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Abstract

The laser scanning confocal microscope (LSCM) is an important imaging tool for
a wide range of investigations, particularly in biological and biomedical sciences, due
to the ability of imaging thin slices of the specimen. Use of polarization profile of
the illumination beam in an LSCM as one of the parameters can extract information
such as on molecular organizations in the specimen, which is otherwise not possi-
ble. Many polarization measurements in LSCM require capturing images with more
than one polarizations, for instance, with two orthogonal linear or circular polariza-
tions in the case of linear dichroism. In such measurements, usually, the change in
polarization takes place at the end of one complete image frame, which leads to a
delay of at least equal to the acquisition time of one full-frame image, between the
illuminations with two different polarizations. Such an amount of delay may create
issues for applications, for instance, imaging specimens which are not static. Be-
sides, some applications require special illumination beams such as cylindrical vector
beams. Therefore, the polarization based applications of LSCM require the setup
to be equipped with a robust mechanism to generate illumination beams with arbi-
trary polarization profiles. Further, the system requires to be capable of switching
the illumination beam between different polarization profiles quickly. However, the
conventional LSCMs do not have such mechanisms to generate and quickly switch
between various user-defined polarization profiles of the illumination beam.

In this thesis, we propose a robust and flexible scheme using a single liquid crys-
tal spatial light modulator (LCSLM) to generate arbitrary and user-defined vector
beams with the highest average-power possible with an LCSLM based method. We
carry out experiments to verify the working of the vector beam forming unit. We
develop a galvanometer based laser scanning microscope employing the vector beam
forming unit to design the illumination beam and introduce a scheme to switch the
polarization of the illumination beam after every line scanned, in contrast to every
full-frame image as in the conventional case. We implement polarization switch-
ing in both reflectance and fluorescence mode of the LSCM. We then introduce
a holographic scanning confocal microscope working in both reflection and fluores-
cence modes that can provide better beam positioning accuracy than a galvanometer
based setup. We also implement a polarization switching scheme in the holographic

scanning confocal microscope.
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CHAPTER 1

General introduction and thesis overview

1.1 General Introduction

Over the decades, the laser scanning confocal microscope (LSCM) has become a
powerful imaging tool to obtain high contrast optically sectioned images. The optical
sectioning property is achieved by keeping a pinhole at a plane conjugate to the
illumination spot in the specimen plane to obstruct the out of focus light from the
volume of a thick specimen [I}, 2, 3]. One may also capture images of a large number
of thin slices of a thick specimen to build an impressive three-dimensional view of the
specimen, using a confocal microscope. The ability of the confocal microscope in the
fluorescence mode to image deep inside the tissue in a noninvasive manner has made
the microscope extremely popular for biological applications, such as fluorescence
imaging of living cells and tissues [4, 5]. Owing to enhanced imaging capabilities,
the LSCM finds applications in diverse areas such as the precise diagnosis of brain
tumor [6], real-time imaging of retina [7, [§], the studies of crystal morphology [9],
study of material deformation [10], studies of food product quality [I1], 12], and so
on.

The polarization property of the illumination beam is often exploited in optical
microscopy to extract additional information on molecular organization in the spec-
imen. This relies on the fact that, upon illuminating the specimen, the excitation or
absorption efficiency of the molecules depends on the angle between the molecular
dipole moment and the excitation electric field [I3]. Thus the amount of fluorescence
from a molecule varies based on this angle, and the same gives an indication of the
molecular orientation relative to the excitation field. On the other hand, when a
light beam is focused by a lens, the electric field orientation at the focus directly

depends on the polarization profile of the beam at the entrance pupil of the lens
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[14, [15]. Therefore, in a confocal microscope, the orientation of the electric field
that excites the molecules in the specimen can be controlled by modifying the po-
larization profile of the illumination beam at the entrance pupil of the microscope
objective (MO) lens. Polarization based microscopy has found applications in the
studies of structures of biological macromolecules [16], fiber orientation of ocular
tissues [17], protein structures and functions [I8], exciton fine structure of nanocrys-
tals [19], properties of fluorescent nanoemitters [20], topological defects in liquid
crystal materials [21], and so on. In general, the polarization based measurements
involve capturing at least two images of the specimen using illumination beams with
orthogonal polarizations. The difference of the two images yields a two-dimensional
mapping of the anisotropic optical organization of molecules in the specimen. There-
fore, for a complete exploration of the three-dimensional spatial orientation of the
molecules, one needs to image the specimen with three mutually orthogonally po-
larized illumination beam. Thus the polarization microscopy based studies require
a mechanism to switch the illumination beam between different polarization states
of the illumination beam at the entrance pupil, many such polarization profiles may
be non conventional.

In the last few decades, several techniques have been proposed to modulate the
polarization of the illumination beam in an optical microscope. Many of these tech-
niques use an electro-optic modulator such as Pockels cell [22) 23] 24], or magneto-
optic modulator such as Faraday rotator [25] to modulate the polarization of the
illumination beam using different classical polarization states, which are plane polar-
ized, circularly polarized, and elliptically polarized. A universal compensator made
up of liquid crystal (LC) variable retarders [26, 27, 28| 29] can be used to produce a
two-dimensional spatial distribution of polarization of the illumination beam. How-
ever, in a microscope, employing the above mentioned methods, the polarization
modulation of the illumination beam occurs only at the end of the acquisition of
one complete image frame. This technique thus leads to a delay equal to at least the
acquisition time of one complete image frame, between the imagings with two differ-
ent polarizations. Such kind of delay may create an issue while imaging a specimen
which is in a dynamic environment. There are only a few techniques that enable
to switch the polarization of the illumination beam in a microscope after every line
scanned [23] 30, 1], where polarization modulation is achieved by using Pockels cell
or photoelastic modulators (PEM). But the techniques can generate and alter the

polarization of the illumination beam among the classical polarization states only.
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The programmability of a liquid crystal spatial light modulator (LCSLM) can be
utilized to generate a user-defined two-dimensional spatial polarization profile in a
light beam, called an arbitrary vector beam. The LCSLM based techniques uses two
[32] or three LCSLMs [33], or one LCSLM along with a Wollaston prism [34] 35],
or double pass beam through a single LCSLM [36], to achieve the dynamic control
over the vector beam. However, until now, in a microscope that uses LCSLM based
scheme to modulate the polarization profile of the illumination beam employs the
switching of polarization of the illumination beam after every image frame only.

The LCSLM based vector beam forming schemes usually involve two successive
incidences on one or two LCSLM display panels [32, 33, 36]. Thus the incident beam
undergoes two diffraction losses after each incidence on the LCSLM. The energy in
the final vector beam is thus decided by the maximum power of the beam that
corresponds to the first incidence. However, all commercial LCSLMs have a fixed
damage threshold in so far as the incident power is concerned [37]. Therefore the
maximum power of the vector beam generated using an LCSLM based scheme is
limited by the damage threshold of the device. Such scheme if employed in a confocal
microscope will not be suitable for applications needing a high power vector beam
to illuminate the specimen.

Usually to capture the full-frame image of the specimen, the confocal microscope
uses a galvanometer mirror scanner to scan the laser beam all over the imaging area
in a raster fashion [38]. However, high-speed operation of such scanners can lead
to temperature variations [39], thereby affecting the stability and accuracy of the
scanner [40]. These issues may affect applications, especially those involving weak
signals from the specimen [41], thereby requiring long time acquisition [42] or those
involving a time-lapsed study of the specimen [43].

Considering the above mentioned issues, the present thesis discusses the devel-
opment of a division of wavefront-based LCSLM assembly for the generation of an
arbitrary and user-defined vector beam. The generation of the desired arbitrary vec-
tor beam is a result of the coherent addition of two orthogonally polarized beams.
The two said beams are generated using computer generated holograms (CGH) in
such a way that the complex amplitude profiles of the beams represent the two or-
thogonally polarized pupil planes corresponding to the desired vector beam. The
proposed setup has an additional advantage in terms of the generation of higher
average-power vector beams.

This thesis proposes a laser scanning confocal microscope using the LCSLM
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based arbitrary vector beam forming unit in conjunction with a galvanometer based
scanning unit, a detector unit, and a microprocessor baser synchronization unit.
The LCSLM assembly, along with other units, facilitates intraframe polarization
switching; that is, the illumination beam polarization profile is switched at the
end of each line scanned, thereby considerably reducing the time in illuminating a
particular portion of the specimen with two different polarizations. We propose a
few schemes depending on the number of different illumination beam polarization
to be generated and the switching manner of the polarization profile to scan the
specimen.

We then further develop the proposed microscope capable of intraframe polar-
ization switching of the illumination beam to achieve imaging using fluorescence
light. A hologram written on a liquid crystal spatial light modulator can act as a
programmable diffraction grating [44) 45} [46] to achieve beam steering with superior
stability and repeatability. In this thesis, such a computer generated hologram based
beam scanning scheme is exploited to implement a scanning microscope that works
in both the reflection and fluorescence mode that provides superior beam repeata-
bility relative to galvanometer based scanning. We also implement programmable
polarization switching of the illumination beam in such a holographic scanning con-

focal microscope working in the fluorescence mode.

1.2 Thesis overview

Below, a chapter-wise overview of the thesis is provided.

Chapter [2| gives a brief description of the principle and operation of the laser
scanning confocal microscope. The importance of the polarization profile of the
illumination beam in an optical microscope is also discussed. A few polarization
based microscopy techniques relevant to the thesis work is included followed by
discussion on some limitations of present polarization based microscopy techniques.
It then provides a detail description of the important hardware components required
to build a basic laser scanning microscope for the purpose of the experimental work
related to the thesis.

Chapter [3| introduces computer generated holography and discusses the optical
properties of the liquid crystal spatial light modulator which are used to implement
computer generated holograms. The basic operations of two LCSLMs relevant to

the thesis work are explained followed by an elaboration on the design of CGH to
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generate a beam with user-defined complex amplitude profile. Finally, the chapter
describes the implementation of CGH in an optical arrangement to generate an
arbitrary vector beam.

Chapter {4] introduces the division of wavefront-based scheme using a single LC-
SLM to generate an arbitrary vector beam. The working of the proposed scheme is
confirmed by generating a few important vector beams. The chapter also describes
the displacement theorem and demonstrates its successful implementation to record
the three-dimensional focal volume intensity distribution of vector beams without
the use of any translation stage. The experimental results are presented to validate
the additional capability of the vector beam forming scheme to have precise control
over the phase profile of the beam.

In chapter [5], the proposed laser scanning confocal microscope comprising the
division of wavefront-based vector beam forming unit as the illumination beam gen-
eration assembly is introduced . We briefly explain three schemes for intraframe po-
larization switching depending on the number of polarized profiles and the switching
manner of the polarization profile to scan the specimen. The polarization switching
of the illumination beam is achieved at the end of each line scanned. We conclude
the chapter presenting a proof of principle experiment to demonstrate the working
of the proposed microscope in the reflection mode utilizing two of the schemes to
switch the polarization of the illumination beam after each line scanned.

Chapter [6] presents the implementation of the proposed intraframe polarization
switching in the confocal microscope working in the fluorescence mode. A proof of
principle experiment is presented to demonstrate the capability of the microscope in
polarization switching of the illumination beam among different user-defined scalar
and vector beams. The chapter then presents the implementation of a holographic
scanning confocal microscope in the reflection as well as in the fluorescence mode.
Programmable polarization switching of the illumination beam is also achieved in
the holographic scanning microscope to demonstrate how the issue of wobble in
the galvo scan mirrors can be addressed, for applications involving polarization
measurements.

Chapter [7|summaries the thesis along with a discussion on some future prospects

of thesis work.
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CHAPTER 2

Laser scanning confocal microscopy and the role

of polarization

2.1 Introduction

This thesis concerns the development of a laser scanning confocal microscope fa-
cilitating polarization switching of the illumination beam. Therefore the present
chapter begins with a brief description of the basic principle and the operation of a
laser scanning confocal microscope. Then the chapter discusses the importance and
the use of polarization of the illumination beam in an optical microscope. A dif-
ferential polarization laser scanning microscopy and cylindrical vector beam based
microscopy, relevant to the thesis work, are also described. The chapter is concluded
with a description of some of the essential components used in the experimental work
related to the thesis.

2.2 Basic principle of laser scanning confocal mi-

Ccroscope

Marvin Minsky pioneered the concept of confocal microscopy in a patent [47] filed
in 1957. In Minsky’s embodiment of the confocal microscope, a pinhole is used for
producing a point source of light. The image of the point source is projected onto
the specimen to illuminate a small patch in the specimen. A second pinhole is used
in the detector plane placed confocally to the illumination spot in the specimen
plane to restrict the out of focus light from the specimen volume. Minsky placed

the specimen on a stage to perform the scanning under the static illumination point.
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The principle of imaging the specimen using a point detector is later incorporated
in a laser illumination scanning optical microscope by Davidovits and Egger [48] in
1969.

In the last few decades, there is a growing popularity on the use of a laser
scanning microscope based on the confocal principle, commonly known as laser
scanning confocal microscope. The confocal principle offers the ability to create a
sharp image of a thin cross-section of the specimen volume [I} 2], referred to as the
optically sectioned image of the specimen. Also, there is a marginal enhancement in
the lateral resolution compared to that of a wide-field microscope. Below, the role
of the pinhole to achieve the optical sectioning property and marginal improvement
in lateral resolution, in a confocal microscope, is briefly discussed.

The use of the pinhole to reject light coming from out of focus planes in the
specimen is illustrated in figure a). Here, we showed the principle of optical
sectioning property in case of an epi-illumination mode (where a single lens is used
to illuminate the specimen and also to collect the light coming from the specimen)
confocal microscope. The pinhole obstructs light reaching the detector coming from
points that are in the out of focus planes. As an example, light from point S’ and
S” indicated by the dashed-line and the solid-line in red are mostly blocked by the
pinhole as shown in figure 2.1)(a), whereas, light from the point S (indicated by
solid-line in green) located in the focal plane is allowed to pass completely towards
the detector. In addition, the pinhole also rejects light coming from off-axis points
such as S’ and S” as shown in figure 2.I(b). A laser as the illumination source
allows additional advantage in illuminating a tiny diffraction-limited volume of the
specimen, where the confocal signal falls off extremely sharply for planes away from
the in-focus confocal plane.

Wilson and Sheppard (1984) provided the necessary theory to describe the per-
formance of a confocal system. The response of an imaging system to a point
source or point object is referred to as a point spread function (PSF). Depending
on whether the field or intensity is used to measure the response, it is termed as
amplitude PSF or intensity PSF. In case of a conventional confocal microscope in
reflection or transmission mode, the intensity in the detector plane (considering a
point detector) is given by the convolution of the amplitude in the specimen (t) and
the product of the illumination PSF (h;) with the detection PSF (hy) such that

I =|(hihs) @ t|?, (2.1)
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Figure 2.1: Tllustratation of the role of pinhole to reject light from (a) points (S’ and S”)
in the out of focus planes, and (b) off-axis points (S’ and S”) in the focal plane. The light
from the point lying on the optical axis in the focal plane (5) is allowed by the pinhole to
enter the detector.

where, ® represents the convolution operation. If the illumination and detection
lenses in a confocal microscope are identical and circular, then the intensity in the

image plane due to a point object according to equation [2.1]is
4
I(v) = [h], (2.2)

where we have hy = hy = h. Also v = krnsin(«a) is the normalized optical coordi-
nate, k = 27” is the wave number of the illumination light with wavelength A, r is
the radial coordinate in the detector plane, n is the reflective index of the medium
around the specimen, and « is the angular semi-aperture of the lens. Using scalar

diffraction theory [49] one can get the expression of h = (%), so that

1) = (L“) 23)

v

where, J; represents the Bessel function of the first kind. The equation [2.3] therefore
describes the PSF of the confocal microscope in the transverse direction. Similar
expressions of the PSF can also be derived [50], in the axial direction and the same

can be written as

o= (452’

where, u = 4kznsin?(2/2) is the normalized axial optical coordinate with z as the

axial distance.
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Figure 2.2: Plots of normalized intensity in the PSF due to a wide-field and a confocal
microscope (a) in the transverse direction, (b) along the optical axis. The inset in each
figure shows the zoomed version of the side-lobe on the right.

Therefore the two expressions [ (v) and I(u) represent the confocal signal due to

a point object when it is scanned laterally and axially, respectively. To be noted that

in the case of a conventional wide-field microscope, the imaging equation similar to
equation [2.1] is

I=|h@t], (2.5)

where h is the PSF of the wide-field microscope.

Figures[2.2)(i) and[2.2)(ii) show the normalized intensities along the transverse and
axial directions, respectively, of the PSFs due to a conventional wide-field microscope
as well as a confocal microscope. In case of a confocal microscope, it is found that the
full width at half maxima (vepw gy = 2.32, upw gy = 8.02) is narrower by a factor of
about 1.4 [51] compared to that of a conventional wide-field microscope (vew gy =
3.23, upw gy = 11.13), accompanied by a noticeable reduction in the side-lobes [52]
as indicated in the inset of the figures[2.2]i) and (ii). The narrower FWHM describes

the marginal enhancement in the resolution achieved in the confocal microscope.

2.3 Laser scanning confocal setup

To image the desired area of the specimen, it is convenient to scan the illumination
beam across the static specimen (a scheme commonly known as beam scanning)
rather than moving the specimen (a scheme commonly known as stage scanning).
The former technique has the advantage in terms of reducing scanning time and
flexibility of the scanning process. The schematic diagram of a typical beam scanning

LSCM working in epi-illumination mode is shown in figure The beam from
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Figure 2.3: Schematic diagram of a typical beam scanning LSCM working in epi-
illumination mode.

the laser source is expanded and collimated using a combination of lenses. The
collimated laser beam is reflected by the beam splitter to be incident on the scanning
unit. The beam after scanning enters the objective lens used to illuminate a tiny
spot in the specimen. The beam splitter is either a 50:50 beam splitter for imaging
in reflectance mode or a dichroic beam splitter (DBS) for imaging in fluorescence
mode. The reflected or emitted fluorescence light from the specimen is collected by
the same objective lens. The returned light is then de-scanned by the scanning unit
before getting transmitted by the beam splitter to be incident on the detector lens.
The detector lens focuses the reflected light onto the pinhole. The pinhole acts as
the point detector by allowing the light mostly from the illumination point in the
specimen plane to enter the detector. To position the pinhole optically conjugate
to the illumination point in the specimen plane, a 4 f-relay unit is introduced in
between the scanning unit and the objective lens. A 4f relay system comprising
two lenses of focal length f image the plane P onto the plane P’ as shown in figure
2.4 so that a pair of parallel rays within the segment M N in plane P also enters
the segment M’'N’ in plane P’ as parallel rays, irrespective of the direction of the
rays inside the relay system.

The fluorescence microscopy has emerged as an important tool in the biological
and biomedical sciences. The phenomenon of fluorescence can be understood with
the help of an energy level diagram introduced by Alexander Jablonski in 1930,

known as the Jablonski diagram. When a molecule in the ground state absorbs a
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1P |7

Figure 2.4: Tllustration of a 4f relay system to image plane P onto the plane P’.

photon of the right energy, it gets excited electronically to a higher energy state
(excited state). The molecule then relaxes vibrationally to a lower vibrational state
and eventually undergoes spontaneous emission to one of the vibrational states of
the lower energy ground state, as shown in figure (a). Fluorescence is the sum
of such spontaneous emissions of light by a molecule, typically of longer wavelength
than that of the light used for excitation. The transition to the excited state occurs
very rapidly ( 107'° s), whereas the vibrational relaxation occurs in picosecond time
( 10712 s) [53]. The fluorescence emission occurs within nanosecond time (1079 s).
The difference of the excitation wavelength and the emission wavelength is known as
the Stokes shift, as shown in ﬁgure (Source: Spectra viewer, Chroma Technology
Corp.).

The fluorescence approach in a laser scanning confocal microscope provides a
powerful way of creating an impressive three-dimensional view of microscopic struc-
tures, even deep inside the tissue in a noninvasive manner. The fluorescence micro-
scope is even capable of revealing the precise location of a single molecule. Besides,
the availability of thousands of fluoroprobes allows the simultaneous identification of

several target molecules. As mentioned already, the basic requirement in an LSCM
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Figure 2.5: (a) The Jablonski diagram, (b) arrangement of dichroic beam splitter ac-
companied by excitation and emission filters.
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Figure 2.6: Excitation and emission spectra of fluorophore Alexa Fluor 647. Relative
transmitted intensity of a suitable DBS (T660Ipxr, Chroma) for the fluorophore is shown
as a solid dark plot. (Source: Spectra viewer, Chroma Technology Corp.)

working in epi-illumination fluorescence mode is the dichroic beam splitter replacing
the 50:50 beam splitter. The DBS reflects incident light of wavelength shorter than a
certain cut off wavelength specific to a particular DBS and transmits light of longer
wavelengths. Such a DBS is often used in conjunction with an excitation and emis-
sion filter to get the best performance in fluorescence imaging. Figure (b) shows
a DBS arrangement accompanied by excitation and emission filters. The laser beam
spectrally filtered by the excitation filter is reflected by the DBS towards the speci-
men. The Stokes shifted fluorescence signal from the specimen is transmitted by the
DBS. The emission filter in the path of the transmitted fluorescence signal blocks
any signal at the excitation wavelength to reach the detector. The choice of DBS
is such that it offers high reflectivity and transitivity in the excitation and emission
wavelengths, respectively, for a given fluorophore as decided by the excitation and

emission spectra of such as in figure [2.6]

2.4 Use of polarization in optical microscopes

So far we have not discussed about the polarization state of the illumination beam
and whether it plays any role in the image formation or in the image analysis. In
the past decades there had been a growing interest in exploiting the polarization
property of the illumination beam in an optical microscope. Light matter inter-
action is often dependent on the relative orientation of the electric field. Adding

polarization of the illumination beam as one of the parameters can provide for

13
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the extraction of additional information on molecular organization in the specimen.
For instance, the absorption or excita-

tion efficiency of molecules in the illu-

Molecules
minated specimen varies in accordance absorption dipole
with the angle () between the molec- )/ Excitation field
. o orientation
ular dipole moment and the excitation
electric field (as ~ cos® ) as illustrated 5
P,,~cos~ 0

in figure 2.7, Thus the molecule will ex-
cite with the highest probability (P,,)

Figure 2.7: Illustration of the dependence of

when the absorption dipole moment and L .
excitation efficiency of molecules on the an-

the excitation field are parallel anc gl gle between the molecule’s absorption dipole

the lowest probability when they are or- moment and the excitation electric field.
thogonal. On the other hand, as men-

tioned already, the electric field orientation of a light beam at the focus of a lens
directly depends on the polarization profile of the beam at the entrance pupil of
the lens. Therefore, controlling the polarization profile of the illumination beam in
a microscope (commonly known as polarization based microscope), it is possible to
modify the orientation of the electric field to excite the molecules in the specimen,
thereby enabling extraction of information on molecular orientation in the speci-
men. Owing to this property, the polarization based measurement is adopted in
many imaging and microscopic techniques that finds applications in a diverse area.
Below, two types of polarization based microscopy relevant to the thesis work are

discussed .

2.4.1 Differential polarization laser scanning microscope

Differential polarization laser scanning microscope (DP-LSM) is one of the most
popular polarization based microscopy techniques for the study of the anisotropic
optical organization of molecules in the specimen. It finds applications in different
areas such as study of root tissues [54], microscopic orientation in living cell mem-
brane [55], anisotropic architecture of human amyloid [56], extinction cross-section
of nanoparticles [57], and so on. It involves imaging of the specimen with two or-
thogonal linearly or circularly polarized light beams [29, 30]. The difference between
the two images corresponding to the two orthogonal polarizations of the illumination

beam is the measure of the linear dichroism (LD). The linear dichroism provides the
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Figure 2.8: (a) Total intensity distribution at the focal plane obtained numerically due
to a radially polarized beam under tight focusing (NA=1.4), covering an area —\ — .
(b) Intensity plots of the axially polarized component and laterally polarized component
along a line passing through the focus.

mapping of the two-dimensional orientation of the molecules in the specimen.

2.4.2 Cylindrical vector beam based microscopy

The cylindrical vector beams have a non-homogeneous and axially symmetric po-
larization profile over the beam cross-section. In the last couple of decades, these
beams have gained a lot of interest in the field of imaging and microscopy [58] 59].
The most significant role is perhaps played by the radial polarized beam (RPB) due
to its unique property under tight focusing conditions. When focused with a high
numerical aperture (NA) lens, an RPB produces a strong non-propagating axially
polarized field along the optical axis near the focus. This unique property enables
RPB find applications such as the study of the orientation of single molecules in
three dimensions [I5] as well as resolution enhancement in a microscope [60, 61].
Figure [2.8((a) shows the total intensity distribution in the focal plane obtained nu-
merically for an oil immersion lens with NA=1.4. From the figure 2.8|b), it is clear
that the axially polarized field component is stronger near the focus compared to
the laterally polarized field component. The azimuthally polarized beam, another
important member of the cylindrical vector beam, has also found application in

resolution enhancement in a microscope [62].
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2.5 Some limitations of the present polarization

based microscopy techniques

In the previous chapter we discussed about some of the limitations of the existing

polarization based measurements in microscopy.

The polarization of the illumination beam can be changed from one state to
other, for instance, between two orthogonal plane polarization states by rotating a
half wave plate placed in the beam path. To change from plane polarized beam to
circularly polarized beam a quarter wave plate needs to be inserted in the beam path.
As stated already, there are also active devices, for instance, electro-optic modulators
such as Pockels cell [63], magneto-optic modulators such as Faraday rotator [64], that
can be used to modulate or switch polarization in the illumination beam. However,
it is to be ensured during polarization change that there is no physical disturbance to
the beam. Besides, the applications may require the generation of not just classical
polarization states but also arbitrary and user-defined polarization states in the
illumination beam. This makes it necessary that the polarization based microscope
is equipped with a robust and flexible polarization modulation capability without
mechanically disturbing the beam.

Many polarization measurements in microscopy require capturing images with
more than one polarization, such as in the method called linear dichroism [65]. Usu-
ally, change in polarization takes place at the end of an image frame. Therefore to
illuminate a given location in the specimen plane with two different polarizations,
it takes a time interval, which must be at least the acquisition time of one image
frame. This delay will create issues while imaging specimens which are not at rest
completely. Ideally, one would like to change the polarization state on a pixel to
pixel basis or after every line scanned. Unfortunately, the available beam scan-
ning confocal microscopes are not equipped with such beam forming optics enabling
polarization switching after every pixel or every line scanned and between various
user-defined polarization states.

In addition to the polarization profile in the entrance pupil of the lens, the phase
profile of the illumination beam may also need to be modified. One important reason
for dynamic control over the illumination beam phase profile is to correct the beam
from the system introduced, and the specimen introduced aberrations [66]. Besides,

some applications may utilize various polarization states of some special beams such
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as vortex beam or helical beam [67].

The primary objective of this thesis is to come up with a robust and flexible
scheme to switch the illumination beam between two or more user-defined polariza-
tion profiles, which will also permit dynamic control over the phase of the beam. The
scheme will be employed in a confocal system that will enable polarization switching
at the end of every line scanned, without disturbing the beam mechanically. The
proposed confocal system should work in both reflectance and fluorescence modes

so that a large number of applications can be covered.

2.6 Important components of the basic confocal

system developed in this thesis

As stated in section apart from the intermediate optical components, a laser
scanning confocal microscope has a number of important building blocks such as
a laser, objective lens, scanning unit, and photo-detector. Below, each important

component of the basic confocal setup developed this thesis work is briefly described.

2.6.1 The laser

The laser provides the source of light for illumination in a scanning confocal micro-
scope. In choosing a laser in LSCM, the crucial parameters that are to be considered
comprise the spatial mode profile, the power stability, and the spectral bandwidth.
Most of the applications require laser having TEMg, output mode with stable power
and narrow spectral bandwidth. In this thesis, two lasers were used, one is a Helium-
Neon (He-Ne) laser (Make: Melles Griot, Model: 05-LHP-991) and another is a
diode-pumped solid-state (DPSS) laser (Make: Spectra-Physics, Model: Excelsior-
532-200-CDRH). The specifications of the two lasers are given in a tabular form

(Table [2.1)).

2.6.2 The objective lens

The objective lens in an optical microscope is the component closest to the object
(specimen) being imaged and plays the most crucial role in determining the quality
of the image that the microscope can produce. For the optimum performance of the

microscope, the aberration by the objective lens should be minimum. The resolution
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Table 2.1: Laser specifications

05-LHP-991 | Excelsior-532-200-CDRH
Wavelength 632.8 nm 532 nm
Spatial Mode TEMqg TEMgg
Beam Quality (M?) < 1.05 <11
Output Power 10mW 200 mW
Beam diameter (1/e2) 0.65 mm 0.32 £ 0.02
Beam Divergence 1.24 mrad (Full Width) | < 2.5 mrad (Collimated)
Operation Temperature Range —20° — 40° 102 — 40°

of an LSCM is mostly affected by spherical aberration and axial chromatic aberra-
tion. The least expensive objective lenses are the achromatic objectives. Such
objectives are corrected for axial chromatic aberrations at two extreme wavelengths
and spherical aberration in an intermediate wavelength. Plan achromat objectives
are the achromatic objectives that extends the correction for the flatness of the field
by removing the field curvature. Semi-apochromats are the objective lenses that
offer the next higher level of correction. These objective lenses correct chromatic
aberrations for three wavelengths and spherical aberration for two wavelengths. In
addition, such objectives have improved transmission characteristics in the ultravi-
olet spectral region. Objective lenses that have the highest level of corrections for
chromatic and spherical aberrations are called apochromats, where the chromatic
aberration is corrected for three wavelengths and spherical aberration for two or
three wavelengths. In addition to the correction for spherical aberrations as that of
apochromats, super-apochromats objective lenses offer near-perfect correction for
chromatic aberration such that near-infrared (near-IR) field can focus at the same
focal plane as that of visible light. In our experiment, we use three objective lenses
(Make: Olympus), the details of which are given in table 2.2}

Table 2.2: The specifications of the objective lens used in the experiments

Product Name | UPLFLN10X2 | LUCPLFLN40X | UPLSAPO100XO

Magnification 10X 40X 100X

Numerical aperture 0.30 0.60 1.4

Immersion Medium Air/Dry Air/Dry 0il

Correction Level Semi-apochromat | Semi-apochromat | Super-Apochromat
18
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2.6 Important components of the basic confocal system developed in this thesis

N
‘ X scan Y scan

mirror mirror

Figure 2.9: Use of 4f relay to image the X scan mirror onto the Y scan mirror.

2.6.3 The scanning unit

In general, the beam scanning in a laser scanning confocal microscope is achieved
using two rotating mirrors mounted on galvanometers. The two mirrors are used
to scan the laser beam across the specimen in a raster fashion, where one is the
fast scanning mirror that scans in the horizontal direction (x-axis), and the other
slowly scans in the vertical direction (y-axis). In state of the art galvanometer based
scanning, a controller unit coordinates the movement of the mirrors about the two
scan axes. The controller unit receives the user-define command sent through a
personal computer (PC) interface, and then it generates the appropriate electrical
signal to be sent to the servo driver attached to the galvanometer. When commanded
in a single step, the mirror is rotated to a given angular position by a positioning
actuator. A position detector then senses the actual position of the actuator and
reports to the closed-loop servo system. The servo driver connected to the respective
mirror demodulates the position detector’s signal, compares it with the commanded
position signal, and then drives the actuator to bring the mirror to the desired
position [68]. This closed-loop procedure enables the scan mirrors to send the laser

beam precisely to the commanded position.

In some of the experiments related to this thesis, the beam scanning is achieved
by using two moving magnet closed-loop galvanometer based scanning mirrors (Make:
Cambridge Technology, Model: 6231HM44A) equipped with EC1000 control board
and two servo drivers (Made: Micromax, Model: 671231H14-HP). For the best imag-
ing performance in two-axes steered-beam systems, the two mirrors are positioned
optically conjugate to each other by using a 4f relay system in between them. The
use of a relay optics to image the X scan mirror onto the Y scan mirror is shown
in figure [2.9, Use of such relay optics ensures that there is no wobble in the beam

cross-section at the entrance pupil of the objective lens, as the beam is scanned.
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Chapter 2: Laser scanning confocal microscopy and the role of polarization

2.6.4 The detector

The detector plays the role of converting the light coming from the specimen into
the electrical signal to be read and stored by the PC. The charge-coupled device
(CCD) and the complementary metal-oxide-semiconductor (CMOS) are two impor-
tant photo-detectors used in most of the imaging applications. Both the devices
comprise a two-dimensional array of photo sensitive pixels that converts incident
light into electrons. In the case of CCD detector, the photoelectrons are converted
into voltage at one location each array of pixels, whereas the conversions take place
at each pixel in case of CMOS detector. Because the conversion takes place par-
allelly at each pixel instead of serially as in the case of CCD detector, the CMOS
detector offers a fast acquisition rate in an imaging system. Also, CMOS detec-
tors are cost-effective and consume less power. On the other hand, CCD sensors
are more light sensitive than that of the CMOS sensors and provide better image
quality due to high signal to noise ratio (SNR). A photomultiplier tube (PMT) is
another photo-detector that is suitable where the amount of light reaching the de-
tector is very less. In the case of PMT, photons striking a photo-cathode at the
entrance window lead to emission of electrons, which are multiplied using a series of
dynodes by secondary emission. These multiplied electrons then strike on the anode
to eventually get converted into an electronic signal. The primary advantages of the

PMT include fast response, high SNR and low dark current.

In our experiments, we use a CMOS camera (Make: Thorlab Inc., Model:
DCC3240), a CCD camera (Make: Basler vision technologies, Model: A631f) and a
PMT (Make: Hamamatsu photonics, Model: H11462-032) as photo-detectors. The
CMOS camera used has a resolution of 1280 x 1024 pixels with a pixel pitch of
5.3um. It provides a maximum frame rate of 60 Hz in free-run mode and of 56.9 Hz
in trigger mode. The camera can easily connect to a PC via a universal serial bus
(USB) 3.0 interface and provides 10-bit pixel value resolution (8-bit resolution in
case of USB 2.0 interface). The CCD camera has a pixel pitch of 4.65um and a res-
olution of 1392 x 1040 pixels. At full resolution, the maximum frame rate achievable
is 18.7 frames per second (fps). The camera has the provision of long exposure mode
and programmable selection of area of interest (AOI). The AOI feature facilitates
enhancement in the frame rate if number of active rows is reduced. The PMT used
here is a voltage output type photosensor module with an effective area of 4 x 20mm.

The PMT gain can be adjusted (between 7+10* and 3x107) by regulating an external
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control voltage (between 0.5V and 1.2V'), where a voltage divider or a potentiometer
circuit is used to regulate the control voltage. The radiant sensitivity of the cathode
is 90mA/W, and that of the anode is 85.5V/nW, both at +1V control voltage and
at wavelength 400nm corresponding to peak sensitivity. A data acquisition (DAQ)
card (Make: National Instruments, Model: NI 6133) is used to perform the analog-
to-digital conversion (ADC) of the PMT output voltage. The DAQ card has eight
analog input channels with a 14-bit resolution ADC. Each channel can convert the
incoming signal at a maximum sampling rate of 2.5 mega samples per second, while

the sampling can be synchronized with an external trigger.

2.7 Conclusion

In this chapter, a brief introduction to the laser scanning confocal microscope has
been provided. It has included a discussion on the importance and use of the po-
larization profile of the illumination beam in an optical microscope. Polarization
based microscopic techniques relevant to the thesis work has been also discussed.
The chapter has then discussed some limitations of the present polarization based
measurement techniques using the confocal microscope and stated the basic objec-
tive of the thesis work. The important components required to build a laser scanning
confocal microscope for the purpose of the experimental work related to the thesis

have also been briefly described.
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CHAPTER 93

Computer Generated Holography to Produce

Arbitrary Scalar and Vector Beams

3.1 Introduction

As already mentioned, the primary objective of the thesis work involves the vector
beam illumination in a laser scanning confocal microscope. A laser beam with
user-defined complex amplitude and polarization profile over the cross-section of
the beam can be termed as an arbitrary vector beam. In this chapter, we introduce
computer generated holography, followed by a discussion on the liquid crystal spatial
light modulator, a device used to write computer generated holograms in a dynamic
fashion. The chapter then describes the use of computer generated holography to
generate an arbitrary scalar beam, where scalar beam refers to a light beam with a
user-defined complex amplitude profile irrespective of the polarization. It concludes
with a discussion on the implementation of computer generated holography in an

optical arrangement to generate arbitrary vector beam profiles.

3.2 The principle of computer generated hologra-
phy

Holography is a two-step process to record the complex amplitude profile of a light
beam from an object and to reproduce it at any later time even without the ob-
ject [69]. In the first step, the interference pattern produced by a reference beam
(usually a plane wave) and a mutually coherent light beam scattered by the ob-

ject (termed the object beam) is recorded on a photographic plate. The reference
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Figure 3.1: Illustration of (i) recording of hologram, (ii) reconstruction of the object
beam in the +1 diffracted order.

beam and the beam used to illuminate the object are derived from the same source,
usually using a division of amplitude method, so that the two beams are mutually
coherent. The record of the interference pattern is termed the hologram, which
has a transmittance function proportional to the interference pattern. The second
step is the reconstruction of the complex amplitude profile of the object beam by
illuminating the hologram with the same reference beam in a manner similar to
the previous step. We consider that the reference beam and the object beam meet
at the interference plane at an angle 3, as seen in the figure (1) During recon-
struction, assuming the reference beam to have a constant amplitude, the hologram
diffracts the reference beam into three beams, two beams making angles g and —f
with respect to the direction of the reference beam, and the undiffracted beam in
the same direction as the reference beam, as seen in the figure [3.1f(ii). Considering
a plane wave as the reference beam, the diffracted beam that makes an angle [,
termed the +1 diffracted order beam, retains the complex amplitude profile of the
object beam. The diffracted beam that makes an angle —( retains the conjugate of
the complex amplitude profile of the object beam and is termed the —1 diffracted
order beam. The undiffracted beam replicates the reference beam and is termed the
0 order beam. Thus it is noticed that the complex amplitude profile of the object
beam can be reconstructed precisely in the +1 order diffracted beam by fabricating
a hologram that has a transmittance function proportional to the interference be-
tween the object beam and the reference beam. Thus knowing the two dimensional
function representing the interference, one may reconstruct the object beam from
the reference beam, even without the physical construction process. This is the

principle of computer generated hologra-
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phy [70, [71], where interference pattern between a reference beam and the object
beam is first computed to later fabricate the corresponding hologram.

In addition to the three diffracted beams, on reconstruction, the hologram may
diffract the incident reference beam into more beams depending on whether the
transmittance function of the hologram correctly represents the interference between
the reference beam and the object beam. A hologram is called a sinusoidal hologram
if the transmittance function of the hologram comprises sinusoidal gray level values
corresponding to each interference fringe. The hologram is called a binary ampli-
tude hologram if the transmittance function of the hologram has two values, one
value representing 100% and the other value representing 0% transmittance of the
light incident on the hologram. Such binarization is achieved by thresholding the
sinusoidal interference pattern. If a binary hologram is designed in such a way that
the two transmittance values of the hologram represent the introduction of a phase
delay of 0 or 7 into the incident beam, then the hologram is called a binary phase
hologram. Unlike the sinusoidal hologram, the binary holograms give rise higher
order diffracted beams in addition to the 1 order beams. Besides an ideal binary
phase hologram does not give rise to the 0 oder beam. However in all the cases the
+1 oder beam carries the complex amplitude profile of the object beam in a similar
manner. More elaborate discussion on the implementation of binary holograms is
provided in the later sections of the chapter.

In this thesis, we make use of programmable liquid crystal spatial light modulator
to implement the computer generated holograms. The LCSLM facilitates writing of
holograms in a reconfigurable manner and in real time. Here we implement binary
amplitude hologram for efficient and accurate implementation of CGH using the
LCSLM. In the later part of the thesis, we will call such binary amplitude hologram
as a binary hologram (by dropping the “amplitude” term).

3.3 Liquid crystal spatial light modulator

A spatial light modulator (SLM) is a device that can modulate the phase or am-
plitude profile of an incident light beam in real-time. There exists different types
of spatial light modulators such as magneto-optic SLMs, deformable mirror SLM,
acousto optic SLMs, and liquid crystal SLMs that can perform the modulation of the
complex amplitude profile of an incident light beam. However, we will confine our

discussion on the basic principle of LCSLM only, as the same is used in this thesis.
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(i) (ii) (iii)

/////

Figure 3.2: Arrangements of the LC molecules in the case of (i) nematic liquid crystal,
(i) smectic liquid crystal and (iii) cholesteric liquid crystal.

An LCSLM comprises a two-dimensional array of liquid crystal cells or pixels. The
liquid crystal is a state intermediate between crystalline solid and isotropic liquid
[49]. The LC molecules are elongated in shape along one axis, termed as the single
long axis, about which the shape is circularly symmetric. The molecule can have a
certain amount of rotation or translation without affecting its form, under the appli-
cation of external force such as the action of an electrical field, thereby the molecules
exhibiting the properties of a liquid. However, the LC molecules show the property
of long-range orientational order associated with a solid. The most important and
widely used liquid crystals are thermotropic, where the physical properties such as
dielectric constant, refractive index, etc. are temperature dependent. Depending on
the organization of the LC molecules, the thermotropic liquid crystals are divided
into three different classes, namely nematic, smectic, and cholesteric. For nematic
liquid crystals, the molecules are aligned with the long axes parallel to each other
over the entire volume with randomly located centers, as shown in figure 3.2(1).
Figure (ii) shows the arrangements of LC molecules in the case of smectic liquid
crystal, where the molecules are again aligned parallel to each other over the entire
volume, but the centers lie in parallel layers. In the case of cholesteric liquid crystal,
like the smectic one, the centers of the molecules lie in parallel layers, whereas the
orientation of the molecules from layer to layer undergo a helical rotation about an
axis, as shown in figure [3.2](iii).

Figure [3.3|1) shows the schematic of an electrically controlled LC cell. Here, the
liquid crystal molecules are kept in a small volume (side length of few pm) enclosed
by two glass plates. The electric field is applied via two transparent conductors
made by coating (for example, with indium tin oxide) the inside of the glass plates.
The transparent conductors are covered with two alignment layers to achieve the

alignment of the LC molecules at the interface. The molecules adjacent to the align-
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Figure 3.3: (i) Schematic of an electrically controlled LC cell. Tllustration of the molec-
ular orientation in a twisted nematic liquid crystal cell (ii) in the absence of electric field,
and (iii) in the presence of applied electric field across the cell. Solid lines in black show
the scratch marks in the alignment layers.

crystal

ment layer are constrained to orient parallel to the unidirectional scratch mark made
on the alignment layer. On the other hand a molecule also tends to have the same
orientation as its adjacent molecule. The elongated shape and the parallel alignment
of the molecules enable the liquid crystal material to exhibit the property of optical
birefringence. The LC molecules provide a higher refractive index to light polarized
parallel to the long axis of the molecule than to light polarized perpendicular to the
long axis. However, on application of an electric field, an electric dipole is induced in
some material such as nematic, making the LC molecule orient itself in the direction
of the electric field. Such change in orientation due to an applied electric field also
takes place in LC molecules which have a permanent dipole moment. Therefore the
effective refractive index offered by an LC cell can be altered by controlling the elec-
tric field applied across the cell. The liquid crystal based SLMs exploit this property
to achieve the modulation of the complex amplitude profile of the incident beam.
The commercial LCSLMs are mostly based on the nematic liquid crystal and the
ferroelectric liquid crystal, which is a special class of smectic liquid crystal (termed
as smectic-C*). Below, we will discuss these two types of LCSLMs and how they

can be used to implement binary holograms.

3.3.1 Nematic liquid crystal spatial light modulator

Nematic liquid crystal spatial light modulator (NLCSLM) comprises a two-dimensional

array of nematic liquid crystal cells or pixels. The nematic L.C molecules have an in-
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herent tendency to remain aligned to their nearby molecules, whereas the molecules
near the alignment layers tend to align parallel to the scratch marks. Now, if the two
alignment layers on either side of an LC cell enclosing the molecules are scratched in
mutually perpendicular directions, the molecules near the layers will be constrained
to align along the direction of scratch marks while the intermediate molecules will try
to follow their nearby molecules, thus forming a twist as shown in figure|3.3| (ii). The
liquid crystal SLM made up of such nematic LC cells is termed as twisted-NLCSLM
(TNLCSLM). On the application of an electric field of sufficient strength across
the two transparent conductors, the induced electric dipole will make the molecules
(except the ones near the alignment layers) to align parallel to the direction of the
electric field. Figure (iii) illustrates the application of the electric field to align
the intermediate molecules of twisted-nematic LC cells parallel to the direction of
the applied field. Let us consider a laser beam to be passed through such an LC
cell with its polarization parallel to the scratch mark made on the entrance face.
In the absence of an electric field, as the beam passes through the cell of a definite
width, the polarization of the light beam follows the molecular twist to undergo a
rotation of 90° as it comes out of the cell. In the presence of the electric field across
the cell, the laser beam will cross the cell without any change in its polarization
state. Thus if a polarizer is placed just after the exit face with the polarization axis
orthogonal to the scratch mark on the exit face, the laser beam will be available at
the other side of the polarizer only when the electric field is applied across the cell.
In the absence of the electric field, due to the polarization rotation of 90° no laser
beam will pass through the polarizer. This property is used in the implementation
binary hologram in a NLCSLM. The binary amplitude “0” of a particular pixel in
the hologram corresponds to an LC cell/pixel with no electric field applied across
the cell. Similarly, the binary amplitude value “1” corresponds to an LC cell/pixel
with an applied electric field across the cell.

In this thesis, we use two reflective type TNLCSLMs of HOLOEYE make namely
“LC-R 720 Reflective LCOS SLM” and “LC-R 1080 Reflective LCOS SLM”. The
former one has Wide Extended Graphics Array (WXGA) pixel resolution (1280 x
768) with a pixel pitch of 20um covering an active area equal to 25.6 x 15.4mm.
The later one has a very high pixel resolution of 1920 x 1200, called Widescreen
Ultra Extended Graphics Array (WUXGA) resolution, with a pixel pitch of 8.1um
covering an active area equal to 16.39 x 10.56mm. Both the devices can read input

signals as 8-bit gray levels and can be refreshed at a rate of 60Hz via a digital visual
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Figure 3.4: Illustration of the switching of the plane of inclination of the molecules from
0, as in (i) and (ii), to —6; as in (iii) and (iv), on reversal of the polarity of the DC field
applied across the ferroelectric liquid crystal cell.

interface (DVI) with a PC.

3.3.2 Ferroelectric liquid crystal spatial light modulator

As stated already the ferroelectric liquid crystal spatial light modulator (FELCSLM)
comprises a two-dimensional array of a special class of smectic (called smectic C*)
liquid crystal cells or pixels. As discussed earlier, the molecules in the smectic LC
cell are aligned parallel to each other over the entire volume, with the long axes
perpendicular to the layer. In the case of the smectic-C phase, the molecules are
tilted, making an angle with the layer normal, whereas the molecules in smectic-C*
phase are chiral as the long axes rotate as a helix from one layer to the other. In
each layer, the molecules are aligned at an angle (say ;) with the layer normal. The
plane of inclination of the molecules can be switched from 6; to —6; by reversing
the polarity of a DC field applied across the cell as shown in figure It is also
observed that the molecules retain their orientation even after the removal of the
electric field. Such liquid crystals therefore are also termed as ferroelectric liquid
crystals. The thickness of the LC cell is chosen in such a way that the cell for an
incoming beam behaves as a half wave plate. The optical axis of the half wave plate
is rotated by changing the DC field, thereby enabling the L.C cell to provide binarized
amplitude modulation to an incident beam. Thus similar to NLCSLM, FELCSLMs
integrated with a PC can be used to write binary holograms computed. In the
work presented in this thesis, we use an FELCSLM (Make: FORTH DIMENSION
DISPLAY, Model: SXGA - R2) having a resolution of Super Extended Graphics
Array (SXGA, 1280 x 1024) at 13.62um pixel pitch. It can read the input signal as

a color image (having 24-bit information) that can be refreshed at a rate of 60Hz
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via DVI with a PC. Since a 24-bit color image can comprise 24 single-bit or binary
images, thus the FELCSLM facilitates writing of binary holograms at a rate of
1440Hz (60 x 24). The FELCSLM has driver board that interprets the incoming
video using a sequence file. The sequence file can be updated in such a way that the
24-bit color image is converted to a 3-bit image before displaying each bit as a binary
image. The sequence file that displays 24 binary images per color image is called 24-
bit sequence file and the sequence file that displays 3 binary images per color image
is called 3-bit sequence file. As it is the permanent dipole moment of the ferroeletric
molecules that responds to the applied DC field, it is important that a certain LC
cell is not subjected to the field for long without changing the polarity. To ensure
this the sequence file, implements the display of the corresponding negative binary
image after the display of each binary image such that even for a fixed pattern sent
by the PC, the display is altered periodically between the positive and the negative
patterns.

Thus both the NLCSLM and the FELCSLM can be employed to implement
binary holograms constructed using the computer generated holography technique,
where the former allows a refresh rate of about 60 HZ while the later allows a refresh
rate of more than 1000 Hz. The next section describes in detail the algorithm

adopted to compute such binary holograms to generate the user-defined beams.

3.4 Generation of arbitrary scalar beam using com-

puter generated holography

3.4.1 Beam with user-defined wavefront

The generation of an arbitrary scalar beam using binary holograms was demon-
strated by Neil et al. in 1998 [44]. Here a binary hologram is illuminated by a plane
wave and the user-defined scalar complex amplitude profile is realised in the pupil
plane (of a lens or imaging system), which is optically conjugate to the hologram
plane as seen in figure . Let us consider that ¢(x,y) is the overall desired phase
function of the scalar beam (i.e. the object beam) and z, y are the coordinates
of the hologram plane. Assuming the object beam to have a uniform amplitude
over the beam cross-sectional area (say unit amplitude), the complex amplitude

profile of the object beam can be represented as A(z,y) = ?(®*¥). We may define
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Hologram
Plane

Figure 3.5: Use of 4f relay to make the pupil plane conjugate to the hologram plane.

o(z,y) = oz, y) + 7(2,y), where ¢p(x,y) is the phase difference relative to a plane
perpendicular to the propagation direction of the object beam and 7(x,y) is a linear
tilt function describing the propagation direction of the object beam. Thus the tilt
function 7(x,y) = 7,2 + 7,y determines the deflection of the object beam with re-
spect to the undiffracted 0 order beam, where, 7, (termed as z-tilt) and 7, (termed
as y-tilt) describe the deflections along the horizontal and vertical directions, re-
spectively. The values of z-tilt and y-tilt correspond to the angle # described in
the section as = tan '(7v/r,). The transmittance function Ty, of the binary

amplitude hologram can be written as [44], [71]

1 if —7/2 > ¢(x,y) > /2
Tbh(x7y) = (31)
0 other wise

The binary hologram is usually described over a unit circle defined by the coordinate

values satisfying /22 + y? < 1.

In order to understand the generation of the user-defined object beam profile
in the +1 order beam we do a Fourier series analysis of the binary transmittance
function. It is seen from Eq. that Ty, vs ¢ gives rise to a square wave with a
period of 27 [71], [72]. Therefore using the property of the square wave, the Fourier

series expansion of Ty, (z,y) can be written as

Ton(z,y) = % + % (eiqzs + e_id’) — % (ei3¢e_i3¢) + % (ei5¢ + e_i‘r’d’) +...0. (32

Considering the hologram to be at the front focal plane of a lens, the diffraction

pattern of Ty,(x,y) at the back focal plane of the lens can be obtained by the
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Figure 3.6: Illustration of a basic setup of binary hologram to realise a user-defined
beam.

Fourier transform of Ty, (x,y) given as

T(fxa fy) _ //Tbh(l,’y)eQWi(Zferyfy)/)\fdxdy (33)

where (k, = fz/xf, k, = fu/xs) are the Fourier plane coordinates that are related to
the spatial frequency coordinates (f,, f,). Here X is the wavelength of the light
beam used and f is the focal length of the lens that performs the Fourier transform.
From equation [3.2| we can see that the Fourier plane comprises the diffracted orders
+1,43,4£5,- - -, positioned at relative distances of (£1, 43, £5,---) with respect to
the undiffracted 0 order beam, with relative intensities # (1, é, %, e ) Besides the
diffracted orders carry phase profile (+1,43,+5,---) ¢ in addition to the incident
beam phase profile. Since the +1 diffracted order retains the phase profile that was
used to construct the hologram, the same reconstructs the object beam, and it can
be isolated from other orders by performing an optical spatial filtering to realise an

arbitrary user-defined scalar beam.

Figure|3.6|illustrates a simple setup of the binary hologram to realise an arbitrary
scalar beam. The binary hologram constructed using the CGH technique diffracts
an incident collimated laser beam into a number of orders (here, only +1,—1 and
undiffracted 0 order beams are shown for clarity), which are then focused by the
lens L, onto an iris diaphragm ID. The ID is used to isolate the +1 diffracted order
from the other orders. The +1 diffracted order beam is then re-collimated using the
lens Lo. In this way, one can realise an arbitrary scalar wavefront in the pupil plane
PP’ which is optically conjugate to the hologram plane.

In this thesis, we often use the phase function ¢,(z,y) to represent monochro-
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Table 3.1: Single index Zernike circular polynomials representing a few optical aberra-

tions
J Zj(x,y) Common Name
4 2\/5(2(332 +1?) — 1) Defocus
5 26y Primary astigmatism at £45°
6  V6(z?—y?) Primary astigmatism at 0°
7 VB(3(2%+y?) —2)y Primary y-coma
8 V8(3(z2+y?) —2)x Primary z-coma
9 V8(32%y —y?) y-trefoil
10 /8(2® — 3y%x) z-trefoil
11 v/5(6(z?

matic aberrations expressed as a linear combination of single index Zernike Polyno-
mials [73, [74]. Tableshows a few Zernike polynomials (Z;(z, y)) corresponding to
some common optical aberrations. Thus for a plane incident wave, the +1 diffracted
order beam corresponding to a binary hologram with the phase function ¢,(x,y) = 0
will represent a plane wavefront, whose tilt in the pupil plane can be controlled via
(74, 7,) employed in the construction of the binary hologram. Binary holograms
computed using a MATLAB program with 7, = 107, 7, = 10m, and, ¢,(x,y)=0
and ¢y(z,y) = Zs(z,y) are shown in figure 3.7](i) (a) and (b), respectively. The cor-
responding diffraction orders in the Fourier plane computed by performing Fourier
transformation on the holograms using MATLAB’s FFT (Fast Fourier Transform)
tool are shown in figure [3.7](ii) (a) and (b), respectively. The focal spots of the +1
diffracted order beams retaining the desired complex amplitude profile are shown in
the insets of figure [3.7](ii).

In the above, the generated scalar beams have a uniform unit amplitude over
the entire cross-section with a user-defined phase profile. Below we discuss how to
generate a scalar beam with user-defined amplitude as well as phase profile over the

beam cross-section.

3.4.2 Beam with user-defined amplitude and wavefront

Figure [3.§[(i) shows the transmittance function at a point in the binary hologram,
described by equation vs 2 modulo of the desired phase. Here ¢(z,y) is com-
pared with a fixed value a = 7/2 so that it results in the maximum amplitude at

the corresponding location of the +1 order beam. However, choosing the value of
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Figure 3.7: (i) Binary amplitude hologram with 7, = 107, 7, = 107 and (a) ¢(z,y) =0
and (b) ¢(x,y) = Zg(x,y), (ii) resulting diffraction orders in the Fourier plane. The focal
spots of the +1 diffracted order beams retaining the desired complex amplitude profile are
shown in the insets of (ii).

a to be (z,y) dependent lying between 0 and 7, one can design a binary hologram
that has control on both the amplitude and phase in the diffracted order beam. Let
us consider A(x,y)e’*¥) to be the complex amplitude profile of the 41 diffracted
order beam. Assuming A(z,y) to be normalised (to 1), the transmittance function

Tyn(z,y) of the binary hologram can be defined as shown in figure [3.§[(ii) as

Ty = { - = etn) (5.4)

0 if ¢(x,y) > a(z,y).

(i) Transmittance (ii) Transmittance
 function b function
1 1
a
n w2 0 mn2 = . . 0 n
Phase profile (¢) Phase profile (¢)

Figure 3.8: A plot of transmittance function vs 27 modulo of the desired phase for gen-
eration of a scalar beam with (i) the maximum amplitude and (ii) user-defined amplitude
value.
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On performing the Fourier series analysis [75] on the plot seen in figure [3.§[(ii), the

coefficients a,, of cosine and b,, of sine terms in the Fourier series are found to be

a, =0
2 . ,na(zr,y)

b, = — sin
nmw

where, n is an integer. From the expression of b, and using

eind) —e —ing

sin(ng) = ——.

one may write b, 1, the coefficient of e@¥) as

(3.5)

The value of b, varies between 0 and !/ir since « varies between 0 and 7. Assuming
the beam illuminating the binary hologram to have unit amplitude, the amplitude
profile of the +1 diffracted order beam will be by(z,y). Thus, taking the normal-
ization factor into account, the amplitude profile of the +1 diffracted order beam

can be expressed as
2 OZ(LL', y)

A(z,y) = sin (3.6)

Using the above equation, a(z,y) for the given amplitude profile can obtained as

alz,y) = 2sin"' /A(z, ). (3.7)

Therefore, the construction of binary hologram to achieve arbitrary scalar ampli-
tude A(z,y) and phase ¢(z, y) in the +1 diffracted order beam, involves the following
steps.

e Define the complex amplitude profile of the +1 diffracted order beam A(x, 7)e’®@¥)
with normalized A(x,y), where the phase ¢(x,y) comprises the desired phase

and the tilt function mentioned in section [3.4.1]

e Define the parameter a(z,y) as a(z,y) = 2sin~* /A(z, y).

e Define the transmittance function of the binary hologram by comparing ¢(z, y)
with a(z,y) as in equation [3.4}
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g

(i) (iii)

Figure 3.9: (i) Binary amplitude map representing the transmittance value of the binary
hologram corresponding to the complex amplitude ((+i€) in the pupil plane. (ii) A binary
hologram computed to generate a beam with an amplitude profile of cos(z,y), where
©(x,y) represents the azimuthal angle in the beam cross-section. (iii) Resulting diffraction
orders in the Fourier plane. The focal spot of the +1 diffracted order beam is shown in
the inset of (iii).

Now writing

Az, y)eiqﬁ(%w = A(z,y)cos(z,y) + iA(x,y)sin(z,y)

we have

Alz,y) = /((z,y) + E(x,y) and ¢(z,y) = tan™"

Therefore a given arbitrary complex amplitude profile A(z,y)e’®®¥) is represented
by a coordinate point inside a unit circle centered on the origin in the (¢, €) plane.
A binary amplitude map as seen in figure (1) can thus be constructed by painting
each pixel of the unit circle as black or white based on whether the correspond-
ing Tyn(z,y) is 0 or 1. Figure [3.9(ii) shows a binary hologram to generate a +1
diffracted order beam with amplitude profile cos(¢(x,y)), where ¢(x,y) represents
the azimuthal angle in the beam cross-section. The binary hologram incorporates
a net tilt of 10/27 across the hologram plane, with 7, = 10, 7, = 107 and uses
op(x,y) = 0. The computed diffraction pattern in the Fourier plane is shown in
figure [3.9(iii) and the focal spot of the +1 order beam is seen in the inset.

The quantity |by;|* represents the relative intensity in the +1 diffracted order

beam. Considering the +1 order beam to have uniform amplitude the light efficiency
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in the +1 order is (sin*($)/x2) x 100%. Thus the maximum achievable light efficiency
is 1/x2 x 100%, which also represents the diffraction efficiency of the 4+1 order beam
corresponding to the binary hologram discussed in section [3.4.1 The diffraction
efficiency can be increased by implementing binary phase hologram, in which case
Ton(x,y) X m represents the binary phase delay to be introduced by the hologram
at (z,y). The amplitude profile in the +1 diffracted order beam of the binary
phase hologram, calculated by performing the Fourier series analysis in a similar
manner, is found to be by (z,y) = % sin? @ Thus, in the case of binary phase
hologram, the diffraction efficiency for a uniform amplitude +1 diffracted order beam
becomes (4sin*($)/x2) x 100%. In this thesis, we use binary amplitude hologram for
the generation of a beam with a user-defined complex amplitude profile. However,
it will be routine practice to employ binary phase hologram in the same scheme.
The scheme above generates a beam with a user-defined complex amplitude pro-
file for a given polarization state. One can coherently combine two such indepen-
dently controllable complex amplitude profiles with orthogonal polarization states

to realize an arbitrary vector beam.

3.5 Generation of arbitrary vector beam using

computer generated holography

An arbitrary vector beam corresponds to a beam that has a user-defined complex

amplitude as well as polarization profile over the cross-section of the beam. A

BH2 A
L PH2 L
3 | 40 | PBS2
|
e
\,
~
PH1

LASER

PBS1 BH1

Figure 3.10: Schematic diagram of a basic optical arrangement to generate an arbitrary
vector beam.
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linearly polarized beam incident on the binary hologram, constructed using the
methods described in the section [3.4] will give rise to a linearly polarized user-
defined complex amplitude profile in the pupil plane. An optical arrangement, that
performs the coherent addition of such two mutually orthogonally polarized beams,
can be used to generate an arbitrary vector beam [34, 36, [76]. Figure shows the
schematic diagram of a basic optical arrangement to generate an arbitrary vector
beam. A collimated laser beam is divided into two beams with mutually orthogonal
polarization states using a polarizing beam splitter PBS1. Initial polarization of the
laser beam is set to be at 45° with respect to the plane of incidence at the PBSI,
such that the reflected s-polarized or vertically polarized beam and the transmitted
p-polarized or horizontally polarized beam have equal intensities. The p-polarized
beam illuminates the display panel of an LCSLM, where a binary hologram BH1
is written. The binary hologram BHI1 is computed in such a way that the +1
diffracted order beam represents the complex amplitude profile corresponding to the
X polarized pupil plane (i.e. X component of the pupil plane) of the vector beam
to be generated. The beam is then focused by a lens L; onto an iris diaphragm ID1
to isolate from other orders. The beam is again collimated using a lens Ly to be
incident on another polarizing beam splitter PBS2. Similarly, the s-polarized beam
illuminates another LCSLM displaying a binary hologram BH2, where the respective
+1 diffracted order beam represents the complex amplitude profile corresponding
to Y polarized pupil plane (i.e. Y component of the pupil plane) of the said vector
beam. The beam is then isolated from other orders using a lens L3 and an iris
diaphragm ID2. A lens Ly is used to re-collimate the +1 diffracted order beam to
be incident on PBS2. The LCSLMs are oriented in such a way that both the +1
diffracted order beams have polarizations same as that of the beams incident on
the respective binary holograms. Therefore, the two 41 diffracted beams generate
the X polarized and Y polarized pupil planes corresponding to the vector beam to
be generated. The p-polarized +1 order beam is transmitted by PBS2 while the
s-polarized +1 order beam is reflected by PBS2 so that the desired vector beam is
realized in the pupil plane PP’, which is optically conjugate to each of the hologram

planes.

The similar scheme as above can also generate vector beams, where the LCSLMs
are replaced by other devices that can implement binary holograms or by phase

plates on which the patterns corresponding to the binary holograms can be etched.
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3.6 Conclusion

In this chapter, we have introduced the computer generated holography technique. It
has also provided a brief discussion on liquid crystal spatial light modulators and how
they can be used to implement the computer generated holography technique. We
have elaborated on the algorithms adopted to compute the transmittance function
of the hologram in accordance with the interference between a reference beam and
a user-defined object beam. The technique has been developed to generate scalar
beams and vector beams with arbitrary and user-defined complex amplitude profiles,
that can be implemented in real time using nematic or ferroelectric liquid crystal

spatial light modulators.
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CuapTiEr 4

Development of a Division of Wavefront-based
Setup for the Generation of Arbitrary Vector

Beams

4.1 Introduction

In the chapter 2| we already discussed the importance of a robust and dynamic
vector beam forming scheme. This chapter starts with a detailed discussion on the
existing techniques for the generation of arbitrary vector beams followed by the
introduction of our proposed liquid crystal spatial light modulator based scheme. It
then presents the experimental results to demonstrate the working of the proposed
vector beam forming setup. The chapter also describes the displacement theorem
used to record the three-dimensional focal volume intensity distribution due to a
user-defined beam without the use of any translation stage. It concludes presenting
the three-dimensional focal volume intensity distributions to demonstrate the ability
of the vector beam forming setup to have dynamic control over the phase as well as

polarization profile of the beam.

4.2 Existing schemes for the Generation of Arbi-

trary Vector Beams

There has been an increasing interest in the last few decades on the vectors beams
particularly on the cylindrical vector beams [77]. The cylindrical vector beams, as
already mentioned, have spatially varying polarization profile with cylindrical sym-

metry with respect to the optical axis. The radially polarized beam and azimuthally
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polarized beam are two most popular members of the cylindrical vector beam. A
radially polarized beam is a beam with cylindrically symmetric polarization profile
with the polarization at every point in the beam cross-section oriented in the ra-
dial direction. An azimuthally polarized beam on the other hand has cylindrically
symmetric polarization profile with the polarization at every point in the beam
cross-section oriented in the azimuthal direction. There are a number of ways how
such vector beams can be generated. The Radially or azimuthally polarized beam
can be generated by the coherent addition of the two orthogonally polarized TEMy;
modes either inside the laser resonator [78], or outside the laser using an interfero-
metric technique [79]. The two beams can also be generated by passing a linearly
polarized beam through a liquid crystal based [80] 81] or multiple half-wave plates
based [82] polarization converter. One can also produce a radially polarized beam
by modifying the laser cavity using a conical Brewster prism (consisting of convex
and concave conical prisms) [83]. Moreover the radially or azimuthally polarized
beam can be generated by combining a left and a right circularly polarized beam
passing through a helical phase mask [84]. However, these techniques are useful
for the generation of only a specific type of vector beam. Thus, for applications
involving switching between various vector beams or requiring the implementation
of target-specific phase profiles into a vector beam, it is essential to have dynamic
control over the amplitude, phase, and polarization profile of the light beam used.
Most of the arbitrary vector beam forming schemes facilitating the dynamic control
on the beam profile exploit the programmability of LCSLMs such as the setup de-
scribed in the section of the previous chapter. Several LCSLM based techniques
to achieve dynamic control over the vector beam, requires the beam to incident on
two [76], or three [85] LCSLMs. Some schemes also use single LCSLM by facilitating
the light beam to incident on the same LCSLM twice [36] 86], using a grating in
conjunction with the LCSLM [87], or making use of a Wollaston prism to split the
beam incident on the LCSLM into two orthogonally polarized beams [34], 35].

Though the LCSLM based arbitrary vector beam forming schemes can very
well exploit the flexibility offered by the LCSLM device, they are subjected to the
limitation set by the damage threshold for maximum power that can be incident on
the device [37]. Therefore, considering the availability of accessible high-power laser
sources, the maximum power in the generated vector beam using an LCSLM based
setup is rather decided by how efficiently the setup utilizes the damage threshold of
the LCSLM device.
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In this chapter, we introduce a division of a wavefront-based scheme to generate
an arbitrary vector beam using a single LCSLM. In our proposed setup, the same
wavefront is incident parallelly on the two holograms displayed on the LCSLM. The
proposed scheme facilitates the generation of high average-power arbitrary vector
beam by efficiently utilizing the LCSLM damage threshold. We demonstrate the
working of the vector beam forming scheme by generating radially polarized, az-

imuthally polarized, and Bessel-Gauss beams.

4.3 Experimental arrangement of the vector beam

forming scheme

The schematic diagram of the experimental arrangement to implement our scheme
to generate an arbitrary vector beam is shown in figure 4.1} Here we use the twisted-
nematic LCSLM to implement the binary hologram. The laser beam from a He-Ne
laser (A = 632.8nm) is focused by a lens L; onto a pinhole PH such that only
central part of the focused beam is transmitted by the PH. The diverging beam is
then collimated using the lens Ly to produce an enlarged collimated beam. This
beam then illuminates the TNLCSLM display panel on which two binary holograms
computed using a LabVIEW program running in a PC are displayed. The two
holograms written side by side on the display panel receive two spatially separated
parts of the same incident wavefront, as shown in the inset of the figure 4.1l The
hologram on the left (say Hologram-A) is designed using the steps described in the
section[3.4.2]to generate the complex amplitude profile in the respective +1 diffracted
order corresponding to the X polarized (also p-polarized or horizontally polarized)
pupil plane of the vector beam. In a similar manner, the hologram on the right (say
Hologram-B) is designed to generate the complex amplitude profile corresponding
to the Y polarized (also s-polarized or vertically polarized) pupil plane of the said
vector beam. The diffracted beams, including the +1 orders emerging from the two
holograms, are focused by the lens L3 onto the iris diaphragm ID. The polarization
of the incident beam and the orientation of the LCSLM are arranged in such a way
that both the diffracted beams are s-polarized. The iris diaphragm isolates the two
+1 order beams from the other orders. The isolated +1 diffracted order beams are
then recollimated using the lens Ls. A polarizer Pol is optionally placed in the beam

path to ensure that the two +1 diffracted beams are indeed s-polarized. The two
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M—L—H

I
1 |PH L,

LCSLM

LCSLM display

Hologram A Hologram B

Camera

Figure 4.1: Schematic diagram of the experimental setup to implement arbitrary vector
beam formation. The inset shows the two holograms displayed adjacent to one another
on the LCSLM display panel.

collimated diffracted order beams are focused onto a right-angled prism P using the
lens Ls. While designing the holograms, the tilt functions added to the phase profiles
are so chosen that the +1 diffracted order beam from hologram-A, after reflection
from P, travels towards the mirror M; and that from hologram-B travels towards
the mirror M,. The beam reflected from M; then passes through a half-wave plate
HWP to undergo 90° polarization rotation to p-polarization state, before getting
reflected from the mirror M,. The beam is then collimated by the lens Lg, and
the collimated beam is reflected by the mirror M3 to be incident on the polarizing
beam-splitter PBS. The beam being p-polarized is transmitted by the PBS to enter
the entrance pupil plane P; of the lens Lg. The other +1 diffracted order beam
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reflected by the mirror M, is then collimated using the lens L; and is then reflected
by the mirror My to be incident on the PBS. As the beam remains as s-polarized, it
gets reflected by the PBS to enter the pupil plane P;. The optical paths traveled by
the two +1 diffracted order beams till they reach the PBS are kept approximately
equal so that both the beams remain mutually coherent. Lenses L3 and L4, Ls and
Lg, and Ls and L; constitute three 4f relay systems, so that the LCSLM display
panel and the entrance pupil P; are the conjugate planes. The distances PM; and
P M, are kept as small as possible and approximately equal to one another, so that
the respective beams are affected by external disturbances in a more or less similar
manner. Further, the inclinations of the mirrors (M; — Mj5) and of the PBS are
adjusted to ensure that the two +1 diffracted order beam cross-sections are parallel
to the plane P;. Therefore, the plane P, contains the X polarized and the Y polarized
pupil realized in the +1 diffracted order beams from hologram-A and hologram-B,
respectively, thereby constituting the pupil plane of the user-defined vector beam.
To be noted that the two orthogonally polarized pupil planes correspond to two
spatially separated parts of the same beam incident on the LCSLM. Thus, taking
a cue from the two-beam interference phenomenon, the proposed scheme is referred
to as the division of wavefront-based scheme. In order to record the focal spot, the
generated vector beam is then focused onto the CMOS camera connected to the PC

using the lens Lg.

4.3.1 Power of the generated vector beam

As already stated the proposed setup has the advantage of generating relatively
high average-power vector beams compared to the other LCSLM based vector beam
forming schemes. Considering a beam with uniform amplitude over the beam cross-
section and of sufficient power incident on the LCSLM, each hologram can receive
maximum possible power decided by the damage threshold of the LCSLM device.
Let us consider that each hologram can receive a maximum of P number of photons
and e; is the diffraction efficiency in the +1 diffracted order (that is e; fraction of
the incident light on each hologram is diffracted into the corresponding +1 order).
Thus the generated vector beam will have 2e; P photons, assuming no further loss of
light in the setup and the optical components, other than the LCSLM, have damage
threshold high enough not to affect the maximum number of photons in the +1 order

beams. In setups involving two consecutive LCSLMs or in a double-pass arrange-
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ment of a single LCSLM displaying two holograms, the net number of photons in
the resultant beam cannot reach the value of 2e; P even if the area of each hologram
is doubled (which may be possible when an LCSLM displays only one hologram).
This is because here the resultant vector beam originates from a beam, incident on
the second hologram, which itself is either the +1 or the 0 order beam diffracted by
the first hologram. After each diffraction, if e; fraction of the incident beam goes
to the +1 order, a fraction of < (1 — 2e;) goes to the 0 order, because of some light
going into the other orders. Thus, the damage threshold of the second LCSLM or
part of the LCSLM displaying the second hologram cannot be fully exploited. On
the other hand the use of any beam-splitting device to obtain two incident beams on
the LCSLM imposes additional complexities into the setup. For instance, the Wol-
laston prism in the case of references [34] [35] has a relatively low damage threshold,
which is less than the typical damage threshold of the LCSLM. Another benefit of
the proposed setup is that it does not utilize any beam-splitting element in front of
the LCSLM plane, thereby avoiding any additional source of aberration introduced
into the beam. Therefore, it is easier to ensure that two identical complex amplitude

profiles are incident on the two holograms.

4.3.2 Results and discussions

We have demonstrated the working of our vector beam forming setup first by gen-
erating the azimuthally polarized and the radially polarized beams. As mentioned
earlier, the desired vector beam is generated by overlapping an X polarized pupil
and a Y polarized pupil of appropriate amplitude profiles. The amplitude profiles of
the pupil planes represent the electric field vector components in the entrance pupil
of the given vector beam. In case of an azimuthally polarized beam, the electric

field vector in the pupil plane can be written using Jones matrix representation as

—sing
Cos ’
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(e)

Figure 4.2: Experimental images representing the XY plane (at the nominal focus of the
lens) intensity distribution of a focused (i) azimuthally polarized, (ii) radially polarized,
vector-vortex Bessel-Gauss beam with topological charge (iii) n = 2 and (iv) n = 3, (a)
without polarizer (the arrows over the images shows the spatially varying polarization
profile corresponding to each beam), (b — e) with a polarizer whose axis of orientation is
indicated by the double arrow shown at the top of each image in row (i). The intensity
distribution is over an area of dimension 382um x 382um.

where, ¢ is the azimuthal angle in the pupil plane. The two holograms, such as
shown in the inset of figure 4.1, are constructed using the scheme described in sec-
tion[3.4.2] Each hologram is described over a circular area of a diameter equal to 512
LCSLM pixels. The arrangement of lenses in the beam path between the LCSLM
plane and the lens Lg provides a beam diameter of 3.4mm at the entrance pupil
Py of Lg. The focal length of Lg is taken to be 300mm so that the effective NA of
the lens focusing the generated vector beam is 0.0056. Therefore, the experimental
arrangement corresponds to low NA focusing of the beam. We record the intensity
distribution in the nominal focal plane first for an unabberated azimuthally polar-
ized beam. The intensity distribution, without any polarizer in front of the CMOS

camera, has a doughnut-like structure. We then introduce a polarizer in front of the

47
TH-2285_146121029



Chapter 4: Development of a Division of Wavefront-based Setup for the
Generation of Arbitrary Vector Beams

camera and captured images for four different orientations of the polarizer. Figure
4.2|i)(a) shows the intensity distribution in the focal plane without the polarizer,
while figures [£.2i)(b—e) show the focal plane intensity distributions for four dif-
ferent polarizer orientations indicated by the double arrow at the top-left corner of
each image. We then modify the two holograms to generate a radially polarized
beam. The electric field vector orientation in the pupil plane for a radially polarized

beam can be written using Jones matrix representation as

COS
sin ¢ j

The two representative holograms used to generate the two pupil planes of a radially
polarized beam are shown in figure[£.3|(a). The recorded intensity distribution in the
nominal focal plane for an unabberated radially polarized beam is shown in figure
4.2(ii)(a). It is to be noted that owing to the low NA focusing, the intensity patterns
in the focal plane for both the radially and azimuthally polarized beams appear
similar when no polarizer is used in front of the camera. Figures [4.2{ii)(b—e) show
the focal plane intensity distributions of a radially polarized beam for four different
orientations of the polarizer. To demonstrate the capability of the proposed vector
beam forming setup, we also generate vector-vortex Bessel-Gauss beams [88] [89)

with two different topological charges. The Jones matrix representation of a vector-

LCSLM display LCSLM display LCSLM display
A A \
NN N N

Hologram A Hologram B|| Hologram A Hologram B| | Hologram A Hologram B

(a) (b) (c)

Figure 4.3: The two representative holograms displayed on the LCSLM to generate the
two pupil planes for a (a) radially polarized beam, (b) vector-vortex Bessel-Gauss beam
with topological charge n = 2, and (c) with topological charge n = 3.
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vortex Bessel-Gauss beam with a topological charge of n is given as

o (7).

where, .J,, is the n-order Bessel function of the first kind and [ is a constant that
determines the beam profile. The two representative holograms constructed to gen-
erate the two pupil planes corresponding to the vector-vortex Bessel-Gauss beam
with topological charge n = 2 and topological charge n = 3 are shown in figures
[l.3(b) and [4.3|c), respectively. The recorded intensity distributions in the focal
plane without and with the polarizer in front of the CMOS are shown in figure
4.2|(iii) with topological charge n = 2 and in figure 4.2{(iv) with topological charge
n = 3. The orientation of the electric field vectors in the pupil plane of each of the
vector beams considered is shown in figure [£.2] (a). The images in figures [£.2i —
iv) demonstrate the capability of the proposed scheme to generate various types of
vector beams. However, owing to the limited number of pixels in the LCSLM to
describe the holograms, the patterns in figure [4.2| (iii) and (iv)( a) do not appear to

have a perfect circular symmetry.

4.4 (Generation of vector beams with arbitrary

phase profiles

The vector beam forming scheme is also capable of precise incorporation of a user-
defined phase profile into the generated vector beam. To demonstrate this, we
refer to the theoretical work [90] that predicted the generation of a boat-shaped
intensity distribution near the focus of an azimuthally polarized beam aberrated with
a moderate amount of coma. It is observed that the three-dimensional focal volume
of the boat-shaped beam comprises a dark center surrounded by light from five
directions. The beam is expected to be useful in manipulation of trapped particles.

In order to record the three dimensional intensity distribution near the focus
we first need to record the intensity distributions in different planes along the axis.
Therefore this requires a mechanism to move the camera plane. However owing to
the low NA focusing condition, we make use of the displacement theorem to record
axially shifted intensity distribution of the vector beam generated without the need

to physically shift the camera plane. Below we discuss about the effective shift of
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the focal plane using the displacement theorem.

4.4.1 Displacement theorem to record focal volume inten-

sity distribution

Under paraxial approximation, the addition of a certain amount of defocus to an
incident light beam results in no change in the focal intensity distribution other than
an axial shift of the focal plane [50]. Let us consider that ¢ is the phase in a beam
focused by a lens under paraxial approximation and I(u,v,Y) is the normalized
intensity at the location P(u, v, T) near the focus.

Considering f as the focal length of the lens, a as the radius of the lens aperture
and A as the wavelength of the incident light, the expression of the normalized

optical coordinates (u,v) can be rewritten as

u=k (%)zz, (4.1)

and v==k (2) T, (4.2)
f

where, r = /22 + 92, (x,y, z) are the Cartesian coordinates with origin at the focus,

T is the azimuthal angle, and k = 27” The normalized intensity I(u, v, T) at point

P using the diffraction integral [50] is given as

1 2 é
1 - :
I(u,v,T) = — / w0 5 dp dp| . (4.3)
T
00
where, .
(.0, T:p.0) = ko — vpcos(d — 1) — sug? (1.4)

Here (p,0) are the polar coordinates in the lens aperture with p as the normalized
radial coordinate. The intensity is normalized with respect to the intensity of a
beam with ¢ = 0. If we modify the phase profile of the incident beam by adding

certain amount of defocus so that
¢ = ¢+ Hp?, (4.5)

where, H is the coefficient of defocus (of the order of \), then the new normalized
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intensity is given as

2

1 27
1 s £l I o !.
I'(u' ', Y = — //e’f W500) 5 dp db| | (4.6)
00
where,
1
' ' X5 p,0) = ke —v'pcos(f — Y') — =u'p. (4.7)

2
Now using equation [4.5 the expression [£.4] can be written as

1

f(,0,75p,0) = k(¢ — Hp®) —vpcos(f — T) — Jup’
— k! — o' pos(f — ) — éu/p2. (4.8)
Comparing equations [4.7, and [4.8} we can write
u' =u+2kH, v =, and ' = 7. (4.9)

Considering the equations[4.1]and [.9] the normalized optical coordinate v’ is related

to the new axial coordinate 2’ as

=242 (1)2 H. (4.10)

a
From equations [4.4] [4.7] 4.8 and we get

I(u,v,T) =I'(d', 0", Y") (4.11)

Thus the addition of a certain amount of defocus (indicated by H) results in no
change in the three-dimensional focal intensity distribution apart from an axial shift

as a whole by a distance given as

Az=|z2 — 2|

=2 (f)z H. (4.12)

a

The focal intensity distribution can be shifted in either direction about the nominal
focal plane by an addition or subtraction of a defocus term to the phase profile. Let

W be a wavefront incident on a low numerical aperture (NA) lens which is focused
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Figure 4.4: Schematic showing the axial shift of the focal volume intensity distribution
around the focal plane using the displacement theorem.

to an ellipsoid as shown in figure W gets modified to W’ and W” after the
addition and subtraction of the defocus term. According to displacement theorem,
the focal intensity distributions in the case of W’ and W” will get shifted axially
towards the lens or away from the lens resulting in the ellipsoids with the dotted
and the dash-dotted lines as seen in figure Therefore, it is possible to record the
transverse intensity distribution at a different plane of the focal volume even with

a fixed detector plane.

4.4.2 Experimental demonstration of the boat shaped beam

Here we experimentally demonstrate the precise incorporation of a phase profile
into the generated vector beam by generating the boat-shaped intensity distribution
near the focus of an azimuthally polarized beam aberrated with a moderate amount
of coma [90]. In order to generate the boat-shaped beam using the setup, the two
holograms are modified to incorporate RMS 1 radian of Zg (i.e. primary 1-coma) to
each of the X polarized and Y polarized pupil planes of the azimuthally polarized
beam. We use the displacement theorem described in section to shift the
focal intensity distribution axially with a reasonable accuracy. For our setup, we
have found that the incorporation of Z, (i.e. defocus) of RMS amplitude equal
to £0.0043 (say AZ,) radian into the beam leads to an axial shift of the focal
intensity distribution by a distance of £935um. Thus, keeping the CMOS camera
static at the nominal focus of Lg, as different amount of defocus is incorporated
into the beam, the same camera will record different axial planes of the three-
dimensional focal intensity distribution, relative to the beam with zero defocus.

Here we use normalized optical coordinates (v, u) to represent the distance r in
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Figure 4.5: (i) Experimental images of the (a) XY, (b) XZ and (c¢) YZ plane intensity
distributions, all passing through the nominal focus, due to azimuthally polarized beam
aberrated with 1 radian RMS of primary z-coma. Images in (ii) (a), (b) and (c) show
the corresponding intensity distributions obtained theoretically. The XY plane intensity
distributions are over an area of dimension (AX, AY') = (38v,38v), while the XZ and YZ
planes are over an area of dimension (Awv, Au) = (38, 38).

the XY plane and the axial separation z. We then incorporate varying amounts of
Z4 into the comatically aberrated azimuthally polarized beam and for each value,
capture the XY plane intensity using the CMOS camera. We thereby obtain a stack
of XY planes corresponding to different axial distances. We choose the increment
in Z, for two consecutive axial planes to be equal to AZ; = 0.0043 radian, such
that the distance between two adjacent camera pixels (equal to 5.3um) expressed
in v unit becomes equal to the distance between two axial planes expressed in u
unit. Figure (1) shows the experimentally obtained intensity distributions in the
()XY, (b) XZ, and (c) YZ planes of an azimuthally polarized beam aberrated
with primary z-coma of RMS 1 radian. All the planes shown pass through the
nominal focus. The XY plane intensity distribution is over an area of dimension
(AX,AY) = (38v,38v), while the XZ and YZ plane intensity distributions are over
an area of dimension (Av, Au) = (38,38), with each plane comprising 128 x 128
pixels. We also perform numerical simulations to generate the intensity distributions

of the boat-shaped beam using the Fourier transform form of the vectorial diffraction
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Figure 4.6: Plots of the maximum intensity along a radius making an angle v with
the horizontal axis versus the angle v, for the XZ and YZ plane intensity distributions
obtained experimentally. (b) and (c¢) show two different projections (as indicated in the
top-left corner) of the three-dimensional rendering of the intensity distribution in the focal
volume.

theory [91 ©92]. Figure[d.5(ii) shows the numerically obtained intensity distributions
in the (a) XY, (b) XZ, and (c¢) YZ planes, equivalent to the experimental images in
figure [4.5(ii). It can thus be seen that the experimentally obtained images are very
much agreement with the numerically obtained images. Figure {4.6(a) shows two
overlapped plots corresponding to the experimentally obtained XZ plane and YZ
plane intensity distributions (each normalized by the maximum of the two intensity
distributions) as in figures[4.2)(i) (b) and (c). Each plot shows the maximum intensity
along a line making an angle v with the horizontal direction. From figure (a) it
can be seen that the dark center of the focal intensity distribution is effectively
surrounded by intense light in all but one direction. We then make use of the stack
of the XY planes captured by the camera to digitally construct a three-dimensional
intensity distribution of the focal volume. Figures [4.6[b) and (c) show two different
two-dimensional projections of a three-dimensional rendering of the focal intensity
distribution which further confirm the experimental generation of the boat-shaped
beam, where the projection directions are indicated at the top-left corner of each

image.

54
TH-2285_146121029



4.5 Conclusion

4.5 Conclusion

In this chapter, we have introduced a division of wavefront-based scheme using a
single liquid crystal spatial light modulator to generate an arbitrary vector beam.
We have demonstrated the working of the proposed scheme by generating a few
important vector beams, including the radially polarized beam and the azimuthally
polarized beam. The generation of the specific vector beam has been confirmed
from the focused intensity distributions for different orientations of the polarizer
placed in front of the camera. We also had a brief discussion on the displacement
theorem that enables the shifting of the focal volume intensity distribution in the
axial direction under low NA focusing condition by incorporating defocus into the
beam. We have demonstrated the successful implementation of the displacement
theorem by recoding the three-dimensional intensity distribution of a boat-shaped
beam. The generation of the boat-shaped beam has validated the capability of the
proposed scheme for the incorporation of precise phase control of the generated

vector beam.
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CHAPTER O

Development of a laser scanning microscope
executing intraframe polarization switching of the

illumination beam

5.1 Introduction

In chapter [2] we discussed the polarization switching mechanisms of conventional
polarization microscopes and their limitations if a specimen is to be illuminated
with two or more different polarizations in quick succession. We also introduced
the LCSLM based vector beam forming scheme to generate an arbitrary vector
beam. In this chapter we implement this scheme in a laser scanning microscope to
modulate the polarization profile of the illumination beam in a dynamic fashion. The
chapter begins with a description of the existing techniques used for the polarization
modulation of the illumination beam. It then describes the design of the laser
scanning microscope using the vector beam forming unit to achieve polarization
switching of the illumination beam at the end of each line scanned. Polarization
switching can be done via a number of schemes depending on the number of polarized
profiles and the manner of switching of the polarization profile to scan the specimen.
The chapter concludes by presenting a proof of principle experiment to demonstrate
the working of the proposed microscope utilizing two of the schemes to switch the

polarization of the illumination beam after each line scanned.
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5.2 Existing techniques to switch the polarization

of an illumination beam

As mentioned earlier several techniques have been proposed to achieve the polar-
ization switching of the illumination beam in an optical microscope. In the most
general case, the state of polarization of a linearly polarized beam can be rotated
by changing the orientation of a half-wave plate (*/2) placed in the beam path.
However such a change in polarization is subjected to the mechanical disturbance
owing to the movement of optical components. There are other techniques to switch
the polarization state without causing any mechanical disturbance to the optical
components, such as using an electro-optic modulator for example a Pockels cell
[22, 23| 24], but the polarization modulation by Pockels cell depends on the sta-
bility of the voltage applied across the cell and the wavelength of light used. A
magneto-optic modulator such as a Faraday rotator [25] can also switch the po-
larization of a light beam. However, a particular state of polarization achieved by
the Faraday rotator depends on the stability of the external magnetic field applied
across the rotator. An illumination beam with a two-dimensional polarization pro-
file can also be produced in a microscope, using a universal compensator made up
of liquid crystal variable retarders [26] 27, 28, 29]. To be noted that the methods
discussed so far employ inter-frame polarization switching, that is, the polarization
of the illumination beam is changed at the end of the acquisition of one complete
image frame. Such methods thus lead to a delay of at least the acquisition time
of one complete image frame in illuminating a particular portion of the specimen
with two different polarizations. For accurate extraction of detail information on
molecular organization in a specimen which is in a dynamic environment, such kind

of delay may create an issue.

There exists a few schemes where the polarization of the illumination beam can
be switched after every line scanned [23], 30}, 31] such as in a differential polarization
microscope [23] although the same is not a point scanning microscope. A photoe-
lastic modulator (PEM) can also be used in a differential polarization microscope
or a laser scanning confocal microscope to switch the polarization of the beam af-
ter every line [30, BI]. However this mechanism facilitates switching among linear,
circular, and elliptical polarization states only and thus not capable of switching

between arbitrary polarization states of the illumination beam. The LCSLM based
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Figure 5.1: Schematic diagram of the laser scanning microscope comprising the vector
beam forming unit for illumination beam generation.
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schemes discussed in the previous chapter can generate arbitrary vector beams and
therefore can permit switching between different vector beam states. However such

switching also can take place at the end of each image frame only.

5.3 Experimental arrangement of the laser scan-
ning microscope

The schematic of the proposed laser scanning microscope is shown in figure [5.1|
Apart from the optics, it primarily comprises, (i) the division of wavefront-based
arbitrary vector beam forming unit, (ii) the scanning unit, (iii) the microscope as-
sembly, (iv) the photo-detector unit along with a DAQ card, and (v) the synchro-
nization unit. For the purpose of quick generation of a particular polarization of a
light beam as well as for fast switching between different polarizations, the nematic
LCSLM in the vector beam forming setup is replaced with the ferroelectric LCSLM.
Thus the two binary holograms, displayed on the FELCSLM, give rise to an illu-
mination beam comprising two orthogonally polarized beams in the plane P;, each
with a user-defined complex amplitude profile as described in section 4.3 Plane
P, is relayed using a 4f relay system via a beam splitter BS to the scanning unit.
The scanning unit comprises two moving magnet closed loop galvanometer based
scanning mirrors (X scan mirror and Y scan mirror). One 4f relay system is used in
between the two scan mirrors such that plane P is optically conjugate to each of the

mirrors. The beam after the scanning unit is relayed, using another 4 f system, onto
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the entrance pupil of the microscope objective of a microscope assembly (Olympus
IX51 inverted microscope). Thus the entrance pupil of the MO is conjugate to the
planes of each scan mirrors. The MO focuses the illumination beam onto the spec-
imen plane. The light emerging from the specimen plane is received by the same
MO in an epi-illumination mode and which is then descanned by the scanning unit.
The beam after the scanning unit is directed towards the BS, and the BS reflects
the beam to be received by the photo-detector. A polarizer is optionally placed
in front of the photo-detector such that light with only a certain polarization will
be received by the photo-detector. A microprocessor based synchronization unit is
used to synchronize the operations of the vector beam forming unit, scanning unit,
and the DAQ card linked to the photo-detector. The FELCSLM displays the binary
patterns derived from a color image in a sequential manner which is exploited to
update the binary holograms so as to switch between the polarization states of the
illumination beam at regular intervals. Below we discuss the display properties of
binary patterns by the FELCSLM.

5.4 Sequential display of bit planes in a color im-

age by FELCSLM

As mentioned in section ferroelectric LCSLM is capable of reading color im-
ages containing 24-bit of information per pixel. The image written on the FELCSLM
(often referred to as the color image in this thesis) can be refreshed at the standard
video rate of 60Hz. Depending on the active sequence file in the FELCSLM driver
board, any incoming color image is interpreted as 24 single-bit images (8 single-bit
planes each from red, green, and blue color planes of the color image) in the case
of 24-bit sequence file or as 3 single-bit images (where each 8 bit information repre-
sented by the colors red, green, and blue, is scaled down to single-bit information)
in the case of 3-bit sequence file. These 24 or 3 single-bit images from each color
image are then displayed sequentially. The first kind of display is termed 24sb mode,
where the 24 single-bit planes corresponding to a color image are divided into three
groups, namely, red (Rg, R1, Ro, ..., Ry), green (Gy, Gy, Ga, ..., G7), and blue (B,
Bi, Ba, ..., B7). The second kind of display is termed 3sb mode, where the three
single-bit planes corresponding to a color image are represented by red (R), green

(G), and blue (B). A single color image can be constructed in such a way that each
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Figure 5.2: (i) A representative color image comprising 24 binary holograms displayed at
an interval T and (ii) the display timing of the color image by the FELCSLM. Sequential
display of (iii) 24 single-bit planes in the 24sb mode and (v) 3 single-bit planes in the 3sb
mode of the FELCSM. The display timing of the single-bit planes are seen in (iv) and (vi)
in the case of 24sb mode and 3sb mode, respectively.

of the single-bit planes represents a binary hologram or a pair of binary holograms
such as hologram-A and hologram-B, as mentioned in the section £.3, Depending
on the display mode, 24sb mode or 3sb mode, each of the 24 single-bit images or the
3 single-bit images is displayed for a duration equal to 1/24 or /3 of the net display
period (T) of a single color image, respectively. Figure [5.2)i) shows a color image
comprising 24 single-bit planes, each representing a binary hologram or a pair of
binary holograms, updated after an interval of T (as shown in figure [5.2[(ii)). The
value of T is 16.67ms considering the video rate of 60Hz. Figure [5.2](iii) depicts
the sequential display of bit planes in the 24sb mode of the FELCSLM, where fig-
ure (iv) shows the exact duration of display of individual single-bit planes in the
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24sb mode. Figures[5.2[v) and (vi) show the sequential display of single-bit planes

and the exact duration of display of individual single-bit planes, respectively, in the
3sb mode of the FELCSLM. Thus, for the color image refresh rate of 60Hz, the
single-bit planes are updated at an interval of 0.69ms (Ts4), in the case of 24sb
mode and at an interval of 5.56ms (Tj3), in the case of 3sb mode. From the plots in
figures [5.2(iv) and [5.2|(vi), it is observed that in the FELCSLM the user-defined bi-
nary hologram and the corresponding negative binary hologram, as stated in section
.3.2] each is displayed for about half the duration Ty4 in the case of the 24sb mode
or T3 in the case of the 3sb mode. Therefore, the effective display period of the
user-defined binary hologram is Tys/2 or T3/2. Hence, by constructing a sequence
of appropriate binary holograms to be written onto the FELCSLM, it is feasible to
generate light beams of different polarization states in a time sequential manner.
The different user-defined profiles will be available in the plane P; at an interval Toy
or T3. The FELCSLM provides a reference transistor-transistor logic (TTL) signal
that goes high when a given single-bit image is displayed and goes low when the
negative of the single-bit image is displayed. This signal is fed to the microprocessor
based synchronization unit to generate two trigger pulses for the synchronization of
the scanning unit and the DAQ card linked to the photo-detector, with the display
of the FELCSLM.

5.5 Schemes for polarization switching at the end

of every line scanned

Depending on the number of different polarization profiles of the illumination beam,
among which the switching can take place, we describe three schemes for polarization

switching. Below we explain the working of the schemes considering the 3sb display

mode of the FELCSLM.

5.5.1 Scheme-A

The first kind of polarization switching scheme is termed scheme-A, where the po-
larization of the illumination beam is switched between two different polarizations
(say P1 and P2). These two illumination beam polarizations correspond to the dis-
play of the first two single-bit planes of the 3sb display mode of the FELCSLM. For
this a color image is constructed such that the first single-bit plane of 3sb display
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Figure 5.3: Illustratation of the operation of scheme-A to switch between two polariza-
tions P1 and P2 of the illumination beam by displaying N color images to scan an equal
number of lines in the image frame.

mode results in the display of a binary hologram or a pair of binary holograms on
the FELCSLM that produces the illumination beam of one polarization (P1) in the
plane P;. During the display time, T3/2, of the bit plane, a given line, say the
first line of the specimen, is scanned and the resulting data (say comprising N pixel
values) from the specimen is collected and stored in the PC. The second single-bit
plane results in the illumination beam of another polarization (P2) in the plane P;.
During the display time of the second bit plane also, the X scan mirror scans the
same line of the specimen, and the respective data is stored. The third single-bit
plane comprises a black image (all pixels are made 0) that generates no illumination
beam. At the end of display of the first color image, the scanning unit sets the
mirrors to scan the second line and the second color image is displayed resulting in
scanning the second line of the specimen using the illumination beam of polarization
P1 and P2 corresponding to the display of first and second single-bit planes, respec-
tively. The same color image is displayed repeatedly on the FELCSLM panel for
the entire duration of the image frame comprising N rows and N columns. Figure
depicts the operation of scheme-A with respect to time, where the polarization
profile of the illumination beam switches between P1 polarization and P2 polar-
ization. As shown in the figure, during the display of the first color image on the
FELCSLM, the scanning unit scans the first line (L;) of the specimen, each with P1
polarized and P2 polarized illumination beam, that corresponds to the display of

first and second bit plane, respectively. Similarly the second color image displayed

63
TH-2285_146121029



Chapter 5: Development of a laser scanning microscope executing intraframe
polarization switching of the illumination beam

L, L, L, L, L, Ls oo ofLn1 Ly Ly
P1 P2 P1 P2 P1 P2 P2 P1 P2

i Display of 1%t i Display of 2nd | | Display of 2N/3)"" Time
color image (C1) color image (C2) color image (C2)

Specimen Specimen

Figure 5.4: Illustratation of the operation of scheme-B to switch between two polar-
izations P1 and P2 of the illumination beam by displaying two color images C1 and C2
alternatively on the FELCSLM. Considering N to be multiple of 3, the FELCSLM displays
2N /3 color images, consisting of N/3 numbers of C1 and C2 each, to scan an equal number
of lines in the image frame.

corresponds to the scanning of the second line (Lg), and the process continues till
the display of N*® color image to scan the N'" line. After the end of the display of
N color image, two digital images of the same specimen corresponding to the two

polarization states are constructed simultaneously.

5.5.2 Scheme-B

The second kind of polarization switching scheme is termed scheme-B. Here the
illumination beam with two different polarization profiles similar to scheme-A is
generated to capture two images of the specimen utilizing all the three single-bit
planes of the 3sb display mode of the FELCSLM. Two color images (say C1 and
C2) are constructed such that the display of first and third single-bit planes of 3sb
display mode corresponding to one color image (C1) and the display of the sec-
ond single-bit plane corresponding to the color image (C2) produce the illumination
beam of polarization P1 in the plane P;. Similarly, the second single-bit plane cor-
responding to color image C1 and the first and third single-bit planes corresponding
to color image C2 result in the illumination beam of polarization P2 in the plane
P;. These two color images are then displayed repeatedly on the FELCSLM for the

entire duration of the image frame comprising N rows and N columns. To begin
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with, during the display period of the first and second single-bit planes of one color
image (C1) on the FELCSLM, the scanning unit scans the first line of the specimen
with illumination beam of polarizations P1 and P2 and for each polarization the
corresponding line data (comprising N pixel values each) is stored in the PC. At
the end of the display of the second single-bit plane of C1, the scanning unit sets
the mirrors to scan the second line of the specimen. During the display period of
the third single-bit plane of C1 and the first single-bit plane of the image C2, the
scanning unit scans the second line with the illumination beam of polarizations P1
and P2 and for each polarization the corresponding data is stored. The scanning
unit then sets the mirrors to scan the third line of the specimen during the display
period of second and third single-bit planes of C2. Thus, at the end of the display
of two color images (each of C1 and C2), the scanning unit scans three lines of
the specimen, each with the illumination beam of polarization P1 and P2. During
the acquisition, the FELCSLM keeps displaying the two color images (C1 and C2)
alternatively. At the end of the display of the (2N/3)™ color image, the scanning
unit scans the entire specimen (consisting N number of scan lines) using illumina-
tion beam with the two polarizations. The stored data is then used to generate two
digital images of the specimen that correspond to two polarization profiles (P1 and
P2) of the illumination beam. Figure depicts the operation of scheme-B. As
shown in the figure, the display of the first two consecutive single-bit planes of 3sb
display mode on the FELCSLM corresponds to the scanning of the same line (L)
of the specimen with P1 polarized and P2 polarized illumination beam. The display
of the next two consecutive single-bit planes corresponds to the scanning of the line
Ls of the specimen with the two polarizations. The process continues till the display
of (2N/3)™ color images (display of N/3 numbers of C1 and C2 each, considering
N to be a multiple of 3,) to scan the full image frame using the illumination beam

with the two polarizations.

5.5.3 Scheme-C

In scheme-C, the third kind of polarization switching scheme, the polarization of the
illumination beam is switched between three different polarization profiles (say P1,
P2, and P3). These three illumination beam polarizations correspond to the display
of the three single-bit planes of the 3sb display mode of the FELCSLM. A color
image is constructed such that the first single-bit plane of 3sb display mode results
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Figure 5.5: Illustratation of the operation of scheme-C to switch between three polar-
izations P1, P2, and P3 of the illumination beam by displaying N color images to scan an
equal number of lines in the image frame.

in a binary hologram or a pair of binary holograms that produces the illumination
beam of polarization (P1) in the plane Py, the second single-bit plane results in the
illumination beam of second polarization P2, and the third single-bit plane results
in the illumination beam of third polarization P3. The color image is then displayed
repeatedly on the FELCSLM for the entire duration of the image frame comprising
N rows and N columns. During the display time of the first single-bit plane, the
scanning unit scans the first line of the specimen with the P1 polarized illumination
beam and the respective data (comprising N pixel values) is stored in the PC. During
the display time of the second and third single-bit planes, the scanning unit scans
the same line with illumination beam polarizations P2 and P3, respectively. At the
end of the display of the first color image, the scanning unit sets the mirrors to scan
the next line, and the second color image is displayed, giving rise to the scanning
of the second line of the specimen using the illumination beam with three different
polarizations. The process continues until the display of N*" color image. At the end
of the display of the N color image, the stored data is used to generate three digital
images of the specimen that correspond to three different polarization profiles (P1,
P2, and P3) of the illumination beam. Figure depicts the operation of scheme-C

where Ly, Ly and Ly indicate the first, second and the N** lines scanned.

66
TH-2285_146121029



5.6 Experimental results using reflected light and discussions

\
0 ‘ ‘ i Ml ‘ ‘ \‘ A ‘
0 50 100 150 200 250

Image Pixel No.

(a) (b) (c)

Normalized Intensity

Figure 5.6: Experimental images of a portion of the USAF 1951 test target using (a) X
polarized and (b) Y polarized illumination beam. (c) The line plot of normalized intensity
against the image pixel number along the lines shown in (a) and (b).

5.6 Experimental results using reflected light and

discussions

We demonstrate the implementation of the polarization switching of the illumination
beam by employing the laser scanning microscope described in section First, we
capture images of a portion of the USAF 1951 resolution test target as the specimen
using scheme-A to switch between an illumination beam with X and Y polarization
states. We use a 0.3 NA and 10x microscope objective (UPLFLN10X2) and a single
channel photomultiplier tube (H11462-032) as the photo-detector in conjunction
with the NI 6133 DAQ card to perform analog-to-digital conversion of the PMT
output. The FELCSLM is operated at the video rate of 60Hz. Figures [.6(a) and
5.6(b) show the recorded images of the specimen, illuminated with X polarized and
Y polarized illumination beams, respectively. The specimen is scanned over 256 x 256
pixels covering an area equal to 90um x 90um. The plots of normalized intensities
against the pixel number for each of the two images, along a line as indicated in
the images, are shown in figure (C) The line plots demonstrate that the two
orthogonally polarized beams cover the same regions on the specimen plane on a
pixel to pixel basis.

In order to demonstrate the orthogonal polarization properties of the illumina-
tion beam for every line scanned, we prepare a polarization sensitive programmable
target using the twisted nematic LCSLM. An image resembling the letters “II'T” is
written in black on a white background on the TNLCSLM panel, and a square area

surrounding the letters is taken as the target. The arrangement of liquid crystal
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Figure 5.7: Illustration to show the polarization of the reflected beam (green double
arrow) from both the ON and OFF state of pixels of a TNLCSLM, when illuminated (blue
double arrow) with (i) a Y polarized beam or (ii) an X polarized beam. (b) Experimental
images of the TNLCSLM display panel showing the letters “II'T” when the illumination
beam is (i) X polarized and (ii) Y polarized. X polarization is represented by dashed
double arrows, while the Y polarization is represented by solid double arrows.

molecules in the white or black pixel ensures that the polarization of the reflected
light gets rotated by 90 if the light is incident on the white pixel and the polar-
ization of the reflected light remains unchanged if the light is incident on the black
pixel. Therefore we refer to the white pixel as the ON state pixel and to the black
pixel as the OFF state pixel. Considering the polarization of the illumination beam
to be X polarized, the reflected light becomes Y polarized if the beam is incident
on the ON state pixel and remains X polarized if incident on the OFF state pixel.
Similarly, when the Y polarized beam is used as an illumination beam, the reflected
beam becomes X polarized if the light is incident on the ON state pixel and remains
Y polarized if incident on the OFF state pixel. Figures[5.7(a) (i) and (ii) show the
polarization of the light reflected (indicated by the green double arrow) from both
the ON state and OFF state of pixels, when the polarization of the incident beam
(indicated by the blue double arrow) is X polarized and Y polarized, respectively.
We insert the optional polarizer in the detection path between the beam splitter and
the photo-detector so that the photo-detector receives the Y polarized light only.
Therefore, if the illumination beam is X polarized, the letters “IIT” will appear

black in white background, and the reverse if the illumination beam is Y polarized.
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Figure 5.8: Experimental images of the TNLCSLM display panel showing the letter “T”
with the illumination beam of (a) X polarization, (b) Y polarization, and, (c) circular
polarization using scheme-C polarization switching scheme. (d) The line plot of intensity
against the image pixel number along the lines shown in (a), (b), and (c).

Figures[5.7|(b) (i) and (ii) show the recorded images of the test target captured when
illuminated with the X polarized beam and Y polarized beam, respectively.

We also employ the laser scanning microscope to implement scheme-C of po-
larization switching between plane polarized along X, plane polarized along Y, and
circular polarization states of the illumination beam. Figures (a)—(c) show the
recorded images of the TNLCSLM display panel showing the letter “T” when illu-
minated with X polarized beam, Y polarized beam, and circularly polarized beam,
respectively. The letter “T” is written on the TNLCSLM display panel in a similar
way as the letters “II'T”. A line plot against the pixel number for each of the three
images, along a line as indicated in the images, is shown in figure (d) From the
line plot, it is seen that both the ON state and OFF state pixel values are nearly
equal in magnitudes when the illumination beam is circularly polarized (i.e. the
illumination beam has both X and Y polarized light with a phase difference of 7/2
between the two) in contrast with when the beam X or Y polarized.

The results in figures [5.6] (b) and confirm the capability of the laser
scanning microscope employing schemes A and C to perform intraframe polariza-
tion switching with a time interval of 5.56ms between the arrival of two different

polarizations at each pixel. The images with two different polarizations or three
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different polarizations are simultaneously available after 4.27s in case of scheme-A

or scheme-C polarization switching, respectively.

5.7 Conclusion

In this chapter, we have introduced the development of a laser scanning microscope
that also has the division of wavefront-based vector beam unit as a part of the illu-
mination beam generation assembly. We have implemented polarization switching
of the illumination beam at the end of each line scanned in contrast to at the end
of every frame. The polarization modulation of the illumination beam is achieved
exploiting the FELCSLM display properties. We have introduced three polarization
switching schemes depending on the number of polarization states of the illumina-
tion beam and the switching manner. We have presented experimental results to
demonstrate the capability of the scanning microscope as well as the implementa-
tion of polarization switching schemes to modulate the polarization profile of the

illumination beam at the end of each line scanned.
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Polarization switching of the illumination beam in
a scanning confocal microscope in the

fluorescence mode

6.1 Introduction

In the previous chapter (i.e. chapter , we introduced a laser scanning confocal
microscope executing polarization switching of the illumination beam at the end of
each line scanned. Experiments were performed with a scanning microscope in the
reflection mode. In chapter [2, we discussed the importance of polarization switch-
ing of the illumination beam in the field of biological and biomedical sciences where
imaging is mostly done in the fluorescence mode. In this chapter, the intraframe
polarization switching scheme is implemented in a laser scanning confocal micro-
scope working in the fluorescence mode. The chapter begins with a discussion on
the modification in the laser scanning confocal microscope described in the previous
chapter to convert it to the fluorescence mode. We implement intraframe polariza-
tion switching in the scanning confocal microscope in the fluorescence mode and
discuss some issues in the setup owing to the wobbles in the scanning mirrors. The
chapter then describes a holographic scanning confocal microscope that can work
both in the reflection and fluorescence modes, where the issue of wobbles is taken

care of.
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Figure 6.1: Schematic diagram of the laser scanning confocal microscope working in
the fluorescence mode employing the intraframe polarization switching of the illumination
beam.
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6.2 Laser scanning confocal microscope in the flu-

orescence mode

The schematic diagram of the experimental arrangement used for the implementa-
tion of the intraframe polarization switching in a laser scanning confocal microscope
working in fluorescence mode is shown in figure The optical components of the
microscope setup are the same as the one working in reflectance mode (|5.3)) except
the dichroic beam splitter (DBS), in combination with a long-pass emission filter EF
placed in between the DBS and the photo-detector, that replaces the beam splitter
BS. As already discussed in section [2.3] the DBS reflects the beam of shorter wave-
length (relative to the cut off wavelength) towards the specimen and transmits light
of longer wavelength (relative to the cut off wavelength) towards the detector, while
the EF blocks any shorter wavelength light coming from the specimen towards the

detector.

Laser scanning confocal microscope in the fluorescence mode often uses sub-
wavelength diameter fluorescent beads for routine checking and calibration [93].
Fluorescence beads are available in different sizes ranging from 0.1pum to about
15um and having different excitation and emission spectra. Here we use 0.2um
diameter FluoSpheres beads (Carboxylate-Modified Microspheres, Make: Thermo
Fisher Scientific) having peak excitation/ emission wavelengths 540/560nm. The
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Figure 6.2: Experimental images (86 x 86 pixels, using 10X, 0.3 NA Olympus MO lens,
and confocal pinhole size ~ 4x airy disc) of beads (200 nm FluoSpheres) with X polarized
(a) normal (Gaussian) beam, (b) helical beam of topological charge | = 1, and, (c¢) helical
beam of topological charge [ = 2. (d) Line plots of normalized intensity against the image
pixel number for the images (a)—(c) across an isolated bead as shown in (a), taking the
coordinate of left most pixel as 1.

bead solution is first diluted by mixing 50uL of concentrated bead solution with
450 L distilled water for a 1:100 dilution. The solution is further diluted by taking
a b0uL solution of 1:100 dilution to 450uL distilled water for a 1:10,000 dilution.
The above steps are necessary to dilute the concentrated bead solution such that
the beads are well sparse on the microscope slide. The final solution is well mixed
using a vortex mixer before preparing it for imaging using the microscope slide and
a coverslip as per protocol. The green DPSS laser (A = 532nm) is used in the
vector beam forming unit to realize the illumination beam and a 552nm single-
edge (i.e. cut off) standard epi-fluorescence dichroic beamsplitter (Make: Semrock,
Model: FF552-Di02-25x36) is used as the DBS. A 532nm long-pass emission filter
(Make:Semrock, Model: BLP01-532R-25) is used as the EF to further ensure the
transmission of light with a wavelength greater than 546nm that is focused on the

photo-detector.

6.2.1 Results and discussions

We first image the beads using a fixed polarization state of the illumination beam for
the entire image frame using a 10x microscope objective. We use a 100um pinhole,
which is ~ 4x the corresponding Airy disc at the detector plane, in front of the
photo-detector. Figure [6.2(a) shows the recorded image of the beads using an X
polarized illumination beam. Since the diameter of the bead is much smaller than
the FWHM of the point spread function, which in the present case is ~ 900nm, the

image of an isolated bead will be a representative of the PSF of the microscope.
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Figure 6.3: Experimental images (128 x 128 pixels, using 100X, 1.4 NA Olympus oil
immersion MO lens and confocal pinhole size ~ 2x airy disc), using scheme-C, of 200nm
FluoSpheres beads with (a) Y polarized beam, (b) X polarized beam, (c) circularly polar-
ized beam. (d) The line plot of normalized intensity against the image pixel number for
the images (a)—(c) across two isolated bead enclosed by the square box in red as shown
in (a), taking the coordinate of left most pixel as 1.

We then modify the hologram to incorporate helical phase profiles [94] of different
topological charges into the illumination beam. A helical beam when focused gives
rise to a ring-line intensity distribution with the diameter of the ring increasing
as the topological charge increases. Figures [6.2(b) and [6.2(c) show the recorded
images of the beads using an X polarized helical beam of topological charge [ = 1
and [ = 2, respectively, as the illumination beam. Line plots of normalized intensities
against the image pixel number, along a line across an isolated bead as shown in
figure [6.2(a), for the images [6.2(a)—(c) are shown in figure[6.2(d). The image and
the line plots demonstrate proper working of the scanning confocal microscope in
the fluorescence mode. However the contrast and signal levels in the images are
observed to be low compared to the same in the case of the reflectance mode. This
is due to limited number of photons emitted by each bead which undergo further
loss in each transmission through an optical element till they reach the detector.
Unlike the reflectance mode amount of light reaching the detector is not directly
proportional to the illumination beam intensity beyond a certain threshold value.
Moreover owing to the finite size of the beads the centres of the bead images do not

have zero intensities.

The FluoSpheres beads are then imaged using a 100X, 1.4 NA lens employing
scheme-C with the illumination beam switched between X, Y and circular polariza-
tion states. Figures [6.3|(a), (b), and (c) show the images (pinhole size ~ 2x Airy
disc) of the beads when illuminated with Y polarized, X polarized and circularly
polarized beams respectively. We observe that images of two beads corresponding

to the red box in figure (a) show some significant variations under different po-
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Figure 6.4: Experimental images (45 x 45 pixels, using 100X, 1.4NA Olympus oil im-
mersion MO lens and confocal pinhole size ~ 2 airy disc), using scheme-C, of FluoSpheres
beads with (a) X polarized beam, (b) radially polarized beam, (c¢) azimuthally polarized
beam. (d) The plot of normalized intensity against the image pixel number for the images
(a)—(c) along a line as shown in (a). (e) normalized intensity plots through the center of
the numerically obtained PSFs due to X, radially and azimuthally polarized beams.

larizations. As seen in line plots in figure (d) along a line passing through the
centres of the two beads, it found that when illuminated with Y polarized light, the
bead on left has higher peak value than the bead on the right, which reverses when
the polarization is changed to X or circular polarizations. This indicates that the
bead on the right has a dominant population of molecular dipoles oriented along
X and the bead on the left has a dominant population of dipoles oriented along
Y. Also the population of X oriented dipoles in the bead on R.H.S. is more than
the population of Y oriented dipoles in the bead on L.H.S. because even with the
circularly polarized illumination beam, that has equal amount of X and Y polarized
light, the peak intensity in the bead on the right is more than the peak in inten-
sity in the beam on the left. We then update the color holograms to implement
scheme-C using X, radially and azimuthally polarized beams. Figures [6.4(a), (b),
and (c) show the recorded images of the fluorescent beads when illuminated with X,
radially and azimuthally polarized beams, respectively. Figure (d) shows the plot
of normalized intensity against the image pixel number for images [6.4)(a)—(c) along
a line passing through the bead as shown in figure [6.4[(a). Figure [6.4[(e) shows the
normalized intensity line plots through the center of the simulated PSFs due to X
polarized (solid line in red), radially polarized (solid line in green) and azimuthally
polarized (solid line in blue) beams. Comparison of figures [6.4[(d) and (e) indicate
that as in the simulated plots, the PSF with azimuthal polarization tends to show
a dip at the centre even in the experimental plot. Such clear dip at the centre is
not seen in the case of linear and radial polarizations. In the case of the X polar-
ized beam mostly the X oriented molecular dipoles and in the case of the radially

polarized beam mostly the axially oriented dipoles contribute to the PSFs. The

5
TH-2285_146121029
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confocal microscope in the fluorescence mode

experimental plot with the azimuthally polarized beam does not have a zero mini-
mum at the centre owing to the finite diameter of the bead which is not negligible
compared to the width of the dark centre as seen in the simulation. The results
in figures and demonstrate that our setup is able to implement scheme-C
to switch the illumination beam between various arbitrary polarization states after

each line scanned.

6.2.2 The issue of wobble in the scan mirrors

As already discussed in the previous chapter, the polarization switching scheme
enables one to illuminate each pixel in the specimen plane with two different po-
larizations at a time interval of 5.56ms. However, the galvanometer scanner based
beam scanning adopted in the proposed microscope has a limited beam positioning
accuracy and stability [40]. This leads to wobbles in the scan mirrors which may
have both short term and long term manifestation. One reason for such wobble
is that the high-speed operation of the scanners leads to temperature variations.
Figure shows the image of element 6
group 7 of the USAF 1951 resolution test
target using 100X, 1.4NA MO lens, and
an X polarized illumination beam recorded
by the our confocal system in the reflection

mode. The magnified view of the central

portion of the image indicated by a square

in red is shown as the inset, which clearly Figure 6.5: Reflected light image of a
shows the variation at the edges of a strip portion of the USAF 1951 test target us-
in the target, caused by the wobble. The ing 100X, 1.4NA Olympus oil immersion
affect of such wobble is also evident in fig- MO lens.

ures and [6.4] highlighting the limita-

tion of the present scanning unit in precise scanning of the specimen.

Fortunately the beam scanning in a microscope can also be achieved holograph-
ically in the +1 order diffracted beam, by writing a sequence of computer generated
holograms on the LCSLM with gradually varying tilts and displaying in a sequence
manner [44], [46, 05]. Such holographic beam scanning offers superior stability and

repeatability [45], 6] of the illumination beam in a scanning microscope.
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Figure 6.6: Schematic diagram of the beam scanning microscope with galvanometer
based as well as CGH based beam scanning mechanism.

6.3 Scanning microscope with both scan mirror

based and holographic beam scanning

In order to investigate the performance in regards to beam positioning accuracy of
the galvanometer scanner based as well as holographic beam scanning, we develop

a beam scanning microscope equipped with both the beam scanning mechanisms.

6.3.1 Experimental arrangement

The schematic of the beam scanning microscope with galvanometer based and CGH
based beam scanning mechanisms is shown in figure [6.6f The beam from a He-Ne
laser is expanded and collimated using a combination of two lenses. The collimated
beam illuminates the LCSLM panel, where a binary hologram is written. The +1
order beam diffracted by the binary hologram is then isolated from the other orders
using a lens and an iris diaphragm (ID) and which then travels towards the galvo
scanning unit via a beam splitter. The two scan mirrors are separated using a 4f
relay system. The beam then enters the microscope objective after passing through
another beam splitter. The reflected light from the specimen is collected by the

same MO and which then travels towards the detector unit A or B, depending on
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the choice of the beam scanning mechanism.

During the operation of the galvanometer based beam scanning, a static binary
hologram is written on the LCSLM. Here, the light from the specimen is de-scanned
by the scanning unit before it enters into the detector A (i.e. PMT) via a beam
splitter. An iris diaphragm, ID, is placed in front of the PMT as the confocal
pinhole. The microprocessor based synchronization unit synchronizes the operation
of the scanning unit with the analog-to-digital conversion of the DAQ card linked
to the PMT.

When the CGH based beam scanning is in operation, the galvanometer scanners
are set at zero deflection position. The light from the specimen collected by the
MO moves towards the camera (detector B) after getting reflected by the beam
splitter. A lens is used to focus the beam onto the camera. A detector window (a
square area of the camera image) is defined in the camera plane surrounding the
image of the +1 order focal spot, to act as the confocal detector. The net signal
in this detector window constitutes the detector signal for a given scan position.
As a series of holograms with appropriate tilt values are written on the LCSLM,
the +1 diffracted order beam scans the desired area in the specimen plane. In
synchronization with the movement of the illumination spot, the detector window is
also moved programmably to each scan position, and the net signal corresponding
to each location is stored in the PC. Finally, the stored data is used to construct the
electronic image of the specimen. Optical sectioning capability of the microscope

can be increased by decreasing the size of the detector window.

6.3.2 Study on beam stability and repeatability

We first capture images of element 1 group 7 of the USAF 1951 resolution test
target using both the beam scanning mechanisms. Figures [6.7|(a) and (b) show the
images of the test target using the galvanometer scanner based beam scanning and
CGH based beam scanning mechanism, respectively. The specimen is scanned over
256 x 256 positions covering an area of about 21um x 21pum. A line plot against the
image pixel number for the two images, drawn along a line as indicated in the images,
is shown in figure (c) The line plot demonstrates that both the beam scanning
mechanisms cover almost the same area on the specimen plane. We then study the
repeatability of both the beam scanning methods by scanning a particular line of
the specimen (i.e. the central line of the images [6.7|(a) and (b)) repeatedly for 20
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Figure 6.7: Images (256 x 256 pixels) using 40X, 0.6NA Olympus MO lens of element
1 group 7 of the USAF resolution test target with (a) galvanometer based and (b) binary
hologram based beam scanning mechanism. (c) intensity plots against image pixel number
along a line as indicated in (a) and (b).

times. Figures[6.8/(a) and (b) show the plots of pixel values against the pixel number
along the given line for each scan, corresponding to the two scanning mechanisms.
A histogram of the number of occurrences of the pixel numbers coinciding with half
the maximum value for the line against the pixel number is plotted. Figures [6.§8]c)
and (d) show the histograms for the galvanometer based scanning and holographic
scanning, respectively. From the histogram plots, it is evident that the CGH based
beam scanning mechanism has better beam positioning accuracy and repeatability

than that of the galvanometer based beam scanning mechanism.

6.4 Holographic scanning confocal microscopy for
both reflected light and fluorescence light imag-
ing

In the above, we have observed that a scanning microscope with holographic beam
scanning provides superior beam stability and repeatability. In order to test the abil-
ity of such a system for fluorescence light imaging as well, we develop a holographic
scanning confocal microscope that can work both in the reflection and florescence

mode.

6.4.1 Experimental arrangement

In order to image the desired area of a specimen, the fluorescence imaging is of-

ten preceded by reflected light imaging, such that the correct imaging area can be
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Figure 6.8: Experimentally obtained intensity plots across the central strip of element
1 group 7 of USAF 1951 test target (scanned repeatedly over 20 times with different
scans indicated by different colors) with (a) galvanometer based and (b) CGH based beam
scanning mechanism. (c) and (d) are the histogram plot showing the number of occurrences
when the intensity value crosses the half of the maximum value of (a) and (b) against the
image pixel number.

identified by examining the reflected light image. However, if the same laser is used
for both reflected light and fluorescence light imaging, the illumination during the
reflected light imaging may lead to photobleaching of the interested region [38],
thereby resulting in reduced contrast of the fluorescent images. Here we use two
lasers, a red laser for reflected light imaging and a green laser for fluorescence light
imaging. For a fluorescent dye with peak absorption at green, there will be very
little absorption at red and hence there will be very little photobleaching even if
fluorescence imaging is preceded by reflected light imaging. We also use the same
set of the dichroic beam splitter and emission filter for both the modes so that in

between the two modes, there is no disturbance to the microscope stage.

The schematic diagram of the holographic scanning confocal microscope is shown
in figure (a). The microscope setup primarily comprises the Olympus Inverted
IX51 microscope assembly, two lasers, the FELCSLM for quick display of binary
holograms, and the Basler CCD camera as the detector. The DPSS green laser
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Figure 6.9: (a) Schematic diagram of the holographic scanning confocal microscope, (b)
a color image comprising 24 binary holograms, (c) an experimental image of the focal spots
generated by one color image displayed on the FELCSLM, and (d) intensity plots along
the lines shown in figure (c¢) with different offsets (in the vertical direction) applied to the
different rows, indicating precise overlap of the focal spots in the horizontal direction.

for fluorescence light imaging and the He-Ne red laser for reflectance light imaging,
are combined using a beam-splitter BS so that they follow a common path. The
collimated laser beams illuminate the FELCSLM display panel which displays each
24 single-bit planes of a color image at a rate of 1440 Hz using 24sb display mode.
The display of each color image on the FELCSLM results in a +1 order diffracted
beam traveling along each of the 24 user-defined directions. The +1 order beam
after getting reflected by the DBS is eventually focused by a 10X MO lens onto
the specimen. The DBS used has an edge wavelength of 552nm so that ~98%
of the green light and about ~7% of the red light is reflected. The two lenses
L3 and L4 constitute a 4f relay system such that the FELCSLM panel and the
entrance pupil of the MO are conjugate to one another. Reflected or fluorescence
light from the specimen is collected by the same MO lens and after transmission
through the DBS and the emission filter EF is focused by a lens (Ls) onto the
camera. A microprocessor based synchronization unit is used to generate trigger
pulses to expose the camera for a duration equal to the display period of 24 single-
bit images (equal to 16.67ms) corresponding to a single color image. Figure (b)
shows a representative color image comprising 24 binary holograms, while figure
[6.9/(b) shows the resulting 24 focal spots (arranged in 4 rows) corresponding to 24
different scan positions of the illumination beam captured in a single camera frame
(using an exposure time of 16.7ms). Figure [6.9(d) shows the normalized intensity
plots along the lines shown in figure [6.9(c). The horizontal pixel coordinates of

the six intensity maxima in each row are found to be 13, 31, 49, 67, 85, and 103,
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Figure 6.10: Images (120 x 120 pixels) of a tooth section using (a) reflected light and
(b) fluorescence light. (c) False color image combining the reflected image and the cor-
responding fluorescence image. (d) A fluorescent image of the tooth section showing the
interface among dentin (D), enamel (E), and composite (C).

taking the coordinate of the left most pixel as 1, which indicates the precise overlap
of the focal spots in the horizontal direction. Therefore, considering the specimen
is to be scanned over n X n pixels, a sequential display of (n x n)/24 numbers of
appropriately constructed color images will make the illumination beam scan the
specific area. Confocal image is constructed by defining a digital detector window
as described in section [6.3.11

Depending on the imaging mode (fluorescence or reflection), only one laser beam
is operated at a time. We use two sets of binary holograms for the two lasers. Each
set, along with the tilts, also incorporates aberration and defocus correction ( to
compensate for chromatic aberration) by using an appropriate expression of the

phase function ¢,(z,y) as discussed in chapter [3|

6.4.2 Results with the reflection and fluorescence modes to-

gether

We have use a section of an extracted human premolar tooth as the specimen for
the experiment. The tooth goes through Class II cavity preparation as per protocol
after which it is restored with resin based composite. The tooth specimen is then
immersed in 0.5 % Rhodamine B fluorescent dye and a longitudinal buccolingual
section of the tooth is prepared.

We first obtain the reflected light image followed by the fluorescence image of
the tooth section using a detector window area of 4 x 4 pixels. The full width at
half maxima of the illumination spot in the camera plane is around 6 pixels. The
scanning is performed over a specimen area of 156um x 156um using 120 x 120

scan positions with an acquisition time of about 18 seconds per image. Figures
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6.10| (a) and (b) show the reflected light and fluorescence light images of the tooth

section. The reflected light image shows the interface between the dentin (D) and the
composite (C) in the cavity as a dark line, while the fluorescence image shows strong
fluorescence coming from the interface gap (marked by the arrows) and leakage
of the composite into dentinal tubules. Figure m (c) shows a false color image
constructed using the reflected light image in the red channel and the corresponding
fluorescence light image in the green channel. The overlap of the two images showing
a green line at the interface gap indicates that both lasers are imaging the same area
of the specimen. Figure m (d) shows the fluorescence image of another area of
the tooth section revealing the interface among dentin (D), enamel (E) and the
composite (C) which confirms that other than the interface there is no fluorescence

emission from the enamel or composite.

6.5 Implementation of polarization switching in
the holographic scanning confocal microscope

in the fluorescence mode

In the above section we have demonstrated that a holographic scanning confocal
microscope can not only work in the reflection mode but also in the fluorescence
mode. In this section we implement polarization switching of the illumination beam
in a holographic scanning confocal microscope and record images of fluorescent beads
with different polarizations of the illumination beam. The schematic diagram of the
optical arrangement to implement polarization switching of the illumination in the
holographic scanning confocal microscope is shown in figure [6.11] The setup is
almost the same as that of the galvanometer based beam scanning microscope as
described in section with a modification where a mirror is used in the place of
the DBS, and the DBS in combination with the EF, lens and the camera is placed
just before the MO as in the setup in figure [6.9] Although the scan mirrors are in
the beam path they are not used for scanning and the mirrors are kept at their 0
positions. The FELCSLM displays binary holograms using the 24sb display mode
as in section [6.4.1) so that the +1 order beam goes to 24 location of the specimen
plane and a single capture with the camera records the images of the illumination

spots for all the 24 scan positions. A color image (say C1) is constructed in such
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Figure 6.11: Schematic diagram of the holographic scanning confocal microscope imple-
menting polarization switching of the illumination beam.

a way that all the 24 constituent single-bit images are binary holograms or pairs of
binary holograms that result in an illumination beam in the specimen plane with
a particular polarization (say P1). After the recording of the images of the 24
illumination spots corresponding to polarization P1 another color image (say C2) is
constructed such that the corresponding 24 single-bit images are binary holograms
or pairs of binary holograms that result in illumination beam of polarization P2.
After the recording of the illumination spot images, the illumination beam can
be switched to another polarization, say P3, using another color image C3. Thus
another set of three color images (C1, C2, C3) can be constructed to scan the next
set of 24 locations of the specimen. At the end of the scanning, the data stored in
the PC can be used by defining a detector window as described in section to
construct three confocal images corresponding to three different polarizations of the

illumination beam.

In order to achieve the polarization switching of the illumination beam between

m number of polarized profiles, m color images are constructed and displayed on
the FELCSLM.

A proof of principle experiment is carried out to demonstrate the proposed po-
larization switching scheme in the holographic scanning confocal microscope, where
the illumination beam is switched between plane polarized along X, plane polarized
along Y, and circular polarization states. Figures [6.12)(a), (b), and (c) show the
images (using 100X MO lens, detector window area of 8 x 8 pixels, where FWHM

of the illumination spot in the camera plane is around 12 pixels) of the 200nm
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Figure 6.12: Images (96 x 96 pixels) using 100X, 1.4NA Olympus oil immersion MO lens
of 200nm FluoSpheres beads with (a) X polarized beam, (b) Y polarized beam, and (c)
circularly polarized beam. (d) and (e) are the plots of normalized intensities against the
image pixel number across the bead A and B shown in (a), respectively. The coordinate
of left most pixel of each plot is taken as 1.

FluoSpheres beads when illuminated with X polarized, Y polarized and circularly
polarized beams respectively. We identify two beads denoted as A and B (shown
in figure [6.12(a)), which appear to have a differential response to different polar-
izations. Figures[6.12(d) and (e) are the plots of intensity against the image pixel
number, along a line passing through the beads A and B. From the line plots, it is
seen that, when illuminated with Y polarized light, the bead A has lower maximum
than that of the bead B but has a nearly equal maximum value when illuminated
with X polarized and circularly polarized beams. This indicates that in bead A the

number of molecular dipoles oriented along Y is relatively less.

Thus we have seen that programmable polarization switching can be imple-
mented even in the holographic scanning confocal microscope in the fluorescence
mode. It provides scanning with superior accuracy in comparison with the scan
mirror based setup. However a price is to paid in terms of the image frame rate.

To construct an image over N x N pixels with just one polarization, a holographic

scanning confocal microscope takes atleast ]\1[ 4X4](¥ sec (=45.51 sec for N=256), which

is much more than the same using the scan mirrors. Therefore such a polarization

switching scheme will be useful if the number of scan positions are less.
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6.6 Conclusion

In this chapter, we have described the development of a laser scanning confocal
microscope in the fluorescence mode employing polarization switching of the illu-
mination beam at the end of each line scanned. We have presented experimental
results to demonstrate the implementation of the polarization switching scheme
to modulate the illumination beam among different scalar as well as vector beam
profiles. We then highlighted the issue of wobble associated with the scan mirror
setup that limits beam repeatability and described how the computer generated
hologram based beam scanning can address this issue. We have demonstrated the
implementation of the computer generated hologram based beam scanning in a con-
focal imaging system working in both reflection and fluorescence mode. We have
then implemented polarization switching between three different polarizations in a

holographic scanning confocal microscope by imaging fluorescent beads.
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Conclusion and future prospects

7.1 Conclusion

The laser scanning confocal microscope (LSCM) is a powerful tool to obtain high
contrast optically sectioned images of a specimen. It finds diverse applications, in
particular areas, such as in biological science and biomedical science. Use of polar-
ization in an LSCM can extract more information from the specimen, for instance,
information on molecular orientation, which is otherwise not possible. Polarization
based applications of LSCM require the system to have a capability to generate il-
lumination beams with different polarization profiles and to quickly switch between
different polarization profiles. However the conventional LSCMs do not have a ro-
bust mechanism to generate and switch between, various user-defined polarization
profiles of the illumination beam. In this thesis we propose a robust and flexible
scheme using a single computer controlled liquid crystal spatial light modulator (LC-
SLM) to generate arbitrary and user-defined vector beams with the highest average-
power possible with a LCSLM based method. We then employ this scheme in a
scan mirror based confocal system where the polarization of the illumination beam
is switched after every line scanned. We implement the polarization switching in
both reflectance and fluorescence modes of the scan mirror based LSCM constructed
and also in a holographic scanning confocal microscope.

Below we provide a chapter-wise summary of the thesis.

In chapter 1, we have provided a brief description of the basic research problem
and its proposed solution followed by a chapter-wise overview.

In chapter 2, we have discussed on the working principle of a laser scanning

confocal microscope and the polarization in a LSCM. We have the discussed about
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some of the issues with the present state of the art and briefly described the main
building blocks of the basic LSCM built in the thesis.

In chapter 3, we have introduced the basic principle of the computer generated
holography technique, followed by a discussion on liquid crystal spatial light modu-
lators and how they can be used to write computer generated holograms. We have
elaborated on the algorithms adopted to compute binary holograms to generate
scalar beams and vector beams with arbitrary and user-defined complex amplitude
profiles and how they can be implemented using nematic or ferroelectric LCSLMs.

In chapter 4, we have introduced a division of wavefront-based scheme using a
single liquid crystal spatial light modulator to generate an arbitrary user-defined
vector beam. We have demonstrated the working of the proposed scheme by gener-
ating a few important vector beams. We have shown how the displacement theorem
enables the shifting of the focal volume intensity distribution in the axial direc-
tion under low NA focusing condition by incorporating defocus into the beam and
how the same can used to record the three-dimensional focal intensity distribution.
We have generated a coma aberrated azimuthally polarized beam and recorded the
resulting boat-shaped three-dimensional focal intensity distribution as a demonstra-
tion of the capability of the proposed scheme to incorporate precise phase control
of the generated vector beam.

In chapter 5, we have built a laser scanning microscope with the division of
wavefront-based vector beam forming unit as a part of the illumination beam gen-
eration assembly. We have implemented polarization switching of the illumination
beam at the end of each line scanned, exploiting the ferroelectric LCSLM display
properties. We have introduced three polarization switching schemes depending on
the number of polarization states between which the illumination beam is to be
switched. We have implemented the polarization switching schemes in the reflection
mode of the LSCM.

In chapter 6, we have described the development of the LSCM in the fluores-
cence mode employing polarization switching of the illumination beam at the end
of each line scanned. We have presented experimental results to demonstrate the
implementation of the polarization switching scheme to modulate the illumination
beam among different scalar as well as vector beam profiles. We have then high-
lighted the issue of wobble associated with the scan mirror setup that limits beam
repeatability and have described how the computer generated hologram based beam

scanning can address this issue. We have implemented holographic beam scanning
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in a confocal microscope working in both reflection and fluorescence modes, where
the illumination beam is scanned holographically without the scan mirrors. We
have also implemented a polarization switching scheme in the fluorescence mode of

a holographic scanning confocal microscope.
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7.2 Future prospects

1. In this thesis we allow an expanded TEMgyo mode to incident simultaneously on
the two holograms displayed on the LCSLM of the division of wavefront-based
vector beam forming unit. This results in a significant loss of light which do
not incident on the two holograms. Instead of one beam, the optics can be
modified, such as using a combination of beam splitters and mirrors so that
two mutually coherent beams each in TEMgy, mode, derived from the same
laser, are simultaneously incident on the two holograms. This arrangement

will significantly enhance the overall light efficiency of the unit.

2. We have used 3sb display mode of the ferroelectric LCSLM to implement the
polarization switching after every line scanned in a scanning microscope. The
polarization switching can also be implemented using 24sb display mode of the
ferroelectric LCSLM to enhance the image frame rate or to include more than
three polarization profiles. The image frame rate of the line wise polarization
switching scheme can further be increased by using multiple vectors beams

generated by multiplex binary holograms and resonant mirror scanners.

3. We have implemented the polarization switching scheme on a steady specimen.
Instead, the scheme can be employed in a moving specimen such as when
imaging of biological specimen in a microscopic flow, imaging of live specimens
such as mouse brain and so on. In the same study, the advantage of the line
wise polarization switching relative to polarization switching after each image

frame can be investigated.

4. The use of quick polarization switching as proposed in our scheme can also
be exploited in non microscopic imaging applications such as in the field of

optical data storage, optical image encryption, material processing and so on.
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