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1 Introduction

Laser scanning confocal microscopy (LSCM) is a powerful imaging tool for obtaining high
contrast optically sectioned images. The optical sectioning property is achieved by keeping a
spatial filter (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 [1–3]. One may also
capture a large number of thin optical sections out of a thick specimen to build an impressive
three-dimensional view of the same 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]. There are reports on scanning laser ophthalmoscopy
in animal models for in vivo confocal imaging of the retina. [6]. Owing to enhanced imaging
capabilities, LSCM also finds application in the studies of crystal morphology [7], material
deformation [8], food products [9, 10], and so on.

The polarization property of the illumination beam is often exploited in optical mi-
croscopy to extract additional information on molecular organization in the specimen. This
relies on the fact that, upon illuminating the specimen, the excitation or absorption effi-
ciency of the molecules depends on the angle between the molecular dipole moment and the
excitation electric field. Thus 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 objective lens [11, 12]. Thus, the electric field orientation at the focus to excite the
molecules in the specimen can be modified by controlling the polarization profile at the en-
trance pupil. The polarization based optical microscope has found applications in the studies
of molecular structure [13–18], protein function and tissues [19–23], exciton fine structure
of nanocrystals [24], properties of fluorescent nanoemitters [25], topological defects in liquid
crystal materials [26], and so on. The differential polarization laser scanning microscope
(DP-LSM) is the popular polarization based microscopy technique for study of molecular
orientation of the specimen [16, 27–29]. It involves imaging of the specimen using two or-
thogonal linearly or circularly polarized beams. The difference of the images corresponding
to the two polarizations of the illumination beam is the measure of the linear dichroism (LD),
that yields a two-dimensional mapping of the anisotropic optical organization of molecules
in the specimen. Therefore, for complete exploration of the three dimensional spatial orien-
tation of the molecules, one need to image the specimen with three mutually orthogonally
polarized illumination beam.

In the last few decades, several techniques have been proposed to modulate the polar-
ization of the illumination beam in an optical microscope. Many of these techniques use an
electro-optic modulator such as Pockels cell [27, 30, 31], or magneto-optic modulator such
as Faraday rotator [32] to modulate the polarization of the illumination beam using differ-
ent classical polarization states. However, the accuracy of producing a particular plane of
polarization of light beam by Pockels cell or Faraday rotator depend on the stability of the
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externally applied field; that is, the stability of the modulation voltage applied across the
Pockels cell or that of the longitudinal component of the magnetic intensity applied across the
Faraday rotator. A combination of two liquid crystal spatial light modulators (LCSLM) [11],
or a universal compensator made up of liquid crystal variable retarders [33–36] can be used
to produce two dimensional spatial distribution of polarization of the illumination beam in a
microscope. However, the methods discussed till now only employ the inter-frame polariza-
tion switching; that is, the polarization of the illumination beam is switched after acquiring
the entire image frame of the specimen area. This technique leads to a delay equal to at least
the acquisition time of one complete image frame, between the imaging with two different
polarizations. For extraction of detail information on molecular organization in a specimen,
which is in a dynamic environment, one has to reduce the above delay. There are a few
techniques that enable to switch the polarization of the illumination beam after every line
scanned [27, 29, 37], where polarization modulation is achieved by using Pockels cell [27] or
photoelastic modulators (PEM) [29, 37]. But the methods can generate and alter the polar-
ization of the illumination beam among the classical polarization states only, which are plane
polarized, circularly polarized, and elliptically polarized. Also, for real-time monitoring of
molecular order in a dynamic environment, a high-speed spinning disk can be utilized to
improve the image acquisition rate of a polarization based optical microscope [31]. However,
the performance of the spinning disk suffers from the pinhole-cross talk, as unwanted scat-
tered or fluorescence light from the specimen can still enter the detector through adjacent
pinholes.

The programmability of a liquid crystal spatial light modulator can be exploited to
generate a user-defined two dimensional spatial polarization profile of a light beam, called
arbitrary vector beam. A combination of two [38] or three LCSLMs [39], or one LCSLM along
with a Wollaston prism [40, 41], or double passing of the beam through a single LCSLM [42],
one can produce a two-dimensional spatial distribution of polarization in a light beam.
However, until now, in a microscope that uses LCSLM to modulate the polarization 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 inci-
dence on one or two display panels [38, 39, 42]. Thus the final beam undergoes two diffraction
losses after each incidence on the LCSLM. The energy in the final vector beam is 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 con-
cerned [43]. 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 high power vector beam
to illuminate the specimen.

In general, 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 [44]. However, high-speed operation of such scanners can lead to temperature
variations [45], thereby affecting the stability and accuracy of the scanner [46]. These is-
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sues may affect applications, especially those involving weak signals from the specimen [47],
thereby requiring long time acquisition [48] or those involving a time-lapsed study of the
specimen [49].

Considering the above issues, the present thesis discusses the development of an LC-
SLM based division of wavefront based assembly for the generation of an arbitrary vector
beam. The generation of the desired arbitrary vector beam is a result of the coherent addi-
tion of two orthogonally polarized beams. The two said beams are generated using computer
generated holography (CGH) technique in such a way that the complex amplitude profile of
the beams represent the two orthogonally 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.

We propose a laser scanning confocal microscope using the LCSLM based arbitrary
vector beam forming unit in conjunction with a galvanometer based scanning unit, a detector
unit, and a microprocessor baser control unit. The LCSLM assembly, along with other
units facilitate 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 polarizations
generated and the switching manner of the polarization profile to scan the specimen. A proof
of principle experiment is carried out using epi-illumination reflectance mode to demonstrate
the working of the proposed microscope utilizing two of the suggested schemes for switching
between different polarizations of the illumination beam.

We then further develop the proposed microscope enabling the quick polarization
switching of the illumination beam among different polarizations to achieve imaging using
fluorescence light. A hologram written on a liquid crystal spatial light modulator can act
as a diffraction grating [50–52] to achieve beam steering with superior stability and repeata-
bility. In this thesis such a computer generated holography based beam scanning scheme is
exploited to implement a scanning microscope that works in both the reflection and fluores-
cence light imaging, besides providing superior beam repeatability relative to galvo mirror
based scanning.

2 Thesis overview

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

Chapter 1: This Chapter will provide a general introduction of the research problem
and an overview of the thesis.

Chapter 2: This Chapter will start with a brief description of the principle and
operation of the laser scanning confocal microscope, followed by a literature review in the
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area relevant to the research work related to the thesis. The chapter will be concluded with
a detail description of the important hardware components required to build an LSCM for
the purpose the experimental work related to the thesis.

Chapter 3: In this chapter, we will introduce computer generated holography and
discuss the liquid crystal spatial light modulator used to implement the CGH technique. This
will be followed by a description of the use of CGH to generate an arbitrary scalar beam,
a beam with user-defined complex amplitude profile. Finally, the chapter will describe the
implementation of CGH in an optical arrangement to generate an arbitrary vector beam.

Chapter 4: This chapter will provide a discussion on the existing techniques followed
by the introduction of our proposed LCSLM based setup for the generation of an arbitrary
vector beam. We will also provide a description of the displacement theorem to perform an
axial shift of the three-dimensional focal volume intensity distribution. This chapter will be
concluded by demonstrating the experimental results to validate the working of the proposed
vector beam forming setup.

Chapter 5: This chapter will introduce a laser scanning confocal microscope facil-
itating quick switching of the polarization profile of the illumination beam. Here, we will
briefly explain three schemes for intraframe polarization switching of the illumination beam
among a number of different polarizations. We will conclude the chapter by 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: This chapter will present the implementation of the proposed intraframe
polarization switching in the confocal microscope working in the fluorescence mode. A proof
of principle experiment will be presented to demonstrate the capability of the microscope
for quick switching of the illumination beam among different scalar as well as vector beams.
Implementation of computer generated holography based beam scanning in a laser scanning
microscope will also be presented.

Chapter 7: In this chapter, we will provide an overall discussion on the research
work carried out which leads to the thesis with some future prospects that can be explored
in the near future.
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[40] Neil, M. A., Massoumian, F., Juškaitis, R., and Wilson, T. Opt. Lett. 27(21), 1929–1931
(2002).

[41] Maurer, C., Jesacher, A., Fürhapter, S., Bernet, S., and Ritsch-Marte, M. New J. Phys.
9(3), 78 (2007).

[42] Moreno, I., Davis, J. A., Hernandez, T. M., Cottrell, D. M., and Sand, D. Opt. Express
20(1), 364–376 (2012).

[43] Beck, R. J., Parry, J. P., MacPherson, W. N., Waddie, A., Weston, N. J., Shephard,
J. D., and Hand, D. P. Optics express 18(16), 17059–17065 (2010).

[44] Pawley, J. Handbook of biological confocal microscopy. Springer Science & Business
Media, (2010).

[45] Matsuka, D., Tanaka, T., and Iwasaki, M. IEEE Transactions on Industrial Electronics
63(9), 5514–5522 (2016).
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