of
the wave-front W and 7 as the amplitude at point P; of the incident wave, according

to Huygens-Fresnel principle we can write

1 aeikgz eikorm
UFR) =— d 2.6
(Fo) iAoz //Q o1 i (2:6)

Here U(F,) is the field at point Py and rq; is the distance between point P, and

point P; on the Wave-front. Further assuming the variation of the inclination factor

over the wave-front as negligible and taking ry;=z, the Eq. , takes the form [30]

U(Py) = %a / /Q k08T dQ) (2.7)

where we have taken ds=z2d) and df) as the solid angle subtended by ds at O. The
Eq. is known as the Debye diffraction formula that provides the scalar field near
the focus as the superposition of plane waves traveling in different directions. To
be noted that in this derivation a is taken as a scalar constant and hence was kept
outside the integral.

However the scalar nature of the above kind of beam propagation model does
not take into account the interdependence of the different components of the elec-
tromagnetic fields. Therefore to accurately model the propagation of light which
does not conform to the usual thin lens and paraxial approximations, one requires a
more rigorous approach that incorporates the full-vector nature of electromagnetic

radiation.

2.3 Vectorial diffraction theory

Beginning with the work of Ignatowsky [32] there are a number of different methods
available, which discuss the vectorial nature of the diffracted light [33] [34]. One of
the most important and successful approximation was introduced by Richards and
Wolf in 1959 [I, B5]. Their work may be regarded as the vectorial generalization
of the Debye diffraction formula which is discussed in the previous section. In this
vectorial generalization the amplitude is taken as vector quantity which need not
necessarily be a constant throughout the aperture. In this theory, the electric (and

magnetic) field near the focus is taken as the superposition of plane waves weighed
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Figure 2.2: Focusing of an incident beam by an aplanatic lens system. gp and g; are
the unit vectors normal to the ray and away from the optical axis. The incident rays are
assumed to suffer refraction at a single surface called the focal sphere indicted by dashed
lines

by a strength factor, which is the electric (or magnetic) field associated with each
ray forming the image.

The model by Richards and Wolf assumes a monochromatic point source emitting
electromagnetic wave of angular frequency w which is situated in the object space

of a system of revolution as shown in Fig. Also
E(P,t) = R(é(P)e ™), H(P,t) = R(A(P)e ") (2.8)

represent the electric and magnetic vectors, at a point P in the image space, at time
t. The vectors € and & are complex numbers, and the symbol R denotes the real

part.

The integral expressions for electric and magnetic field components at the point
P(zp, yp, zp) in the image space, which is not too close to the exit pupil, are given

as

ok 5
€($P7yP7ZP) _ Z tho // S Sy) ezko(@(sz,sy)—&-smxp—i-syyp—&-szzP de dSy (2 9)

7 K T
h(:l?p,yp,Zp) = ! 0// S Sy) etko(®(sa,8y)+saxptsyyp+s=2p) ds, dsy (2 10)

In the above equations a@ and b are the strength factors of the unperturbed electric

and magnetic fields which are incident on the exit pupil. Here kg = % = —” is the

38
TH-1501_ 10612103



2.3 Vectorial diffraction theory

vacuum wave number and A is the vacuum wave length. Further, ® is the aberration
function present in the system, and s, s,, s. are the components of the unit vector
§ (indicating the direction of the propagation of the light) along a typical ray in
the image space. (2 is the solid angle formed by all the geometrical rays which pass
through the exit pupil of the system. The strength factors are related by formula
b=5xd. In the problem under consideration, the imaging is aplanatic so that the
wavefront in the image space is spherical, with a common centre at the Gaussian

image point. Hence, for all vectors s in the solid angle 2,

D(s,,5,) =0 (2.11)

2.3.1 Integral expressions for an X polarized beam

We consider an aplanatic lens L of focal length f which is shown in Fig. A
point source (such as a small Hertzian dipole oriented parallel to the X axis) at
infinity along the optical axis gives rise to an X polarized monochromatic wave in
the entrance pupil PP of the focusing lens. Let AQy be a typical ray parallel to
the optical axis in the object space, incident on P, P, at a height h from the optical
axis and the corresponding ray RO in the image space is making an angle 6 with
it. The maximum value of 6 is «, defined as the semi angle of aperture of the lens
L, when AQ), corresponds to the marginal ray. l; is the amplitude vector at A in
the entrance pupil, and [, is the amplitude vector at R in the exit pupil which is
taken as a sphere of radius f (called the focal sphere indicated by dashed lines).
The electric field vectors corresponding to AQ)y and RO are €3 and €7, respectively,
such that ¢y = £ and

ey = Lo €y €40

and

e_i = ll él 6Zk£1

where &, and &; are the corresponding eikonal functions.

Now according to the sine condition
h = fsind. (2.12)

The losses of energy due to reflection and absorption within the system are negligible.

Hence from considering annular areas dsg and ds; in the entrance pupil and in the
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focal sphere we have
dsg = dsycosb, (2.13)

such that
I1 = ly cos? 0. (2.14)

The expression of @ in Eq. can eventually be written as
@ = flycos? 0. (2.15)

The components (s, sy, S;) of the unit vector 5 along a ray in the image space and
the co-ordinates (zp,yp, zp) of the field point P in the image region are expressed

in the spherical co-ordinates. Therefore

Sp + SyY + §,2 = T'p COSE, (2.16)
where
cos € = cos 6 cos Op + sin O sin fp cos(p — Pp). (2.17)
and 4
5% _ 40 = sinfdfde. (2.18)
SZ

Under the assumption that the angle of incidence on each refracting surface is
small such that the orientation between the electric field and magnetic field vectors
and the meridional plane remains constant, one can derive the Cartesian components
of €;. Thus for the point P in the focal volume and for the X polarized incident
beam, the Cartesian components of the electric field Fxx, Fxy and Exz are written

as
Exx = —% // Veos 0(cos § 4 (1 — cosh) sin’ ¢))e™"F < sin Odf dg.
1%
iA “ o : ikorp cose L:
Exy = ?/ / (1 — cos ) cos psin ¢V cos Ge'™" = sin OdO dp.  (2.19)
o Jo

i A a 27 )
Exy; = 4 / / sin 0 cos ¢V cos 0e 0P €€ sin Odf dep.
T Jo Jo
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2.3 Vectorial diffraction theory

and the Cartesian components of the magnetic field are written as

i A «a 27 )
Hxx = Z—/ / (1 — cos @) cos ¢ sin ¢V cos Be™™0P € sin §df de
T Jo Jo
i A a 2 ‘
Hyxyy = ——/ / VeosO((1 — (1 — cos) sin? ¢))) e P ¢ sin 0dh dep.
™ Jo Jo

i A o' 2m )
Hyx, = 4 / / sin @ sin v/ cos B’ TP < in §dh de. (2.20)
™ Jo Jo

ko flo

where, A = =2

2.3.2 Integral expressions for a Y polarized beam

Considering the incident monochromatic beam to be Y polarized, we have ¢, = g.
Consequently the Cartesian components of @ can again be derived. Thus for the
point P in the focal volume and for a Y polarized incident beam, the Cartesian

components of the electric field can be written as

i A a 2m )
Eyx = 4 / / (1 — cos 6) cos ¢ sin ¢/ cos fe™ 0P < sin Odf dg
T Jo Jo
iA a 27 4
Eyy = ——/ / Veos((1 — (1 — cosh) sin? ¢)))e ™7 €€ sin Odf dep.
™ Jo Jo
ZA a 2w i
Eyvz = — / / sin 0 sin ¢V cos OO € gin 0df dg. (2.21)
T Jo Jo

and the same for the magnetic field are written as,

i A « 2m )
Hyx = - / / Vcos B(cos § + (1 — cos) sin® @) )e™*orr < sin §dh de.
™ Jo Jo
i A o' 2w |
Hyy =" L#5 / / (1 — cos @) cos ¢ sin pv/cos 0e™7P ¢ sin 0df dp.  (2.22)
T Jo Jo

i A a  r2m i
Hy; = = / / sin 6 cos ¢V cos O’ € sin Odf dg.
T Jo Jo

2.3.3 Integral expressions for an arbitrarily polarized beam

An arbitrarily polarized beam may considered to be a laser beam whose pupil plane
comprises electric field vector distributions which may be arbitrary or user defined
in terms of orientation and the magnitude of the vectors. It is possible to split such

a pupil plane into two constituent pupil planes, one comprising X polarized light
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Chapter 2: Vectorial diffraction theory

represented by a certain 2D function, say [,, describing the magnitude of the X
polarized light and the other comprising Y polarized light represented by another
function, [,, describing the magnitude of the Y polarized light. The Cartesian
components of electric field and magnetic field for the X polarized pupil can be
obtained using a modified form of the equations [2.19] and [2.20] Similarly the same
for the Y polarized pupil can be obtained using a modified form of the equations
and [2.22] In order to obtain the modified form [, in A is replaced by I, for the
X polarized pupil and by [, for the Y polarized pupil. Since in the modified form A

is function of @ and ¢ hence it is incorporated into the integrand. Thus we have

Exx = / / VcosO(cos B + (1 — cosh) sin? ¢)e’™ ™ € sin 6df d.
Exy = if / / (1 — cos @) cos ¢ sin ¢V cos fe™F ¢ sin Odf dp.  (2.23)

2m
Exy; = Tf/ / I, sinf cos ¢V cos BeorP <€ sin 0dh de.
o Jo

. [} 2
Eyx = % / / l, (1 — cos 6) cos ¢ sin ¢V cos fe™"7 <€ gin Od6 dg
o Jo
- o 2
Eyy = —% / / I, Veos 0((1 — (1 — cosf) sin? ¢)))e™ ™ 5 sin Odf dep.
o Jo

: « 2m
Eyz = % / / l, sin 0 sin ¢/ cos fe™™ <€ gin Odf dep. (2.24)
o Jo

Therefore the Cartesian components of the electric field near the focus of an arbi-

trarily polarized beam can be written as

Ex = Exx+ Byx
Ey = Exy+ Eyy (225)
E;, = Exz+Eygz

Similar modifications can be performed in the magnetic field expressions and thus

the Cartesian components of the magnetic field near the focus of an arbitrarily
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2.4 Fast Fourier Transform form of vectorial diffraction theory

polarized beam can be written as

Hxy = Hxx+ Hyx
Hy = Hxy+ Hyy (2.26)
H; = Hxz+ Hyy

2.4 Fast Fourier Transform form of vectorial diffrac-

tion theory

Integral form of the vectorial diffraction theory as elaborated above is easy and
convenient only for pupil functions which have a simple analytical form. However
this integral form is not easy to handle for pupil functions which have discontinuities
or which do not have a simple analytical form, for instance, pupil functions in the
presence of aberrations. Therefore to compute the focal field components of an
arbitrarily polarized beam there is a need to look for a more convenient theory.

It was shown [30] that the diffraction integral near the focus can be carried out
using a combination of Fourier Transforms (FT). The Cartesian components of the
field near the focus can be computed [37] by using Fast Fourier Transforms (FFT) on
the input field. However here input field needs to be described as the superposition
of the radial and azimuthal (tangential) components. Later it was demonstrated
that the integral form of the vectorial diffraction theory can also be converted into a
Fourier transform form [28] in Cartesian coordinate system. Using this FT form one
can easily and quickly compute electric field and magnetic field components near
the focus even for complex pupil functions by using easily available Fast Fourier
transform tools. In this particular scheme the input field needs to be describe as the
superposition of X and Y polarized input field components. Thus the scheme [2§]
is more suitable for experimental setups generating an arbitrary vector beam as a

combination of X and Y polarized fields.

2.4.1 Expressions for an X polarized beam

The electric field at P(7p), such that rp<<f, can be defined as the Fourier trans-
form of the 3D vectorial pupil function in k-space defined by the three mutually
perpendicular axes (ky,ky, k). The pupil function in the k-space is denoted by
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(b)

3k,

Spherical cap of
angular radius «

Figure 2.3: (a) Spherical cap of the three dimensional pupil plane, and (b) magnified
view of a section of the spherical shell.

Ijl(é) where Q = (ky, Ky, k) in Cartesian coordinate system or (ko, 6, ¢) in polar
coordinate system. As shown in Fig. the 3D pupil function is obtained by
taking a cap off a sphere of radius ky. The field at the point P(7p), as shown in Fig.

2.2 barring some constant terms can be written as
EX(P) = / L1(@)e o™ duyg (2.27)

In the above expression dvg = dk,dk,dk, is the volume element in k-space and the
integration is performed over the entire space. Since the pupil function is non zero
only inside a spherical shell between radii ky and kg — 0ky such that dkq —0, it is

possible to write, after slicing the pupil function along the k,=0 plane,

5(@) = @) 0k — i - )+ TU@) ot + i) (229)

where L/ (@) is the generalized 3D pupil function and k, = /k2 + k2. The two
terms on the right of Eq. corresponds to two pupil functions, for the forward
propagating and the backward propagating beams, respectively. Considering the

forward propagating beam we thus have
EX(P) = /0 /0 [ /0 E’l@)%é(kz — /K2 = k2)e®o dk | dk,dk, (2.29)
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2.4 Fast Fourier Transform form of vectorial diffraction theory

Performing the integration over k, and using the property of Dirac-delta function,

we have

ko

Referring to the Figs. and , it is seen that polar co-ordinates of R and Q
only differ in the magnitude of the radius vectors and [_:’1 depends only on (ky, ky).
Therefore we have L|(ky, ky, \/k& — k2)= Cnxly(ky, k,), where Cn is a constant.

Hence the above equation can now be written as

EX(P) = / / L (kg kyy \/ K2 — K2) R ke, dk, (2.30)
0 0

EX(P) = / / (%P2 [} (ky, k) cos™" B)eFaopthuvr) gk, (2.31)
o Jo
where cos™!1 0 = ﬁ It is noticed that the Eq. [2.31| represents the 2D Fourier
V ro TP

transform in Cartesian co-ordinates (k;, k,) of the expression within the bracket.

Hence we may write
EX(P) = F " (ky, ky) cos™ 0 (2.32)

where F'[...] represents the Fourier transform in the Cartesian co-ordinate system.
To be noted that if the Fourier transform is performed by the readily available FF'T
tool then the operation results in data over an entire plane passing through the
point P and perpendicular to the optical axis. Following Eq. 2.19] the Cartesian

components of [; are written as

L, = lpVcosO[cosf + sin® ¢(1 — cos 0)]
liy = lpVcosB[(cosh — 1)sin ¢ cos ¢ (2.33)
ly, = lgVcosfsinfcos ¢

The 0 and ¢ dependent terms in the field expressions can be written in terms &, k,

ke

and «, using the relations cos§ = £ sinf = & cos ¢ = and sin ¢ = 7%. Further
) 0 ko’ ko kr

k
we have k, = \/k2 — k2 and kosina = 1. Thus if ly(k,, k,) is the pupil function for

an X polarized beam, then the electric field components on the plane (perpendicular
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to the optical axis) passing through P can be written as,

EXX = F[lo(kza ky)GX(k:L‘v ky)]
EXy = Fllo(ks,ky)Gy (ks k) (2.34)
EXZ = FUO(’%; ky)GZ<kaca ky)]

where
. [ko kok? + k. k2
_ - dkyz 0 2
Gx(ky, ky) = —ie™=r T —Zokg
. Ko (ko — k2 ko
I ZkzZ 0 0 z X
Gy(k'x,k’y) = 1€ P k—szgy (235)

- ikzz ko kw
Gz(k’x,k?y) = ek Pw/k—zk—o

Similarly expressions for magnetic field on the plane passing through P for the same

X polarized pupil are written as,

HXx = F[lo(kx,ky)FX(kx,ky)]
HXy = F[ZO(k:xa ky)FY(kxa ky)] (236)
HXz = Fllo(ke, ky)Fz(ke, ky)]

where

FX(k k) — ieikZZP @W
T 'y

ke kok?
| o kok? + k.k?2
Fy(ky k) = —ie*==r, ] k—OW (2.37)

- ik z k’ok‘
Fyky, k) = e P”k’_zk_z

In the above expressions Gxyz, Fxyz and [y are 2D matrices having the same

number of rows and columns.

2.4.2 Expressions for a Y polarized beam

We then assume a Y polarized field in the entrance pupil with lB as the corresponding

amplitude vector. We consider a new co-ordinate system, denoted as the primed
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X'=Y
° P' ° P
Y' = X < > X

Figure 2.4: Co-ordinate rotation for the Y polarized pupil plane with respect to the X
polarized pupil plane.

coordinate system, which is realized by rotating the unprimed co-ordinate system in
Fig. about Z axis by an angle of 7 rad in the anti-clockwise direction, as shown
in Fig. 2.4l The two co-ordinate systems are thus related as

(X,Y,7) < (=Y, X', Z') (2.38)

It is now seen that the electric field components EYy, EYy and EY, at P in the
focal volume can be obtained by using the Egs. as shown below

EYxyz = RC(F[(QYX,Y,Z>]> (2.39)
where

RYx = _lé)(kxa ky)GY(kl?? ky)

@Y = lg(kx, ky)GX(kx, ky) (2.40)

QY7 = l()(kmkﬂGZ(kmky)

Here I, = Rc(ly) such that Re is a rotation by 90° in the clockwise direction,
operated on the matrix on the right. Similarly the expressions for X, Y and Z
components of the magnetic field, HYy, HYy and HY, for the Y polarized beam

are,

HYxyz; = Ro(F[(TYxyz))) (2.41)
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Chapter 2: Vectorial diffraction theory

where

TYx = —l(ks, ky)Fy(ka, ky)
TYy = Uk, ky)Fx (ks ky) (2.42)
TYy = (ke ky)Fz(ks, ky)

2.4.3 Expressions for an arbitrarily polarized beam

In order to get the expressions of the Cartesian components of the electric and
the magnetic field of an arbitrarily polarized beam we again decompose the pupil
function into an X polarized pupil function and a Y polarized pupil function. Let [,
and [, are the two constituent orthogonally polarized pupil functions. The electric
field components EXx y.z and the magnetic field components H X x y z at the point
P near the focus for the X polarized pupil are obtained by replacing [y = [, in Egs.
and The electric field components EY y z and magnetic field components
HYx y,z for the Y polarized pupil are obtained by replacing ly = [, in Egs. and
[2.41] The resultant electric and magnetic field components due to the arbitrarily

polarized beam can thus be written as,

Ex = EXx+ EYx
By = EXy+EYy
E, = EXy+EYy
Hy = HXx+ HYx
Hy = HXy+ HYy
Hy, = HX,+HY, (2.43)

Considering the Jones matrix representation of a beam as

In this thesis we will assume the cylindrical vector beam to have a uniform amplitude
profile. Hence the electric and magnetic field components near the focus can be
computed by using [, = J, for the X polarized pupil plane and [, = J, for the Y

polarized pupil plane. Thus knowing the Jones matrix representation of an arbitrary
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beam, the Cartesian components of electric and magnetic field near the focus can

be computed.

2.5 Vectorial diffraction theory using Discrete Fourier

Transform

The Discrete Fourier Transform (DFT) is a numerical variant of the Fourier Trans-
form where discrete sets of space data are converted into a discrete sets of frequency
data [38]. In FFT form of Fourier transform one needs to compute the entire spatial
frequency spectrum, while in DFT it is possible to compute only a specific set of
spatial frequencies. Thus when incorporated into the Fourier transform form of the
vectorial diffraction theory, DFT allows quick computation of a magnified version
of a small focal volume.
Consider a vector of n input amplitudes such as z[0], z[1], z[2], - -+ , z[n — 2], z[n — 1].

The Discrete Fourier Transform yields a set of n frequency magnitudes, f[k], ex-

pressed as
N-1

flkl =" alne= ¥ (2.44)
n=0
here, k is used to denote the frequency domain ordinate, and n is used to represent

the space domain ordinate, while N is the length of the sequence to be transformed.

The Inverse DFT (IDFT) is given by the following equation

N—

|_I

1
_N X [E]Wkn (2.45)
k=

o

where

Wy = e 721/

Again here also N is the length of the transformed sequence.

Expression for 2D Discrete Fourier Transform (DFT) is given as

1

2

1 M= k k
Flka by = —— z[m, n] e 2R (2.46)
MN m=0 n

I
=)

Here z[m,n] represents spacial data having M rows and N columns, and f[k,, k]

represents frequency data as (m, n) represent the spatial co-ordinates and (k,, ky)
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_1 11 1
. N 2L LN LN 2L 1
Oddd------. oo O0--_.00o00d ---. 0O 2L
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M oo FFT . LM 2
0000 ------. mim 00 ...Oooog ____[]—%
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Figure 2.5: Schematic showing the difference between (a) the FFT based computation
of the entire frequency plane and (b) the DFT based computation of specific frequency
component. The pixel with co-ordinate (p, q) will correspond to spatial frequency co-
ordinates (kz, ky) = (v, 747)-

represent the frequency coordinates. The same 2D DFT expression can also be

written as
M/2 N/2
1 mkg | nky

flks, ky] = VN Z Z z[m, n] e 2T, (2.47)

m=—M/2n=—N/2

Figure depicts a comparison between the FF'T based computation of the entire

frequency plane and DFT based computation of specific frequency component. We
may represent the two Eqs . and [2.47] as

flke, k] = DFT [2] (ky. k). (2.48)

Thus we can write the DFT form of Eq. as

EXX(P) = DFT[ZO(kxaky>GX<kxaky)](P>
EXy(P) = DFT[lo(ky, k,)Gy (ks k,)](P) (2.49)

and Eq. as

EYxyz(P) = Ro(DFT[(QYxy,z)])(P) (2.50)
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2.5 Vectorial diffraction theory using Discrete Fourier Transform

The magnetic field components and the resultant electric and magnetic field com-
ponents for an arbitrarily polarized beam can similarly be written. In comparison
with the FFT form it is seen that in the DFT form the electric field and magnetic
field components can be computed only at one location, say P near the focus. Thus
using the DFT form one can compute the focal field in a narrow region near the
focus, however, with an enhanced spatial resolution without computing the data

over the entire plane.

2.5.1 Derivation of the length units for the numerically con-

structed focal volume

The two versions of the Fourier transform form of the vectorial diffraction theory
described above computes focal field components in a plane through a point P or at
the point P, respectively. Here the distance between two points in the focal volume
is denoted in terms of number of pixels. Thus there is a need to convert the distance
in terms of number of pixels to real distance units.

To convert the pixels to distance units, we make use of normalized optical co-
ordinates. Normalized optical co-ordinates are a natural generalization of the co-
ordinates employed frequently in connection with diffraction in a lens system. The

optical co-ordinates are defined as

u = 4kzsin®a/2

v = krsinfsina = kv/ (22 +y?)sina (2.51)

Here u is the optical coordinate along the optical axis, v is the optical coordinate in
the transverse direction and the other symbols have their usual meaning. Therefore

considering a small increment in v and v

Av = kyApsina
Au = 4koAzsin® /2 (2.52)

where p = rsinf. Assuming Ap = Az, we can write

Av Au

kosina  4dkgsin®a/2’
Au = Av x 2tana/2,
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Pupil plane
projection

(a) +1 (b)

Figure 2.6: Schematic showing (a) the pupil plane and (a) the wavevector orientation
for a marginal ray.

Meanwhile from section we see that the pupil plane has a unit radius in the
(kx, ky) plane since kosina = 1. Hence the values of (k, k,) will vary between -1

and +1 as depicted in Fig. [2.6] Thus writing Fourier transform phase factor in Eq.
2.3 as

gilksathyy) _ i2n(5ea+ity) (2.53)
we have
Av = ANpiger X T. (2.54)
Therefore
Au = ANpiger X ™ X 2tana/2 (2.55)

where AN, is the number of pixel to be converted to distance unit. Thus we can
express AN,z in the unit of normalized optical coordinates u and v, which can be

used in Egs. to obtain the corresponding values in physical distance unit.

2.5.2 Focal field computation in the presence of aberrations

So far in this chapter we have considered computation of electric and magnetic field
near the focus when the beam does not have any aberration. In the presence of
aberrations the same expressions get modified, as unaberrated pupil function [ is

to be replaced by Iy e’®*@¥) | where ®(z,y) represents the aberration function.
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Table 2.1: Zernike circular polynomials.

i | Zj(z,y) Common aberration
4 V3222412 - 1) Defocus
5 | 2v/6xy primary astigmatism at + 45°
6 | V6(x> —y?) primary astigmatism at 0°
7 1 V8(3(2® +y?) —2)y primary y coma
8 | V8(3(x? +y?) —2)x primary x coma
9 | V8(3z?y —y?) primary y trefoil
10 | V8(z® — 3y2x) primary x trefoil
11 | V5(6(2? + %)% — 6(z* 4+ 2) + 1) primary spherical aberration
12 | V10(4(z? + y?) — 3) (2 — y?) Secondary astigmatism at 4 45°
13 | V10(4(2? + y?) — 3)2zy Secondary astigmatism at 0°
14 | v10(4(2* —I—y ) 6z2%y?) Tetrafoil x
15 | V10(4xy(2? — y?)) Tetrafoil y
16 | V12(10(2 +y ) —12(2? + y*) + 3)x | Secondary x coma
17 | V12(10(2? + y?)% — 12(2® + y?) + 3)y | Secondary y coma
18 | V12(5(x% + y?) — 4)(2® — 3y°x) Secondary x trefoil
19 | V12(5(2% + y?) — 4)(32%y — v°) Secondary y trefoil
20 | V12(5z(2? + y?)? — 4a° — 20y%z3) Pentafoil x
21 | V12(5y(z? 4 32)? — 4y° — 202°y?) Pentafoil y
22 | V7(20(z% 4+ 9?)? — 30(z% + 4?)?
+12(z* + y?) — 1) Secondary spherical aberration

In this thesis, the aberration present in a beam will be expressed as a linear
combination of orthogonal Zernike circular polynomials [21} [39], such that ®(z,y) =
> (brms)iZi. Here ¢pms is RMS (root mean square) amplitude of aberration and Z;
is the single index Zernike polynomial. Zernike polynomials form a complete set
of polynomials in two variables, (r,6) or (x,y), and are orthogonal to one another
over the interior of a unit circle. It is important to note that the Zernike modes are
orthogonal only in a continuous fashion over the area, and in general they will not
be orthogonal over a discrete set of data points within a unit circle. Table [2.1]shows
a list of Zernike polynomials expressed using Cartesian coordinates which represent

a few important monochromatic aberrations.
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2.6 Conclusion

In this chapter we have introduced vectorial diffraction theory that is needed to
compute the Cartesian components of the electric and magnetic fields near the
focus of a beam. We began with the theory of Richards and Wolf and showed
how this integral form can be converted to a Fourier transform form. We showed
two versions of the Fourier transform form of the vectorial diffraction theory. We
have also developed the expressions to convert the pixel units associated with the
numerical computation to real distance units. We then showed how the focal field
expressions get modified in the presence of aberrations present in the beam. It is
to be noted that the same theoretical expressions, discussed in this chapter, can
be used to compute the focal volume properties of any focusing system, having
a numerical aperture ranging from low to high. Also for many applications such
as optical trapping, the focusing medium is inhomogeneous. Nevertheless the focal
field expressions developed in this chapter will be useful to compute some generalized
properties near the focus, such as the various trapping forces, even for the above

applications.
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Chapter 3

Aberration effects on the

azimuthally polarized beam

3.1 Introduction

As mentioned previously an azimuthally polarized beam has important properties
in the focal volume. When focused by an unaberrated lens system, it produces
a doughnut shaped intensity distribution in the focal plane [40, 41]. Azimuthally
polarized beams have non diffracting and self healing properties [42] and when used
as the pump beam it reduces transmission loss in the waveguide in comparison to a
linearly or radially polarized pump beam [19]. Such doughnut shaped patterns can
act as the erase beam in optical super resolution microscopy [43], [44]. These beams
have also been shown to be useful in creating optical traps [45] for three-dimensional
(3D) manipulation of the trapped particles. Pulsed azimuthally polarized beam can
drills holes in certain kind of metals more efficiently as compared to linearly or
circularly polarized beams [17].

In all the above stated applications, the azimuthally polarized beams are assumed
to be free of any aberrations. Therefore whether the important properties of the
beam are effected by the presence of small to moderate amount of common optical
aberrations or not, is of significant interest in so far as the applications of the beam

are concerned.

There are number of reports about the effect of primary aberrations on the
azimuthally polarized beam [20, 28], 40} [47], however, these studies are mostly limited

to the focal plane. There are also reports on the study of the effect of thermally
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induced aberrations [4§] and effect on irradiance and polarization properties of the
beam as it propagates through a turbulent atmosphere [49]. Unfortunately there
is no comprehensive study on the effect of the aberrations on the properties in the
entire focal volume of an azimuthally polarized beam. Such studies are expected to
reveal some non-trivial and so far unknown behavior of the azimuthally polarized
beam. In this chapter we are interested to see how the focal volume properties
of an azimuthally polarized beam change in the presence of the most commonly
encountered monochromatic aberrations. Thus we present here detailed theoretical
investigation on the effect of primary aberrations on the focal volume properties
of an azimuthally polarized beam. This chapter also presents experimental results

which verify the theoretical results for a low NA lens system.

3.2 Numerical simulation

We first investigate the effect of primary aberrations on the focal volume properties
of an azimuthally polarized beam by considering a focusing lens of numerical aper-
ture 0.9. Here we used Zernike polynomials [21] representing primary aberrations,
such as astigmatism, coma, trefoil and spherical aberration, which are discussed in
section and are shown in the table[2.1]of chapter[2] In this investigation electric
and magnetic field components in a focal volume, extending from -2\ to 2 along X,
Y and Z axes with origin of the coordinate system as the nominal focus, are com-

puted. The Jones matrix representation of an unaberrated azimuthally polarized

—sin ¢
cos ¢

where ¢ is the azimuthal angle in the pupil plane. The computational steps needed

beam can be written as

for the investigation has already been discussed in chapter 2] Throughout this
thesis we use the notations I,, I, and I, to indicate the time-averaged electric
energy densities or intensity distributions due to the X polarized, Y polarized and
Z polarized fields, respectively. Figure [3.1] shows the intensity distributions of an
azimuthally polarized beam (a) I, (b) 1, and (c¢) I, + I, in the XY plane and (d)
I, + I, in the XZ plane in the aberration free case. Again throughout the thesis the
XY plane will represent the focal plane with the nominal focus as the origin, and
the XZ or YZ plane will represent a plane passing through the optical (i.e. Z) axis

and the X or Y axis, respectively with the nominal focus as the origin. The intensity
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Figure 3.1: Normalized intensity distributions (a) I, (b) I, (¢) Iy + I, in the XY
plane and (d) I, + I in the XZ plane of an azimuthally polarized beam in the aberration
free case. Every image has different peak intensity, which is indicated at its top by the
horizontal color bar.

1x
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) XZ (c) - YZ

Figure 3.2: Polarization profile of an azimuthally polarized beam in the (a) XY, (b)
XZ and (c) YZ planes. Polarization ellipses are overlaid on the normalized total intensity
distributions in the corresponding plane, in the aberration free case.

distributions, due to the X polarized, or Y polarized fields and the total field in the
presence of aberrations as well as in the aberration free case, are normalized by the
maximum value of the total intensity in the aberration free case. In the case of an
unaberrated azimuthally polarized beam, it is noticed that the focal plane contains
both the X and Y polarized components, while in the X7 and YZ planes only Y or X
polarized component is present. However the presence of Z polarized component in
the focal volume in the entire range of numerical aperture is negligible. As expected
the total intensity distribution of an azimuthally polarized beam in the focal plane

has a ring like structure, thus having a circular symmetry about the optical axis.

3.2.1 Polarization profile near the focus

Besides the energy density, the polarization near the focus is one of the important

properties of tightly focused vector beams. As light gets focused not just to a point
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but to a diffraction limited volume, one must know the polarization property of the
beam at every point in the focal volume. Below we discuss the representation of the

polarization profile near the focus as adopted in this chapter.

Since the electric field components £, E, and E, are in general complex num-

bers, we can write,
By (P) = ey (P)erv=P) (3.1)

where e, , ,(P) are the amplitudes and ¢, , .(P) are the phase angles of the electric

field components at P. Incorporating the harmonic time dependence we can write
Ex,y,z = ew,y,zei(wz’y’z+Wt) (3'2>

The time dependence of the resultant electric field can be illustrated by drawing an
ellipse, referred to as polarization ellipse, using instantaneous values of F,, E, and
E.. The polarization ellipse thus can indicate how the orientation of the resultant

electric field changes as the time evolves.

Since the applications of the azimuthally polarized beam exploit the azimuthal
symmetry of the polarization profile near the focus, hence it will be important
to know how the common optical aberrations effect the polarization profile of the
beam. Therefore in this chapter we have also investigated the time evolution of the
net electric field in the entire focal volume of the azimuthally polarized beam, in
the aberration free case as well as in the presence of various primary aberrations.
To show the polarization profile we used two dimensional polarization ellipses. The
electric field components computed are complex, which can be expressed as the
product of a real valued amplitude and e’ where v is the phase angle. We draw
the polarization ellipses by using the real amplitude and the phase values of the
X polarized and Y polarized electric field components at every location in the XY,
X7 and YZ planes. Figure [3.2] show the polarization profiles of an azimuthally
polarized beam in the aberration free case in the (a) XY, (b) XZ and YZ planes.
The polarization profiles are overlaid on the normalized total intensity distributions
in the respective planes. In all the images, the top left corner shows the axes
of the polarization ellipses. It is noticed that in the aberration free case in the
XY, XZ and YZ planes, the light has linear polarizations. In the focal plane, the
polarization profile has a circular symmetry and the electric field points in the

azimuthal direction.
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Figure 3.3: Normalized intensity distributions I, I, and I, 4+ I, of an azimuthally
polarized beam in the presence of astigmatism at 0° with RMS amplitude 1 radian in the
(i) XY, (ii) XZ and (iii) YZ planes. Every image has different peak intensity, which is
shown at its top by the horizontal color bar.

YZ

Figure 3.4: Polarization profile of an azimuthally polarized beam in the presence of
astigmatism in the (a) XY, (b) XZ and (c) YZ planes. Polarization profiles are overlaid
on the normalized total intensity distributions in the corresponding plane.

3.2.2 Effect of astigmatism

We again compute the Cartesian components of the electric field near the focus of
an azimuthally polarized beam after introducing ¢,.,s=1 radian of astigmatism at
0° in the pupil plane. Figure [3.3] shows the resulting focal intensity distribution
I, + I, in the (a) XY, (b) XZ and (c¢) YZ planes, respectively. It is noticed that
the circular symmetry of the intensity distribution in the focal plane is distorted,
although there still exists a dark centre coincident with the nominal focus. In the XZ
and YZ planes the intensity distributions maintain planar symmetry with respect
to the optical axis. Even in the presence of astigmatism it is noticed that there is
no light along the optical axis and the dark centre is surrounded by intense light
over all the axial planes. If we apply aberration with opposite sign of ¢,,,s of the

same magnitude, there occurs an interchange in the intensity distributions between
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Figure 3.5: Normalized intensity distributions I, I, and I, + I, respectively, of an
azimuthally polarized beam in the presence of coma with ¢,,,s=1 radian, (a-c) in the XY
and (e-g) YZ planes, and (d) I, + I in the XZ plane. Every image has different peak
intensity, which is shown at its top by the horizontal color bar.

the XZ plane and the YZ plane. Figure |3.4] shows the polarization ellipses near the
focus of the azimuthally polarized beam in the (a) XY, (b) XZ and (c¢) YZ planes
in the presence of ¢,,,,=1 radian of astigmatism. The ellipses are overlaid on the
normalized total intensity distributions of the corresponding plane. It is noticed
that in the presence of astigmatism circular symmetry of the polarization profile in
the focal plane is distorted and there results in circular and elliptical polarizations
in addition to linear polarization. On the other hand in the XZ and YZ planes the

polarization is linear.

3.2.3 Effect of coma

Figure shows the intensity distributions I, [, and I, + I, of an azimuthally
polarized beam in the presence of ¢,,,;=1 radian of coma (a-c) in the XY plane and
(e-g) in the YZ plane, and (d) I, + I, in the XZ plane. It is noticed that the effect
of coma is more on the Y polarized intensity than the X polarized intensity in the
focal volume. The effect on the Y polarized component results in an asymmetry in
the total intensity distribution in the focal plane. It is also seen that the intensity

distribution in the XZ plane exists only on one side of the optical axis. There exists
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Figure 3.6: Polarization profile of an azimuthally polarized beam in the presence of
coma in the (a) XY, (b) XZ and (¢) YZ planes for ¢,ns=1 radian. Polarization ellipses
are overlaid on the normalized total intensity distributions in the corresponding plane.

two maxima of the y polarized intensity at two locations on the optical axis in the YZ
plane situated symmetrically with respect to the focus. This intensity distribution
due to the Y polarized component combines with the X polarized component to
contribute to the total intensity distribution in the YZ plane having a dark centre
surrounded by intense light.

Figure [3.6| shows the polarization profile of the azimuthally polarized beam in
the presence of coma with ¢,,,s=1 radian, in the (a) XY, (b) XZ and (c) YZ planes.
The polarization ellipses are overlaid on the normalized total intensity distributions
of the corresponding planes. Here we have observed that in the presence of coma,
circular symmetry of the polarization profile in the focal plane is distorted, although
light in the focal plane still has linear polarization. Besides the light in the XZ plane
also has linear polarization, although in the YZ plane the intensity distribution has

elliptical polarization.

3.2.4 Effect of trefoil

Figure[3.7)shows the intensity distributions (a) I, (b) I, (¢) I,+1I, in the XY plane,
and I,+1, in the (d) XZ and (e) YZ planes near the focus of an azimuthally polarized
beam in the presence of ¢,,,s=1 radian of x trefoil. It is observed that trefoil distorts
the circular symmetry of the intensity distribution in the focal plane, although
there exists a dark centre co-incident with the nominal focus. The focal intensity
distributions in the X7 and YZ planes indicate that the intensity distribution in
the transverse planes away from the focal plane have a profile similar to the same

in the focal plane. Thus there exist no light on the optical axis and the axis is
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Figure 3.7: Normalized intensity distributions (a) I, (b) I, (¢) I, +1, in the XY plane,
I, + I, in the (d) XZ and (e) YZ planes of an azimuthally polarized beam in the presence
of trefoil with ¢,,s=1 radian. Every image has different peak intensity, which is shown
at its top by the horizontal color bar.

surrounded by light distribution having discontinuity at three locations. Figure|3.8
shows the polarization profile of the beam in the (a) XY, (b) XZ and (¢) YZ planes
of the focal volume, in the presence of trefoil with ¢,,,s=1 radian. The polarization
ellipses are overlaid on the normalized total intensity distribution profiles in the
corresponding plane. As observed, in the presence of trefoil the circular symmetry
of the polarization profile in the focal plane is distorted, although the polarization

still remains linear. However in the XZ and YZ planes it has linear and elliptical

SLLLLLLE

()

Figure 3.8: Polarization profile of an azimuthally polarized beam in the presence of
trefoil in the (a) XY, (b) XZ and (c) YZ planes. Polarization ellipses are overlaid on the
normalized total intensity distributions in the corresponding plane.
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Figure 3.9: Normalized intensity distribution I, + I, of an azimuthally polarized beam
in the presence of spherical aberration with ¢,,,s=1 radian in the (a) XY, (b) XZ and
(¢) YZ planes. Every image has different peak intensity, which is shown at its top by the
horizontal color bar.

Figure 3.10: Polarization profile of an azimuthally polarized beam in the presence of
spherical aberration in the (a) XY, (b) XZ and (c) YZ planes. Polarization ellipses are
overlaid on the normalized total intensity distribution in the corresponding plane.

polarization profiles, respectively.

3.2.5 Effect of spherical aberration

Figure shows the intensity distribution I, + I, of an azimuthally polarized beam
in the (a) XY, (b) XZ and (c) YZ planes, respectively, of the focal volume, in the
presence of ¢,.,s=1 radian of spherical aberration. Here we can see that in the
presence of spherical aberration there is no considerable change in the intensity dis-
tribution in the focal plane as it remains circularly symmetric with a dark centre
at the nominal focus. The intensity distributions in the X7 or YZ plane indicate
that there exist no light on the optical axis and light distribution has cylindrical
symmetry about the optical axis. However as one goes along the optical axis the
radius of the circular ring pattern gradually increases. The corresponding polariza-

tion profile of the beam in the presence of spherical aberration is shown in Fig. |3.10
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Figure 3.11: Line plots of the normalized intensity distributions I, and I, of an az-
imuthally polarized beam in the presence of coma with ¢,,,s=1 radian along (a) X, (b) Y
and (c) Z axes, (d) variation of the intensity at the focus with ¢,,s varying between -1.8
to 1.8. Intensity plots are normalized by the maximum value of intensity in the XY plane
in the aberration free case.

which shows polarization profiles in the (a) XY, (b) XZ and (c¢) YZ planes. The
polarization ellipses are overlaid on the normalized total intensity distributions of
the corresponding plane. Here we have observed that in the XY, XZ and YZ planes
of the focal volume, the azimuthally polarized beam has linear polarization. Owing
to the symmetry of the spherical aberration such behavior will be observed on any

plane parallel to the optical axis and containing the optical axis.

3.2.6 Generation of a boat-shaped beam

If we consider the intensity distribution in the X7 and YZ planes near the focus
of an azimuthally polarized beam in the presence of coma, we may see that the
dark centre near the focus is surrounded by light in all but one direction. Thus it
indicates the formation of boat-shaped intensity distribution in the presence of coma
[50]. Recently there have been a lot of interests in the light beams with a 3D dark
spot, that is, a relatively dark centre surrounding by light in all directions. A dark
spherical spot [51] is created using a 47 arrangement of two counter propagating
radially polarized beams. Such a dark spot, when used in a STED (stimulated

emission depletion) microscope [52], can provide uniform resolution enhancements
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Figure 3.12: Intensity maxima locations (represented by the red dots) along the circum-
ference of the boat-shaped beam in the (a) XZ and (b) YZ planes obtained from a coma
aberrated azimuthally polarized beam with ¢,.,,s=1 radian, The plots of the intensity val-
ues corresponding to the red dots vs ¢ in XZ and YZ planes in the presence of coma with
Grms equal to (c) 1 radian, (d) 0.9 radian and (e) 1.1 radian.

in both transverse and axial directions. It has been demonstrated that a focal spot
comprising a dark centre surrounded by a bright ring can provide an efficient optical
trap for particles having refractive index lower than the surrounding medium [51], 53].
Realizing their importance especially in super-resolution microscopy and optical
trapping, a number of schemes, to generate 3D dark spots or volumes, have been
proposed. Many such schemes do not require the 47 arrangement of two microscope
objectives, as aligning two counter propagating beams is always a challenging task.
Some of such examples, where only one objective lens is needed, are the generation
of optical bottle beams [54], and generation of spherical dark spots [55], 56, 57]. In
these schemes two cylindrically polarized beams with custom defined pupil functions
are overlapped, before being focused by the objective lens, to generate the desired

focal volume.

The boat-shaped focal intensity distribution presented in this chapter can be
achieved with a relatively simple arrangement involving one objective lens and with-
out the need to overlap two beams. Unlike the 3D dark spots where a relatively
dark region is surrounded by light from all six sides, such as, top, bottom, left, right,
front and back, in the case of the proposed beam an axially elongated dark region is
surrounded by light from five sides only. The dark volume of the boat shaped beam
has a V-shaped cross section in the XZ plane. Taking a note that the direction of
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the resultant electric field constituting the beam may be an important parameter
in the prospective applications of the beam, in this work, we have also drawn the
polarization ellipses over the entire focal volume.

To further investigate the formation of the boat-shaped intensity distribution,
the X polarized and Y polarized intensities are plotted along X, Y and Z axes and
are shown in Figs. [3.11] (a-c). It is noticed that along the X axis there exist only
Y polarized component and is asymmetric with respect to the focus. Along Y axis
both the X polarized and Y polarized intensities exist. Along 7Z axis there exists
two intensity maxima at + 1.3\ with respect to the focus. We also plotted the net
intensity at the origin against the RMS amplitude varying from -1.8 radian to 1.8
radian and is shown in figure [3.11] (d). The central intensity value increases with
®rms and become maximum at ¢,,,s==+1.6. Further increase in the RMS amplitude
results in decrease in the central value of intensity. It is to be noted that at ¢y.,,,s=1
radian, the central intensity value is 0.05, indicating that the centre is only relatively
dark.

In order to confirm the formation of the boat-like shape, we have considered
the total intensity distributions in the X7 and YZ planes and are overlaid by red
dots as shown in Figs. [3.12| (a) and (b). These red dots represent the location of
the maximum intensity along a line joining the centre of the boat-shaped structure
and the red point. The orientation of the line is also represented by the angle ¢
between the line and the horizontal axis. We have considered the maximum values
of intensities along lines having angular separation of 6°, over a range of ¢ varying
from 0 to 360°. Figures (c), (d) and (e) show the plots of intensity maxima vs
the angle ¢ in the X7 and YZ planes for RMS amplitude values of aberration 1, 0.9
and 1.1 radian, respectively. For each value of RMS amplitude, maximum intensity
plots are normalized by the maximum of total intensity in the respective planes. It
is seen that in the case of all the plots, in the first half portion (i.e. = 0 to 180°) of
the XZ plane, the intensity maximum values are approximately zero while in the YZ
plane the intensity maxima are relatively large. From Fig. (c) it is noticed that
on the optical axis of the focusing lens, the maximum intensity in the YZ planes
reduces to ~ 22% of the maximum. Also the maximum intensity values in the XZ
plane are ~ 9% smaller than the same in the YZ plane. We have further obtained
plots similar to Fig. (¢), using @,s=0.9 rad and 1.1 rad and the same are seen
in Figs. 3.12] (d) and (e), respectively. It is observed that in the presence of ¢, s=

0.9 rad, the maximum intensity values in the YZ and XZ planes are comparable,
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while variation in the maximum intensities in the XZ plane increases to ~ 30%.
This variation gets reduced to ~ 15% if we choose ¢,,,s = 1.1 rad, however, the
same leads to a rise in the difference between the X7 plane maximum values and

the YZ plane maximum values.

3.3 Experimental generation of cylindrical vector

beams focused by a low NA lens

In the literature several reports are available which discuss the experimental gen-
eration of radially or azimuthally polarized beams. These beams can be generated
by taking the superposition of two orthogonally polarized T E My, modes [5§]. Pure
radially or azimuthally polarized beam can also be generated by passing a pair of
right handed and left handed circularly polarized beams through a helical phase
plate [59] or by passing linearly polarized beam through a liquid crystal based po-
larization converter [60]. However these methods can only generate a fixed type
of vector beam. To generate cylindrical vector beams with user defined aberration
profile in its pupil plane we require a dynamic vector beam forming arrangement
such as a liquid crystal spatial light modulator (LCSLM) based arrangement. Most
of the existing methods to generate arbitrary vector beams require the light to pass
through two LCSLMs, one after the other [61], or gratings. Instead of using two LC-
SLMs one may make the light beam to pass through a single LCSLM twice [62, [63].
An arbitrary vector beam can also be generated using a single LCSLM in combi-
nation with a Wollaston prism [64]. However most of the arbitrary vector beam
forming techniques involving one or two LCSLMs suffer from a serious limitation
due to the damage threshold [65] of power of the LCSLM panel which puts an upper
limit on the power of the vector beam generated. We have recently demonstrated a
division of wavefront based arbitrary vector beam forming setup [66] that involves
only one LCSLM. The arrangement permits generation of cylindrical vector beam
with a user defined phase profile and power of the beam can, in principle, be raised
to the highest value possible with an LCSLM based setup.

3.3.1 Brief description of the experimental setup

In our scheme we use computer generated holography technique [67), (68] and binary

amplitude holograms to generate the cylindrical vector beams. If a collimated laser
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Hologram A

L,-Lg: Lenses, Pol: Polarizer, P:Prism,
M;-Mg: Mirrors, HWP: Half Wave Plate,
BS: Beam splitter, ID: Iris diaphragm

Q
&

Figure 3.13: Experimental setup to generate arbitrary vector beams.

beam is incident on such holograms, they give rise to diffracted beams of orders 0,
+1, £2, 43 ---. The holograms are designed in a way that the diffracted beams
of different orders are well separated from one another and the +1 order diffracted
beam carries a user defined amplitude and phase profile. The LCSLM panel displays
two binary holograms side by side and each hologram gives rise to a well defined
linearly polarized amplitude and phase profile. The experimental arrangement then
facilitates a 90° rotation of the polarization of one of the two diffracted beams. The
two orthogonally polarized beams are then superimposed to generate an arbitrary

vector beam.

A schematic diagram of the experimental arrangement to generate arbitrary
vector beam is shown in Fig. [3.13] The beam of wavelength A=632.8 nm from a
He-Ne laser is focused by the lens L; on a pinhole PH. The pinhole selects the central
portion of the beam and the diverging beam is collimated by the lens L,. LCSLM
is positioned in such a way that the collimated laser beam is incident on its display
panel almost perpendicularly. Two binary holograms are displayed on the LCSLM
panel, which can be reconfigured in real time by a computer program running in a
PC. The two holograms are positioned horizontally close to one another as shown
in the inset in Fig. [3.13] which are referred to as hologram A and hologram B. The

hologram A is designed to generate a complex amplitude profile corresponding to X
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(horizontally or p) polarized pupil plane of the vector beam and the hologram B is
designed to generate the same for the Y (vertically or s) polarized pupil plane. The
diffracted beam from the LCSLM contains many diffracted orders, whose direction
can be controlled by using a tilt function incorporated in the two holograms. The
diffracted beams are collected by lens Lj followed by an iris diaphragm kept at the
focal plane of Lens Ls. The iris diaphragm isolates the two +1 order beams from the
rest and the two are then re collimated using lens L4. A polarizer (pol) is optionally
kept in the beam path to ensure that the both +1 order beams are s polarized. The
two beams are then focused by the lens Ls on a right angled prism P such that
the beam from hologram A is directed to towards plane mirror M1 and the beam
from hologram B is directed towards plane mirror M2. The beam reflected by M1
then passes through a half wave plate that rotates the incident polarization by 90°
to make the emergent beam p polarized, which is reflected from the mirror Ms;.
The beam then gets collimated due to the lens Lg and the same gets reflected from
the mirror Ms. The reflected beam by M5 being p polarized is then transmitted
by the polarizing beam splitter PBS to be incident on the entrance of the lens Lsg.
The other +1 order beam reflected by the mirror M, is then collimated using the
lens L7 and gets reflected by mirror My to incident on PBS. Since this beam is s
polarized, it is reflected by the PBS towards the entrance pupil of the lens Lg. The
lens pairs L3 and L4, Ls and Lg, and Ls and L; constitute three 4f relay systems,
so that the plane of the LCSLM display panel and the entrance pupil of the lens
Lg are conjugate to one another. Therefore the +1 order beam originating from
hologram A gives rise to the X polarized pupil and the same from hologram B gives
rise to the Y polarized pupil at the entrance pupil of the lens Lg to produce the
desired arbitrary vector beam. The vector beam is then focused by lens Lg on a
CCD camera which is connected to the PC. The optical paths travelled by the two
+1 order beams till they reach the PBS are kept approximately equal so that the
two beams remain mutually coherent. Further the tilts of the mirrors and PBS are
to be aligned to ensure that both the hologram planes are parallel to the plane of
the entrance pupil.

Each of the two holograms is described over a circular area of diameter equal
to 512 LCSLM pixels having width equal to 8.1 yum. The arrangement of lenses
in the beam path between the LCSLM plane and the lens Lg provides a beam
diameter of 3.4 mm at the entrance pupil of Lg. The focal length of Lg is 300 mm so

that the effective numerical aperture (NA) of the lens focusing the vector beam is
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Figure 3.14: Intensity distribution of an azimuthally polarized beam at different orien-
tations of the analyzer.

0.0056. Therefore the setup corresponds to low NA focusing of the beam where the
well known displacement theorem [30] is applicable. According to the displacement
theorem, the addition of defocus into the beam will not change the three dimensional
intensity distribution near the focus barring a shift of the entire intensity distribution
axially along +ve or -ve Z direction, depending on the polarity, and by an amount
depending on the magnitude of defocus. In this work we thus incorporate specific
amount of defocus, represented by Zernike mode Z4, into the pupil plane of the
cylindrical vector beam in order to capture the intensity distributions in different
planes parallel to the focal plane and away from the focus, by keeping the CCD
camera stationary at the nominal focal plane of an unaberrated beam. It is found
that in the present arrangement, incorporation of Z, with ¢,.,,,s==0.043 radian leads

to an axial shift of £935 um along the optical axis.

3.3.2 Results and discussion

We configure our experimental arrangement to capture the resultant intensity distri-
butions in a focal volume described by (Au, Av) = (38, 38) with the nominal focus
as the centre of the volume. The physical distances corresponding to Au, and Av
can be calculated using Eq. of chapter [2 considering NA=0.0056 (which is the
NA of the focusing lens in our experimental arrangement). For all the experiments
reported in this thesis, both in unaberrated and aberrated cases, our results refer to
this focal volume.

We first use our setup to record the intensity distribution in the nominal focal
plane of an unaberrated azimuthally polarized beam. In our experimental setup we
have the option of using an analyzer which allows capturing of intensity distributions

corresponding to different polarization angles. Figure shows the experimental
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(a) (b) (c) (d) (e) (f)

Figure 3.15: Resultant intensity distributions of azimuthally polarized beam in the XY,
XZ and YZ planes, respectively, obtained (a—c) theoretically and (d—f) experimentally
in the aberration free case.

images representing the focal intensity distribution (a) without the analyzer and
(b—e) for different orientations, as indicated above each image, of the analyzer.
Rotation of the intensity pattern with the rotation of the analyzer clearly indicate
the generation of an azimuthally polarized beam. In parallel with the experiment we
also compute the intensity distributions I, I, and I, numerically using NA=0.0056
in the expressions developed in chapter 2] We record the intensity distribution
in the entire focal volume of an unaberrated azimuthally polarized beam and the
same is also computed numerically. The intensity distribution without any polarizer
in front of the CCD has a doughnut like structure. Figures (a—c) show the
intensity distributions in the XY, XZ and YZ planes obtained theoretically while
Figs. (d—f) show the corresponding images obtained experimentally. In order
to experimentally demonstrate the effect of primary aberrations on an azimuthally
polarized beam using our setup, we then modify the two holograms to incorporate
1 radian RMS of various primary aberrations to each of the X polarized and Y
polarized pupil planes of the azimuthally polarized beam. The primary aberration
comprises astigmatism, coma, trefoil, and spherical aberration, represented by single
index Zernike modes Z5 79 and Z;;. The intensity distributions in the XY, XZ and
YZ planes in the presence of each aberration are captured with the CCD and same
are also computed numerically. Figure |3.16] shows the total intensity distributions
in the (a) XY, (b) XZ and (c) YZ planes obtained theoretically and in the (d) XY,
(e) XZ and (f) YZ planes obtained experimentally. The rows (i—iv) of Fig.
correspond to an azimuthally polarized beam in the presence of astigmatism, coma,
trefoil and spherical aberration, respectively. It is noticed that the theoretically
obtained intensity distributions agree quite well with the experimental intensity
distributions near the focus of the aberrated azimuthally polarized beam.

From our experimental results corresponding to the coma aberrated beam, we
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Figure 3.16: Resultant intensity distributions of azimuthally polarized beam in the XY,
XZ and YZ planes obtained (a—c¢) theoretically and (d—f) experimentally in the presence
of ¢rms= 1 radian of (i) astigmatism, (ii) coma, (iii) trefoil and (iv) spherical aberration.
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Figure 3.17: Variation of maximum value of intensity along the circumference of the
boat-shaped beam in the XZ and YZ planes vs the angle ¢ corresponding to the (a)
theoretically obtained and (b) experimentally obtained results.
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Figure 3.18: Different projections of the digitally constructed 3D boat-shaped beam
from the (a) theoretically obtained and (b) experimentally obtained data of the coma

aberrated azimuthally polarized beam. The projection planes are indicated at the bottom
right corner of each image.

also plot the variation of maximum value of intensity in the X7 and YZ planes along
the circumference of boat-shaped beam. Figure. shows the (a) theoretically
and (b) experimentally obtained plots of maximum intensity along a line oriented
at ¢ with the horizontal vs the angle ¢ for the X7 and YZ planes. In order to get a
3D view of the boat-shaped intensity distribution we digitally combine the intensity
distributions in all the planes parallel to the focal plane in the focal volume of the
coma aberrated azimuthally polarized beam. Thus we construct a 3D focal volume
from both our theoretical data and experimental data. Figures [3.18 (a) and (b)
shows different projections of the boat-shaped beam in 3D, obtained theoretically
and experimentally, which again validates, the vectorial diffraction theory, in general,
and the theoretical predictions regarding the generation of the boat-shaped beam,

in particular.

3.4 Conclusion

In this chapter we have investigated the effect of primary aberrations on the focal
volume properties of an azimuthally polarized beam. We have used the Fourier
transform form of the Vectorial diffraction theory to first compute the Cartesian
field components in the focal volume in the presence of various Zernike circular

polynomials representing the primary aberrations using a high NA lens. It is ob-
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served that in the presence of astigmatism, coma and trefoil, the circular symmetry
of the intensity distribution in the focal plane gets distorted. Moreover in the pres-
ence of coma there appears a significant amount of transversely polarized light on
the optical axis. From our results we have also drawn polarization ellipses to in-
dicate the time evolution of the resultant electric field vector in the focal volume
of the aberrated azimuthally polarized beam. We have observed that in the pres-
ence of astigmatism, coma and trefoil the light in the focal volume does not remain
linearly polarized as in some region it becomes elliptically polarized. Whereas in
the presence of spherical aberration, the focal intensity distribution remains axially
symmetric with no light on the optical axis. Our results further showed that in the
presence of a moderate amount of coma the intensity distribution near the focus
takes a boat-like shape. It gives us a dark centre surrounded by light in all but one
direction. This chapter also describes a division of wavefront based arbitrary vector
beam forming setup which was used to generate cylindrical vector beams with user
defined phase profile in the pupil plane. We have presented experimental results for
an azimuthally polarized beam focused by a low NA lens in the presence of various
primary aberrations. As the vectorial diffraction theory described in chapter [2] is
applicable for the entire range of numerical apertures, from low to high, hence the
same theory can also be used to compute the focal intensity distributions at the nu-
merical aperture corresponding to the experimental setup. We have noticed that the
experimentally obtained results agree well with the corresponding results obtained

numerically, thereby validating the accuracy of the theoretical expressions used.
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Chapter 4

Effect of primary aberrations on
an azimuthally polarized beam

with a helical phase mask

Smaller sized focal spot is important in many applications such as in lithography,
in optical data storage, in particle trapping and manipulation, in scanning optical
microscopy, in instrumental precision measurement and so on. Radially polarized
beam produces a small sized focal spot in the tight focusing condition, which is
smaller as compared to that of the linearly polarized beam under the same focusing
condition [2, 41]. We have already discussed the various properties of an azimuthally
polarized beam such as the generation of a doughnut pattern in the focal plane of
the beam. On the other hand it has been shown that a smaller sized focal spot can
be generated even from an azimuthally polarized beam [69] [70, [71], when a helical
phase mask, which is a mask introducing a phase profile varying from 0 to 27 in
the azimuthal direction, is applied at the pupil plane of the focusing lens. This
new kind of beam, i.e. an azimuthally polarized beam with a helical phase mask, is
in this thesis referred to as APBH. The intensity distribution in the focal plane of
the APBH and the normal linearly polarized beam appear similar, as for both the
intensity maxima occur at the centre. There are published works which report the
effect of primary aberrations on a linearly polarized beam [22], 23]. In this chapter
we intend to make a comparison on the effect of aberrations on these two types
of beams i.e. linearly polarized beam and the APBH. Here we present computer

simulation results of various parameters, such as focal intensity distribution, Strehl
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Phase delay
o— %

(a) (b)

Figure 4.1: (a) Cylindrically symmetric polarization profile of an azimuthally polarized
beam and (b) the surface plot of a helical phase mask.

ratio and width of the focal spot, in the focal volume of the two beams in the
presence of various primary aberrations, in the high NA focusing condition [72].
We also perform experiment to generate APBH and experimentally investigate the
aberration effects on both the linearly polarized beam and the APBH, under low

NA focusing condition.

4.1 Focal field components of an azimuthally po-

larized beam with a helical phase mask

The procedure to obtain the focal field components of an azimuthally polarized beam
from it’s Jones matrix representation is discussed in chapters [2| and To obtain
the Cartesian components of the focal field of the APBH, the two pupil functions
(I4,1,) of an azimuthally polarized beam are replaced by (I, €, e'®), where ¢ is
the azimuthal coordinate in the pupil plane. Cylindrically symmetric polarization
profile of an azimuthally polarized beam and the surface plot of a helical phase
mask are displayed in Fig. We use Zernike circular polynomials, which are
shown in table of chapter [2| to represent primary aberrations. In the presence
of aberrations, the pupil functions of APBH get modified as [, = — sin ¢e*(®*9) and
l, = cos 6e'(®+9)  In this expression ® = s X Z;, where ¢pms is the root mean
square amplitude of aberration and Z;, i=6, 8, 10 and 11, are the various single

indexed Zernike circular polynomials [21] representing primary aberrations.
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Figure 4.2: Resultant focal intensity distribution Iy, of (i) the X polarized beam and
(ii) the APBH in the aberration free case in the (a) XY, (b) XZ and (c¢) YZ planes.

4.2 Numerical simulation

Numerical simulations are performed considering a focusing lens of numerical aper-
ture equal to 0.9. Both a normal linearly polarized beam and a APBH are aberrated
in the respective pupil planes by incorporating ¢,,,s=1 radian of various Zernike
modes. Cartesian components of the focal field are computed over a volume ranging
from -2\ to 2\ along the X, Y and Z axes, with the nominal focus as the origin.
Figure shows the resultant intensity distribution I, = I, + I, + I, of (i) the X
polarized beam (XPB) and (ii) the APBH, in the (a) XY (focal plane), (b) XZ and
(¢) YZ planes in the aberration free case. It is noticed that only X and Z polarized
components are present in the X polarized beam in the tight focusing condition,
while in the case of APBH, only X and Y polarized components are present, as the
Y polarized component of the X polarized beam has negligible magnitude and Z
polarized component of the APBH is zero. Intensity distributions from every Carte-
sian component and the resultant intensity distributions, without aberration as well

as in the presence of aberrations, are normalized by the respective maximum value
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Figure 4.3: Line plots of the resultant intensity for the X polarized beam and the APBH
along (a) X, (b) Y and (c) Z axes in the aberration free case. The intensity values in these
plots are normalized by the respective maximum values.

of the resultant intensity in the focal plane in the aberration free case. It is noticed
that in the high numerical aperture (NA) focusing condition, the X polarized beam
has a significant amount of Z polarized intensity in the focal plane (which is negli-
gible in the low NA case), which distorts the symmetry of the focal spot. However
in the APBH, there is no contribution from Z polarized component (which is zero
for the entire range of NA). The Z polarized component of the X polarized beam in
the XZ plane in the high NA case is also of negligible value. The resultant intensity
distributions of the APBH in the XZ and YZ planes are similar. However for the
X polarized beam the resultant intensity distributions in the XZ and YZ planes are
not similar in the high NA case. Figure shows the line plots of the resultant
intensity distribution along X, Y and Z axes for the two beams. Figures (a)
and (b) also reveal that the width of the intensity distribution at half maximum of
the intensity (FWHM) along X and Y axes for the X polarized beam are not equal,
which are equal for the APBH. From these figures (Figs. (a) and (b)) it can also
be noticed that the APBH has stronger side lobes relative to the XPB. Further, for
the APBH, the intensity along the optical axis in the focal volume decreases, to a

small extent faster relative to the XPB, as one goes away from the focus.

4.2.1 Effect of primary astigmatism

The resultant intensity distribution Iy, of (i) the X polarized beam and (ii) the
APBH in the presence of 1 radian RMS amplitude of astigmatism in the (a) XY,
(b) XZ and (c) YZ planes are presented in Fig. [4.4 The intensity distributions of
these two beams in the focal plane have a two fold planar symmetry. While in the

X7 and YZ planes they are symmetric only with respect to the optical axis. In the
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(a) (b) (c)

Figure 4.4: Total focal intensity distribution I, of (i) the X polarized beam and (ii)
the APBH in the presence of primary astigmatism with RMS amplitude 1 radian in the
(a) XY, (b) XZ and (c) YZ planes. Every image has a different color bar which is shown
at its top.

case of the APBH, the intensity distributions in the XZ and YZ planes appear to be
a mirror image of one another, which does not hold for the X polarized beam. Again
the intensity distributions of the X polarized beam in the XZ and YZ planes are not
identical. It is noticed that by applying the oppositely signed RMS amplitude to
these two beams, the intensity distributions in the XZ and YZ planes can be made to
rotate by 180°. It is also noticed that in the presence of astigmatism the focal spot of
the APBH has higher peak intensity as compared to the X polarized beam. The line
plots of the resultant intensity distribution along X, Y and Z axes are presented in
Fig. [£.5] These line plots indicate that the X polarized beam has significantly larger
FWHM in the focal plane along the X axis and a marginally smaller FWHM along
the Y axis compared to the APBH, but the FWHM of the APBH along both the X
and Y axes are equal. Further there is an axial shift in the location of the intensity
maximum for the X polarized beam which is not observed for the APBH. In order
to quantify the spread of the focal spot as the magnitude of various aberrations

increases we describe a circular area in the focal plane around the centre of the focal
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Figure 4.5: Line plots of resultant intensity for the X polarized beam and the APBH
along (a) X, (b) Y and (c¢) Z axes in the presence of primary astigmatism with RMS
amplitude 1 radian. The plots of both beams are normalized by respective maximum
value of intensity in the aberration free case.

spot containing 80% of the net energy in the beam. We denote this radius as 80%
energy radius (80ER). This new parameter facilitates quantitative measurement of
the spread of the focal energy in the presence of aberrations. S8OER has a direction
independence unlike FWHM of the focal spot which will be different in different
directions for an asymmetric focal spot. We compute S8OER for the two beams as
Orms Of astigmatism increases from 0 to 1.2 radian and the same is seen Fig. (a).
It is noticed that width of the focal spot as indicated by S8OER is more effected by
astigmatism in the case of the X polarized beam than the APBH.

Strehl ratio is defined as the ratio of the intensity at the focus in the presence
of aberrations to the same without aberration. It is a very important parameter to
quantify the quality of a lens system. For a perfect aplanatic lens system the Strehl
ratio is 1. Mathematically, it can be written as

(Ix + Iy ™ IZ)YQ,YQ,{)#O

S— (4.1)
([z + Iy + IZ)X07Y07<I>:O

Here X, and Y, are the coordinates of the focal point and ® is the aberration
function. We have computed the Strehl ration for the two beams by varying ¢,
from 0 to 1.2 radian. Variation of Strehl ratio with RMS amplitude is shown in
Fig. 4.6 From Figs. 4.6 (a) and (b), it is clear that the width and peak intensity
of the focal spot due to the APBH is least effected by astigmatism especially when
it is compared with the X polarized beam. Thus the APBH is significantly more

resistant to astigmatism compared to the X polarized beam.
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Figure 4.6: Plots of (a) 80% energy radius, and (b) Strehl ratio variation in the presence
of primary astigmatism with RMS amplitude varying in between 0 to 1.2 radian. S80ER
values for the two beams are normalized by the respective values in the aberration free
case.

4.2.2 Effect of primary coma

The resultant intensity distribution (/i) of (i) the X polarized beam and (ii) the
APBH, in the presence of 1 radian RMS amplitude of coma, in the (a) XY, (b) XZ
and (c) YZ planes are displayed in Fig. The intensity distributions in the focal
plane show that the two focal spots are distorted in almost a similar manner. How-
ever in the XZ and YZ planes the two beams have different intensity distributions.
For instance in the YZ plane of the X polarized beam intensity distribution has
axial symmetry which is not present in the case of the APBH. Figure 4.8 show the
line plots of the resultant intensity distribution along X, Y and Z axes. From these
intensity plots it is seen that the APBH in the focal plane has higher side lobes as
compared to the X polarized beam. Here we can also see that there is a shift in
the location of the maximum of the intensity distribution for the X polarized beam
which is not seen in the case of the APBH. Moreover the APBH has a much smaller
FWHM along the axial direction relative to the X polarized beam in the presence of
1 radian RMS of coma. Variation of 80ER and the Strehl ratio with ¢,,,, of coma
are presented in Fig. [£.9) It is observed that the spread of the focal spot in the
presence of coma is less in the APBH than the X polarized beam, even though the

Strehl ratio plots for the two beams are comparable.
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Figure 4.7: Total focal intensity distribution I, of (i) the X polarized beam and (ii)
the APBH in the presence of primary coma with RMS amplitude 1 radiam in the (a) XY,
(b) XZ and (c) YZ planes. Every image has a different color bar which is shown at its top.

3, < <
ol (a) of (b) ©|(c) —+— XPB
(3] o™
al _o[ i —— APBH
8 L gN
— N | . - o
°- o
- ! «
of o =
) NS W | R W Yt AC2h A 0. A 2A
X Y z

Figure 4.8: Line plots of resultant intensity for the X polarized beam and the APBH
along (a) X, (b) Y and (c) Z axes in the presence of primary coma with RMS amplitude
1 radian. The Plots of this two beams are normalized by the respective maximum value
of intensity in the aberration free case.
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Figure 4.9: Plots of (a) 80% energy radius, and (b) Strehl ratio variation in the presence
of primary coma with RMS amplitude varying in between 0 to 1.2 radian. 80ER values
for the two beams are normalized by the respective values in the aberration free case.
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Figure 4.10: Resultant focal intensity distribution I of (i) the X polarized beam and
(ii) the APBH in the presence of primary trefoil with RMS amplitude 1 radian in the (a)
XY, (b) XZ and (c¢) YZ planes. Every image has a different color bar which is shown at

its top.
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Figure 4.11: Line plots of resultant intensity for the X polarized beam and the APBH
along (a) X, (b) Y and (c) Z axes in the presence of primary trefoil with RMS amplitude
1 radian. The plots of the two beams are normalized by respective maximum value of
intensity in the aberration free case.

4.2.3 Effect of primary trefoil

Figure show the resultant intensity distribution of (i) the X polarized beam
and (ii) the APBH in the presence of 1 radian RMS amplitude of trefoil in the (a)
XY, (b) XZ and (c¢) YZ planes. It is seen that for both the beams the intensity
distributions in the focal plane in the presence of trefoil are distorted in a similar
fashion. However the same does not apply in the XZ and YZ planes. The intensity
distributions of both the beams in the XZ plane are symmetric only with respect to
the transverse axis, where as in the YZ plane it is symmetric only for the X polarized
beam and is asymmetric for the APBH. Figure 4.11] represents the line plots of the
resultant intensity along X, Y and Z axes. It is noticed that in the XY plane the
APBH has larger sidelobes compared to the X polarized beam. However in the axial
direction the APBH has a marginally smaller FWHM relative to the X polarized
beam. Again we have plotted 80% energy radius and the Strehl ratio for the two
beams as the ¢, varies and are seen in Figs. [1.12) (a) and (b). It is noticed that the
X polarized beam spreads more quickly relative to the APBH as the magnitude of
trefoil increases. However in the case of Strehl ratio, the X polarized beam peforms

marginally better than the APBH.

4.2.4 Effect of primary spherical aberration

The resultant intensity distribution (/;,) of (i) the X polarized beam and (ii) the
APBH in the presence of 1 radian RMS amplitude of spherical aberration in the (a)
XY, (b) XZ and (c¢) YZ planes are shown in Fig.|4.13] The intensity distributions in
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Figure 4.12: Plots of (a) 80% energy radius, and (b) Strehl ratio variation in the presence
of primary trefoil with RMS amplitude varying in between 0 to 1.2 radian. 80ER values
for the two beams are normalized by the respective values in the aberration free case.

(b) (c)

Figure 4.13: Resultant focal intensity distribution Iy of (i) the X polarized beam and
(ii) the APBH in the presence of primary spherical aberration with RMS amplitude 1
radian in the (a) XY, (b) XZ and (c) YZ planes. Every image has a different color bar
which is shown at its top.
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Figure 4.14: Line plots of resultant intensity for the X polarized beam and the APBH
along (a) X, (b) Y and (c) Z axes in the presence of primary spherical aberration with RMS

amplitude 1 radian. The plots of this two beams are normalized by respective maximum
value of intensity in the aberration free case.
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Figure 4.15: Plots of (a) 80% energy radius, and (b) Strehl ratio variation in the presence
of primary spherical aberration with RMS amplitude varying in between 0 to 1.2 radian.
80ER values for the two beams are normalized by the respective values in the aberration
free case.

the focal plane reveal that even though the effect on the X polarized and Y polarized
intensity distributions of the two beams are different, the effect on the net intensity
distributions is almost identical. Due to the circular symmetry of the aberration
profile, in the XZ and YZ planes the intensity distributions of the two beams are
symmetric with respect to the optical axis. The line plots of the resultant intensity
along X, Y and Z axes are shown in Fig. [4.14] It is observed that in the focal
plane the APBH contribute more side lobes compared to the X polarized beam.
The maximum of the APBH has a small shift along the optical axis in the presence
of spherical aberration which does not occur for the X polarized beam. To be noted
that in the presence of defocus the maxima of both the beams under go equal amount

of shift along the optical axis. Variation of 8OER and the Strehl ratio with respect to
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(a) (b) (c) (d) (e) (f)

Figure 4.16: Resultant focal intensity distribution I;,; of the APBH in the (a) XY, (b)
XZ and (c) YZ planes obtained theoretically, and in the (d) XY, (e) XZ and (f) YZ planes
obtained experimentally, in the aberration free case, using a focusing lens of NA=0.056.

the RMS amplitude are shown in Fig. 4.15] We observe that the APBH has smaller
spread of the focal spot in the presence of spherical aberration. However the Strehl
ratio of the X polarized beam and the APBH degrade at the same rate with the

increase in spherical aberration.

4.3 Experimental demonstration in the low NA

case

We then used our experimental vector beam forming arrangement, described in
chapter [3] to generate the APBH. We incorporated the effective NA of the focusing
lens used in the setup in our theory to compute the corresponding field components
numerically. We first captured the focal intensity distributions in the aberration
free case. Both the theoretical and experimental focal intensity distributions in
the XY, XZ and YZ planes in the aberration free case are seen in Fig. [4.16l We
then reconfigured the two holograms to introduce ¢,.,s=1 radian of various primary
aberrations such as astigmatism, coma, trefoil and spherical aberration, in the pupil
plane of each of the beams. The theoretically and experimentally obtained focal
intensity distributions are shown in Fig. [£.I7 It is noticed that the theoretical
results in the low NA case agree very well with the corresponding experimental
results.

In order to further investigate the aberration resilience of APBH relative to the
X polarized beam we captures focal spots of the two beams with ¢,,,s for each
aberration varying between 0 and 1.2 radian. We estimated the 80% energy radius
in the focal plane of both the beams for each ¢,,,s value of astigmatism, coma,

trefoil and spherical aberration. Figures[4.18](a), (b) and (c¢) show the experimental
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Figure 4.17: Resultant focal intensity distribution I;,; of the APBH in the (a) XY, (b)
XZ and (c) YZ planes obtained theoretically, and in the (d) XY, (e) XZ and (f) YZ planes
obtained experimentally, in the presence of ¢pms=1 radian of (i) astigmatism, (ii) coma,
(iii) trefoil and (iv) spherical aberration, using a focusing lens of NA=0.056.
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Figure 4.18: Plots of 80% energy radius for the X polarized beam and the APBH vs
¢rms corresponding to (a) astigmatism, (b) coma and (c) trefoil. 80ER values of each
beam are normalized by the respective 8OER value in the unaberrated case.
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Figure 4.19: (a) Plots of 80% energy radius for the X polarized beam and the APBH vs
¢rms Of spherical aberration. 8OER values of each beam are normalized by the respective
80ER value in the unaberrated case. (b) Plots of Strehl ratio for the X polarized beam
and the APBH vs ¢,,s of coma.

plots of 80ER vs ¢,.,s for the X polarized beam and the APBH in the presence
of astigmatism, coma, and trefoli, respectively while Fig. |4.19| (a) shows the same
plots in the presence of spherical aberration. It is noticed that as predicted by the
simulation results the spread of the focal spot for the APBH is less affected by various
aberrations compared to the X polarized beam. It has also been observed during
our theoretical investigations under high NA focusing condition that the APBH
exhibits superior immunity to the presence of astigmatism, in so far as Strehl ratio
is concerned, relative to the X polarized beam. Thus in order to verify this feature
experimentally we also obtained the experimental plots of Strehl ratio vs ¢,,,s for
the X polarized beam and the APBH and are seen in Fig. It is again observed
that the APBH performs better than the X polarized beam in terms Strehl ratio, in

the presence of astigmatism.

4.4 Conclusion

An azimuthally polarized beam with a helical phase mask and a linearly polarized
beam have similar kind of focal intensity distributions. Thus the former beam can
be used as an alternative to the latter beam. Due this similarity, in this chapter, it is
intended to investigate the effect of primary aberrations on the two types of beams.
Here we observed that the azimuthally polarized beam with a helical phase mask

is more resistant to the primary aberrations as far as spread of the focal energy
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is concerned. The same beam also provides a better performance for the Strehl
ratio in the presence of primary astigmatism when compared with the X polarized
beam. Thus the azimuthally polarized beam with a helical phase mask can provide
superior resilience to primary aberrations, especially to astigmatism, relative to a
linearly polarized beam. We have also demonstrated the aberration effect on the
azimuthally polarized beam with a helical phase mask experimentally taking a low
NA focusing lens. The theoretical predictions regarding aberration resilience of the
APBH compared to the X polarized beam also has been verified experimentally

under low NA focusing condition.
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Chapter 5

Effect of primary and secondary
aberrations on a radially polarized

beam

5.1 Introduction

As stated previously the radially polarized beams have important properties in the
tight focusing condition which may get affected in the presence of aberrations.
Monochromatic aberrations commonly present in an optical system can be cate-
gorized into two groups, namely lower order or primary and higher order such as
secondary or tertiary aberrations. There are published works on the effect of lower
order or primary aberrations on the radially polarized beams, [24, 46 73], [74], [75] [76].
Although the primary aberrations are considered to be most common in the opti-
cal systems, nevertheless, the presence of higher order aberrations in particular the
secondary aberrations can not be nullified. Therefore it is important to study the
effect of higher order aberrations, as well, on the radially polarized beams. In this
chapter we investigate the effects of both primary and secondary monochromatic
aberrations on different focal volume parameters of a radially polarized beam [77],
such as the net energy density or intensity in the focal volume, the Strehl ratio
and the spread of focal energy. We thus provide a comparative study between the
effects of primary and secondary aberrations on the radially polarized beam. Our
theoretical results in the low NA focusing condition are verified by using the vector

beam forming arrangement.
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(d)

beam

Figure 5.1: Gray scale plots of the phase profiles of, (i) (a-d), of primary astigmatism
(Zs), primary coma (Zg), primary trefoil (Z19) and primary spherical aberration (Z1;
) and (ii) (a-d), of secondary astigmatism (—Zj2), secondary coma (—Zj¢), secondary
trefoil (—Z18) and secondary spherical aberration (—Z22). Both primary and secondary
aberrations have RMS amplitude of 1 radian each.

5.2 Numerical simulation of high NA focusing

The Jones matrix representation of an unaberrated radially polarized beam can be

cos @
sin ¢

where ¢ is the azimuthal angle in the pupil plane. The Cartesian components of

written as

the beam near the focus are computed by taking I, = cos¢ and [, = sin¢ in the
Fourier transform form of the vectorial diffraction theory as discussed in chapter
The numerical simulations are performed by considering a focusing lens having
numerical aperture equal to 0.9. The radially polarized beam incident on the lens is
considered to have a uniform amplitude profile. The beam is aberrated using various
Zernike polynomials, each of RMS amplitude equal to 1 radian, and the focal fields
are computed over a volume extending from -2\ to 2\ along X, Y and Z axes by

considering the nominal focal point to be the origin.

Zernike polynomials representing primary and secondary aberrations are shown
in table 2.1] of chapter 2 For this investigation we have considered the second order
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Figure 5.2: The normalized resultant intensity distribution (I, + I, + I.) of a radially
polarized beam in the aberration free case in the (a) XY, (b) XZ and (c) YZ planes, for
a lens with NA=0.9.

aberrations such as secondary astigmatism (Z;3), tetrafoil (Z14), secondary x coma
(Z16), secondary x trefoil (Z15), pentafoil (Z3) and secondary spherical aberration
(Za2). Figures (i)(a-d) show the gray scale plots of primary astigmatism (Z),
primary coma (Zg), primary trefoil (Z;9) and primary spherical aberration (Z3),
while (ii) (a-d) show the gray scale plots of secondary astigmatism (—Z2), secondary
coma (—Z¢), secondary trefoil (—Z;5) and secondary spherical aberration (—Zs),
with RMS amplitude of aberration equal to 1 radian in both the two cases. We
have noticed that some of the positive primary aberrations have comparable pro-
files with certain negative secondary aberrations. For instance, the phase profiles
of primary aberrations such as primary astigmatism (Zg), primary x coma (Zg),
primary trefoil (Z;9) and primary spherical aberration (Z;;) are similar (especially
near the periphery) to the phase profiles of negative of secondary aberrations such
as secondary astigmatism (Z33), secondary coma (Z¢), secondary trefoil (Z35) and
secondary spherical aberration (Zy2). Due to this property, the effect of Zg and
—Z19, Zg and —Zyg, Z19 and —Z1g, and Zy; and —Zs, are investigated in pairs,
while for the remaining second order Zernike Polynomials investigations are made

independently.

Various intensity values in the focal volume, both with and without aberrations,
are normalized by the maximum value of total or resultant intensity in the focal
plane in the aberration free case. In this investigation I, + I,,, I, and I, + I, + I,
represents the sum of X and Y polarized intensity, axially polarized intensity and the
resultant intensity due to all the polarization components, respectively. Figure |5.2
show the resultant intensity distribution (I, + I, + I.) of a radially polarized beam
in the (a) XY, (b) XZ and (c¢) YZ planes in the aberration free case. Owing to
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(i)

Figure 5.3: The normalized resultant intensity distribution (I, + I, + I.) of a radially
polarized beam aberrated with ¢,m,s=1 radian of (i) positive primary astigmatism and (ii)
negative secondary astigmatism in the (a) XY, (b) XZ and (c) YZ planes.

the cylindrical symmetry, for a radially polarized beam in the unaberrated case, the
XZ and YZ plane intensity distributions are identical. Also for a radially polarized
beam at NA=0.9, a strong Z polarized electric field component exists at the center
of the focal volume, which is negligible in the low numerical aperture case. Besides
the resultant intensity distributions of a radially polarized beam in the XY, XZ and

YZ planes have symmetry about the optical axis.

5.2.1 Effect of primary and secondary astigmatism

Figure [5.3| shows the resultant intensity distribution of a radially polarized beam in
the presence of (i) positive primary and (ii) negative secondary astigmatism with
RMS amplitude of aberration 1(radian) in the (a) XY plane, (b) XZ plane and (c)
YZ plane. We notice that there is a disappearance in the circular symmetry of the
intensity distribution in the XY plane, even though there exists a 4-fold planar sym-
metry. It is also seen that in the presence of secondary astigmatism there exists an
intensity maximum at the focus, while in the presence of primary astigmatism there

occur a intensity minimum. Further it is observed that the intensity distributions
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Figure 5.4: (a) Line plots of total intensity in the XY plane along X or Y axis, (b)
line plots of total intensity or Z polarized intensity along the optical axis, (¢) variation of
Strehl ratio and (d) variation of 80ER in the presence of positive primary and negative
secondary astigmatism vs ¢pys. SOER values are normalized by the value in the respective
zero aberration cases.

in the XZ plane is simply a 180° rotation of the YZ plane intensity distributions.
Thus on reversing the sign of the aberration, the intensity distributions of the XZ
plane and the YZ plane get interchanged. Our results also indicate that primary
astigmatism has more pronounced effect on the Z polarized field than on the later-
ally polarized field while secondary astigmatism has more pronounced effect on the
laterally polarized field than on the axially polarized field. Figures (a) and (b)
show line plots of total intensity variation along the X or Y axis and the Z axis,
respectively. It is seen that the effect of primary astigmatism on the intensity dis-
tribution along the optical axis is more severe than that of secondary astigmatism.
We have also computed the variation of Strehl ratio and 80% energy radius (80ER)
of the resultant intensity in the focal plane as ¢,,,s varies from 0 to 1.2 radian and
the plots are seen in Figs. (c) and (d). We see that in the presence of primary
astigmatism the Strehl ratio decreases faster compared to the presence of secondary

astigmatism. Thus the effect of the primary astigmatism is more severe on the
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Figure 5.5: The normalized resultant intensity distribution (I + I, + 1) of a radially po-
larized beam aberrated with ¢,,,s=1 radian of (i) positive primary coma and (ii) negative
secondary coma in the (a) XY, (b) XZ and (c) YZ planes.

Strehl ratio. However the spread of the focal spot is more due to the secondary
astigmatism than the primary astigmatism as indicated by the 80ER plots seen in
Fig. 5.4] (d).
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Figure 5.6: Line plots of total intensity in the XY plane along (a) X and (b) Y axes, (c)
line plot of total intensity along the optical axis, in the presence of positive primary and
negative secondary coma.
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Figure 5.7: (a) Variation of Strehl ratio and (b) variation of 80ER vs ¢;.,,s of positive
primary and negative secondary coma.

5.2.2 Effect of primary and secondary coma

Figure shows the resultant intensity distribution of a radially polarized beam
in the presence of (i) positive primary and (ii) negative secondary x coma of RMS
amplitude 1(radian) in the (a) XY plane, (b) XZ plane and (¢) YZ plane in the
focal volume. It is seen that the presence of primary or secondary coma distorts
the circular symmetry of the intensity distribution in the focal plane. However the
size of the focal spot in the presence of secondary coma appears larger as compared
to that of primary coma. As seen in Figs. (b) and (c), for a radially polarized
beam in the presence of the two comas, the XZ and the YZ planes have different
intensity distribution profiles. The intensity distribution in the XZ plane is primarily
on one side of the optical axis, while in the YZ plane intensity distribution is on
both the sides of the optical axis and is symmetric with respect to the Y and Z axes.
Figures (a) and (b) show the Strehl ratio and 80% energy radius in the focal
plane, respectively, as ¢,.,,s of the two aberrations increases from 0 to 1.2 radian. It
is seen that secondary coma degrades the Strehl ratio and the 80% energy radius,
more severely, in comparison to primary coma. Figures (a), (b) and (c) show
line plots of total intensity along X, Y and Z axes. Along the Y axis there is no
significant variation in the total intensity (i.e. only a decrease in the peak value
of intensity), while along the X axis, there is a shift in the maximum value of the
intensity distribution. From the intensity plots, it is clear that in the total intensity
along optical axis, there is a contribution from other polarization components in

addition to the Z polarized component.
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Figure 5.8: Normalized resultant intensity distribution (I, + I, + I.) of a radially polar-
ized beam aberrated with ¢,.,s=1 radian of (i) positive primary trefoil and (ii) negative
secondary trefoil in the (a) XY, (b) XZ and (¢) YZ planes.

5.2.3 Effect of primary and secondary trefoil

Figure [5.8 shows the resultant intensity distribution of a radially polarized beam in
the presence of (i) positive primary and (ii) negative secondary trefoil aberration
with RMS amplitude of 1(radian) in the (a) XY plane, (b) XZ plane and (c) YZ
plane. Here we have noticed that the intensity distribution in the XY plane has
three fold planar symmetry. In the case of primary and secondary trefoil, intensity
distributions of a radially polarized beam in the XZ and YZ planes are not same.
The intensity distribution in the XZ plane mostly exists on one side of the optical
axis, while the intensity distribution in the YZ plane is symmetric with respect
to the Y and Z axes. In the presence of secondary trefoil there exists a intensity
maximum at the nominal focus, while in the presence of primary trefoil there exists
an intensity minimum at the focus. Further, likewise astigmatism primary trefoil
has more pronounced effect on the Z polarized field than on the laterally polarized
field while secondary trefoil has more pronounced effect on the laterally polarized
field than on the axially polarized field. Figures[5.9|(a) and (b) show the resultant

intensity plots along the X axis and along the optical axis, respectively, in the
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Figure 5.9: (a) Line plot of total intensity in the XY plane along the X axis, (b) line
plot of total (and also Z polarized) intensity along the optical axis. Variation of (c) Strehl
ratio and (d) 80% energy radius in the presence of positive primary and negative secondary
trefoil vs @ppms-
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Figure 5.10: Normalized resultant intensity distribution (I, + I, + I.) of a radially
polarized beam aberrated with ¢,,,s=1 radian of positive primary spherical aberration in
the (a) XY plane and (b) XZ or YZ plane and negative secondary spherical aberration in
the (c) XY plane, and (d) XZ or YZ plane.
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Figure 5.11: (a) Line plot of total intensity in XY plane along the X axis, and (b) line
plot of total and Z polarized intensity along the optical axis. Variation of (c¢) Strehl ratio
and (d) 80% energy radius in the presence of positive primary and negative secondary
spherical aberration vs ¢,s.

presence of ¢,.,,=1 radian of the two trefoils. It is clear that there is a greater effect
of primary trefoil on the intensity distribution along X and the optical axes. Further
there is a shift in the intensity maximum along X axis in the presence of primary
trafoil. As seen in Fig. (c), the Strehl ratio decreases rapidly in the presence
of primary trefoil as compared to secondary trefoil. However as indicated by Fig.
(d), the focal plane energy spreads more, as the magnitude of secondary trefoil

increases, than the same in the case of primary trefoil.

5.2.4 Effect of primary and secondary spherical aberration

Figure [5.10] shows the resultant intensity distribution of a radially polarized beam
in the (a) XY plane, and (b) XZ or YZ plane in the presence of positive primary and
in the (c¢) XY plane, and (d) XZ or YZ plane in the presence of negative secondary
spherical aberration with RMS amplitude 1 radian. We see that in the presence of
spherical aberration, in the XY plane, the resultant intensity distribution maintains
circular symmetry. Moreover for small values of aberration there is no significant

effect on the intensity distribution, but for large values of aberration the effect is
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Figure 5.12: The normalized resultant intensity distribution (I, + I, + I.) of a radially
polarized beam aberrated with ¢,,,s=1 radian of positive (i) tetrafoil and (ii) pentafoil in
the (a) XY, (b) XZ and (c¢) YZ planes.

much severe. Further in the case of spherical aberration, the intensity distributions
in the X7 and YZ plane are identical and there is a shift in the intensity maximum
along the optical axis from the nominal focus, which is more in the case of primary
spherical aberration. To be noted that similar axial shift is also observed in the
presence of defocus. The line plots of total intensity in Figs. [5.11] (a) and (b)
indicate that the effect of primary spherical aberration on the intensity distribution
in the XY plane as well as along the optical axis is greater than the effect due to
secondary spherical aberration. However as indicated in Fig. [5.11] (c), the Strehl
ratio, in the presence of the two aberrations, varies almost identically. In contrast
the spread of the focal spot is more rapid due to secondary spherical aberration than

due to primary spherical aberration as seen in the 80ER plots in Fig. [5.11] (d).

5.2.5 Effect of tetrafoil and pentafoil

Figure shows the resultant intensity distribution in the (a) XY plane, (b) XZ
plane and (c¢)YZ plane in the presence of (i) tetrafoil and (ii) pentafoil with RMS

amplitude 1 radian. In the presence of these two aberrations the resultant intensity
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Figure 5.13: (a) Line plot of total intensity in XY plane along the X axis, and (b) line
plot of total intensity along the optical axis. Variation of (¢) Strehl ratio and (d) 80%
energy radius vs the ¢,.,,s for each of tetrafoil and pentafoil.

(a) (b) (c) (d) (e) (f)

Figure 5.14: Normalized resultant intensity distribution (I, + I, + I.) of a radially
polarized beam in aberration free case, in the (a) XY, (b) XZ and (c) YZ planes obtained
theoretically and in the (d) XY, (e) XZ and (f) YZ planes obtained experimentally.
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(ii)

Figure 5.15: Normalized resultant intensity distribution (I, + I, + I.) of a radially
polarized beam aberrated with ¢,,s=1 radian of positive primary astigmatism (PA) and
negative secondary astigmatism (SA) in the (a) XY, (b) XZ and (c) YZ planes obtained
(1) numerically and (ii) experimentally.

distribution in the XY plane looses the circular symmetry, even though there exists
a 4 and 5 fold planar symmetry. The intensity distributions in X7 and YZ planes
are identical for a radially polarized beam in the presence of tetrafoil. Further
the resultant intensity distribution is symmetric with respect to the optical axis,
although this is asymmetric with respect to the transverse axis. However in the
presence of pentafoil the intensity distributions in the XZ and YZ planes are not
identical. Figures[5.13| (a) and (b) show the line plots of the total intensity along X
and Z axes in the presence of tetrafoil and pentafoil. It is seen that the plot along
X is asymmetric with respect to the origin in the presence of pentafoil, while this
is symmetric along the optical axis in the presence of both tetrafoil and pentafoil.
Figure (c) shows that the Strehl ratio in the presence of pentafoil decreases
more abruptly for small values of RMS amplitude, while for large RMS amplitudes
the decrease is more rapid in the presence of tetrafoil. As seen in[5.13](d), the 80%
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(i) i (i)

Figure 5.16: Normalized resultant intensity distribution (I, + I, + I.) of a radially
polarized beam aberrated with ¢,,,s=1 radian of positive primary coma (PC) and negative
secondary coma (SC) in the (a) XY, (b) XZ and (¢) YZ planes obtained (i) numerically
and (ii) experimentally.

energy radius increases more rapidly with the magnitude of pentafoil in comparison

with tetrafoil.

5.3 Experimental demonstration in the low NA

case

We then use our experimental arrangement which is described in chapter 3| to gen-
erate a radially polarized beam under low NA focusing condition (NA=0.0056). We
also compute the focal intensity distributions theoretically using the same numerical
aperture. Figures[5.14] (a), (b) and (c) show the resultant intensity distributions in
the XY, XZ and YZ planes, respectively, obtained theoretically and Figs. (d), (e)
and (f) show the resultant intensity distributions in the XY, XZ and YZ planes,
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Figure 5.17: Normalized resultant intensity distribution (I, + I, + I.) of a radially
polarized beam aberrated with ¢;,,s=1 radian of positive primary spherical aberration
(PSA) and negative secondary spherical aberration (SSA) in the (a) XY, (b) XZ and (c)
YZ planes obtained (i) numerically and (ii) experimentally.

PSA

respectively, obtained experimentally. The similarity between the two sets of figures
indicate the accuracy of the experimental results. It is noticed that in the low NA
case there is no 7 polarized light appearing on the optical axis thus giving rise to
a doughnut shaped intensity distribution in the focal plane.We then use the exper-
imental setup to demonstrate the effect of primary and secondary aberrations in
the focal plane of the radially polarized beam in the low NA focusing condition.
For each aberration we also perform numerical simulation to generate the respective

theoretical intensity distributions.

Figures[5.15] (a), (b) and (c) show the resultant intensity distributions in the fo-
cal volume of a radially polarized beam in the XY, XZ and YZ planes, respectively,
obtained (i) theoretically and (ii) experimentally aberrated with ¢,,,s=1 radian of

positive primary astigmatism (PA) and negative secondary astigmatism (SA). Sim-
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ilarly Figs. [5.16| (a), (b) and (c) show the resultant intensity distributions in the
focal volume of a radially polarized beam in the XY, XZ and YZ planes, respectively,
obtained (i) theoretically and (ii) experimentally aberrated with ¢,,,s=1 radian of
positive primary coma (PC) and negative secondary coma (SC). From the intensity
distributions in the XZ plane and the YZ plane it is seen that primary coma gives rise
to a boat-shaped structure in the focal volume, however in the presence of secondary
coma such a boat-shaped structure is not formed. Figures[5.17](a), (b) and (c) show
the resultant intensity distributions in the focal volume of a radially polarized beam
in the XY, XZ and YZ planes, respectively, obtained (i) theoretically and (ii) ex-
perimentally aberrated with ¢,,,s=1 radian of positive primary spherical aberration
(PSA)and negative secondary spherical aberration (SSA). The close resemblance
between the theoretically and experimentally obtained intensity distributions near
the focus of the aberrated radially polarized beam validates the theoretical results

obtained using the vectorial diffraction theory.

5.4 Conclusion

In this chapter we have investigated the effect of primary and secondary aberrations
on the focal volume properties of a radially polarized beam. We have identified
certain primary aberrations whose phase profiles are comparable with those of the
secondary aberrations. We have provided a comparative study on the focal volume
properties of radially polarized beams in the presence of both primary and secondary
aberrations. We have noticed from our investigation that in most of the cases the
focal volume properties are maximally effected by the primary aberrations compared
to the respective secondary aberrations. However as far as the spread of the focal
spot is concerned, in most of the cases the secondary aberrations are more influential.
The theoretical results obtained with a low NA lens are verified by performing

experiments using the division of wavefront based vector beam forming setup.
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Chapter 6

Poynting vector profile of a tightly
focused radially polarized beam in
the presence of primary

aberrations

6.1 Introduction

Poynting vector in the focal volume of a cylindrical vector beam, especially, a ra-
dially polarized beam is a very important parameter. The strong on-axis axially
polarized field in the focal volume of a tightly focused radially polarized beam has
non propagating power [10]. The non propagating power due to the axially polarized
field on the optical axis is exhibited by a null Poynting vector. There are two types
of forces on an optical trap, namely, the scattering force or the radiation pressure
and the gradient force [45] [78]. Of these two forces, the radiation pressure is due to
the transfer of linear momentum from the photons onto the trapped particle. Thus
the radiation pressure due to a focused beam will be dependent on the Poynting
vector profile. Owing to the strong field and zero Poynting vector near the focus,
the radially polarized beam offers a strong gradient force and zero radiation pres-
sure [79, 80]. Thus a radially polarized beam has a strong trapping capability when

compared to other beams.

Optical trapping, since its invention by Authur ashkin [78] 81], has found appli-

cations in diverse fields to trap and manipulate microscopic particles [82]. In the
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initial period, optical trapping primarily dealt with linearly and circularly polarized
laser beams. Metallic particles had been treated as difficult to trap due a strong
scattering and absorption forces. Recently it has been shown [83] that the metallic
particles can be trapped by using vector beams with axially symmetric polarization
profile such as the radially polarized beam. In trapping dielectric sphere, the radi-
ally polarized beam has higher axial trapping efficiency as compared to a circularly
polarized vortex beam [84] and an azimuthally polarized beam [16], [85]. The trap-
ping efficiency of a radially polarized beam is in fact shown to be 1.84 times that
of a linearly polarized beam [6]. The radially polarized beam also has the strongest
trapping efficiency, amongst linearly and azimuthally polarized beams, to trap gold
nano particles [86]. The longitudinal trapping range in an optical trap can be in-
creased by using a radially polarized narrow-width annular beam such that the range
is larger than that of the doughnut beam [87]. The radially polarized beams are also
used to generate three-dimensional (3D) optical chains for controllable delivery of
multiple particles [88].

The unique Poynting vector profile of the radially polarized beam also exhibits
superior self-healing properties [89] when the beam passes through a sector-shaped
opaque obstacle and a thin lens. Another outcome of the null Poynting vector of
a radially polarized beam along the optical axis is the increment in the electric
field between two metallic blocks kept at a sub wavelength separation along the
optical axis, in the focal volume [90]. Further an unconventional flat-top intensity
distribution can be generated by a single radially polarized beam focused by a lens
having numerical aperture in the intermediate range [91], 92], where the central part
has non propagating power.

The applications described above assume the Poynting vector profile of an un-
aberrated radially polarized beam. We have observed in the previous chapter how
the aberrations effect the focal intensity distribution of a radially polarized beam. It
can be expected that the various primary aberrations will also have significant effect
on the Poynting vector profile in the focal volume. In this chapter thus we present a
detailed study on the Poynting vector profile in the focal volume of a tightly focused
radially polarized beam [93], in the presence of various primary monochromatic
aberrations.

Under plane wave approximations, the time averaged Poynting vector is equal to
the product of the time averaged energy density and the velocity of light in the given

medium [29, B30]. In high numerical aperture case, when the rays intersect at large
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angles, such approximations are not useful. Thus we need to use the vectorial focal
field expressions, as described earlier in this thesis and extend them to compute the

Poynting vector profile near the focus [04].

6.2 Poynting vector profile

In electrodynamics, the Poynting vector represents the directional energy flux den-
sity (the rate of energy transfer per unit area) of an electromagnetic field [29]. The
SI unit of the Poynting vector is watt per square meter (W/m?). If E,, E, and E,
and H,, H, and H, are electric and magnetic field components, respectively, we can
define the Poynting vector as

S=ExH (6.1)

In the above the £ and H at every point near the focus are given by the vectorial
diffraction theory described in chapter 2l From the expression in Eq. we can
thus compute the Cartesian components of instantaneous Poynting vector, S, S,
and S,. To compute the time averaged Poynting vector, the same expression gets

modified as

— — —

<S> =<E x H>=R(E x H") (6.2)
The Cartesian components of the time averaged Poynting vector, therefore, are

<S> = R(E,H; - E.H})
<S,> = R(E.H; - E,H})
<S.> = R(E.H, - E,H}) (6.3)

Here R(...) represent the real part of the argument. We define the total time averaged
Poynting vector (S;) in terms of (S.), (S,) and (S.) as (S;) = \/<Sx>2 +(5,)% + (S.)°.

On the other hand, the Cartesian components of the time dependent Poynting

vector, considering harmonic time dependence, are given as,

i2met

Sxvz(t)=Sxyze * (6.4)
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6.3 Numerical simulation of the Poynting vector

profile

The expressions in the above section are used to compute the Poynting vector profile
of a radially polarized beam in the presence of primary aberrations. The computa-
tions are performed using a focusing lens of NA=0.9 over a focal volume extending
from -3\ to 3\ along X, Y and Z axes with the nominal focus as the origin. For our
investigation, we consider primary aberrations such as primary astigmatism, coma,
trefoil and spherical aberration, which are represented by single indexed Zernike
polynomials, Z; where (i =5 — 11) [21], 39].

The time averaged Poynting vector values in both the aberrated and aberration
free cases are normalized by the maximum value of the total time averaged Poynting
vector value in the focal plane in the aberration free case. Figure (a) shows the
normalized time averaged Poynting vector profiles (i) (S5,), (ii) (S,) and (iii) (S,) in
the XY, XZ and YZ planes of a radially polarized beam in the aberration free case.
Every image has a different color bar which is shown at its top by the horizontal
bar. It is seen that in the XY plane (S,) and (S,) are zero, and only (S,) contribute
to the total Poynting vector. On the other hand there is a considerable amount of
(Sy) and (S,) in the XZ and YZ planes, respectively. Also each of (S,), (S,) and
(S.) is zero along the optical axis indicating that there is no energy flow along the
optical axis. Thus there exists an intensity maximum at the focus where there is a
null Poynting vector. To be noted that the first column of Fig. (a) shows the

direction of the axes describing the three planes.

Figure (b) shows the normalized time averaged Poynting vector profiles (i)
(Sz), (ii) (S,) and (iii) (S,) in the XY, XZ and YZ planes of a radially polarized
beam in the presence of 1 radian RMS (i.e. ¢pnms) of spherical aberration (Z3;). In
the presence of spherical aberration there is no significant effect on the Poynting
vector profile in the XY plane. Likewise the unaberrated case there is no energy
flow along the optical axis. However the Poynting vector profiles in the XZ plane
and YZ plane indicate that the net energy flow around the optical axis is through a

region that forms a conical nozzle.

Figure (a) shows the normalized time averaged Poynting vector profile (i)
(Sz), (ii) (S,) and (iii) (S,) in the XY, XZ and YZ planes of the focal volume in
the presence of 1 radian RMS of astigmatism at £45° (Z5). It is noticed in the case
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Figure 6.1: Normalized time averaged Poynting vector profiles (i) (S;), (ii) (S,) and
(iii) (S;) in the XY, XZ and YZ planes near the focus of a radially polarized beam in (a)
the aberration free case and (b) in the presence of 1 radian RMS of spherical aberration
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Figure 6.2: Normalized time averaged Poynting vector profiles (i) (S;), (ii) (S,) and
(iii) (S,) in the XY, XZ and YZ planes of a radially polarized beam in the presence of 1
radian RMS of (a) astigmatism at £45° (Z5) and (b) astigmatism at 0° (Z).
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(ii) (iii) i (i)
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Figure 6.3: Normalized time averaged Poynting vector profiles (i) (S;), (ii) (Sy) and
(iii) (S;) in the XY, XZ and YZ planes of a radially polarized beam in the presence of 1
radian RMS amplitude of (a) y coma (Z7) and (b) x coma (Zg).

of all the three planes that there is a significant amount of (S,) and (S5,). Also the
Poynting vector profile in the focal plane looses the circular symmetry in the presence
of astigmatism, even though there exist a two fold planar symmetry. However there
is no energy flow along the optical axis likewise the unaberrated case. Figure (b)
shows the respective normalized time averaged Poynting vector profiles in the focal
volume of a radially polarized beam in the presence of 1 radian RMS of astigmatism
at 0° (Zs).

Figure (a) shows the normalized time averaged Poynting vector profiles (i)
(Sz), (i) (S,) and (iii) (S,) in the XY, XZ and YZ planes in the focal volume of
a radially polarized beam in the presence of 1 radian RMS of y coma (Z7). It is
noticed that in the XY plane the net Poynting vector profile appears asymmetric
and there is no contribution from the (S,) and (S,). The asymmetry in the XY
plane may lead to a non-zero value of the net Poynting vector at the nominal focus.
The profiles in the XZ and YZ planes reveal the presence of a strong (S;) at two
locations on the optical axis. In fact the net Poynting vector profile in the focal
volume resembles the shape of a boat. Figure (b) shows the normalized time
averaged Poynting vector profiles in the focal volume of a radially polarized beam

in the presence of 1 radian RMS of x coma (Zg). It is observed that in the presence
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Figure 6.4: Normalized time averaged Poynting vector profiles (i) (S;), (ii) (S,) and
(iii) (S,) in the XY, XZ and YZ planes of a radially polarized beam in the presence of 1
radian RMS of (a) y trefoil (Zg) and (b) x trefoil (Z10).

of either x or y coma there is a significant presence of (S,), or, and (S,) along the
optical axis. Thus in the presence of coma there is a non-zero energy flow along the

optical axis.

Figures (a) and (b) show the normalized time averaged Poynting vector
profiles (1) (S), (ii) (Sy) and (iii) (S,) in the XY, XZ and YZ planes in the focal
volume of a radially polarized beam aberrated with 1 radian RMS of y trefoil (Zy)
and x trefoil (Z3p), respectively. It is seen that even in the presence of x and y trefoil,
there is no (S,;) and (S5,) in the XY plane. Besides there is a disappearance in the
circular symmetry of the Poynting vector profile in the focal plane, even though there
exists a three fold planar symmetry. Further there appears a significant amount of
(Sy) and (S,) in the XZ and YZ planes in the presence of x and y trefoils, although

along the optical axis there is no energy flow.

We have seen that in the presence of coma there is a non-zero energy flow along
the optical axis. To investigate this feature closely we have plotted (S,), (S,) and
(S.) along the optical axis, as shown in Fig. (a). It is noticed that there exist a
non-zero (S,) and (S,) along the optical axis in the presence of x coma, and non-
zero (S,) and (S,) in the presence of y coma. The (S,) and (S,) maximize their

values with opposite signs at distances £1.5\ from the focal point. To observe the
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Figure 6.5: (a) Line plot of (S;) and (S,) in the presence of x coma or (S,) and (S)
in the presence of y coma both with ¢,,,s=1 radian, along the optical axis from -3\ to 3A
on the two sides of the nominal focus, (b) variation of central value of the Poynting vector
profile with ¢, variation in between -1.6 radian to 1.6 radian.

variation of the net Poynting vector value at the focal point with RMS amplitude,
we have plotted the net Poynting vector value at the focus with RMS amplitude of
coma varying between -1.6 radian to 1.6 radian, as shown in Fig. (b). Initially
the Poynting vector at the focus is zero, however, as RMS amplitude increases, it
also increases and becomes 0.16 at RMS amplitude equal to 1.4. Further increase in

the RMS amplitude results in a decrease in the central value of the Poynting vector.

6.3.1 Time dependence of the Poynting vector profile

In the previous section we have discussed the time averaged Poynting vector profile
in the focal volume of a radially polarized beam in the presence of various primary
aberrations. However the time averaged profile can not entirely depict the time
dependent behavior of the Poynting vector values. In this section we discuss the
effect of primary aberrations on the time dependent Poynting vector profile. To
observe the time dependence of Poynting vector profile, we have computed S, . (%)
at different time instants by using Eq. [6.4] over a volume extending along X, Y and
Z axes are from -\ to A. Here we use amplitude and phase values of S, , .(t) to draw
3D Poynting vector ellipses to represent the time evolution of the Poynting vector
profile. The tip of the instantaneous Poynting vector is used to draw the ellipse
while the origin of the vector coincides the location at which the Poynting vector is
computed. For the visualization, we have considered few representative points (i.e.

9 locations), on the optical axis and on the 0.5\ radius circle, which are separated
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(a) (b) (c)

Figure 6.6: Time evolution of the Poynting vector profile of a tightly focused radially
polarized beam in the (a) z=-A, (b) focal and (c) z=A\ planes in the aberration free case.
The Poynting vector ellipses are overlaid on the respective intensity distributions over an
area described by (x, y)= -\ to A.

by 45° angular separation starting from the X axis. Every time dependent Poynting
vector component is scaled by the same factor in all the planes and in the case of
all the primary aberrations.

In order to investigate the relative axial deformation caused by primary aberra-
tions, we have considered three planes perpendicular to the optical axis, at z=-\, 0
and +A. The time evolution of the instantaneous Poynting vector is overlaid on the
normalized intensity distribution (while the intensity distribution is normalized by
the respective maximum value of intensity) of the radially polarized beam both in
the aberration free and aberrated cases. Figure shows the time evolution of the
Poynting vector profile in the aberration free case in the (i) z=-\, (ii) focal and (iii)
z=+\ planes. It is seen that the Poynting vector ellipses in the focal plane have
large semi major axes and small semi minor axes, while in z= +\ planes the semi
major axes of the ellipses decrease in size as compared to the focal plane. Besides in
the z= +\ planes the Poynting vector ellipses are tilted in opposite directions with
respect to the 7 axis.

Figure (i) shows the time evolution of the instantaneous Poynting vector in
the presence of ¢,.,s=1 radian astigmatism at 0° in the (a) z= -\, (b) focal and
(¢) z=+A planes. In the presence of astigmatism at 0°, in the focal plane, the
maximum intensity locations corresponds to large semi major axis ellipses which
have much smaller semi minor axes and are tilted with respect to 7Z axis. The
intensity minimum locations, on the other hand, have negligible semi major axes
ellipses. In z==\ planes, the maximum intensity locations have smaller semi major

axis ellipses and relatively large semi minor axes. In the presence of ¢,,,,=1 radian
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(b)

Figure 6.7: Time evolution of the Poynting vector profile of a tightly focused radially
polarized beam in the (a) z=-A, (b) focal and (¢) z=A planes, in the presence of (i)
astigmatism at 0° and (ii) x coma both with ¢,,,s=1 radian. The Poynting vector ellipses
are overlaid on the respective intensity distributions over an area described by (x, y)= -A
to A

x coma, as in Figs. (ii) (a-c), it is seen that the ellipses have larger semi major
axes in the focal plane relative to the other two planes. In all the three planes one
can see the existence of Poynting vector ellipse at the center of the focal volume.
While in the z==+A\ planes, the ellipses have larger semi minor and smaller semi

major axes when compared to the focal plane ellipses.

Figures|6.8| (a) and (b) show the time evolution of the Poynting vector profile in
the focal volume in the presence of x trefoil and spherical aberration, respectively, in
the (i) z=-A, (ii) focal and (iii) z=+A planes. In the presence of x trefoil, in the focal
plane, it is noticed that the Poynting vector ellipses along the circle of radius of 0.5\
have large semi major axes at the locations of maximum intensity and smaller semi
major axes at the locations of minimum intensity. On the other hand the ellipses
at the same locations in the other two planes have semi major axes, which are of
comparable magnitude. Further, the ellipses in z=+\ planes are tilted in opposite
directions with respect to the Z axis. In the presence of spherical aberration, the
Poynting vector ellipses on the 0.5 circle maintain a symmetric profile. It is noticed

that in z=-\ plane ellipses have larger semi major axes as compared to z=\ plane
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Figure 6.8: Time evolution of the Poynting vector profile of a tightly focused radially
polarized beam in the (a) z=-A, (b) focal and (c) z=\ planes in the presence of ¢ps=
1 radian of (i) x trefoil and (ii) spherical aberration. The Poynting vector ellipses are
overlaid on the respective intensity distributions over an area described by (x, y)= -\ to
A

ellipses.

6.4 Conclusion

In this chapter, we have investigated the Poynting vector profile near the focus of
a radially polarized beam in the presence of various primary aberrations. We have
simulated both the time averaged and time dependent Poynting vector profiles.
Here we have noticed that even in the presence of astigmatism, trefoil and spherical
aberration, there is no energy flow along the optical axis. In the presence of coma
there exists non-zero Poynting vector along the optical axis and also at the focal
point. The net Poynting vector value at the focus increases with RMS amplitude
and for NA=0.9 it attains the highest value at RMS amplitude equal to 1.4 radian.
Further increase in RMS amplitude results in decrease in the net Poynting vector
value. Here we have also showed the time dependence of the instantaneous Poynting
vector at certain representative locations in the focal volume of the radially polarized

beam in the presence of various primary aberrations.
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Chapter 7

Conclusion and future prospect

7.1 Conclusion

Cylindrical vector beams have drawn a lot of interest in recent years due to their
interesting and unique properties resulting in applications in various fields. These
beams have pupil planes comprising circularly symmetric polarization profiles. Two
important members of the cylindrical vector beam are the azimuthally polarized
beam and the radially polarized beam. The focal volumes of these beams have in-
teresting properties. The pupil plane of the azimuthally polarized beam has electric
field vectors oriented in the azimuthal direction while that of the radially polarized
beam has electric field vectors oriented in the radial direction. When focused the
azimuthally polarized beam gives rise to a doughnut pattern in the focal plane.
Thus the intensity distribution in the focal plane has a dark centre surrounded by
an intense ring of light. The radially polarized beam, when focused by a high nu-
merical aperture lens, gives rise to a circularly symmetric intensity distribution in
the focal plane with intensity maximum occurring at the centre. The intensity at
the centre is contributed purely by an axially polarized field which has non propa-
gating power. The applications of the two beams exploiting their unique properties
assume the respective cylindrical vector beam to be unaberrated. However any op-
tical system will always suffer from aberrations to a degree that may vary from one
system to another. So far there has not been any comprehensive study on the effect
of aberrations on these two important cylindrical vector beams, especially, when the
aberration effects on the entire focal volume is concerned. In this thesis we have used

the vectorial diffraction theory to perform a detailed investigation on various beam
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parameters over an entire volume near the focus. Our theoretical results, in the
low numerical aperture focusing case, are also verified by performing experiments.
Below we provide a chapter wise conclusion of the entire thesis work.

In chapter 1, we have provided a general introduction to the research problem
discussed in this thesis followed by a chapter wise overview of the entire thesis..

In chapter 2, we have introduced vectorial diffraction theory, more specifically
the Fourier transform based vectorial diffraction theory, that is needed to compute
the Cartesian components of the electric and magnetic field near the focal point of
a tightly focused beam. We initiated our discussion with the theory of Richards
and Wolf and showed how this integral form can be converted to a Fourier trans-
form form. We showed two versions of the Fourier transform form of the vectorial
diffraction theory. We have also developed the expressions to convert the pixel units
associated with the numerical computation to real distance units. We then showed
how the focal field expressions get modified in the presence of aberrations in the
beam.

In chapter 3 we have investigated the effect of primary aberrations on the focal
volume properties of an azimuthally polarized beam. We have used the Fourier
transform form of the Vectorial diffraction theory to first compute the Cartesian
field components in the focal volume in the presence of various primary aberrations
using a high NA lens. It is observed that in the presence of astigmatism, coma
and trefoil, the circular symmetry of the intensity distribution in the focal plane
is broken. Moreover in the presence of coma there appears a significant amount
of transversely polarized light on the optical axis. From our results we have also
drawn polarization ellipses to indicate the time evolution of the resultant electric
field vector in the focal volume of the aberrated azimuthally polarized beam. We
have observed that in the presence of astigmatism, coma and trefoil, the light in
the focal volume does not remain linearly polarized as in some region it becomes
elliptically polarized. Our investigation suggests that in the presence of spherical
aberration, the focal intensity distribution remains axially symmetric with no light
appearing on the optical axis. Our results further showed that in the presence of a
moderate amount of coma, the intensity distribution near the focus takes a boat-
like shape. It gives us an elongated dark region surrounded by light in all but
one direction. This chapter also describes a division of wavefront based arbitrary
vector beam forming setup which can be used to generate cylindrical vector beams

with user defined phase profile in the pupil plane. We have presented experimental
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results for an azimuthally polarized beam focused by a low NA lens in the presence
of various primary aberrations. The experimentally obtained results agree well with
the corresponding results obtained numerically.

It is known that an azimuthally polarized beam with a helical phase mask and a
linearly polarized beam have similar kind of focal intensity distributions. Thus the
former beam can be used as an alternative to the latter beam. Due to this similarity,
in chapter 4, it is intended to investigate the effect of primary aberrations on the
two types of beams. Here we observed that the azimuthally polarized beam with
a helical phase mask is more resistant to the primary aberrations as far as spread
of the focal energy around the centre is concerned. The same beam also provides
a better performance in terms of the Strehl ratio in the presence of primary astig-
matism when compared to the X polarized beam. Thus the azimuthally polarized
beam with a helical phase mask can provide superior resilience to primary aberra-
tions and especially to astigmatism relative to a linearly polarized beam. We have
also demonstrated the aberration effect on the azimuthally polarized beam with a
helical phase mask experimentally, taking a low NA focusing lens. The theoretical
predictions regarding aberration resilience of the APBH compared to the X polarized
beam, have been verified experimentally under low NA focusing condition.

There has already been studies on the effect of primary aberrations on the ra-
dially polarized beam. In chapter 5 we have investigated the effect of both the
primary and secondary aberrations on the focal volume properties of a radially po-
larized beam. We have identified certain primary aberrations whose phase profiles
are comparable with those of the secondary aberrations. We then provided a com-
parative study on the focal volume properties of radially polarized beam in the
presence of both primary and secondary aberrations. Our investigation has revealed
that in most of the cases the focal volume properties are maximally effected by the
primary aberrations compared to the respective secondary aberrations. However as
far as the spread of the focal spot is concerned, in most of the cases the secondary
aberrations are more influential. The theoretical results obtained with a low NA
lens are verified by performing experiments using the division of wavefront based
vector beam forming setup.

For applications such as optical trapping, the Poynting vector value near the
focus of a radially polarized beam is very much crucial. Therefore in chapter 6,
we have investigated the Poynting vector profile of a radially polarized beam in the

presence of various primary aberrations. We have simulated both the time averaged
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and time dependent Poynting vector profiles. Here we have noticed that even in
the presence of astigmatism, trefoil and spherical aberration, there is no energy
flow along the optical axis. In the presence of coma, however, there exists non-zero
Poynting vector along the optical axis and also at the focal point. The net Poynting
vector value at the focus increases with the RMS amplitude and for NA=0.9 it
attains the highest value at RMS amplitude equal to 1.4 radian. Further increase
in RMS amplitude results in a reduction in the net Poynting vector value. Here
we have also showed the time dependence of the instantaneous Poynting vector at
certain representative locations in the focal volume of a radially polarized beam in

the presence of various primary aberrations.

7.2 Future prospect

In this thesis we have theoretically analyzed the polarization profile of the cylindri-
cal vector beams in the presence of various aberrations. However the theoretically
obtained polarization profiles are not experimentally verified. Thus in future the
experimental arrangement can be further developed to be able to estimate the po-
larization at each point near the focus of the beam.

Also the experimental results presented in this thesis corresponds to a low nu-
merical aperture lens. In future the experimental arrangement can be upgraded to
investigate the high numerical focusing as well.

We have observed that an azimuthally polarized beam with a helical phase mask
provides us a focal spot that offers superior resistance to aberrations, especially, to
astigmatism. In this thesis aberrations have been introduced separately and not
in a group. Thus it will be interesting to see the behaviour of the beam when a
combination of aberrations are introduced in the pupil plane.

Further, there can be experiments such as using an optical trapping setup to
measure the average Poynting vector so that the theoretical findings on the Poynting
vector can be verified.

Moreover in our numerical investigations we have used uniform amplitude pro-
files for the two cylindrical vector beams. In contrast a realistic beam will have a
Gaussian amplitude profile. Thus our numerical investigations can be extended to

Gaussian amplitude profiles.
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