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Abstract

An optical microscope is an imaging tool that provides images of a specimen with
finer details relative to the image provided by an unaided eye. Owing to the far field
imaging capability the optical microscopes have become very important in diverse

application areas. They are in particular useful for imaging of living biological samples which
is not possible with other high resolution microscopes such as an electron microscope. Based
on the illumination mechanism the optical microscopes are divided into two broad categories,
namely, the widefield microscope and the point scanning microscope. In comparison with
the widefield microscope, the point scanning microscope facilitates the use of laser as the
illumination beam and implementation of various user defined beam profiles. The amount
of finer details in the image that can be provided by an optical microscope is decided by
the parameter called resolution, which has an upper limit due to the diffraction phenomenon.
A point scanning microscope with a pinhole placed in front of the detector and positioned
conjugate to the illumination spot in the sample plane is known as confocal microscope.
The confocal microscope provides significantly better axial resolution and marginally better
lateral resolution relative to a widefield microscope. However to achieve the best resolution
performance the pinhole of the microscope should be as small as possible. Unfortunately as the
pinhole size decreases the amount of signal reaching the detector also decreases resulting in
a drop in the signal-to-noise ratio. On the other hand the use of an array detector instead of
a point detector in a scanning optical microscope enables pixel reassignment in the detector
plane during image formation, in an imaging scheme called image scanning microscopy. Image
scanning microscopy is shown to provide superior lateral resolution relative to a confocal
microscope without compromising on the signal level. Moreover the detector array available
for each scan position enables implementation of state-of-the-art imaging schemes for the
enhancement of both lateral and axial resolution. However the array detection microscope
requires a stable and accurate scanning mechanism and the synchronization of the same with
the array detector often slows down the imaging process. In addition to the point scanning
microscope, resolution beyond the diffraction limit can also be achieved in the widefield
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microscope working in the fluorescence mode. The imaging system called stochastic optical
reconstruction microscope (STORM) implemented in a widefield microscope can provide
super-resolved images of biological samples. In this thesis we develop two types of array
detection microscopes, one using galvo mirror based scanning and the other using holographic
beam scanning. We configure the beam scanning mechanisms and synchronize them with the
array detector in such a way that the imaging can be achieved without compromising on the
other performance parameters. We employ the two array detection microscopes to implement
different imaging schemes to achieve enhancement in both lateral and axial resolutions. We
also develop a STORM system and combine the same with our array detection microscope so
as to be able to obtain both super-resolved imaging and reflected light imaging of the same part
of the specimen.
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CHAPTER 1

Introduction to the thesis work

1.1 Introduction

An optical microscope is an imaging tool that uses visible light illumination and a
combination of lenses to obtain a high-resolution image of the object. Depending on
the illumination mechanism, optical microscopes are divided into two broad categories,

namely, widefield microscope [1–3] and point scanning microscope [4–8]. In the widefield
microscope, usually an incoherent light source illuminates the specimen plane, and the entire
specimen area is imaged simultaneously. Whereas in a point scanning microscope, each point
of the specimen is illuminated one at a time and imaged in a sequential manner using beam
scanner or a stage scanner. In the case of stage scanner the microscope stage is moved relative
to the illumination spot and in the case of beam scanner the illumination spot is moved relative
to the stage. At the end of the scanning, image of each point stored in the computer is combined
to construct the final image of the scanned area. Owing to its far field imaging capability,
the optical microscope has now become an essential tool in diverse areas such as life science
[9], nanotechnology [10], biotechnology [11], pharmaceutical research [12] and so on. It is
especially very useful to view living biological samples for medical diagnosis, which is not
possible with other powerful microscopes such as the electron microscope.

Resolution [13, 14] is a very important parameter of a microscope which represents the
capability of the imaging system to distinguish two point objects, placed close to each other, as
two separate image points. When a point object is seen through a microscope, due to diffraction
it no longer looks like a point rather it looks like a diffraction pattern having a finite width.
Such an image of a point object is called point spread function (PSF). The minimum separation
between two point objects in the specimen in the lateral direction, provided the microscope
forms two distinguishable PSFs in the image plane, is called lateral resolution, while the same

1
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for two point objects in the specimen volume separated in the axial direction is called axial
resolution. The lateral resolution of the microscope is primarily responsible for deciding the
amount of finer details in the image, whereas the axial resolution decides the depth of field
or amount of background light entering the image corresponding to a certain plane in the
specimen. Higher axial resolution can thus lead to a property called optical sectioning in an
optical microscope.

Therefore it is the PSF of the microscope that determines its resolution limit and the
same is considered as a fundamental parameter to characterize the imaging performance of
the microscope. The PSF of an optical microscope, hence, is vital in the calibration of the
microscope in terms of quantifying the resolution. Besides it is useful in the post-acquisition
image deconvolution to further enhance the quality of the image acquired. Deconvolution is a
mathematical transformation of the image which reduces the out of focus information or blur
present in the image data with the help of the PSF of the imaging system [15].

Ernst Abbe suggested that the resolution of an optical imaging system cannot be more
than the limit set by the diffraction phenomenon which is half of the illumination wavelength.
However present day microscope users are finding many application areas where they need
to go beyond the diffraction limit of resolution [16–18]. In last few decades a number of
indirect approaches have been developed which have attempted to push the resolution beyond
the diffraction limit. Below we discuss a few such prominent approaches.

Confocal microscope is a special type of point scanning microscope which eliminates the
out-of-focus information present in the image using a pinhole placed on a plane conjugate to
the object plane placed in front of the detector. The pinhole allows only the in-focus portion of
the light from the specimen to reach the detector thus producing a high-resolution optically
sectioned image of the specimen [6, 19]. However, the lateral resolution obtained from the
confocal microscope is only marginally better than the conventional widefield microscope.

Although the use of array detector in a scanning optical microscope was proposed several
decades back [20], only recently the tremendous potential of array detection towards resolution
enhancement has been realised. In image scanning microscope (ISM), the point detector of
a conventional confocal microscope is replaced by an array detector (i.e. a digital camera)
consisting of a two dimensional (2D) array of pixels. The array detector records an image of
the illumination beam for each scan position. At the end of the scanning, the microscope thus
gathers a 4D array of image data for each pixel of the image. This provides the flexibility to
perform a pixel reassignment scheme to construct a final image with enhanced lateral resolution
[21, 22].

Resolution can be enhanced in a widefield microscope as well. One such example is
structured illumination microscopy (SIM). Here the object is illuminated by a high spatial

2
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frequency grid pattern distribution instead of a uniform distribution of light. The high frequency
content of the object can be overlapped with the grid pattern to produce moiré pattern. By
moving and rotating the grid pattern in different directions and taking the widefield images
of the moiré fringes, a final image can be constructed which has a two fold lateral resolution
enhancement as compared to a widefield microscope [23, 24].

Stimulated emission depletion (STED) microscopy is a technique that truly overcomes the
diffraction limit in the fluorescence mode of optical microscopes by manipulating the effective
emission volume in the illuminated region of the specimen. This is achieved by switching
off the fluorescent molecules in the outer regions of the diffraction limited excitation volume
via stimulated emission using an intense laser beam called STED beam. Fluorescence from
only the narrow region around the optical axis is thus received by the detector to produce a
super-resolution image of the specimen [25].

Stochastic optical reconstruction microscopy (STORM) is yet another super resolved imag-
ing technique applicable for a widefield microscope which relies on the stochastic switching
of individual fluorophores. The random stochastic switching of fluorophores allows to record
temporal separation of individual molecules. Then each fluorophore molecule can be precisely
located by finding their position coordinates from the Gaussian fitting of each fluorophore
image. The positions of all the individual fluorophores from a large number of image frames
are combined to produce the final super-resolution image [26].

In so far as applications are concerned scanning optical microscopes are particularly useful
as they allow illumination with a specifically designed laser beam. The illumination beam can
in fact have a user defined complex amplitude profile. However in order to achieve the optimal
resolution the confocal pinhole needs ideally to have a zero diameter, which then results in no
signal received by the detector. Fortunately the use of array detection in a scanning optical
microscope has provided much more flexibility to implement non conventional detection. One
such approach namely the ISM, discussed already, provides for higher resolution without
comprising the signal level. Therefore ISM is gaining popularity in the imaging of biological
samples [27, 28] where signal level is usually less. In fact the four dimensional image data
provided by such a microscope opens up the possibility of several other resolution enhancement
techniques. Nevertheless scanning microscopes using array detection still face a number of
challenges such as imaging speed [28] which is limited by either the speed of the scanner
or the frame rate of the camera, whichever is the lower. Precision and repeatability of the
scanner, especially in case of a high speed operation, are another two important factors effecting
performance of array detector based scanning optical microscope.

However, the array detection microscope still cannot provide true super-resolution images,
which can be provided by a STED or a STORM microscope. On the other hand building a

3
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STED microscope is a tedious task as it involves a very complex experimental arrangement.
In contrast the STORM microscope provides lateral resolution very close to that of the STED
microscope while involving a much simpler and cost effective experimental arrangement.
Therefore several research groups are using STORM as an alternative for super-resolution
imaging technique [29].

In this thesis, we are going to develop a scanning optical microscope with an array detector
to achieve enhancement in lateral and axial resolutions in both the reflection and fluorescence
mode of the microscope. We will use both a high speed CMOS camera and an ordinary camera,
and both galvo mirror based and holographic beam scanning mechanisms, to achieve an optimal
imaging speed without compromising on the other performance parameters. We will also
develop a PSF estimation scheme to characterize the resolution enhancements achieved in the
imaging systems. Usually, the STORM microscopes are not combined with beam scanning
microscopes, as these are two different microscopes. However if the two microscopes are
combined it will offer the possibility of exploiting the benefits from both the versions for the
same specimen being imaged. In this thesis we will attempt to build a combined form of a
STORM and an array detector based scanning optical microscope.

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

1.2 Thesis overview:

• Chapter 1: This chapter provides a general introduction to the research problem and an
overview of the thesis.

• Chapter 2: In this chapter we start with the principle of the optical microscope, in
particular, the widefield and point scanning microscopes. The theory of image formation
in the widefield and confocal microscope is outlined, followed by a discussion on optical
resolution and the optical transfer function. We then discuss the present state of the art
in regards to resolution enhancement techniques in optical microscopy and motivation
behind the present thesis.

• Chapter 3: This chapter aims to describe the important techniques and components
associated with the beam scanning microscopes developed in this thesis. We start with a
discussion on the illumination beam shaping using the computer generated holography
(CGH) technique. We explain how binary holograms can be implemented with a spatial
light modulator to dynamically reconfigure the properties of a laser beam in real time.
This is followed by the descriptions of the important hardware components required to
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build the microscope. The chapter concludes with the illustration of the proof-of-principle
experimental setup as an example of the proposed array detection microscope.

• Chapter 4: In this chapter, we introduce a PSF estimation scheme that can estimate the
imaging PSF of an optical microscope irrespective of the imaging technique involved.
The chapter begins with the stepwise description of the proposed scheme along with
a flowchart diagram. We then employ the proposed scheme on a one dimensional
(1D) numerically constructed target followed by a two dimensional (2D) numerically
constructed target. We then experimentally demonstrate the proposed scheme in a
widefield and a point scanning microscope.

• Chapter 5: The chapter presents the implementation of a beam scanning microscope with
an array detector. We first develop an array detection microscope using galvo mirror based
beam scanner and a high speed camera, and then another array detection microscope
exploiting the holographic beam scanning mechanism and an ordinary low speed camera.
We demonstrate implementation of image scanning microscopy for lateral resolution
enhancement and image subtraction microscopy for axial resolution enhancement. We
further introduce a novel intensity subtraction microscopy scheme for axial resolution
enhancement. We present results from proof-of-principle experiments to show working
of our imaging systems in both reflection and fluorescence modes.

• Chapter 6: In this chapter, we first describe the implementation of a STORM microscope
to obtain super-resolution images of fluorescent specimens. We then combine the STORM
with our array detection beam scanning microscope to enable super-resolved fluorescence
imaging as well as reflected light imaging of the same part of the specimen.

• Chapter 7: In this chapter, we provide a summary of the research work carried out.
We also provide a discussion on the possibility of future works in connection with the
imaging systems developed in this thesis.

5
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CHAPTER 2

Introduction to optical microscope

2.1 Introduction

An optical microscope has tremendous importance in areas cutting across disciplines
such as life science, medical science, material science, nanotechnology and so on. The
most significant advantage of the optical microscope is that it can image in the far field

in a non-invasive way, facilitating imaging of life biological samples involving minimal sample
preparation steps. This thesis work involves resolution enhancement in both the reflection
mode and the fluorescence mode of an optical microscope, so in this chapter, we begin with a
brief introduction to the optical microscopes, the widefield and the point scanning microscopes.
We then discuss the theory of image formation and further develop it to introduce the concept
of resolution. This is followed by a brief review of the recent developments regarding the
enhancement of resolution in various optical microscopes. The chapter ends with a brief
discussion on the motivation behind the thesis work.

2.1.1 Widefield microscope

Depending on the illumination type, optical microscopes are classified into two broad categories,
such as widefield microscopes and point scanning microscopes [30, 1]. In the widefield
microscope, the source illuminates an extended area of the sample, and the entire area is imaged
simultaneously. While in a point scanning microscope, each point of the sample is illuminated
and imaged separately, to later construct an electronic image of the sample. If the image is
formed using the reflected light from the sample, then the microscope is said to be working
in the reflection mode. If the image is formed using the fluorescence light emitted by the
molecules in the sample, then the microscope is said to be working in the fluorescence mode.

7
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Eye

Eyepiece

Intermediate 
image

Objective lens

Sample

Inverted Image

Figure 2.1: A schematic diagram of the conventional widefield microscope

Widefield microscopy is most suitable for 2D imaging of thin samples, however, it is not useful
for acquiring images of samples having large depths because light from out of focus planes can
blur the captured image.

A simplified schematic diagram of image formation in a standard optical microscope is
shown in Fig. 2.1. The objective lens collects light from the sample and it forms an intermediate
image. Yet another lens called eyepiece then forms the final image of the sample that can be
viewed directly by the eye or can be recorded on a camera. However, modern microscopes
use infinity-corrected objective lens. In such a system, another lens called a tube lens must be
placed between the objective lens and eyepiece to form the intermediate image. In Fig. 2.1, the
final image formed is a virtual one, however, the eyepiece lens can be repositioned to form a
real image on a camera. In this microscope, the object is uniformly illuminated through the
objective lens. The magnification achieved in the final image is dependent on the magnification
provided by the objective lens and the same provided by the eyepiece.

8
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2.1.2 Point scanning mocroscope

In a point scanning microscope, each point of the sample is illuminated and imaged one by
one. This requires scanning of the sample with a relative movement between the illumination
spot and the sample. The scanning can be achieved either with a galvo mirror based beam
scanner or with a stage scanner attached to the sample plane. The signal from the sample for
each scan position is stored in a computer, and at the end of the scanning process, the stored
data is converted to an electronic image of the sample.

Confocal microscope

As stated earlier, in the widefield microscope, the image may contain unwanted light that
comes from out of focus planes of the object. The contribution of the background light can
result in reduced resolution and contrast in the image. M. Minsky invented a point scanning
microscope in 1957, known as the confocal microscope, which can solve this problem by
selectively blocking the light coming from out of focus planes of the object [31]. A confocal
microscope is thus a special type of point scanning microscope that uses a pinhole placed in
front of the detector to block the out of focus light coming from above and below the plane of
focus.

The pinhole positioned conjugate to the illumination spot acts as a spatial filter to form a
superior image of each point on the sample plane. The revolutionary idea of Minsky has resulted
in the removal of blur from the image, enhancement in effective resolution, and improvement
in the signal to noise ratio. With these advantages, the confocal microscope facilitates imaging
deep inside the tissue in a non-invasive manner [32]. Minsky used a conventional filament lamp
as the source, however, later lasers were introduced as illumination sources [33] as they can
produce extremely bright light at very specific wavelengths. Another development is the use
of highly sensitive photo-detectors (Photomultiplier tubes (PMTs)) to receive even very weak
light from the sample.

The basic principle of the confocal microscope is depicted in Fig. 2.2. The illumination of
only one point at a time on the focal plane is achieved by using light coming through a pinhole.
The reflected light from the object is focused by the objective lens on another pinhole placed
conjugate to the focal plane and in front of the detector. The pinhole allows all the light to pass
through it if the light is coming from the focal plane (when the sample plane is in focus and
illustrated by red solid rays). The out of focus light from the sample represented by gray dashed
lines gets blocked by the pinhole. This property of the microscope leads to an enhancement
in axial resolution, which is also referred to as optical sectioning. Similarly, the light coming

9

TH-2336_146121020



Chapter 2: Introduction to optical microscope

Sample plane

Illuminating beam

Pinhole

Detector

Detector pinhole

Objective lens

Figure 2.2: Basic principle of confocal microscope.

from the in-focus off-axis points is also blocked, which gives rise to a marginal improvement
in the lateral resolution. The setup is shown in Fig. 2.2 uses stage scanning to form the image.

Figure 2.3: Schematic diagram of beam scanning confocal microscope in epi-illumination
mode.

However, present day confocal microscopes mostly use beam scanners to construct the
image. The schematic diagram of a conventional beam scanning confocal microscope is shown
in Fig. 2.3. Light from a laser is expanded and collimated to be incident on a scan unit after
reflection from a beam splitter. The scan unit is responsible for the rapid beam movement on
the sample plane in a raster fashion. The reflected or emitted light collected by the objective is

10
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d1
d2

(x1, y1) (x3, y3)

(0,0)

Figure 2.4: The image formation by a simple lens.

descanned by the same scan unit and proceeds towards the beam splitter. The beam splitter
transmits part of the beam to be focused by a lens on a pinhole placed in front of the detector.
For reflected light imaging, the beam splitter can be a 50/50 beam splitter, while for fluorescence
imaging, the beam splitter has to be a dichroic beam splitter (DBS). The dichroic Beam splitter
reflects the shorter wavelength light coming from the laser towards the sample, while longer
wavelength fluorescent light coming from the sample is transmitted towards the detector.

2.2 Theory of image formation

We now discuss the theory behind image formation in an optical microscope. Depending on
the illumination type, imaging can be of two kinds, such as coherent imaging and incoherent
imaging. Here we first consider coherent imaging. We take the simplest form of an imaging
system comprising a single lens, as shown in Fig. 2.4. The object is kept at a distance d1 before
the lens and the image is formed at a distance d2 after the lens. (x1, y1) are the object plane
coordinates and (x3, y3) are the image plane coordinates.

If the amplitude at the object plane is U(x1,y1), then the amplitude in the image plane
[4, 13], ignoring the constant terms, can be written as

U(x3,y3) =

+∞∫∫
−∞

U(x1,y1)h(x3/M− x1,y3/M− y1)dx1 dy1 (2.1)

Here M is the magnification equal to, d2
d1

, and h is the impulse response of the imaging system
or the amplitude point spread function (PSF). It can be shown [13] that the amplitude PSF is in
fact the Fraunhofer diffraction pattern of the pupil function of the imaging lens. Therefore

h(x,y) =
+∞∫∫

−∞

P(x2,y2)exp
[

2πi
λd1

(x2x+ y2y)
]

dx2 dy2 (2.2)

where P is the pupil function of the lens.

11
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Equation 2.1, considering unit magnification between object plane and image plane, can
also be written as

U(x3,y3) =U(x1,y1)⊗h(x3,y3) (2.3)

where ⊗ denotes the convolution operation.
For a lens of radius a, we can write its pupil function as

P(r) =

1 r ≤ 1

0 otherwise
(2.4)

where
r = r2/a (2.5)

and r2 =
√

x2
2 + y2

2. Thus the amplitude PSF [13] can be written as

h(r3) = 2π

∫ 1

0
J0(2πr3r)r dr (2.6)

where J0 is the zero order Bessel function of first kind.
Therefore using the property of Bessel functions and ignoring some constant terms we can

h(v) =
2J1(v)

v
(2.7)

where J1 is the first order Bessel function of first kind and v is the normalised optical coordinate
expressed in terms of radial coordinate of the image plane as

v =
2π

λ
r3 sinθ (2.8)

In the expression of v, sinθ is the numerical aperture (NA) of the imaging lens.
Now the intensity in the image plane can be written as

I(x3,y3) = |U(x3,y3)⊗h(x3,y3)|2 (2.9)

However if the imaging is incoherent, which can happen when the illumination is incoherent
or light from different locations of the sample plane is mutually coherent, the relation in Eq.
2.3 no longer holds. In such a situation Eq. 2.3 gets modified [13] as

I(x3,y3) = |U(x3,y3)|2 ⊗|h(x3,y3)|2 (2.10)

12
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The above expression applies to a widefield microscope working in the fluorescence mode,
however, we have ignored the difference between the excitation and emission wavelengths due
to the Stokes shift [34].

2.2.1 Two point resolution

The term |h(x3,y3)|2 is defined as the intensity PSF and for a circular pupil its expression is
|2J1(v)

v |2 known as the Airy pattern. Assuming that the object plane contains a unit amplitude
point source at the location (xs,ys) we can write

|U(x3,y3)|2 = δ (x3 − xs,y3 − ys)

. Now we have I(x3,y3) = |h(xs,ys)|2. Thus the intensity PSF is also represents the image of a
point object. Therefore if the object plane contains multiple point objects then whether each
pair of adjacent point objects are resolved in the image plane is decided by the width of the
intensity PSF.

Rayleigh defined a resolution criterion which states that two points are considered to be just
resolved when the distance between the two points, d, is such that the second point is situated
over the first dark ring in the Airy pattern of the first point. Thus

d =
1.22λ

2NA
(2.11)

2.2.2 Optical transfer function (H )

For an incoherent imaging system we now have

Image = Ob ject ⊗PSF (2.12)

If we take the Fourier transform of the above equation and use the convolution theorem,

F [Image] = F [Ob ject] × F [PSF ] (2.13)

The second term in Eq. 2.13 is expressed as

F [PSF ](kx,ky) =

+∞∫∫
−∞

|h(x,y)|2 exp[−i(kx x+ ky y)] dx dy (2.14)
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is known as the optical transfer function (OTF), where (kx,ky) are the spatial frequency coordi-
nates. The normalized form of the optical transfer function is written as

H (kx,ky) =

+∞∫∫
−∞

|h(x,y)|2 exp[−i(kx x+ ky y)] dx dy

+∞∫∫
−∞

|h(x,y)|2 dx dy
(2.15)

Therefore, the OTF is a complex weighting factor in the Fourier space, which can be used to
model the process of image formation by multiplying it with the Fourier transform of the object.
The image of the object due to the PSF is realized in real space by simply taking an inverse
Fourier transform of the product. Thus the achievable resolution in an imaging system is also
determined by the shape of the OTF.

The OTF of a standard widefield microscope with circular, aberration-free pupils is can
written as [4]

H (k) =


2
π

[
cos−1( k

2k0
)− k

2k0

√(
1−

(
k

2k0

)2
)]

if k ≤ 2k0

0 otherwise

(2.16)

where k =
√

k2
x + k2

y and k0 =
a

λ d2
. Therefore the resolution limit of such a microscope is given

by the condition k = 2k0. According to this condition two points separated by d in the object
plane are just resolved if

d =
0.5λ

NA
(2.17)

This criterion is known as Abbe resolution criterion. However it is to be noted that the
expressions above correspond to an ideal imaging system only.

2.2.3 Point scanning microscope

To understand the image formation in a point scanning microscope, we consider the setup
shown in Fig. 2.5 working in the transmission mode. Light from a point source located in the
plane (x1,y1) is focused onto the sample plane (x3,y3) using an objective lens. The complex
amplitude of the target kept in the sample plane is given as t(x3,y3) which is then multiplied by
the amplitude PSF h1(x3,y3) due to the objective lens. Therefore considering that the sample
plane is on a stage with scan positions as (xs,ys), the complex amplitude just after the sample
plane is h(x3,y3)t(x3−xs,x3−ys). If h2(x5,y5) is the amplitude PSF due to the condenser lens,
then the complex amplitude in the image plane can be written as

14
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(x1, y1) (x3, y3) (x5, y5)Objective 
lens

Condenser 
lens

Point 
Detector

Figure 2.5: The image formation of a conventional scanning confocal microscope.

U(x5,y5) =
∫∫

h1(x3,y3)t(x3 − xs,y3 − ys)h2(x5 − x3,y5 − y3)dx3 dy3 (2.18)

However if there is a point detector located on-axis then the expression gets modified as

U(0,0) =
∫∫

h1(x3,y3)t(x3 − xs,y3 − ys)h2(−x3,−y3)dx3 dy3 (2.19)

Assuming that h2 is even (which is true for a circular pupil with a uniform illumination profile)
we can write

U(xs,ys) = (h1(x5,y5)h2(x5,y5))⊗ t(x5,y5) (2.20)

Thus in the case of point scanning microscope with a point detector considering coherent
imaging, the resultant amplitude PSF to obtain the image is the product of the amplitude
PSFs of the condenser and the objective lens. In the case of incoherent imaging and in the
epi-illumination mode, the intensity in the image plane can be written as

I(xs,ys) = |h(x5,y5)|4 ⊗|t(x5,y5)|2 (2.21)

Thus the intensity PSF in such a case is given as |h|4 where h is the intensity PSF due to the
objective lens which is also acting as the condenser lens.

The variation of the intensity PSF of a widefield microscope in the axial direction is given
by[35, 14]

|h(u)|2 =
(

sin u/4
u/4

)2

(2.22)

where u = 2π(N.A)2z
nλ

is the normalised optical coordinate corresponding to the axial position z.
Therefore for a confocal microscope, assuming incoherent imaging, the intensity PSF in

the ideal case is described in the transverse direction as

hcon f (v) = |h(v)|4 =
(

2J1(v)
v

)4

(2.23)
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Figure 2.6: Self normalized plots of the intensity PSFs for the widefield microscope and the
confocal microscope, (i) in lateral direction (ii) in axial direction.

and in the axial direction as

hcon f (u) = |h(v)|4 =
(

sin u/4
u/4

)4

(2.24)

2.3 Resolution enhancement techniques in optical
microscopy

From our discussion in the above section, we have found that the resolution of an ideal widefield
microscope can at best be the Abbe resolution limit. Since this limit is set due to the finite
width of the intensity point spread function, which is the outcome of diffraction from the
pupil of the focusing lens, it is also referred to as the diffraction limit. In order to resolve
separations smaller than this resolution limit, one has to break the diffraction barrier. The
electron microscope can provide finer details with a much higher resolution [36] than an ideal
optical microscope. However, such imaging techniques are not suitable for all kinds of samples,
especially for biological samples [37]. Nevertheless, there exist phenomena taking place at
the sub-wavelength scale [38–41] in various areas which can better be studied with an optical
microscope. In the last several decades, there have been a number of developments to improve
the resolution of optical microscope beyond that is achievable in a conventional widefield
microscope. Below we will briefly discuss some of such important developments.

16

TH-2336_146121020



2.3. Resolution enhancement techniques in optical microscopy

Confocal

Widefield

O
T

F
 v

al
ue

kc
wf-kc

wf-kc
conf kc

conf

1

0
k (spatial frequency)

Figure 2.7: Comparison of widefield and confocal OTFs.

2.3.1 Confocal microscope

Arguably the most successful resolution enhancement technique in optical microscopy is the
confocal microscopy technique compared to the widefield microscopy technique within the
diffraction limit. Figure 2.6 shows plots of the intensity PSFs of a widefield microscope and a
confocal microscope. The lateral resolution of an optical microscope is decided by the width of
the intensity PSF in the transverse direction. Figure 2.6 (i) shows that the intensity PSF in the
transverse direction for the confocal microscope is narrower than the same for the widefield
microscope. This leads to an enhancement in the lateral resolution by a factor of 1.32 in
the confocal microscope. On the other hand, there is a significant enhancement in the axial
resolution in the confocal microscope as indicated by the plots of intensity PSF in the axial
direction, as shown in Fig. 2.6 (ii). The enhancement in lateral resolution in the confocal
microscope relative to the widefield microscope is also indicated in the plots of OTF for the two
microscopes, as seen in Fig. 2.7. Therefore the confocal microscopy technique significantly
enhances the axial resolution while marginally enhancing the lateral resolution.

2.3.2 Confocal microscopy with array detectors

Sheppard et al. proposed about three decades back that the point detector in the confocal
microscope can be replaced by an array detector. The array detector can be a digital camera or a
multi channel photomultiplier tube. The use of the array detector in a confocal microscope can
enhance both the lateral as well as axial resolutions [42]. Another novel idea was to use the data
captured by the array detector to do a pixel reassignment [20] in order to break the diffraction
barrier of resolution. However, this idea of pixel reassignment has become popular only recently
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Chapter 2: Introduction to optical microscope

after the demonstration about a decade back [21, 22]. This microscopy technique nowadays is
known as image scanning microscopy (ISM). Likewise, the point scanning microscope in ISM
also the illumination spot scans the sample area. In contrast, to the point scanning microscope
here, the light from the sample plane for each scan position is stored in a two dimensional array.
Let I(r,s) represent the image data by the array detector at the location s corresponding to the
scan position r. At the end of the scanning, this image data is used to construct an effective
image after the pixel realignment using the below equation [21].

Ie f f (r,s) =
∫

I(r− s
2
,s)ds (2.25)

By employing the image scanning microscope, the lateral resolution can be increased about
twice than the conventional confocal microscope along with a 4 fold increase in the contrast
[43]. Due to its capability to provide higher resolution images without any loss in the signal-to-
noise ratio, ISM is increasingly finding applications involving low light, such as in biological
science and medical science [27, 44–46].

2.3.3 Stimulated emission depletion microscopy

In a conventional laser scanning confocal microscope, the resolution achievable depends on
the size of illumination volume, i.e., the intensity PSF, as discussed earlier. If the spatial
extent of the intensity PSF decreases, then the resolution is increased. Decreasing the spatial
extent of the PSF by designing the illumination beam or by controlling the properties of
the illumination beam is called as point spread engineering. Use of point spread function
engineering in a confocal microscope can marginally enhance its resolution. However, such
an enhancement in resolution is still not sufficient to be comparable with the resolution of an
electron microscope. Stimulated emission depletion (STED) microscopy technique significantly
enhances the resolution of a confocal microscope working in the fluorescence mode. This
technique uses two beams, one is the normal excitation beam, and the other is the STED beam,
which is a specially designed beam with a doughnut-shaped illumination spot [25].

To understand the principle of the STED microscope, we consider the Jablonski diagram,
as shown in Fig. 2.8 (i). The excitation beam incident on the fluorescence molecule raises the
molecule from the ground state to the excited state. At the excited state, the molecule undergoes
a vibrational relaxation, hence loses some energy and drops to the ground state leading to
fluorescence emission. However, before the fluorescence emission takes place if the molecule
is interacted by a photon of appropriate wavelength, then the molecule undergoes stimulated
emission. Such a molecule will be unavailable for the fluorescence emission.
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Figure 2.8: (i) Jablonski diagram showing stimulated emission. (ii)Illustration depicting the
basic principle of STED microscope.

Figure 2.8 (ii) shows a schematic of the excitation beam and the doughnut shaped STED
beam. Due to the stimulated emission process, the excitation volume in the region of overlap
gets depleted. This reduces the effective volume of the excitation PSF. The expression for the
resolution of the STED microscope can be written as [47]

∆r =
λ(

2 NA
√

1+ I/Is

) (2.26)

Where I is the intensity of the STED beam and Is is the saturation intensity. Saturation intensity
is defined as the STED intensity at which the probability of stimulated emission becomes equal
to the spontaneous decay rate. The lateral resolution of STED microscope can be extended up
to 20 nm [48–50].

2.3.4 Structured illumination microscopy

So far, we have seen resolution enhancement in scanning optical microscopes only. Resolution
enhancement, especially the lateral resolution enhancement, has been achieved in widefield
microscopes as well.

Structured illumination is a widefield microscopy technique in which the sample is illumi-
nated by a grid pattern [51] and is overlaid to form an interference pattern on the sample. The
concept of structured illumination microscopy can be understood through the moiré effect, i.e.,
when two fine grid patterns superimpose, a beat pattern called moiré fringe appears [52, 24].

The basic principle of the structured illumination microscope is depicted in Fig. 2.9.
The object contains unknown high-frequency details. When a known illumination pattern is
superimposed with the unknown pattern of the object, it gives rise to low-frequency moiré
fringes. The unknown object details can be extracted by analyzing moiré fringes, which being
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Illumination Sample moiré pattern
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Figure 2.9: Illustration of basic principle of structured illumination microscopy comprising (i)
structured illumination pattern, (ii) sample contaning high spatial frequency content and (iii)
resultant moiré fringes of low frequency.

low frequency are captured by the imaging device. The grid pattern is rotated in several steps,
and each step image of the sample is recorded. The subsequent processing with a specialized
algorithm leads to the extraction of high-frequency information data to produce a reconstructed
image with higher resolution. This technique is capable of doubling the lateral resolution
related to a conventional widefield microscope [24].

2.3.5 Single molecule localization microscopy

Optical super-resolution comparable to that achievable with the STED microscope is also
possible in a widefield microscope. Below we discuss such a microscopic technique.

The ideal image of a point object such as a fluorescent molecule in a sample has Airy
pattern shape. Therefore the fluorescence image of a few well separated molecules will appear
as shown in Fig. 2.10 (i). In such a situation, it is easy to locate the centroid of each molecule
by doing a Gaussian fitting of the corresponding images. However, problem arises due to the
overlap of the image corresponding to one molecule with the nearby molecule. If the majority
fluorescence emitters are pushed to the dark state while allowing a small fraction of molecules
to emit the fluorescence, the probability of finding two emitting molecules placed close to each
other will be less. To construct the image of the entire sample by using the localization data,
it will require a number of localization rounds. Each localization round consists of recording
sparsely distributed fluorescence molecules, precise centroid localization of each molecule,
and computer rendering. Figure 2.10 shows two such localization rounds. A super-resolution
image can be achieved by repeating the process until all the molecular locations are recorded
[53]. This imaging technique is called the single-molecule localization microscopy (SMLM).

20

TH-2336_146121020



2.3. Resolution enhancement techniques in optical microscopy

Round 1

Round 2

Single molecule image Centroid localisation Computer rendering

Single molecule image Centroid localisation Computer rendering

(i) (ii) (iii)

(iv) (v) (vi)

Figure 2.10: Basic principle of single molecule localization microscopy comprising (i) switch-
ing of single molecule, (ii) centroid determination of Gaussian photon distribution and (iii)
cumulative computer rendering of the molecular localizations.

The SMLM method provides a theoretically unlimited localization accuracy of the individual
molecule. However, in practice, the localization accuracy depends on the number of photons
being emitted by each molecule [54]. One can write

∆x =
λ

2NA
√

m
(2.27)

Where ∆x denotes the localization accuracy of each localized molecules, and λ represents the
excitation wavelength, NA is the numerical aperture, and m is the number of photon emitted
from one fluorescent molecule.

The SMLM can be divided into two broad categories, namely photoactivation localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM). Both PALM
and STORM have the same acquisition technique but with a different on-off strategy of
fluorescent molecules. In PALM, various fluorescent protein is used to localize the molecules,
whereas, in STORM, an organic dye is used to label on the sample, which blinks when
illuminated with a high power laser source [17].
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2.4 Motivation for the proposed work

Point scanning microscope, such as the confocal microscope has a number of advantages
compared to other types of optical microscopes. In addition to a significantly enhanced axial
resolution, the microscope facilitates the use of different types of lasers as the illumination
beam. The illumination beam can have engineered amplitude and phase profiles [55–57]
designed to enhance the imaging capabilities of the microscope. Besides, the microscope can
use different vector beams such as the radially polarized beam [58, 59] as the illumination beam
to extract additional information such as the molecular orientations in the sample. However,
to provide the best resolution performance, the pinhole used in front of the detector should
have a zero radius. Therefore any attempt to enhance the resolution by reducing the size of the
pinhole will lead to a reduction in the signal-to-noise ratio [60–62]. Fortunately, with the use of
an array detector in the scanning microscope, it is possible to achieve resolution enhancement
without compromising the signal-to-noise ratio as in the image scanning microscopy technique.
However use of the array detector such as a digital camera poses a significant problem in terms
of the imaging speed of the microscope [28, 46]. In order to enhance the imaging speed in
an image scanning microscope, other methods such as the use of multiple illumination beams
instead of a single illumination beam, have been explored [63, 64]. Imaging by a scanning
optical microscope with an array detector working in the enhanced resolution range also
requires a scanner that has very good precision and stability, since, for each scan position, the
detector needs to capture a stable illumination beam. Due to this reason, many image scanning
microscopes use a piezoelectric stage scanner to perform the scanning [28, 65]. However,
piezoelectric scanner has a slow response time that also affects the imaging speed of the
microscope. It is also to be noted that the use of pixel reassignment in the image scanning
microscope, even though enhances the lateral resolution, it can not achieve the enhanced axial
resolution that is possible in a confocal microscope [22, 21].

In this thesis, we develop a scanning optical microscope with an array detector using two
types of cameras, one is a fast camera, and the other is an ordinary camera. The illumination
beam is designed using a liquid crystal spatial light modulator based holography technique.
We use holographic beam scanning and the ordinary camera to implement an image scanning
microscope. The holographic beam scanning provides a precise way of scanning the beam, and
our scheme enables a reasonable imaging speed even with an ordinary camera. The fast camera
is used in combination with a galvanometer mirror scanner scanning the illumination beam.
We custom design the scanner driver so that the imaging can take place without compromising
much on the imaging speed and the precision of the scanner. We also employ the image data
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for each scan position to implement an image subtraction microscopic technique that enhances
the axial resolution in the final image.

In an earlier section, we discussed that the resolution performance of an optical microscope
is best assessed in terms of its point spread function. The present point spread function
estimation schemes are mostly platform dependent, so they work in a particular type of
microscope only. In this thesis, we propose a point spread function estimation scheme that can
work on any type of optical microscopes.

The STED microscope discussed previously provides an excellent resolution comparable
with the resolution of an electron microscope. However this microscope involves a complex
experimental arrangement. On the other hand the STORM microscope can be built using less
expensive components and the arrangement is much more simpler. In this thesis we implement
a STORM microscope and combine it with an array detection microscope. The proposed
arrangement enables super-resolution fluorescence imaging and high resolution reflected light
imaging of the same sample.

2.5 Summary

In this chapter, we have introduced the optical microscope and various important optical
microscopy techniques. We have discussed the theory of image formation and developed the
same to define the resolution limit in the optical microscopes. We have done a review of the
recent developments towards enhancing the resolution in an optical microscope. We end the
chapter with a discussion on some of the existing issues connected with the various resolution
enhancement techniques and how this thesis proposes to address some of these issues.
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CHAPTER 3

Development of a scanning optical
microscope with a user-defined

illumination beam

3.1 Introduction

In this chapter, we describe the implementation of a scanning optical microscope that has
a user defined illumination beam. The chapter begins with a description of the computer
generated holography (CGH) technique using a liquid crystal spatial light modulator

(LCSLM) device. The illumination beam for the microscope is designed by writing binary
holograms onto the LCSLM panel. We then provide a detailed description of the essential
components of the scanning optical microscope, such as the illumination beam, scanning
unit, and the detection unit. We incorporate both mechanical and non-mechanical beam
scanning units. In the mechanical scanning unit, beam scanning is performed by mechanical
movement of mirrors, and in the non-mechanical scanning unit, the beam scanning is performed
holographically. Finally, we provide the experimental arrangement of the entire microscope
assembly, which will be used as a proof-of-principle setup for the later experiments.

3.2 Beam shaping using computer-generated holography

The illumination beam plays a crucial role in an optical microscope as it decides the effective
resolution of the imaging system. In a conventional scanning microscope, the wavefront of
the illumination beam at the back focal plane of the objective lens should ideally be plane
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Figure 3.1: A typical arrangement for (i) recording of hologram and (ii) reconstruction of the
object beam.

or unaberrated. The lateral resolution and the optical sectioning property of the microscope
can be affected by the presence of aberrations induced by the sample or by the optics forming
the illumination beam. An aberrated illumination beam also leads to a loss of signal-to-noise
ratio of the final image. Active control over the phase profile of the illumination beam enables
mitigation of aberration effects on the imaging performance of the microscope. In this thesis, we
incorporate the computer generated holography technique to realize an user defined wavefront
of the illumination beam.

3.2.1 Holography

Holography is a technique of recording and later reconstructing a wavefront using a photosen-
sitive plate, which after the recording process, is called the hologram. The hologram records
the wavefront information in terms of the intensity distribution in an interference pattern. The
basic principle of holography is illustrated in Fig. 3.1. Coherent light from a laser is split into
two parts by a beam splitter, one part of the beam is directed towards the object, which gets
reflected by the object as the object beam, and the other beam travels towards the photographic
plate as the reference beam. The reflected or the scattered light from the object, comprising
the object beam, carries the information of the object in its phase profile, interferes with the
reference beam to form an interference pattern on the photographic plate, as shown in Fig.
3.1 (i). The interference fringes after, being recorded by the photographic plate, become the
hologram. Therefore the hologram has a transmittance function proportional to the intensity
distribution in the interference pattern. When the reference beam illuminates the hologram, the
object beam wavefront is reconstructed in one of the diffracted orders from the hologram. The
hologram reconstruction process is shown in Fig. 3.1 (ii). If one looks in a direction opposite
to the reconstructed object beam, then a virtual image of the object is seen at the place of the
object even if the object is actually not present.
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3.2. Beam shaping using computer-generated holography

The computer generated holography (CGH) uses the same principle as classical holography
discussed above. However, in CGH, the construction of the hologram is carried out numerically
by calculating the interference pattern between a plane reference wavefront and the mathemati-
cal representation of the desired object beam. The numerically obtained interference pattern is
then used to synthesize a physical hologram. The reconstruction process is performed when a
collimated laser beam illuminates the hologram to realize the desired object beam [66]. Thus
with the help of the CGH technique, it is possible to produce an arbitrary or user defined object
beam without even having the real object.

3.2.2 Computer-generated holography

The hologram construction process in the CGH involves two steps, namely the numerical
computation of the interference pattern and writing the interference pattern onto a phase
mask or a light modulating device. Depending on the amplitude transmittance properties, the
hologram synthesized can be of various types, such as sinusoidal and binary. A hologram is
called sinusoidal if the transmittance function in the hologram for each fringe has a sinusoidal
spatial variation, and is called binary if the amplitude transmittance function has a binary
variation. In this thesis, we have mainly employed the binary hologram based CGH technique
to generate the user defined illumination beam. Below we discuss the construction of the binary
hologram to generate a certain user defined object beam.

Let us consider an object beam with phase φ(x,y), where (x,y) are the coordinates in the
hologram plane that interferes with the reference beam within a unit circular area defined
by

√
x2 + y2 ≤ 1. In addition to the phase φ , the object beam also has tilts described by

τ(x,y) = mx x+my y, where mx and my represent tilts along x and y, respectively. Thus the
complex amplitude of the object beam assuming uniform unit amplitude can be written as

A(x,y) = eiΦ(x,y) (3.1)

Where Φ(x,y)= φ(x,y)+τ(x,y) is the overall phase function of the object beam. The amplitude
transmittance function of the binary hologram can be written as [57]

tb(x,y) =

1 if cosΦ(x,y)≥ 0

0 otherwise
(3.2)

When the reference beam illuminates the binary hologram, it gives rise to several diffraction
orders, whose origin can be understood by Fourier series analysis of the transmittance function
of the binary hologram. It may be seen that the line profile of the binary hologram transmittance
function is a square wave with a 50% duty cycle. Using the Fourier series expansion, the square
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Figure 3.2: Implementation of binary hologram to generate used-defined object beam.

wave can be expressed as the summation of sine function and by applying the Euler’s formula
we can write the Fourier series expansion as

tb(x,y) =
1
2
+

1
π

[
eiΦ + e−iΦ − 1

3
(
e3iΦ + e−3iΦ)+ 1

5
(
e5iΦ + e−5iΦ)+ . . .

]
(3.3)

If we place the binary hologram at the back focal plane of a lens, then the diffraction pattern
at the front focal plane will be the Fourier transform of the binary hologram transmittance
function, given by

Tb( fx, fy) =
∫ ∫

tb(x,y) e
−2πi(x fx+y fy)

λ f1 dx dy (3.4)

Here ( fx, fy) are the front focal plane coordinates, λ is the wavelength of light, and f1 is the
focal length of the lens. (kx = fx/λ f1,ky = fy/λ f1) are the coordinates describing the Fourier
plane. The first term of the equation 3.3 corresponds to the undiffracted zero order beam while
the second and third terms correspond to the ±1 order diffracted beams carrying phase ±φ ,
each with power 1

π2 of the net incident power. The two beams travel at relative angles ±τ with
respect to the zero order beam. Additionally there are several higher diffraction orders such as
±3, ±5, ±7, . . . with relative powers 1/9π2, 1/25π2, 1/49π2, . . . carrying phase ±3φ , ±5φ ,
±7φ , . . . and travelling at relative angles ±3τ , ±5τ , ±7τ , . . . , respectively. Since the +1 order
beam has the same phase profile as that of the object beam, therefore, the same beam can be
isolated to obtain an illumination beam with user defined phase φ(x,y). Figure 3.2 illustrates
the generation of the illumination beam by implementing a binary hologram. A collimated
laser beam acting as the reference beam is incident on the binary hologram constructed using
the CGH technique. By choosing appropriate values of the tilts along x and y directions, it
is possible to isolate the +1 order from the other orders using a combination of lens L1 and
pinhole. The beam is then re-collimated by the lens L2 to realize the desired phase profile on
the screen S, which is optically conjugate to the hologram plane. The back focal plane of the
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Figure 3.3: Binary hologram with (i)(a) mx = 10π , my = 0, (b) mx = 15π , my = 15π , (c)
mx = 10π , my = 10π and Z7 = 1. The corresponding Fourier planes obtained numerically by
MATLAB are shown in (ii)(a→c). To be noted that (ii) (c) shows a magnified view of the +1
order spot.

microscope objective lens can be positioned at S or conjugate to S to realize the illumination
beam of the microscope with user defined phase profile.

To be noted that φ(x,y) represents pure phase variation of the object beam and excludes
the tilts. If φ(x,y) = 0, then the binary hologram resembles a square wave diffraction grating.
In this thesis, we use the phase φ(x,y) to represent the monochromatic aberrations expressed
as a linear combination of Zernike polynomials. Here we use single index Zernike circular
polynomials [67]. We assume φ(x,y) = ∑ j a jZ j, where a j is the RMS (root mean square)
amplitude in radian of the jth Zernike mode. Some of the single index Zernike polynomials
that correspond to some common aberration modes are shown in Appendix A [68].

Figure 3.3 shows numerically constructed binary holograms with different tilts and aber-
rations to realize the user defined +1 order diffraction pattern on the Fourier plane. Thus by
implementing the binary hologram computed using the CGH technique, a user defined object
beam can be generated and further be used as the illumination beam of the microscope. The
illumination beam can also be made aberration free by incorporating an appropriate linear
combination of the Zernike polynomials for improvement in the imaging performance of the
microscope. However, it still requires a means to synthesize the hologram to implement the
computed hologram patterns. In this thesis, we use a liquid crystal spatial light modulator
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(i) (ii)

Figure 3.4: Distribution of liquid crystal molecules in (i) nematic (ii) smectic phases.

(LCSLM) to synthesize binary holograms. LCSLM devices with a computer interface facilitate
reconfigurable and real time implementation of binary holograms.

3.2.3 Liquid crystal spatial light modulator

A spatial light modulator (SLM) is a device used for modulating the phase, amplitude, polar-
ization, or the propagation direction of the incident light beam [69]. SLMs are primarily of
two types, namely, optically addressed and electronically addressed SLMs [70, 71]. Optically
addressed SLM uses incoherent light for controlling the modulation, whereas electronically
addressed SLM uses electrical signal for controlling the modulation. Again electrically ad-
dressed SLMs can be of several types, such as liquid crystal, magneto-optic [72], deformable
mirror [73], and multiple quantum well [74]. As stated previously, in this thesis work we use
the liquid crystal spatial light modulator (LCSLM) for modulating the incident laser beam.

The LCSLM device comprises a two dimensional array of liquid crystal cells or pixels.
Each pixel of the LCSLM contains liquid crystal molecules placed between two glass sheets.
These liquid crystal molecules are the main constituents of the LCSLM pixel having physical
properties that are intermediate between conventional isotropic liquid and crystalline solid.
They exhibit mechanical properties of liquids such as high fluidity, formation, and coalescence
of droplets. However, they also exhibit anisotropy in their optical, mechanical, electrical, and
magnetic properties, as observed in crystalline solid [75, 76]. The liquid crystal is classified
into several types and the three main ones being such as, thermotropic, isotropic, and polymeric,
among which thermotropic liquid crystals have been studied extensively due to the wide range
of applications, including in LCSLM. The physical properties of thermotropic liquid crystals
depend on the ambient temperature, and the material exists in three phases, namely, nematic,
smectic, and cholesteric. It is mostly the nematic and smectic phases that are used in the pixels
of the LCSLM.
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The liquid crystal molecules are elongated in shape with a long axis called the director. In
the nematic phase, the molecules are positioned randomly all over the volume with a common
orientation of the director axes. In the smectic phase the liquid crystal molecules along with
a common orientation of the director axes, are also positioned in different layers. Figure
3.4 shows the molecular orientation in a cross section of the liquid crystals of the nematic
and smectic phase. LCSLM devices made of nematic liquid crystal pixels are called nematic
LCSLM (NLCSLM) and made of a special type of smectic liquid crystal (i.e., smectic-C∗) are
called ferroelectric LCSLM (FLCSLM).

Nematic liquid crystal spatial light modulator

In a nematic liquid crystal pixel, the liquid crystal molecules are kept in a cell, with two align-
ment layers in opposite directions, each layer having scratch marks in a mutually perpendicular
direction with respect to the other. Nematic liquid crystal molecules tend to remain aligned
with their nearby molecules, and those near the alignment layers align along the scratch marks.
Thus overall, the molecules form a 90◦ twist, as shown in Fig. 3.5 (i) from one alignment layer
to the other alignment layer. Therefore if linearly polarized light propagates through such a
nematic liquid crystal cell with the polarization parallel to the scratch mark of the front layer,
the incident light experiences a polarization change of 90◦ as the beam comes out from the cell.
If an analyzer is placed at the exit face with its axis parallel to the scratch mark in the front layer,
the incident beam will be blocked. However, when an AC electric field is applied across the
liquid crystal cell via two transparent electrodes, the induced dipole moments of the molecules
force the long axes to align parallel to the direction of the applied electric field, as shown in
Fig. 3.5 (ii). As a result, the incident light beam will not experience any polarization rotation
and is hence completely transmitted by the analyzer. Therefore each pixel of the NLCSLM
can be made transparent or opaque for the incident polarized light by applying an appropriate
external electric field across the pixel [77].

In this thesis work, we use two NLCSLMs, namely “LC- R 720 SLM” and “LC- R 1080
SLM” from HOLOEYE Photonics AG, Germany. Both the LCSLMs are reflective type based
on liquid crystal on silicon (LCoS) display technology. The “LC- R 720 SLM” has a pixel
resolution of WXGA (1280 H × 768 V) and a pixel pitch of 20 µm spanning over an active
area of 25.6 mm × 15.4 mm. It has an image display frame rate of up to 180 Hz. The “LC- R
720 SLM” has a pixel resolution of WUXGA (1920 H × 1080 V) with a pixel pitch of 8.1 µm
spanning over an active area of 16.39 mm × 10.56 mm. It has an image display frame rate of
up to 60 Hz. Both the NLCSLMs can display 8 bit images from the computer graphics card via
a DVI interface [78, 79], such that 8 bit value of an image pixel defines the magnitude of the
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(i) (ii)

Alignment layers Alignment layers

Figure 3.5: Molecular orientation of twisted nematic liquid crystals (i) in absence of applied
AC electric field, and (ii) in presence of applied AC electric field.

AC field applied across the respective LCSLM pixel. If the 8 bit image comprises two values, 0
and 255 only, the same can represent binary holograms to be realized with the NLCSLMs.

Ferroelectric liquid crystal spatial light modulator

As stated already, the FLCSLM consists of cells filled with liquid crystal molecules in chiral
smectic phase (smectic-C∗). In the case of the smectic-C type phase, the molecules have a
permanent dipole moment, and the director axis of the molecules is oriented at an angle (say θ )
with the layer normal. The permanent dipole moments of the molecules make them interact
strongly with the applied electric field. The inclination angle of the director can be changed
from θ to −θ by altering the polarity of a DC electric field applied across the liquid crystal
cell, as shown in Fig. 3.6 (i) and (ii). Therefore the molecules are bistable with two stable
states based on the polarity of the applied electric field. The light incident with polarization
parallel to the molecular dipole experiences a higher refractive index relative to light with
perpendicular polarization. The bistability property of the ferroelectric liquid crystal molecules
enables the FLCSLM to respond faster to the field variation as compared to the NLCSLM.
The typical response time of the FLCSLM cell is of the order of 1 µs, whereas, in the case of
NLCSLM cell, it is of the order of 1 ms. The FLCSLM cell is designed in such a way that its
thickness along the beam propagation direction introduces a phase difference of π between the
extraordinary and ordinary components of the incident beam, such that the cell behaves like a
switchable half wave plate.

In this thesis, we use a reflective FLCSLM from FORTH DIMENSION DISPLAY, United
Kingdom, (model SXGA - R2). The device has a pixel resolution of SXGA (1280 H × 1024
V) with a pixel pitch of 13.62 µm spanning over an active area of 17.43 mm × 13.95 mm.
The LC panel of the FLCSLM can display the individual bit planes of an incoming 24 bit
image. The manufacturer of the FLCSLM provides a driver board that can be programmed
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(i) (ii)
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Figure 3.6: Bistability property of ferroelectric liquid crystal molecules in presence of applied
DC electric field directed from (i) left to right and (ii) right to left.

with different display addressing sequence files such as 24-bit sequence file and 3-bit sequence
file. The sequence file is a piece of code that helps the driver board in deciding the order and
duration of display of various bit planes. In the case of the 24-bit sequence file, the FLCSLM
sequentially displays each of the 24 constituent bit planes of the 24 bit color image for an equal
duration of time, while in the case of the 3-bit sequence file, the FLCSLM displays 3 bit planes
representative of each of the three primary colors of the input color image. The device allows a
color image refresh rate of 60 Hz via a DVI interface. Thus when the 24-bit sequence file is
used, the FLCSLM facilitates the writing of binary holograms at a rate of 1440 Hz [80, 81].

3.3 Beam scanning in scanning optical microscopes

As discussed in the previous chapter, the imaging in a scanning optical microscope is achieved
by scanning a diffraction-limited focal spot on the sample plane. Light from each point of
the sample plane produces a corresponding image such that light from all the scan positions
collectively provides for an electronic image of the sample plane. The scanning means of
the illumination beam can be classified into two broad types, namely mechanical and non-
mechanical scanning. Mechanical methods include galvanometer based scanning unit [82],
piezoelectric actuator [83], micro-electro-mechanical system (MEMS) scanner [84, 85] and
so on. Acousto-optic deflector (AOD) [86], electro-optic deflector (EOD) [87], spatial light
modulator (SLM) [88], etc. come under the non-mechanical type beam scanning methods. In
conventional scanning microscopes, the beam scanning is usually performed by employing a
pair of high precession galvanometer based scanning mirrors. The scan mirror is attached to
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Figure 3.7: Schematic diagram of the configuration of the galvanometer based scanning system
comprising the EC1000 control board, two MicroMax 671 servo drivers (one for X positioning
and other for Y positioning) and a pair of 6321H scanners.

the motor shaft of a moving magnet galvanometer based actuator. Recently developed laser
scanning microscopes are capable of acquiring 512 × 512 pixels per image at an image frame
rate 200 fps (frames per second) [89].

The piezoelectric actuator produces very fine yet precise displacement and is used to adjust
lens, mirror, microscope stage, and other components. The MEMS scanner is used for laser
beam scanning, and they provide a scanning speed of several tens of kHz. AOD, on the other
hand, is a non-mechanical beam scanning technique which uses high frequency sound wave in
an acousto-optic medium to form a phase diffraction grating. The beam scanning is performed
by changing the angle of the diffracted beam by offsetting the frequency of the sound wave.
EODs are made of electro-optic crystals such that they exhibit the Pockels effect. They use
a quadrupole electric field to produce a change in the refractive index resulting in a shift in
the beam propagation direction. Both AOD and EOD devices can provide high speed laser
beam scanning. SLM based beam scanning is another type of non-mechanical beam scanning
method. The SLM panel acts as a polarization grating, binary grating or, Fresnel zone plate
[90], resulting in the light beam diffracted at a specific angle. Adjusting the spatial frequency of
the grating or the zone plate, the diffraction angle of the beam can be changed. In comparison
with most of the other scanning methods, galvo mirror based scanning method provides better
light efficiency, which is important when the microscope works in the epi-illumination mode.

In this thesis work, we have used both the galvo mirror based beam scanning and LCSLM
base holographic beam scanning.

3.3.1 Configuration of Galvanometer based scanning unit

Galvanometer based scanners have become very popular for beam scanning in optical mi-
croscopes as they offer flexibility in speed, efficiency, and accuracy. There are three major
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components of the galvanometer based scanning unit, namely, the positioning actuator, position
detector, and the servo control unit [91]. The galvanometer actuator is the motorized mirror,
which works due to the interaction between a magnet and a current carrying coils. The actuator
can be configured by three types of magnet and coil combinations, such as moving iron, moving
coil, and moving magnet. The most prevalent version is the moving magnet actuator that
consists of a static coil and a moving magnet rotor. Such configuration provides the best
mechanical resonance, high torque, short response time, and high positioning precision. The
angular position of the mirror can be detected by a position sensor, which is a small circuit
board located at the back of the scanner. The output signal of this sensor is a differential current
signal that is fed back to the servo control unit. The servo control unit compares the current
output from the position sensor with the command signal and drives the mirror to its desired
position in an attempt to make the error zero.

In this thesis, we incorporate a galvanometer mirror assembly that consists of a Camtech
EC1000 controller, a MicroMax Series 671 analog servo driver, and a pair of 6321H galvanome-
ter based scan mirrors. The Fig 3.7 shows the configuration of the EC1000 controller with the
Micromax 671 servo driver and 6231H scanner.
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Figure 3.8: (i) A simple arrangement of the two scan mirrors with two scan mirrors placed
close to each other, and (ii) the resulting beam movement at the detector plane.

The EC1000 is a standalone control board that provides advanced hardware and software
control to drive the laser scanning system. It provides a 16-bit galvanometer position command
resolution via a TCP/IP communication over an ethernet cable. The MicroMax Series 671
analog servo driver has a class 1 configuration, which uses integrated position error to settle
to the highest level of positioning accuracy with the least angular error [92]. The 6231H is a
moving-magnet actuator with a high torque constant and 8 µradians repeatability. The position
detector has a linearity of 99.9% and a zero drift of 15 µradians/◦C [93]. For scanning a
specific area of the sample, scan-commands are sent to the EC1000 controller for appropriate

35

TH-2336_146121020



Chapter 3: Development of a scanning optical microscope

L
A

S
E

R

Detector

X-Mirror

Y-Mirror

Camera Pixels along X

C
am

er
a 

P
ix

el
s 

al
o

n
g

 X

(i) (ii)

600

400

500

500

600 700

Figure 3.9: (i) Incorporation of a 4 f relay between the two mirror, and corresponding (ii)
beam movement at the detector plane.

movement of the scan mirrors. However, to have better control over the movement and stability
of the scan mirrors, we also utilize the analog voltage outputs available from a PCI expression
card. The card provides two voltage outputs synchronized with an external clock, which can be
directly connected to the two servo drivers. We have developed a LabVIEW based program to
send the scan-commands to the controller via an Ethernet communication protocol or directly
to the two servo drivers.

Positioning of the two scan mirrors

It is to be noted that for the best imaging performance of a scanning microscope, the entrance
pupil plane of the objective lens is to made conjugate with the scan mirrors. In the absence of
this requirement, there will be a transverse movement of the beam at the entrance pupil as the
illumination beam is scanned. The simplest way to achieve this approximately is to position
the two mirror heads close to each other. The entrance pupil plane of the objective lens is made
conjugate to a plane mid way between the two scan heads. However, even in such a case, there
exists some transverse movement of the scanned beam at the entrance pupil. To demonstrate
the same, we perform an experiment where the two scan heads are kept very close to each other,
and a CMOS camera is placed conjugate to the mid way between the two scan heads, using 4 f
relay lenses, as shown in Fig. 3.8 (i). A laser beam is incident on the Y-mirror followed by
the X-mirror and then on the camera. The camera thus records the fluctuations of the beam in
the conjugate plane as the two mirrors oscillate. Figure. 3.8 (ii) shows the fluctuations of the
laser beam, which should not be present for the best imaging performance in a scanning optical
microscope.

We have then placed another 4 f relay between the two scan heads and made both the
X-mirror and Y-mirror optically conjugate with the camera plane as shown in Fig.3.9 (i). The
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fluctuation of the laser beam at the camera plane, as the mirrors oscillate, is shown in Fig. 3.9
(ii). It is thus seen that the introduction of a 4 f relay lens between the two mirrors provides
better beam stability at the conjugate plane, which in the case of a scanning microscope can be
the entrance pupil of the objective lens.

3.3.2 Holographic beam scanning

As we have discussed in the previous section that the binary hologram constructed numerically
and displayed using a programmable LCSLM can realize a user defined illumination beam.
Since LCSLMs facilitate real time reconfigurability of the displayed patterns, binary holograms
written on LCSLMs can also achieve beam scanning. Beam scanning by implementing the
CGH technique was in fact introduced in 1976 [94]. Binary holograms written on LCSLM
have been found to be providing very accurate beam positioning and steering [95, 96]. In
this thesis, we also employ binary holographic beam scanning using the LCSLM to scan a
rectangular area over the sample plane [97]. The CGH technique facilitates not only scanning
over a rectangular area of the sample but also describing the wavefront of the illumination beam.
If the illumination beam contains aberrations induced by the sample or by the beamforming
optics, the same can be removed by incorporating an appropriate correction phase expressed as
a linear combination of Zernike modes.

From the section 3.2.2, we see that the overall phase of the illumination beam Φ(x,y)
contains the tilt τ(x,y) = mxx+myy responsible for the deflection angle of the beam and
the phase term φ(x,y), which can represent the linear combination of Zernike modes to be
incorporated as the correction phase. Therefore by writing a sequence of holograms onto the
LCSLM with a precise variation of the tilt function τ(x,y), the illumination beam can be moved
to as many scan positions, each depending on the values of (mx,my), as the number of binary
holograms displayed.

For scanning the sample plane in an optical microscope, the entrance pupil of the objective
lens is to be made conjugate with the LCSLM plane. By employing the binary holographic
scanning based on the LCSLM, we achieve high accuracy beam steering at the cost of the
scanning speed relative to the galvanometer based scanning unit. By using the FLCSLM with
the 24-bit sequence file and 85Hz video rate, the beam scanning speed can be increased up to
more than 2000 scan positions per second. The same speed using the NLCSLM is around 60
scan positions per second.
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3.4 Experimental implementation of the microscope

In order to set up the scanning optical microscope assembly, several major components are
needed, such as laser, beam forming optics, beam scanning unit, detector, data acquisition card,
sample stage, objective lens, and so on. Below we briefly describe the primary components
used in our microscope assembly, inclusive of the components developed in-house.

3.4.1 The laser

Modern scanning optical microscopes use the laser as the illumination source as it emits an
extremely bright, coherent, highly collimated, and monochromatic light beam. Additionally,
the laser chosen in a scanning optical microscope should have a good spatial mode profile, a
narrow spectral bandwidth, and good power stability. The T EM00 mode of laser, which has
a quasi-planar wavefront with a Gaussian intensity profile perpendicular to the direction of
propagation of the beam and minimum beam divergence, is ideal for this purpose.

The specifications of the lasers used in this thesis are given in table 3.1.

Manufacturer Melles Griot Spectra-Physics
Model no. 05-LHR-991 Excelsior-532-200-CDRH

Technology He-Ne DPSS

Wavelength 632.8 nm 532 nm

Spatial mode > 90% T EM00 T EM00

CW output power > 10 mW 200 mW

Beam quality (M2) <1.05 <1.1

Beam diameter at 1
e2 points 0.65 mm ± 5% 0.32 ± 0.02 mm

Beam divergence 1.24 mrad ± 5% <2.5 mrad

Table 3.1: Specification of the lasers used.
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3.4.2 Microscope objective

Microscope objective is one of the most important components of the microscope assembly
in determining the quality of images that the microscope is capable of producing. It is a
complex multi-lens assembly that focuses light to a narrow spot on the sample plane. The
same lens also collects the reflected or emitted light from the object, for microscopes working
in the epi-illumination mode. The multi-lens assembly constituting the objective is designed
using high precision computer aided design (CAD) tools and advanced rare element glass
formulations of uniform composition and quality having highly specific refractive indices,
to minimize the aberrations present in the illumination spot. Modern microscope objectives
are corrected for most of the common aberrations such as coma, astigmatism, field curvature,
spherical and chromatic aberration.

Manufacturer Magnif- Working NA Immersion Correction
Model no. -ication distance media level

UPLFLN 10X2 10 × 10 mm 0.3 Air/Dry Semi- apochromat

PLN 20X 20 × 1.2 mm 0.4 Air/Dry Achromat

LUCPLFLN 40X 40 × 2.7-4 mm 0.6 Air/Dry Semi- apochromat

UPLSAPO 60XW 60 × 0.28 mm 1.2 Water Super- apochromat

UPLSAPO 100XO 100 × 0.13 mm 1.4 Oil Super- apochromat

Table 3.2: Specification of the objective lenses.

The most common objectives are the achromatic objectives, corrected for chromatic aberra-
tion at red and blue colors, and the spherical aberration at the green. Plan achromat objectives
are corrected for the same aberrations as the achromatic objectives and also for field curvature.
Fluorite objectives are corrected for chromatic aberrations at red and blue and for the spherical
aberration at 2 or 3 colors. They have a higher NA than achromats. The next type of objective,
called apochromatic objective, has the highest level of correction for chromatic and spherical
aberrations. Apochromats are usually corrected for chromatic aberration at 3-4 colors and for
the spherical aberration at 2-3 colors. Super apochromatic objectives have the same chromatic
and spherical aberration corrections as in apochromats with a higher transmission for the
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range visible to near-infrared [98]. The specifications of the objective lenses used to perform
experiments in this thesis are given in table 3.2.

3.4.3 Array detection Unit

The proposed scanning optical microscope in this thesis uses array detectors. The array detectors
can either be a charge coupled device (CCD) or a complementary metal oxide semiconductor
(CMOS) device.

Manufacturer Basler Basler FLIR Hamamatsu
Model no. A631f A504k GS3-U3-23S6M C11440-22C

Sensor type CCD CMOS CMOS SCMOS

Resolution 1392 × 1040 1280 × 1024 1920 × 1200 2048 × 2048

Pixel size 4.65 µm 12 µm 5.86 µm 6.5 µm

Frame rate 18 f ps 500 f ps 163 f ps 100 f ps

Interface IEEE 1394 bus Camera Link USB 3.1 Camera link

Table 3.3: Specification of array detectors.

Both CCD and CMOS are semiconductor devices capable of converting the incident light
falling on an array of pixels into electrons but with different readout processes of electrons.
In the case of CCD, electrons from all the pixels are read row by row in a sequential manner
followed by an amplification. In contrast, in CMOS, the embedded electronics in each pixel
allows amplification and digitalization on a pixel to pixel basis, which enables faster readout
than that of CCD. As the pixel in the CMOS sensor contains the readout electronics, the sensor
area is smaller than the pixel area, while in CCD, the sensor area is larger. Thus one can choose
the CCD for high spatial resolution applications and the CMOS for high speed acquisitions. The
typical QE of the CCD and CMOS sensor is about 40-50%. In the case of electron multiplied
CCD (EMCCD) and scientific CMOS (SCMOS), the QE can be as high as 80%.

The specification of the array detectors used in this thesis [99–102] are given in table 3.3 .
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3.4.4 Synchronization unit

For image acquisition in the scanning microscope, all the major components, such as the
galvanometer based scan unit, LCSLM assembly, and detection unit, work in a synchronized
manner. To facilitate the same, in this work, we develop a synchronization unit using a
peripheral interface controller (PIC) based circuit board, which communicates with various
units to realize synchronized operation.

Trigger 
Signal

Scanner 
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Scan 
command
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Signal

Hologram display

Image Data

ScannerMicrocontroller

Camera

LCSLM

PC
X-Mirror

SLM 
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(i) (ii)

Trigger 
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Figure 3.10: The schematic representation of the (i) synchronization unit and (ii) synchronized
signals obtained from the PIC micro controller using the display signal of the SLM for the
galvanometer based scanner unit.

We employ a PIC18F2550 microcontroller manufactured by Microchip, which has 28
input/output pins that perform various functions. Both the NLCSLM and the FLCSLM provide
TTL signals, which indicate the display timings of binary hologram sequences sent to the
respective LCSLM. Such a TTL signal from the LCSLM is fed to the microcontroller board as
an external interrupt input. The microcontroller is instructed to produce synchronization signals
to trigger the scanning unit and the detection unit accordingly. The schematic diagram of the
synchronization unit, along with all components, is shown in 3.10 (i). Figure 3.10 (ii) shows a
schematic of the command inputs for the X and Y scanners along with TTL signals from the
LCSLM and trigger signals for the detector in one specific configuration of the experimental
setup.

3.4.5 Beam scanning optical microscope

Here we describe a proof-of-principle scanning optical microscope arrangement, as shown in
Fig. 3.11 that can use either the galvo mirror based or the holographic scanning unit. A laser
beam is expanded and collimated using two lenses L1 and L2, and the collimated laser beam is
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Figure 3.11: Schematic of a typical experimental setup of the array detection microscope.
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(i) (ii)

Figure 3.12: Snapshot of (i) front panel and (ii) block diagram of the LabVIEW programming
interface.

allowed to incident on the LCSLM. Binary holograms computed using a LabVIEW program on
a computer are sent to the LCSLM display panel. The LabVIEW program has a graphical user
interface (GUI) for controlling the active components constituting the microscope assembly. A
snapshot of the front panel and the block diagram of the LabVIEW program is shown in Fig.
3.12 (i) and (ii), respectively. The diffracted beams from the LCSLM are focused by a lens L3,
and the +1 order beam is isolated by an iris diaphragm (ID). The +1 order beam then travels
towards the beam scanning unit comprising X and Y scan mirrors.

The combinations of lenses L3-L4, L6- L7, and L8-L9 form three 4f relay systems to render
the hologram plane conjugate with the back focal plane of the objective lens. The arrangement
thus ensures that as the X-Y mirrors rotate, the focused beam describes a rectangular area on
the sample plane. A part of the reflected or emitted light from the sample is transmitted by
the beam splitter BS1 to retrace its path through the scanning unit. It is then reflected by BS2
and focused onto the camera using the lens L5. As the mirror scan, the detector arrays are
stored in the PC to later construct an electronic image of the sample at the end of the scanning
process. In the above the arrangement the +1 order diffracted beam has a fixed orientation. In
order to activate the holographic scanning, the two scan mirrors are kept at a fixed orientation,
while the LCSLM displays a sequence of binary holograms, each with a different orientation
of the +1 order beam. A part of the light from the sample is reflected by BS1 to be focused
onto the camera using the lens L10 to constitute the detection part for this arrangement. For
each position of the illumination beam on the sample plane, there is a corresponding image of
the illumination beam on the camera plane. A programmably selected rectangular area on the
camera around the illumination spot acts as the detector window. The detector window moves
as the beam starts scanning the signal-to-noise. The net signal from the detector windows is
stored in the PC to render the final image.

43

TH-2336_146121020



Chapter 3: Development of a scanning optical microscope

The above two configurations of the scanning optical microscope are presented as examples
only. Scanning optical microscope can also be built with any one of the scanning schemes. In
fact, in the later chapters, we will implement slightly different designs of the microscope setup.

3.5 Summary

In this chapter, we have discussed the basic principle of classical holography and computer
generated holography. We have discussed how binary holograms can generate a beam with
user defined phase profile. Properties of liquid crystal spatial light modulator and how they
can implement binary hologram have been elaborated. Light beams whose phase profiles are
designed using binary holograms can be used as the illumination beam of scanning optical
microscopes. We have then discussed implementing a proof-of-principle scanning optical
microscope that uses the galvanometer based or holographic beam scanning scheme.
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CHAPTER 4

Estimation of the point spread function

4.1 Introduction

The point spread function (PSF) of an imaging system, also referred to as the imaging
PSF in this thesis, is the most essential parameter to describe the resolution of the
system. This parameter is helpful while employing several post-acquisition image

processing techniques. In this chapter, we propose a PSF estimation scheme to estimate the
imaging PSF of an imaging system, which is applicable irrespective of the imaging geometry
of the system. The chapter begins with a stepwise description of the proposed scheme, along
with a flowchart diagram. We first implement the proposed scheme on a one dimensional (1D)
numerically constructed target and then on a two dimensional (2D) numerically constructed
target. We then experimentally demonstrate the proposed scheme in a widefield microscope
and then in a point scanning microscope.

4.2 The proposed scheme

To understand the proposed scheme, we consider an incoherent imaging system which has
p(u,v) as its PSF. Thus the intensity distribution in the image plane due to an object, with
t(u,v) as the intensity distribution in the object plane, is expressed as the convolution of t(u,v)
and the PSF [13]. Therefore we can write Ii(u,v) = k p(u,v)⊗ t(u,v), where ⊗ represents the
convolution operator, k is a constant and (u,v) represent the coordinates of both the object and
image planes assuming unit magnification. Employing Fourier transform on both sides and
ignoring the constant k, we can write the equation as

Ii(u,v) = F−1[F{p(u,v)}×F{t(u,v)}] (4.1)
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Figure 4.1: Schematic diagrams of the (i) raster, (ii) random and (iii) spiral pixel selection
sequences.

In the above F and F−1 represent the two dimensional Fourier transform and inverse Fourier
transform, respectively. Our PSF estimation scheme is based on stochastic minimization of least
square errors. The prerequisite of our scheme is a target either with known geometrical-optics
prediction of the image (denoted as Igop) formed by the imaging system or the same that can be
numerically constructed from the acquired image. In our experiment we in fact take a standard
resolution test chart (USAF 1951 Resolution target, manufactured by Thorlabs) as the target
[103–105]. The estimation process starts with a Dirac delta function as the initial (i.e., guess)
PSF, defined as an array of zeros with a central pixel of value one. The scheme then searches
for the realistic PSF by stochastically modifying each pixel of the PSF array sequentially. We
introduce an error function, which is defined by the least square error between the image of
the target by the imaging system and the convolution of Igop with the modified PSF array. The
error function can be expressed as

∑ε
2
p = ∑

(
ti(u,v)− tp(u,v)

)2 (4.2)

where ti(u,v) is the image of the target formed by the microscope or, the imaging system and
tp(u,v) is the image formed via convolution of the PSF p and the Igop of the target (i.e. t(u,v)).
Modification of the pixel value is retained only if the PSF array with the modified pixel value
reduces the magnitude of the error function. Such modification of the pixel values continues
until all the pixels in the PSF array are considered, thereby completing the first iteration process.
The final estimated imaging PSF of the imaging system is defined as the PSF array after a
number of iterations sufficient to lower the value of ∑ε2

p below a predetermined threshold. In
a given iteration, the pixels of the PSF array can be selected in different sequences, such as
raster, random, spiral selection of pixels. In the raster selection of pixels, the pixels are chosen
horizontally from left to right and then top to bottom, as shown in Fig. 4.1(i). In random
selection, the pixels are chosen in a random sequence and in the spiral selection, as shown in
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Fig. 4.1(ii), the pixels are selected spirally outwards starting from the center of the PSF array,
as shown in Fig. 4.1(iii).

The step by step process of estimating the imaging PSF array using our proposed scheme is
described below.

1. Take the image ti(u,v) formed from the microscope or the imaging system and normalize
it using ti =

ti−Min(ti)
Max(ti)−Min(ti)

.

2. Define the guess PSF array p as a Dirac delta function.

3. Obtain the image tp(u,v) by taking convolution of the PSF p and the Igop of the target
t(u,v).

4. Compute the least square error using equation. 4.2.

5. Select a pixel of p at the location (u,v) using one of the pixel selection sequences such
as spiral selection as depicted in Fig. 4.1. Replace p(u,v) by a uniform random number
between 0 and 1. Obtain a new least square error ∑ε2′

p using steps (3) and (4).

6. If ∑ε2′
p ≮ ∑ε2

p, the pixel value of p at (u,v) is replaced by its previous value, however if

∑ε2′
p <ε2

p, the new pixel value of p is retained and ∑ε2
p is replaced by ∑ε2′

p .

7. Steps (5) and (6) are repeated till all the pixels of p are covered following the given pixel
selection sequence.

8. Steps (5), (6) and (7) are repeated over a number of iterations till ∑ε2
p minimizes to an

acceptable level. The p at the end of the required number of iterations is taken as the
estimated imaging PSF of the imaging system.

The PSF estimation steps above are also illustrated in a flowchart in Fig. 4.2. The final
estimated imaging PSF array can be Fourier filtered to remove the unwanted high spatial
frequency contents. In the above, we mentioned three pixel selection sequences. We have
observed that, in the spiral pixel selection sequence, the least square error (∑ε2

p) converges
faster as compared to the other two sequences. In all the pixel selection sequences, the value of

∑ε2
p drops rapidly during the first few iterations, as seen in Fig. 4.3. However, since the spiral

pixel selection sequence gives more priority to the pixels closer to the Dirac delta function
(i.e., the guess PSF), the corresponding ∑ε2

p reaches the minimum after the least number of
iterations. Therefore in this work, we adopt the spiral pixel selection sequence to estimate the
imaging PSF array.
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Figure 4.2: Flowchart of the proposed PSF estimation scheme.
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convergence of three pixel selection sequences.

4.3 Numerical implementation

In order to demonstrate the correctness of our proposed PSF estimation scheme we first validate
the scheme numerically on a one dimensional (1D) target and a two dimensional (2D) target.

4.3.1 One dimensional object

We numerically construct a 1D target defined over 256 pixels, as shown in Fig. 4.4(i). The
target is convolved with two PSFs, referred to as PSF1 and PSF2, where PSF1 has a full width
at half maximum (FWHM) of 14 pixels and PSF2 has a FWHM of 10 pixels. The plots of the
convolved target are also seen in Fig. 4.4(i). We then transform the convolved target to a binary
function by using the threshold value of 0.5, which is taken as the Igop of the target. We obtain
the power spectra of both the target and the constructed Igop and the precise overlap between the
two spectra, as seen in Fig. 4.4(ii), establishes the correctness of the Igop thus constructed. We
then employ the proposed scheme on the convolved targets to estimate the respective imaging
PSFs using 900 iterations. To validate the proposed PSF estimation scheme, we have taken
the root mean square error (RMSE) of both the PSF1 and PSF2 with their respective estimated
PSFs. The RMSE is found to be 0.004 and 0.003 for PSF1 and PSF2, respectively. Plots of the
two PSFs employed and the corresponding estimated imaging PSFs, as seen in Figs. 4.4(iii)
and (iv), demonstrate that the proposed PSF estimation scheme works well for 1D targets.
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Figure 4.4: Normalized intensity plot of (i) one dimensional target and convolution of the
target with PSF1 and PSF2. (ii) The power spectra of the target and the constructed Igop. (iii)
PSF1 with the estimated imaging PSF, and (iv) PSF2 with the estimated imaging PSF.

We further observe that the accuracy in the estimated PSFs is dependent on the number
of iterations over which the proposed scheme is employed, and the estimated imaging PSF
matches more and more with the applied PSF as the iteration number increases.

4.3.2 Two dimensional object

We then employ the proposed scheme on 2D targets to estimate the respective imaging PSF
arrays. We consider two types of 2D objects, one complex object, as seen in Fig. 4.5(i) and one
simple object comprising binary pixel values as seen in Fig. 4.5(ii). A numerically obtained
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Figure 4.5: (i) A complex object and (ii) a simple object, each described over 512 × 512 pixels.
(iii) Numerically obtained PSF used to form the convolved images.

PSF, as seen in Fig. 4.5(iii), is convolved with both the targets to produce the corresponding
convolved images, seen in Figs. 4.6(i) and (ii).

Figure 4.6: Convolved images (i) and (ii) of the targets seen in Figs. 4.5 (i) and (ii), respectively.
(iii) and (iv) are the imaging PSF arrays estimated from the convolved images (i) and (ii)
respectively. Here we used 100 iterations for estimating the imaging PSF for both the objects.

Construction of Igop

A simple target can be a lithographically fabricated binary target, such as the object in Fig. 4.5
(ii). The corresponding Igop can be constructed by thresholding its electron microscope image.
In the absence of the electron microscope image of the target, the Igop can be constructed by
thresholding the best available image of the target. We have noticed in the case of the one
dimensional target that a thresholded image can be a very precise representation of the Igop.
However, in the case of a complex target, the construction of the Igop will be a challenge.

51

TH-2336_146121020



Chapter 4: Estimation of the point spread function
1st quadrant RL after 70  iteration using psf_binary

RL after 70  iteration using psf_binary

(i)

(ii)

(iii)

(iv)

Figure 4.7: (iii) The reconstructed images corresponding to deconvolution between the image
in (i) and the PSF in Fig. 4.6 (iii). (iv) The reconstructed images corresponding to deconvolution
between the image in (ii) and the PSF in Fig. 4.6 (iii). The image deconvolution used
Richardson-Lucy algorithm over 70 number of iterations.

Here, we consider the objects seen in Fig. 4.5 (i) and (ii) as the Igop. The imaging PSF
estimated from the image in Fig. 4.6(i) and (ii) are seen in Fig. 4.6(iii) and (iv) respectively. We
notice that the imaging PSF estimated using the complex object provides a better resemblance
with the applied PSF than using the simple object.

Deconvolution using the estimated imaging PSF

We take the estimated imaging PSF corresponding to the simple object, whose Igop can be
constructed easily relative to the complex object to deconvolve both the images in Figs. 4.6 (i)
and (ii). Figures 4.7 (i) and (ii) show the magnified portions of Fig. 4.6 (i) and (ii) enclosed
by solid red boxes as seen in Fig. 4.5 (i) and (ii). The corresponding reconstructed images
after Richardson-Lucy deconvolution seen in Figs. 4.7 (iii) and (iv) demonstrate that the use of
the estimated imaging PSF from the simple object not only removes blur from the image of
the simple object but also from the image of the complex object. Therefore, the imaging PSF
estimated from the simple object can also represent the imaging PSF for the complex object,
provided both the objects are imaged with the same illumination PSF.

52

TH-2336_146121020



4.3. Numerical implementation

(i)

(ii)

(iii)

(iv)

Figure 4.8: (i) and (iii) The estimated imaging PSFs in presence of Poisson noise with PSNR =
33 dB and 55 dB respectively. (ii) and (iv) The estimated imaging PSFs using our proposed PSF
estimation scheme in presence of Poisson noise with PSNR = 33 dB and 55 dB respectively.

PSF estimation Pseudo inverse Proposed PSF
method filter estimation method

RMSE 4.0384 2.5637

RMSE 4.0394 2.5905

Table 4.1: Root mean square error of PSFs obtained by pseudo-inverse filter and our proposed
scheme with respect to the applied PSF.

Performance in the presence of noise

We then assess the performance of our PSF estimation scheme in the presence of noise. We
add Poisson noise to the image in Fig. 4.6(ii) so that the peak signal-to-noise ratio (PSNR)
drops to 55 dB and 33 dB. We first estimate the imaging PSF using the pseudo-inverse filter
[106] on the noisy image. Figures 4.8(i) and(iii) show that the pseudo-inverse filter fails to
estimate the imaging PSFs in the presence of the Poisson noises equivalent to PSNR 33 dB and
55 dB, respectively. However, our proposed scheme estimate the imaging PSFs in both cases
of PSNR 33 dB and 55 dB, with the same accuracy as in the noiseless case, as seen in Figs.

53

TH-2336_146121020



Chapter 4: Estimation of the point spread function

4.8 (ii) and (iv), respectively. We have also calculated the RMSE of the PSFs obtained by both
pseudo-inverse filter and our proposed PSF estimation method and is given in table 4.1. From
the table 4.1, it is clear that the PSF estimation scheme performs well than pseudo-inverse filter
technique to estimate the PSF.

4.4 Experimental implementation

After the validating the correctness of the proposed scheme on numerically constructed targets,
we then demonstrate the proposed PSF estimation scheme on experimental images obtained
from a widefield microscope and a laser scanning confocal microscope.

4.4.1 Widefield microscope

(i)

(ii)

(iii)

(iv)

(v)

(vi)

5 μm

Figure 4.9: (i) Widefield image of a portion of USAF 1951 resolution test target, (ii) constructed
Igop, (iii) defocused image after 15 µm axial movement, (iv) estimated imaging PSF using our
proposed scheme, (v) restored image using blind deconvolution over 70 iterations, (vi) restored
image after Richardson-Lucy deconvolution over 70 iterations using the estimated imaging
PSF.

54

TH-2336_146121020



4.4. Experimental implementation

Here we use an inverted microscope (IX51 manufactured by Olympus) for acquiring
widefield images of the USAF resolution target. We image a portion of the USAF test target
with a 40 × objective lens (NA=0.6). An incoherent broadband source with a peak wavelength
of about 540 nm illuminates the target. A well focused image of the USAF target comprising
98 × 98 pixels over an area of 16 µm × 16 µm acquired by the widefield microscope is shown
in Fig. 4.9(i). We threshold the normalized image using a threshold value of 0.5 to construct
the Igop, seen in Fig. 4.9(ii). We then move the microscope stage axially by about 15 µm using
a piezo-electric stage to defocus the imaging system, and the defocused image of the target
is shown in Fig. 4.9(iii). The imaging PSF is estimated from the defocused image using our
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Figure 4.10: Line plots along the red solid line shown in Fig. 4.9(ii) for the images in Fig.
4.9(i), (ii), (iii), (v) and (vi).

proposed scheme over 60 iterations, and the estimated imaging PSF is seen in Fig. 4.9(iv).
We then perform deconvolution on the defocused image to restore the original image. We
use the estimated imaging PSF, as in Fig. 4.9(iv), in the Richardson-Lucy deconvolution of
the defocused image, and the reconstructed image after 70 iterations is shown in Fig. 4.9(vi).
We also employ blind deconvolution on the same defocused image over the same number
of iterations, and the reconstructed image thus obtained is shown in Fig. 4.9(v). For easy
comparison of the reconstructed images obtained from different deconvolution algorithms, we
take line plots along the solid red line in Fig. 4.9(ii), for the Igop, the experimental image, and
the respective deconvolved images. The plot in Fig. 4.10 clearly shows the superior restoration
of contrast in the deconvolved image using the estimated imaging PSF.
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4.4.2 Laser scanning confocal microscope

(i) (ii)

10 μm

Figure 4.11: (i) Experimental confocal image of a USAF target comprising 94×94 pixels over
an area of 35 µm × 35 µm,(ii) the constructed Igop.

We then demonstrate the proposed PSF estimation scheme in a laser scanning confocal
microscope. The confocal microscope is based on a holographic beam scanning unit as
described in chapter 3 and thus be referred to as the holographic scanning confocal microscope
[97, 107]. We image a portion of the USAF test target having an area of about 40 µm × 40
µm described over 94 × 94 pixels. The microscope is operated in the reflection mode with a
10 × objective lens having effective NA= 0.22. The image of the target with a well corrected
beam is shown in Fig. 4.11(i). The Igop of the target is constructed by thresholding the acquired
image and is shown in FIg. 4.11(ii). We then holographically introduce aberrations into the
illumination beam phase profile to make the beam aberrated. The aberration modes represented
by single indexed Zernike modes Z7, Z8, Z9, and Z10 [67] are incorporated into the illumination
beam. Numerically constructed illumination PSFs in the presence of Z7, Z8, Z9, and Z10 in the
illumination beam are shown in Fig. 4.12(ii). The experimental images of the target using the
illumination beam aberrate with various modes are shown in Fig. 4.12(i).

The imaging PSF arrays are estimated by employing the proposed scheme on the images
in Fig. 4.12(i) with Fig. 4.11(ii) as the Igop. The estimated imaging PSFs are shown in
Fig. 4.12(iii). These imaging PSFs are then employed for image deconvolution using the
Richardson-Lucy algorithm. The reconstructed images after 50 iterations are shown in Fig.
4.12(iv). We also perform blind deconvolution on the same experimental images shown in Fig.
4.12(i) and reconstructed images after 50 iterations are seen in Fig. 4.12(v). We notice that
using the estimated imaging PSF in the deconvolution process facilitates the removal of the
effect of aberrations more efficiently than the blind deconvolution process. To further clarify
the same, we draw line plots along the solid red line in Fig. 4.12(a)(i) for the Igop, experimental
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(i) (ii) (iii) (iv) (v)

(a)

(b)

(c)

(d)

5 μm

Figure 4.12: (i) The experimental confocal image of the target using (a) Z7, (b) Z8, (c) Z9 and
(d) Z10 aberrated illumination beam, (ii) numerically obtained illumination beam using (a) Z7,
(b) Z8, (c) Z9 and (d) Z10 aberration modes, (iii) the estimated imaging PSF corresponding to (a)
Z7, (b) Z8, (c) Z9 and (d) Z10 aberrated images, (iv) the reconstructed images after Richardson-
Lucy deconvolution (RL) corresponding to (a) Z7, (b) Z8, (c) Z9 and (d) Z10 aberrated images
and (v) the reconstructed images after blind deconvolution (BL) corresponding to (a) Z7, (b) Z8,
(c) Z9 and (d) Z10 aberrated images.

image, and the respective deconvolved images. The plots are shown in Fig. 4.13 provides a clear
demonstration that the contrast in reconstructed images are better after the Richardson-Lucy
deconvolution than after the blind deconvolution. The results from the two experiments clearly
show that our PSF estimation scheme works in different optical microscopes irrespective of the
imaging geometry. The imaging PSF is estimated using a simple binary target, however, once
estimated, the same can be used for different complex targets provided the illumination PSF
remains the same.
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Figure 4.13: Line plots along the red solid line shown in Fig. 4.12(a)(i) for the images in Fig.
4.12(a)(i), (iv), (v) and Fig. 4.11(ii).

4.5 Summary

In this chapter, we have introduced a PSF estimation scheme based on minimizing the least
square error between the image of a target, whose geometrical-optics predicted image, Igop can
be constructed, and the image obtained by convolving the Igop with a stochastically constructed
imaging PSF. We have demonstrated the working of the proposed scheme first on numerically
constructed targets. We have also experimentally demonstrated the working of the proposed
scheme in widefield and confocal microscopes involving different numerical apertures.
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CHAPTER 5

Implementation of resolution
enhancement schemes using the array

detection microscope

5.1 Introduction

This chapter presents the implementation of resolution enhancement schemes in a beam
scanning microscope using the array detection. Here, in addition to the confocal
microscope with variable pinhole diameter, we demonstrate the implementation of

image scanning microscopy and image subtraction microscopy exploiting the array detection
using both mechanical and non-mechanical beam scanning mechanisms. We present results
from a set of proof-of-principle experiments to show the relative enhancement in resolution. We
also propose a novel intensity subtraction microscopy technique and compare the results with
the image subtraction microscopy technique. The chapter ends with a quantitative estimation
of the lateral resolution enhancements in term of the respective imaging PSF estimated by our
PSF estimation scheme.

5.2 Brief description of the experimental arrangements

The array detection microscopes are divided into two broad categories based on the beam
scanning mechanism used. One category of systems is mechanical scanning, which uses a
galvo mirror based beam scanning while the other is a non-mechanical scanning category that
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camera trigger from 

the microcontroller

X scanner common from 

D/A card

Y scanner common from 

D/A card

Figure 5.1: Schematic showing the relative timing of the camera trigger and the command
signals for the X and Y scanners.

uses holographic beam scanning. In the below sections we provide a brief description of each
category of systems.

5.2.1 Galvo mirror based scanning system

The experimental arrangement for implementing the scanning microscope with an array detector
is more or less same as the setup shown in Fig. 3.11 of chapter 3. A binary hologram is written
onto the LCSLM device to generate the illumination beam using the +1 order diffracted beam.
The beam scanning over N ×N pixels of the sample plane is performed by two galvo scan
mirrors connected to one another by a 4f relay unit. The light from the sample plane is collected
by the same objective lens, which focuses the illumination beam onto the sample plane, and
after de-scanning, the beam is transmitted by the beam splitter BS2. The lens L5 focuses the
light from the sample plane onto the array detector. Here we take the high speed CMOS camera
(Basler A504k) as the array detector. The synchronized operation of the camera, galvo scanner,
and the LCSLM device is realized with the help of the synchronization unit via the generation of
appropriate drive signals. The user has control over all the active units of the experimental setup
via a graphical user interface in the PC written using the LabVIEW programming environment.
For each scan position, a detector window of size, say, n×n, is defined in the camera image
surrounding the illumination spot, and the same is stored in the PC for the reconstruction of the
image later.

In order to avoid the jittering of the scan mirrors, we use the digital to analog card (D/A)
card attached to the PC to generate command signals for the two scan mirrors, as seen in Fig.
5.1. It shows how the X mirror, for instance, is moved to six scan positions for a given position
of the Y mirror. For each position of the X scan mirror, sufficient time is allotted for the mirror
to stabilize before a trigger is generated for the camera. The camera trigger signal is generated
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Figure 5.2: Schematic of the experimental setup to implement array detection in a holographic
scanning microscope.

using the microcontroller based synchronization unit. The same unit also sends a trigger signal
to the D/A card for the synchronized operation of the two scan mirrors. A stable illumination
beam is captured using 200 active rows of the Basler camera, allowing the acquisition of at
least 2000 detector arrays per second.

5.2.2 Holographic based scanning system

In the holographic scanning based system, a dynamically re-configurable binary hologram
is used to achieve the beam scanning. The principle and algorithm for the construction of
the binary holograms have already been discussed in section 3.2.2. In Fig. 5.2, a schematic
diagram of the array detection microscope using the holographic beam scanning is presented
[108]. A laser beam is expanded and collimated using lenses L1 and L2. The collimated beam is
incident on the FLCSLM, where binary holograms are displayed using standard video signal at
a refresh rate of 60 colored (24 bit) images per second. The +1 order diffracted beam is isolated
from other diffracted orders with the help of L3 and the Iris diaphragm ID. The beam is then
reflected by the (dichroic) beam splitter, (D)BS, after passing through the lens L4 and focused
by the microscope objective lens L5. The (D)BS, the objective lens, and the sample plane stage
are the parts of the inverted microscope stage. The light from the sample plane is received
by the same objective lens and is then transmitted by the beam splitter to be focused onto a

61

TH-2336_146121020



Chapter 5: Implementation of resolution enhancement schemes

Detector window

(i) (ii) (iii)

Figure 5.3: An example of (i) a 24-bit color image for the holographic scanning,(ii) the
resulting 24 illumination spots captured in a single camera frame, and (iii) describing the
detector window surrounding each such focal spot to obtain the detector array.

CCD camera. The FLCSLM is set to display 24 constituent bit planes of each 24-bit color
image, each bit plane for a duration of about 700 µs, in a time sequential manner. Therefore
by displaying a sequence of binary holograms, the illumination spot can be sent precisely to
1440 different locations on the sample plane in one second. In order to capture each of these
scan positions in independent frames of the camera, the camera has to have a frame rate of at
least 1440 Hz. However, due to the slow frame rate of our camera, we decided to capture all
the 24 scan positions corresponding to one color image in one single frame of the camera. This
requires that all the 24 scan positions are well separated so that there is no overlap between the
adjacent focal spots present in a single camera frame. As the camera is operating at a frame
rate of 15 Hz, we write only 15 different color images onto the FLCSLM in one second. The
synchronized operation of the camera and the FLCSLM display is realized with the help of our
in-house developed microcontroller-based synchronization unit. Thus even with an ordinary
slow camera, it takes only about 45 seconds to scan over 128×128 pixels of the sample plane
and to capture the detector array for each scan position.

Figure 5.3(i) shows a representative 24-bit color image that gives rise to 24 well dispersed
illumination spots, as shown in Fig. 5.3(ii), which are captured in a single image frame of the
camera. The 24 illumination spots are arranged in a square area, so the separations between
two adjacent spots along the horizontal and vertical direction are different. Then 24 detector
windows surrounding each of the illumination spots as shown in Fig. 5.3(iii), are described.
The 2D array of data in each detector window constitutes the detector array for the microscope.
It is extracted from the camera image to be stored in the PC for each scan position. After
completion of the scanning process of the entire sample plane, the PC saves a four dimensional
(4D) array data set, which can be further used for post-acquisition processing. Considering that
the scanning is over N ×N pixels and the detector window contains n×n pixels, the 4D array
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Figure 5.4: Reflected light confocal images of the USAF 1951 target over an area of 27
µm×27 µm using objective 60X (water immersion, 1.2 NA) in the galvo mirror based scanning
system. Images are obtained using pinhole dimensions (i) 2 Airy unit, (ii) 1.5 Airy unit, (iii) 1
Airy unit and (iv) 0.5 Airy unit.

has a dimension of N ×N ×n×n, so that every scan position corresponds to a detector array of
size n×n.

5.3 Implementation of confocal imaging with variable
pinhole size

For both the holographic scanning based and galvo scanning based array detection microscopes,
it is possible to describe a digital pinhole in the detected plane with a radius bearing from zero
to n number of pixels [109]. We can therefore implement confocal microscopy with variable
pinhole size using the 4D array. For each pinhole size, a confocal image is constructed by
integrating all the pixel values within the pinhole described in the detector array. Confocal
imaging with variable pinhole size can be implemented for reflection and the fluorescence
modes. However, as a demonstration of the proposed scheme below represent results using the
reflected light [110].

5.3.1 Results from the galvo mirror based scanning system

We perform scanning over 128×128 pixels and describe a detector window of size of 200×200
pixels in the camera image for each scan position. We constructed confocal images using
pinhole sizes varying from 2 Airy unit (AU) to 0.5 AU. Figure 5.4 shows the images of a USAF
1951 resolution test target with the 60× water immersion objective lens over an area of about
27 µm × 27 µm. Figures 5.4 (i→ iv) show the reconstructed confocal images with pinhole
radii equal to 2 Airy unit, 1.5 Airy unit, 1 Airy unit, and 0.5 Airy unit, respectively. In order to
visualize the variation in image quality as the pinhole size changes, we plot the intensity in the
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Figure 5.5: (i) Line plot over all the images along the solid red lines in Fig. 5.4(i) showing the
edge response and (ii) the plot of SNR as a function of pinhole diameter.

reconstructed images along a line, as shown in Fig. 5.4(i). It is observed from the plot seen in
Fig. 5.5 (i) that with the reduction in the pinhole size, the edge of the line pattern in the target
becomes sharper. Moreover, a decrease in the pinhole size reduces the amount of background
noise present in the final image. We have calculated the signal to background ratio (SBR) of
the final image by using the definition [111]

SBR = 20log10
Imax − Imin

(1
n ∑

n
i=1(Ii − Ī)2)1/2

(5.1)

Here Imax is the maximum intensity in the image, Imin is the minimum intensity in the image,
and Ī is the mean of all the pixels representing the background, with n as the number of such
pixels in the image. The SBR of the final image with different pinhole dimensions is calculated
and is shown as a plot in Fig. 5.5 (ii). It is noticed that SBR initially increases as the pinhole
size decreases. Enhancement in SBR with the reduction in pinhole diameter for larger pinholes
can be attributed to the reduction in the background noise and unwanted reflections or speckles.
However, if the pinhole diameter is further decreased, then the SBR too starts decreasing due
to the smaller amount of signal forming the image. Thus the proposed system facilitates tuning
the imaging parameters to arrive at a confocal image that has the right resolution and SBR from
the same set of detector array data.

5.3.2 Results from the holographic based scanning system

Here again, we scan the USAF test target over 120×120 pixels with each scan position corre-
sponding to a detector array size of 40×40 pixels. From the 4D data, we reconstruct confocal
images using pinhole size varying from 2 Airy unit (AU) to 0.5 AU. Figures 5.6 (i→ iv) show
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Figure 5.6: Reflected light confocal images of the USAF 1951 target over an area of 25
µm×25 µm using objective 40X (0.4 NA, air) in the holographic scanning based system.
Images are obtained using pinhole dimensions (i) 2 Airy unit, (ii) 1.5 Airy unit, (iii) 1 Airy unit
and (iv) 0.5 Airy unit.

the reconstructed confocal images with pinhole radii equal to 2 Airy unit, 1.5 Airy unit, 1 Airy
unit, and 0.5 Airy unit, respectively. Improvement in the images in terms of background noise
can be seen in the line plot shown in Fig. 5.7 (i), where we plot the intensity in the images
along the line shown in Fig. 5.6 (i). We have also calculated the SBR of the reconstructed
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Figure 5.7: (i) Line plot profiles over all the images along the solid red lines in Fig. 5.6(i)
showing the edge response. (ii) Effect of the different pinhole dimensions on the SBR of the
image.

image by using the Eq. 5.1, and a plot is shown in Fig. 5.7 (ii). We notice that, likewise the
galvo mirror based scanning system here also the SBR increases initially as the radius of the
pinhole decreases owing to the reduction in the amount of light reaching the detector due to
unwanted reflections and then it starts decreasing.

It is to be noted here that for both the systems, the size of the pinholes in terms of the Airy
unit may not be precisely defined due to the error in estimating the size of the ideal Airy pattern
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in the respective detector planes. This has led to some variation in the values of pinhole sizes
giving the maximum SBR as well as deviation from the expected size of the pinholes.

5.4 Implementation of image scanning microscopy (ISM)

(i) (ii)

Figure 5.8: ISM image processing which comprises scaling down of the detector array and put
the array to the same position.

As discussed already in section 2.3.2, image scanning microscopy (ISM) [20, 21] provides
the easiest way to enhance the lateral resolution and at the same time not compromising on
the signal to noise ratio in the image. With the availability of the detector array for each scan
position, it is possible to implement image scanning microscope using our two versions of the
array detection microscopes. The image scanning microscopy can be implemented both in
the reflection mode as well as in the fluorescence mode, even though the advantages of image
scanning microscopy becomes more evident in the fluorescence mode due to the smaller signal
available from the sample plane in a fluorescence imaging system.

To implement the ISM, we first multiply each detection window by a circular mask often
to be a size equal to the 1 AU. Then the detector array, as in the detector window, is scaled
down by a factor 1/2, assuming that the pixel to pixel separation in the detector window is
equal to the separation between two scan positions in the final reconstructed image. Since the
detector window is in the digital form, the scaling down by a factor of 1/2 can be achieved by a
2×2 binning of the corresponding 2D array. The contracted detector array is then placed in a
2D array of size N×N, representing an equal number of scan positions, with the center of the
detector array coinciding with the pixel corresponding to the respective scan position. Figure
5.8 depicts the pixel reassignment in an ISM system. The detector records an array containing
the illuminated region for the given scan position at each scan position, as shown in Fig. 5.8
(i). Afterward, this is followed by scaling down of all the detection array by a factor of 1/2.
The final 2D image of the sample is obtained by placing all such scaled downed detection array
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5.4. Implementation of image scanning microscopy (ISM)

placed at their original position as illustrated in Fig. 5.8 (ii). For example, the detection PSF
with a diameter of 4 pixels has been reduced to a PSF with a diameter equal to 2 pixels by
performing a 2×2 binning. However, the center to center separation between two adjacent
PSFs remains unaltered. The final 2D array is thus updated after the repositioning of the
detector array corresponding to each scan position. Below we present the results demonstrating
the implementation of the image scanning microscope both in the reflection mode and in the
fluorescence mode.

5.4.1 Results from galvo mirror based scanning system
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Figure 5.9: (i) Confocal image and (ii) the respective ISM image reconstructed using the galvo
mirror based array detection microscope working in the reflection mode. (iii) Line plots over
the two images along the line shown in (i) to indicate apparent increase in resolution and SNR.

Figure 5.9 (i) shows the confocal image of a portion of the USAF 1951 target captured by
the galvo mirror based scanning system working in the reflection mode. The data corresponds
to 128×128 scan positions with each scan position corresponding to a 200×200 detector array.
The respective reconstructed ISM image is seen in Fig. 5.9 (ii). The line plots over the two
images, as seen in Fig. 5.9 (iii) show the enhancement in the contrast and the reduction in noise
in the ISM image relative to the confocal image.

5.4.2 Results from the holographic based scanning system

Figure 5.10 (i) shows the confocal image of another portion of the USAF 1951 target captured
by the holographic scanning based system working in the reflection mode. The data corresponds
to 120×120 scan positions with each scan position corresponding to a 40×40 detector array.
The respective reconstructed ISM image is seen in Fig. 5.10 (ii). Likewise, the galvo mirror
based scanning system, here also the line plots over the confocal and ISM images as seen in Fig.
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Figure 5.10: (i) Confocal image and (ii) the respective ISM image reconstructed using the
holographic scanning based array detection microscope working in the reflection mode. (iii)
Line plots over the two images along the line shown in (i) to indicate apparent increase in
resolution and SNR.

5.10 (iii) show the enhancement in the contrast and the reduction in noise in the ISM image
relative to the confocal image.

Image scanning microscopy in the fluorescence mode using the holographic based
scanning system
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Figure 5.11: (i) Confocal and (ii) the corresponding ISM image obtained using the holographic
scanning based array detection microscope working in the fluorescence mode. (iii) Line plot
along the solid red line in (i), showing the enhancement in lateral resolution in the ISM image
relative to the confocal image.

We also demonstrate the implementation of image scanning microscope in the fluorescence
mode using the 4D data captured with the holographic based scanning system. The schematic
of the experimental arrangement of the scanning optical microscope in the fluorescence mode
is the same as the one working in reflection mode (Fig. 5.2) with a dichroic beam splitter in
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5.5. Implementation of image subtraction microscopy

conjunction with a long-pass emission filter replacing the beam splitter placed between the
camera and the sample plane. Here we use a dichroic beam splitter with a cutoff wavelength at
around 640 nm, which reflects the excitation laser at 633 nm towards the sample plane. The
combination of the beam splitter and the emission filter transmits light from the sample plane
with a wavelength greater than the cutoff wavelength.

Fluorescent bead sample preparation: Fluorescent beads are available in different sizes
ranging from 10 nm to 15 µm with different excitation and emission spectra. Here we use 200
nm diameter FluoSpheres beads (Carboxylate-Modified Microspheres, Make: Thermo Fisher
Scientific) having peak excitation/ emission wavelengths 625/645 nm. The sample preparation
steps of the fluorescent bead is given below

1. The bead solution is diluted by mixing 10µL of concentrated bead solution with 90µL
of distilled water for a 1:100 dilution factor.

2. The solution is further diluted by a factor of 1:104 by mixing 10µL of the solution with
90µL of distilled water.

3. The bead solution is sonicated for 5 minutes to avoid inhomogeneous bead distribution
on the coverslip due to aggregation.

4. A coverslip and a microscope slide are cleaned by ethanol.

5. 10µL of bead suspension is then applied on the coverslip and allow it to dry on air.

6. The coverslip is mounted on a microscope slide and sealed with nail polish.

We then perform the acquisition of detector arrays using fluorescence light from the sample
plane with a 100 ×, 1.4 NA oil immersion objective lens. Figure 5.11 (i) shows the reconstructed
confocal image and Fig.5.11 (ii) shows the corresponding ISM image. To be noted that in the
fluorescence mode, the scaling down factor increases by a small amount due to the Stokes shift.
Figure 5.11 (iii) shows the line plots of normalized pixel values along the solid red line on the
bead. It is observed that there is a marginal enhancement in the resolution in the case of ISM.

5.5 Implementation of image subtraction microscopy

As we discussed previously in chapter 3, the image scanning microscopy primarily enhances
the lateral resolution. Fortunately, the 4D data obtained from the array detection microscope
which can represent a confocal microscope with different pinhole sizes can also be employed
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to implement image subtraction microscopy. The image subtraction microscopy is a recent
microscopy technique that can enhance the axial resolution of the image [112]. The technique
involves the subtraction of two confocal images obtained using two pinholes of different sizes.
One confocal image of the sample plane is constructed using a circular pinhole of diameter
equal to one Airy unit, and yet another image of the same sample place is constructed using
another pinhole with a much larger radius. The final image with the enhanced axial resolution
is constructed by subtracting the background information from the first image. The background
information, on the other hand, is obtained by subtracting the second image from the first
image. One of the issues of the subtraction method is the appearance of the pixels with negative
intensity values. When such pixels with negative values appear, the normal method is to make
all such pixels zero. However, making all the negative value zero leads to loss of information.
To avoid such loss of information and appearance of pixel of negative value there has to be a
subtraction coefficient.

The expression of the final image can be written as

Isub = I1 −α(I2 − I1) (5.2)

Here I1 is the confocal image formed using a pinhole of diameter equal to the Airy disc, and I2

is the image formed using a very large pinhole that allows all the light from the sample plane.
α is the subtraction parameter whose value is chosen in such a way to avoid the emergence of
any negative pixel values in Isub.

In our array detection microscope we can easily implement such a scheme using our detector
array without the need to use two physical pinholes in the detector plane. Below we present
results to demonstrate the implementation of image subtraction microscopy using both the
versions of the array detection microscopes.

5.5.1 Results from the galvo mirror based and holographic based
scanning systems

We employ the 4D data set of our array detection microscopes to implement array detection
microscopy. We first obtain the confocal image I1 by integrating the pixels inside a circle of
radius 1AU for each detector array and obtain the image I2 by integrating all the pixels in the
detector array. Figure 5.12 (i) shows the image subtraction microscopy image of the USAF
test target obtained using α = 1 on the 4D data from the galvo mirror based scanning system
working in the reflection mode. Figure 5.12 (ii) shows the image subtraction microscopy image
of a part of the USAF test target obtained using α = 0.39 on the 4D data from the holographic
scanning based system working in the reflection mode. We then construct the image subtraction
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Figure 5.12: Images obtained using the image subtraction microscopy technique implemented
with the (i) galvo mirror based scanning system working in the reflection mode, (ii) holographic
based scanning system working in the reflection mode and (iii) holographic scanning based
system working in the fluorescence mode.

microscopy image using α = 0.217 on the 4D data from the holographic scanning based system
working in the fluorescence mode and the same is shown in Fig. 5.12 (iii).

We estimate the contrast in each of the images shown in Fig. 5.12 and compare the same
with the respective confocal images. We define the contrast as

Ci =
Imax − Imin

Imax + Imin
(5.3)

Here Imax and Imin are the maximum and minimum pixel values, respectively, in the image. The
contrast in the case of Fig. 5.12 (i) has improved to 0.2456, while the contrast in the case of
the respective confocal image is 0.2118. Similarly, the contrast in the case of Fig. 5.12 (ii) has
improved to 1, while the contrast in the case of the respective confocal image is 0.3484.

The contrast in the image subtraction microscopy image in the fluorescence mode is
estimated to be 0.9549, which for the respective confocal image is 0.7080.

The enhancement of contrast in the three cases above indicates a reduction in the background
light and thus, an enhancement in the axial resolution.

5.6 Introduction to novel intensity subtraction microscopy

In the image subtraction microscopy, choosing the value of the factor α plays a crucial role in
deciding the image quality. A bigger value of α can provide superior results in some parts of
the image, however, with more possibility of producing negative pixels in other parts of the
image. To avoid the negative pixels, the factor α should be carefully chosen to balance between
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Figure 5.13: (i) Schematic of the detector window (i.e. detector array) showing two concentric
circles of radii a and b to implement the proposed intensity subtraction microscopy (i.e. Int
sub), (ii) Image of the USAF test target using the proposed scheme on the data recorded using
the holographic scanning based system working in the reflection mode. (iii) Line plots along
the red line is shown in (ii) for the confocal image, image subtraction microscopy (i.e. Im sub)
image and Int sub image of the same target. (iv) Same lines plots as (iii) after a bright pixel
is introduced in the detector array corresponding row index 56 and column index 20. Inset
shows the magnified view of part of the plot highlighting the artifact that may arise in the Im
sub image.

contrast enhancement and appearance of negative pixels. Here we propose a novel intensity
subtraction microscopy where the role of the factor α is removed.

In the proposed scheme, we first construct a confocal image using a pinhole with the
smallest possible radius, which is often taken as the Airy disc radius. In the reconstructed
confocal image, we then look for the pixel, which has the smallest yet a non-zero value. We
take the detector array corresponding to that pixel and define two concentric circles of radii a
and b as shown in Fig. 5.13 (i). We keep the radius a fixed, again preferably equal to the Airy
disc radius, while we consider b to be a variable. The value of b is then increased starting from
a, and for each value of b the difference between the net pixel values within the circle of radius
a and within the annular region between radii a and b are estimated. We then arrive at the value
of b, say bz, which makes this difference zero. In our proposed scheme, the effective value of
each reconstructed image pixel is defined as

pe f f = pa − pbz (5.4)

Here pa and pbz are the integrated pixel values inside the inner circle and the annular region,
respectively, for a given scan position.

5.6.1 Results

We employ the 4D image data obtained from the holographic scanning based systems working in
the reflection mode to implement the novel intensity subtraction microscopy. The corresponding
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Figure 5.14: (i)Image of the 200nm bead using the proposed scheme on the data recorded
using the holographic scanning based system working in the fluorescence mode. (ii) Line
plots along the red line is shown in (i) for the confocal image, image subtraction microscopy
(Im_sub) image and the proposed intensity subtraction microscopy (Int_sub) image.

detector array has size 40×40 pixels and 1 AU=25 pixels. The value of bz is estimated to be
0.87. Figure 5.13 (ii) shows the final reconstructed image using the novel intensity subtraction
microscopy technique. Figure 5.13 (iii) shows line plots of the normalized intensity along
the line shown in Fig. 5.13 (ii) for the confocal image using a pinhole of size 1 AU and the
respective image subtraction and novel intensity subtraction microscopy images. It is noticed
that the novel scheme provides similar image contrast as the image subtraction microscopy.
However, the image subtraction microscopy uses the entire detector array to obtain I2, and any
variation in the background light for different scan positions may introduce artifacts. In order
to demonstrate this effect, we deliberately introduce a bright pixel at a corner in the detector
array corresponding to a scan position (row index 56, column index 20) lying along the line
shown in Fig. 5.13 (ii). Using the modified detector arrays, we again construct the confocal,
image subtraction, and intensity subtraction microscopy images and repeat the same line plot.
As seen in Fig. 5.13 (iii), there is a dip at the center of the middle line in the case of image
subtraction microscopy, which is not present in confocal or intensity subtraction microscopy.

We also imaged the 200nm fluorescence bead and obtained the 4D data using the holo-
graphic scanning based system working in the florescence mode. The imaging conditions are
kept the same as in the reflected mode. We then implement the novel intensity subtraction
microscopy technique to the 4D data. The value of bz is estimated to be 0.85. Figure 5.14 (i)
shows the final reconstructed image using the novel intensity subtraction microscopy technique.
Figure 5.14 (ii) shows line plots of the normalized intensity along the line shown in Fig. 5.14
(i) for the confocal, image subtraction and novel intensity subtraction microscopy images.
We then calculate the FWHM of the bead for confocal, image subtraction microscopy, and
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our proposed intensity subtraction microscopy images. The FWHM is found to be 750nm
for the confocal image, 712nm for the image subtraction microscopy image, and 648nm for
the proposed intensity subtraction microscopy image. Using the expression for the lateral
resolution 0.51λexc

NA for NA=1.4 and λexc=633nm is found to be 230nm. However, the FWHM of
the bead is much larger than the theoretical value. The primary reason behind the difference
depends on the nonuniform amplitude distribution of the beam at the back focal plane of the
objective, and the effective numerical aperture of the microscope is less than 1.4. Nevertheless,
it is noticed that the resolution of the proposed intensity subtraction microscopy technique is
more than the existing techniques, and 16% enhances the resolution than that of a confocal
microscope.

5.7 Assessment of lateral resolution enhancement using the
PSF estimation scheme

(i) (ii) (iii)

(i) (ii) (iii) (iv)

(a)

(b)

0.25 AU 0.5 1 1.5

FWHM: 14 18 25 30

Figure 5.15: (i) The numerically constructed 2D target and (ii) the illumination PSF for the
numerical simulation.

In the previous sections, we have employed our array detection microscope to implement the
confocal microscope with variable pinhole size, image scanning microscopy, image subtraction
microscopy, and novel intensity subtraction microscopy. The experimental results indicate that
there is a clear enhancement in lateral resolution in the case of the image scanning microscope.
In this section, we perform a numerical investigation of the lateral resolution enhancement
by the various imaging schemes. Here we simulate various imaging schemes using a certain
numerical target and obtain the effective imaging PSFs of the various imaging systems using
our PSF estimation scheme introduced in chapter 4. The effective PSFs of the various imaging
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5.7. Assessment of lateral resolution enhancement using the PSF estimation scheme

systems are used to get a quantitative estimation of the lateral resolution enhancements in the
respective imaging schemes in the ideal case.

A 2D numerical target as shown in Fig. 5.15 (i) is described over 256 ×256 pixels. The
detector array data are computed by numerically scanning the illumination PSF, as shown in
Fig. 5.15(ii), over the target. The 4D numerically obtained data is then used to implement
various microscopy techniques.

5.7.1 Confocal microscopy with different pinhole sizes

(i) (ii) (iii)

(i) (ii) (iii) (iv)

(a)

(b)

0.25 AU 0.5 1 1.5

FWHM: 14 18 25 30Figure 5.16: Confocal image constructed from the detector array data using pinhole dimension
of (a)(i) 0.25AU, (ii) 0.5AU, (iii) 1AU and (iv) 1.5AU. (b) The corresponding effective imaging
PSFs as obtained using the PSF estimation scheme.

We first construct the confocal image of the target by using pinhole diameter equal to 0.05
AU, 0.5 AU, 1 AU, and 1.5 AU, and the images are seen in Figs. 5.16 (a)(i)→(iv), respectively.
The corresponding effective imaging PSFs, as estimated by our scheme, are shown in Fig. 5.15
(b)(i)→(iv) respectively. It is evident from this result that as the pinhole size of the confocal
microscope decreases, the effective imaging PSF becomes narrower, thereby enhancing the
lateral resolution.

5.7.2 Image scanning microscopy

We then use the numerically obtained 4D data to construct the ISM image which is shown in
Fig.5.17 (i). This image is then used to obtain the imaging PSF using our estimation scheme,
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Figure 5.17: (i) ISM image constructed from the detector array data and (ii) the corresponding
estimated imaging PSF.

and the PSF thus obtained is seen in Fig.5.17 (ii). Figure 5.17(iii) shows the line plots of the
imaging PSFs for the confocal and the image scanning microscopy, respectively. The line
plot clearly shows the enhancement in lateral resolution in the case of the image scanning
microscope relative to the confocal microscope in the ideal case.

5.7.3 Image subtraction microscopy

Figure 5.18: (i) Image subtraction microscopy image constructed from the detector array data
and(ii) the corresponding estimated imaging PSF.

The numerically obtained 4D data is then employed to construct image subtraction mi-
croscopy images where we use α=0.00005. Figure 5.18 (i) shows the image subtraction
microscopy image, which is then used to obtain the effective imaging PSF of the respective
system. Figure 5.18 (ii) shows the imaging PSF as provided by our PSF estimation scheme. In
order to highlight if there is an enhancement in the lateral resolution in the case of the image
subtraction microscopy techniques, we do a line plot along the imaging PSF and compare the
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same with the confocal system. The line plots are seen in Fig. 5.18 (iii), which indicates that
there is no noticeable or significant enhancement in the lateral resolution in the case of the
image subtraction microscopy technique.

5.8 Summary

In this chapter, we have developed two types of scanning optical microscope using the array
detector, one using galvo mirror scanning and the other using holographic scanning. In the
array detection microscope using scan mirrors, we have addressed the jittering issue of the scan
mirrors by designing the command scheme of the scanners and synchronizing their movement
with the camera. In the other system, we have performed the beam scanning without using any
mechanical scanner by utilizing the fast response liquid crystal spatial light modulator. Our
system can scan the entire sample plane at a reasonable time, even with an ordinary camera.
We have employed our array detection microscopes to implement various imaging schemes
such as confocal microscopy with variable pinhole size, image scanning microscopy, and image
subtraction microscopy. Implementation of variable pinhole size in a confocal microscope,
facilitates confocal imaging with an appropriate balance of lateral resolution and signal to noise
ratio. Our proof-of-principle experiments using the image scanning microscope technique
has demonstrated an enhancement in lateral resolution in both the reflection and fluorescence
modes. We have also introduced a novel intensity subtraction microscopic technique. Both
the image subtraction microscopy and the novel intensity subtraction microscopy technique
enhance the axial resolution by reducing the amount of background light. In contrast to
the image subtraction microscopy technique, in our novel intensity subtraction microscopy
technique, some of the artifacts in the imaging process can be avoided. We have performed
a numerical Investigation on the lateral resolution enhancement as achieved by the various
imaging techniques implemented using our PSF estimation scheme.
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CHAPTER 6

Implementation of STORM and
integrating it with the array detection

microscope

6.1 Introduction

In this chapter, we first describe the implementation of a STORM microscope to obtain
super-resolution images of fluorescent samples. We then combine the STORM with our
array detection beam scanning microscope to get the reflected light image of the same

part of the sample without any modification of the optical setup. We present proof-of-principle
experimental results that demonstrate the working of both the STORM setup and the array
detection microscope when they are part of the same microscope stage.

6.2 EasySTORM as a lowcost yet robust way to realise
STORM

EasySTORM is a super-resolution microscopy (SRM) technique proposed by Kwakwa et al.
[113] based on the principle of single molecule localization of individual fluorescent molecule
by switching them stochastically. It uses the direct stochastic optical reconstruction microscopy
(dSTORM) technique [114] in a cost effective manner by incorporating low cost industry-grade
lasers, open source software for image capture and ordinary scientific camera with decent
imaging speed, sensitivity, and dynamic range. The blinking of fluorophores decides the quality
of the super-resolution image. In the dSTORM, the switching/ blinking of the fluorophore
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molecules is achieved by exciting the molecules rapidly and repeatedly to an excited singlet
state. The molecules then come back to the ground state by emitting fluorescence photons
after a few nanoseconds detected by the camera. However, a small fraction of molecules enter
a relatively long lifetime (µs to ms) non-fluorescent triplet state. The molecules present in
the triplet states do not emit fluorescence light but eventually return to the ground state and
again participate in the normal fluorescence cycle. Afterward, the single fluorescent molecules
are imaged in a temporal manner over thousands of image frames. From each image frame,
the intensity distributions of the single molecules are approximated to 2D Gaussian functions,
and the exact locations of the molecules are determined. Such single molecule locations from
different image frames are then combined to produce the super-resolved image of the sample
[115].

As we have discussed already, the STORM setups usually are implemented on a widefield
microscope, and hence it will be difficult to capture a confocal image of the same part of the
sample on which the super-resolved imaging scheme is applied. However, we have seen that the
array detection microscope can provide much better lateral resolution compared to a confocal
microscope without compromising on the signal level. Therefore it will be really useful from
the application point of view if the STORM microscope is combined with the array detection
microscope

6.3 Basic requirements of the STORM setup

Localization based SRM setup is usually operated on an inverted microscope working in
widefield epi-fluorescence mode. Single molecule localization microscopy technique, on the
other hand, requires high power lasers, high NA objective lens, dichroic filters, and a camera.
High power laser with a very good beam quality such as narrow bandwidth output will be
expensive. However, the industry-grade low-cost laser can also be used in combination with a
narrow band excitation filter to produce an illumination beam with a narrow band excitation.
Multi wavelength illumination can also be realized by combining a number of laser beams by a
beam combiner to give rise to a single beam path [116].

STORM usually requires electron-multiplying charge-coupled device (EMCCD) cameras
with 90% QE, but it can be replaced by a CCD or a CMOS camera with 30%-40% QE. There
is of course, a performance difference between two cameras, particularly with respect to noise
and QE in a specific spectral range. Even though the localization precision is affected by a few
nanometers in the case of the industry-grade camera, such a small amount of inaccuracy does
not play a crucial role for many biologists or users of SRM [117].
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Figure 6.1: Schematic diagram of the STORM setup comprising three excitation lasers.

The preparation of samples remains the most important part of localization microscopy.
The ability to localize single molecules depends on the choice of fluorophore that exhibits a
photophysical behavior, often referred to as blinking. An oxygen-scavenging buffer made up
of several chemicals and enzymes is used in combination with reducing agents to enable the
blinking of the fluorescent molecules [118].

6.4 Implementation of STORM setup

We develop a STORM setup in our laboratory as a part of a collaborative work with Imperial
college London, United Kingdom 1. We have already discussed in the previous section that

1Project : Open Scope of Imperial College London. Instrumentation part was helped by Dr. Frederik Gorlitz,
and the sample preparation part was helped by Dr. Edwin Garcia, both from the Photonics group of Imperial
College London.
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Figure 6.2: Screen shot of ImageJ with the µManager program.

for implementing low-cost STORM, we need industry grade lasers and cameras along with
suitable software for capturing images and localization of fluorophores. Figure 6.1 illustrates
the schematic diagram of the STORM setup with three excitation wavelengths. The three
lasers having wavelengths 405 nm, 462 nm, and 638 nm are combined by appropriate dichroic
mirrors after passing through the respective narrowband excitation filters. Then the combined
excitation beam is delivered via a multimode optical fiber (MMF) to the inverted microscope
(Olympus IX51) through the lenses L2 and L3 and reflected by a dichroic beam splitter (DBS)
to provide a Köhler illumination at the sample plane. The fluorescence light from the sample is
then collected by the same objective lens and transmitted by the dichroic beam splitter to be
focused on the camera through the lens L4. Powering on and off of the three lasers and their
individual intensity levels are controlled via a java language based software µManager installed
in the PC. The same software program also controls the acquisition of the camera. The detailed
descriptions of the instrumentation of the STORM setup are provided in the following sections.

6.4.1 The µManager package

The µManager is an open source software package that comes together with ImageJ, which can
be used for controlling automated microscopes. The µManager has a wide range of hardware
support, and it can work with major microscope manufacturers such as Leica, Nikon, Olympus,
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Figure 6.3: Hardware integration of lasers and cameras with µManager.

and Zeiss. It also supports most scientific-grade cameras and peripherals (such as stages, filter
wheels, shutters, etc.) used in microscope based imaging. Being an open source software
working in a java programming environment, we can custom build device adapters and user
defined plugins for integration of hardware to µManager. In our setup we use the µManager
package to execute common microscope image acquisition tasks [119, 120] such as time-lapses,
multi-channel imaging, z-stacks, etc. We also integrate all the three lasers, the camera, and the
microscope stage using a µManager program. Figure 6.2 shows a µManager program that is
used to control both the lasers and a camera.

6.4.2 Integration of the lasers

We use diode lasers of make Lasertrack, having wavelengths 638 nm, 462 nm, and 405 nm with
power equal to 700mW, 1.4W, and 350mW, respectively. Each diode laser is based on a linear
regulator control unit operating as an analog driver, which provides a reliable laser current
control with a temperature and interlock monitoring. The temperature monitoring system
consists of a negative temperature coefficient (NTC) thermistors and a thermoelectric cooler
(TEC) controller. The NTC is attached to the laser diode for temperature measurement of the
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laser diode, while the TEC controller provides the temperature monitoring by thermoelectric
cooling using a Peltier element. The interlock module triggers a safety shutdown of the laser
output and can be used in an external interlock system for laser safety. The laser output will
turn off within milliseconds if there is any temperature increase or interlock failure arises.

As the laser driver needs analog voltage for modulation of the laser output, so to generate
such modulation voltage, we employ an Arduino board attached with a digital to analog
converter (DAC) chip. The Arduino board is a programmable circuit I/O unit comprising digital
inputs and digital outputs. The board communicates with the PC through a serial interface
connection. It can be programmed with a simplified version of C++ language based code
using Arduino IDE, which can be used to write and upload programs to the board. In order
to connect the Arduino board to the µManager, a specific firmware needs to be uploaded to
the board through the IDE. The firmware code facilitates the µManager to have control over
the output of the DAC chip via the Arduino board. Here we use TLV5618, a 12-bit DAC
chip (Make: Texas Instrument), which communicates with the Arduino board using a serial
peripheral interface (SPI) protocol. After the hardware is connected to the Arduino, one needs
to configure the device property of the Arduino board in the µManager, details of which are
found in the “Hardware Configuration Wizard" section of the reference [121].

As we want to have independent control over the three lasers, we have to use three Arduino
boards along with the DAC and three laser drivers each connected to the respective laser diode,
as shown in Fig. 6.3.

Illumination beam path

The lasers we incorporate are multimode laser diodes, each with wide spectrum width. Thus to
decrease the width of the spectrum, we employ narrow bandpass excitation filters along the
path of laser output. In order to direct the three laser beams to the microscope along a single
beam path, we need to arrange the three lasers in such a way that we can switch between lasers
from µManager panel without requiring any mechanical movement of components. This is
accomplished by employing a combination of mirrors and two dichroic beam combiners (DBC)
in the path of the laser beams, as shown in Fig. 6.4. After the alignment of the three lasers, the
beam is then focused onto a multimode fiber of 0.22 NA and 100 µm core diameter, using a
fiber coupler adapter (FCA). Since the lasers used in the setup are class 4 lasers, so we enclose
all the laser related components in a homemade laserbank, for safety. The output of the fiber
from the laserbank is then collimated using a lens and focused onto the back focal plane of the
objective lens, resulting in a collimated beam to illuminate the sample plane.
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Figure 6.4: Schematic diagram of optics alignment inside the laserbank.

6.4.3 Single dichroic mirror for all the three excitation wavelengths

To differentiate the longer wavelength fluorescent light coming from the sample from the
excitation light, we employ a dichroic filter cube containing a custom-made polychromatic
beam splitter (PoBS) in conjunction with a suitable polychromatic emission filter. A PoBS is a
specialized beam splitter designed to reflect multiple bands of wavelengths for fluorescence
excitation while transmitting the corresponding fluorescence emissions from the sample. The
transmission spectrum of the PoBS filter is shown in Fig. 6.5.

Cutoff wavelengths Reflections Transmission

405 nm, 462 nm, 635 nm and 830 nm Below the cutoff Above the cutoff

Table 6.1: Specification of polychromatic filters.
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Figure 6.5: Spectral graph of the polychromatic filter (Image source: Chroma).

The table 6.1 shows the cutoff wavelengths of the single filter cube and the wavelength of
the transmitted and reflected light.

6.4.4 Integration of the camera

Here we use FLIR GS3-U3-23S6M or Hamamatsu C11440-22C camera for capturing the
widefield images. The technical specifications of the cameras are listed in table 3.3. The camera
needs to be integrated into the µManager so that it can be configurable via the user program.
It is to be noted that the µManager program cannot alone drive the camera, and for this, the
PC must have the manufacturer’s driver so that the camera is recognized by the PC. As seen
in Fig. 6.3, the same µManager program controls both the three laser and the camera. In the
first run of the µManager program, we need to integrate all the associated hardware using the
configuration wizard utility (Tools → Hardware Configuration Wizard). The configuration
wizard utility provides a workflow for creating and managing the configuration, and one can
save the hardware configuration in a configuration file. The same configuration file can be
loaded for the subsequent uses and also be modified for any changes in hardware configuration
later. To view the properties of the device integrated with the µManager, we need to open
the device property browser, which comes under the device menu. Figure 6.6 (i) shows the
hardware configuration wizard linked to a specific configuration file which integrates the lasers
and the camera whose properties are seen in Fig. 6.6 (ii).
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(i) (ii)

(i) (ii)

Figure 6.6: Screenshots of (i) Hardware configuration wizard of the µManager and (ii) the
associated camera properties window.

Figure 6.7 (i), on the other hand, shows the control window of the µManager, which
contains the basic operations like setting up camera exposure time, camera shutter, region
of interest (ROI) selection tool, and so on which are the part of image settings. The same
control window also has the laser settings. Another important feature of the µManager control
panel is the multi-dimensional acquisition, in which we can acquire multi-channel (wavelength
coordinate), multi-frame (time coordinate), multi-slice (Z coordinate), multi-position (XY
coordinate) image stacks. In STORM, we generally use multi-frame and multi-channel image
stacks. Figure 6.7 (ii) shows the snap/live window that can be opened by clicking the snap/live
button in the control panel. It provides the live view of the camera corresponding to a specific
configuration as provided in the control panel of the µManager. When we go to the live view
of the sample, an image inspector tool, as shown in Fig. 6.7 (iii), automatically opens up along
with the live view that can be used for adjusting and examining the image data. The image
inspector tool is a versatile tool that can also provide image histogram and intensity scaling,
dataset summary metadata information, and image plane information.

For capturing multi-channel image stacks for STORM, the device property and the working
environment of the camera are chosen in such a way that it enables capturing all possible
blinking events of the fluorophores with low thermal noise, high dynamical range, and fastest
readout rate.

6.4.5 Sample preparation

Usually, the biological sample to be imaged by STORM is tagged with organic dye or ge-
netically encoded fluorescent proteins. The occurrence of the blinking event through the
acquisition period is made possible by employing reducing agents in the buffer. Organic dyes
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(i)

(ii)                 (iii)

Figure 6.7: Screenshots of (i) image settings for the camera and configuration settings for the
lasers, (ii) live view window for the camera, and (iii) the image inspector tool to adjust the
displayed image.

are generally preferred for STORM imaging over the fluorescent proteins as the former emit
more photons. The sample preparations for STORM include cell culture, cell seeding, STORM
buffer preparation, cell fixation, immunostaining, and mounting. The details are given below in
step wise

1. For STORM imaging, flat and large cells are nice as the actins and microtubules are
prominent in a thin layer of cytoplasm.

2. A cover glass is placed in a well and pour 200µL of Poly-L-Lysine diluted in PBS to
favor cell attachment and incubate at room temperature for 5 minutes.
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Absorption Emission

Figure 6.8: Absorption and emission spectra of Alexa Fluoro 647 phalloidin (Image source:
Thermofisher).

3. Wash the coverslip three times with 500µL of PBS, and about 10,000 of Human embry-
onic kidney (HEK-293) cells are seeded in a complete culture medium.

4. The well containing the coverslip is incubated for 24 or 48 hours at 37◦C with humidified
atmosphere and 5% CO2 for cell growth.

5. The media is removed from the well and wash it with 500µL of PBS.

6. 500µL of 4% paraformaldehyde is added in PBS to fix the cells at room temperature for
10 minutes.

7. The cells are washed with PBS-Triton 0.05% to remove paraformaldehyde.

8. Primary antibodies are added to the well after diluting with blocking solution and incubate
at room temperature for 20 minutes.

9. The primary antibodies are incubated for one hour and then washed by PBS-Triton
0.05%.

10. Fluorescent labeled secondary antibodies (Alexa Fluoro 647 phalloidin) are added to
the well after diluting with blocking solution by a factor of 1:2000 and incubate at room
temperature for 20 minutes.

11. The secondary antibodies are removed and then washed by PBS-Triton 0.05%.

12. 100µL of the STORM buffer is placed on the top of the coverslip, and then the microscope
slide is placed on the coverslip.

13. A slide is placed on the coverslip and sealed with silicone gel or nail polish so as to be
able to preserve the sample for several days if required.
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(i) (ii) (iii)

Figure 6.9: i) Importing the image stack to ImageJ using Bio-Formats importer. (ii) Run
analysis tool of ThunderSTORM, and (iii) configuration of the tool including the camera setup
(shown in the inset)

6.4.6 Reconstruction of super-resolved images

After the sample is placed in the microscope stage and brought into focus, the excitation laser
power is increased until the stochastic blinking of molecules is observed. Afterward, the
laser power is decreased, and a stack of images is captured at regular intervals. As described
previously, in the localization microscopy technique, typically, a stack of 1000-50000 frames
is acquired to determine the fluorophore positions. Each blinking event of a molecule is
emitted about 106 number of photons, which is captured by the camera in presence of the
background noise. The localization of the blinking events, namely locating the centers of the
single molecule images, is done by fitting each image of the molecule with a 2D Gaussian
function. The precision of the localization can be expressed as σ√

N
, where σ is the standard

deviation of the spatial response function of the imaging system to a point object and N is the
total number of photons collected during a blinking event of a molecule [122].

After the acquisition, each frame of the stack undergoes a rigorous computation for local-
ization of each blinking event. This task is carried out with the help of a complex mathematical
code or by employing a suitable software. Several localization software packages are available,
out of which we choose ThunderSTORM [123, 124]. The thunderSTORM software is an open
source localization package written in java and distributed as a plugin of ImageJ. Since the
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Figure 6.10: Flowchart diagram of the data processing for single molecule super-resolution
imaging in ThunderSTORM.

image stack contains thousands of frames (having a net size of several gigabytes), so it is
recommended to keep a decent memory size and a good processor to fulfill the computation
demand. We employ a PC with an Intel i7 core processor with 16GB of RAM to run the
ThunderSTORM to localize the blinking events. We can import the image stack for processing
by ThunderSTORM using the Bio-Formats importer option, as shown in Fig. 6.9 (i). After the
import, the Run analysis tool of ThunderSTORM, as shown in Fig. 6.9 (ii), is invoked. This is
preceded by the setting of various localization parameters and the camera setup, as seen in Fig.
6.9 (iii) and in the inset.

The flowchart depicting the localization and reconstruction processes in the Thunder-
STORM software is shown in Fig. 6.10. For the processing by ThunderSTORM, we first
need to import the image stack in ImageJ software. After importing the image stack, we
setup a number of parameters such as camera pixel size in the sample plane, the conversion
factor between photons and digital units in the captured image, base level offset of the camera
digitizer, and EM gain in the ThunderSTORM. Then one has to setup the image filtering
parameter for band-pass filtering (Lowered Gaussian, Difference-of-Gaussians, Difference
of averaging filters, or Wavelet B-Spline filter) of the images to achieve the best detection
performance. On the other hand setting the ‘approximate localization of molecules’ helps
to localize the blinking events in approximately 8 or 4 connected neighborhoods. The most
important parameter to set is the ‘Sub-pixel localization of molecules,’ which helps to fit the
blinking event to a 2D PSF model. In ThunderSTORM, several PSF models, namely, integrated
Gaussian PSF, Gaussian PSF, Elliptical Gaussian PSF, Phasor based localization, and local
maxima based localization, are available to fit the blinking events. The most recommended
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method for sub-pixel localization is the integrated Gaussian, in which the blinking event is
fitted with a 2D Gaussian function. Multiple emitter fitting analysis is used, in the case of high
density data, to calculate the number of molecules fitted in a single Gaussian function.

Molecules having more than one blinking events, microscope instability, or longer image
acquisition time can cause lateral drift, which significantly interferes with the localization of the
molecules. Besides, in the process of capturing the stack of the image, sometimes a particular
point on the sample remains bright throughout the acquisition process, which may lead to
producing duplicates or artifacts in the super-resolved image. However, after completion of
the processing by ThunderSTORM, the results are arranged in a tabular form, as shown in Fig.
6.11. The data comprises the number of total localizations, coordinates of each localization,
intensities of the localized molecules, and uncertainty in the position of localized molecules.
This data can be used for post processing and visualization of the super-resolved image. During
the post processing, other corrections such as removal of the duplicates, filtering, and drift
correction, arising out of the issues mentioned above, can also be carried out.

6.4.7 Proof-of-principle experimental results

In our proof-of-principle experiment, we acquire 20,000 frames of the sample. Figure 6.14
(i) shows the widefield image of the region of interest (ROI) of the sample. During the image
acquisition process, one fluorescence-activated molecule can exhibit more than one blinking
event, and it can stay in the ON state for a few milliseconds. Figure 6.12 shows a molecule
which comes to ON state in the frame no. 1427 and stays in the ON state up to frame no. 1432.
Thus it remains in the ON state for about 150 milliseconds before it goes to the OFF state.
However, in a blinking event, a molecule can stay in the ON state for even a longer duration,
such as the case shown in Fig. 6.13. In this case, the molecule remains in the ON state for
about 500 ms.

We then import the stack of 20,000 images for processing by ThunderSTORM. The blinking
events over the entire acquisition period have given rise to 386696 localizations. The final
super-resolved image after drift correction and duplicate removal is shown in Fig. 6.14 (ii). A
comparison of the widefield image with the super-resolved image clearly shows the significant
resolution enhancement in the latter image. Nevertheless, to highlight the amount of lateral
resolution enhancement, we extract a portion of each image at the same location and draw a
line plot as shown in Fig. 6.14 (iii)(c).

This clearly shows that in the super-resolved image the finer details of the fluorophore
distribution can be observed which cannot be observed in the widefield image due to the
diffraction phenomenon.
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386696.0 20000.0

Figure 6.11: ThunderSTORM results in tabular form.
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1427, 1432, 1433

(i) (ii) (iii)

Figure 6.12: Image frames (i), (ii) and (iii) showing a blinking event of a molecule lasting up
to 150 ms second. The blinking molecule is marked by a red solid box as shown in figure.

2176, 2195, 2196

(i) (ii) (iii)

Figure 6.13: Image frames (i), (ii) and (iii) showing a blinking event of a molecule lasting up
to 0.5 second. The blinking molecule is marked by a red solid box as shown in figure.

Human embryonic kidney cells treated with Alexa 
fluoro 488 red-actin in Phalloidin Atto 647,

(i) widfield image of a portion of the cells, 
(ii) STORM image of the same portion.
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Figure 6.14: (i) Widefield, (ii) STORM image of human embryonic kidney (HEK293) cells
and (iii) (a) magnified view of a portion of the widefield image, and the corresponding (b)
STORM image, and (c) line plots along the solid line as shown in (a) and (b).

6.5 Integration of the array detection microscope with the
STORM

In the array detection microscopy, the resolution of the image can be improved by digital
post-processing, as there is extra information about the focal point recorded by the array. For
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Figure 6.15: Schematic diagram of the proposed setup combining STORM with the galvanome-
ter based array detection microscope.

samples with weak signal levels, shot noise is the fundamental problem in the conventional
scanning microscope with a detector pinhole. However, using the array detector, the effect of
shot noise in the image can be discarded as it is deficient compared to the signal captured by the
array detector. On the other hand, STORM provides high spatial resolution, which can identify
the protein movement inside the cell in nanometer scale. Here we propose a single experimental
arrangement where a single sample can be imaged by both the STORM system and the array
detection microscope. As we have already developed these two systems separately, we only
need to combine both the system with appropriate illumination and detection beam paths using
the same microscope stage. Here we take the 633 nm laser for our galvanometer based array
detection microscope and the 462 nm laser for the STORM. However, we can use other than
these two particular wavelengths provided suitable filter sets are available. Figure 6.15 shows
the schematic diagram of the proposed experimental setup.

We employ one DBS and one PoBS for combining the two illumination wavelengths into
a single beam to enter the microscope stage. The arrangement of the two beam splitters is
shown in Fig. 6.16. The DBS with a cutoff wavelength λc = 540nm reflects the 462 nm
wavelength laser and transmits the laser with 633 nm wavelength. The beams then travel along
the same path towards the filter cube mounted inside the microscope, in which the PoBS, along
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Figure 6.16: Illumination and detection beam paths for array detection microscopy and
STORM.
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Figure 6.17: (i) Widefield image obtained using the STORM setup with 462 nm illumination,
and respective (ii) confocal image and (iii) Image subtraction microscopy image using the array
detection microscope with 633 nm illumination.

with a polychromatic emission filter is mounted. As mentioned already, the PoBS has cutoff
wavelengths λc = 405nm,462nm,and635nm. Therefore both the lasers get reflected by the
filter cube to illuminate the sample at the microscope stage. For reflected light microscopy, the
633 nm laser is collected by the objective lens and reflected by the PoBS towards the DBS.
After getting transmitted by the DBS, this beam then enters the camera 2. For the STORM
imaging, the fluorescent light from the sample gets transmitted by the PoBS and detected by
the camera 1 mounted on the microscope stage.
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6.5.1 Proof-of-principle experiment

Insofar as the accuracy of the experimental setup is concerned, we in fact, need to show that
the same sample can be imaged by both the widefield microscope, which is used for STORM,
and the array detection microscope. Therefore we decided to take the USAF 1951 test target as
the common sample and use a 10 × objective lens. We employ our array detection microscope
to acquire the 4D image data of a portion of the USAF 1951 test target using reflected light
and 633 nm illumination. The portion of the target being imaged has a physical dimension of
about 460 µm × 460 µm. We also acquire the widefield image the same portion of the USAF
1951 test target using the 462 nm illumination. To be noted that the filter tube with the PoBS is
designed for imaging using fluorescence light only. Where the wavelength from the sample
plane is greater than the cutoff wavelength of the PoBS, nevertheless, a very small amount
(about 0.1 %) of the reflected light from the sample plane can still be transmitted and thus reach
the detector to construct the widefield image of the sample. Figure 6.15 (i) shows the widefield
image of the target. We employ the 4D image data from our array detection microscope to
implement both confocal microscopy and image subtraction microscopy. Figures 6.17 (ii) and
(iii) show the confocal image and their respective image subtraction microscopy image of the
target.

6.6 Summary

In this chapter, we have implemented a cost effective yet a robust version of the STORM system.
The implementation includes the installation of the lasers and the camera and integrating them
using a single µManage program. We have demonstrated the performance of our STORM
system in a proof-of-principle experiment. We have then integrated our galvo mirror based
array detection microscope with the STORM system to enable reflected light imaging using the
array detection microscope and widefield imaging of the same sample. We have demonstrated
the accuracy of our combined system by imaging a test target in the reflection mode. Even
though in our combined system we have used our array detection microscope in the reflection
mode, with the availability of the proper dichroic beam splitters it will be possible to use the
array detection microscope also in the fluorescence mode.
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CHAPTER 7

Conclusion and future prospects

7.1 Conclusion

In conclusion, optical microscopy provides the far-field imaging capability which becomes
particularly useful for biological applications, in contrast to other microscopy techniques.
An optical microscope can be primarily of two types, namely, the widefield microscope

and the point scanning microscope. The point scanning microscope facilitates the use of lasers
as the illumination beam to implement various user-defined beam profiles. The parameter that
decides the amount of finer details that can be available in an image captured by an optical
microscope is the resolution. The resolution of an optical microscope on the other hand has an
upper limit owing to the diffraction phenomenon. Use of confocal pinhole in a point scanning
microscope enables capturing of images with significantly higher axial resolution. Such a
point scanning microscope is called confocal microscope. Resolution performance of the
confocal microscope improves more and more as one decreases the diameter of the pinhole in
front of the detector. However reducing the diameter of the pinhole decreases the signal-to-
noise ratio in the image. Use of an array detector in a beam scanning microscope facilitates
implementation of novel imaging schemes such as image scanning microscopy technique.
Image scanning microscopy is shown to provide superior lateral resolution compared to a
confocal microscope without compromising the signal-to-noise ratio. However to set up an
array detection microscope there are certain crucial requirements. For instance during the
acquisition by the array detector the illumination beam is supposed to be steady with respect
to the detector plane. Moreover there should be an appropriate synchronisation between the
movement of the beam and the image capturing process of the camera, which acts as the
array detector. These requirements often slow down the scanning speed of the array detection
microscope.
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In this thesis we have implemented an array detection microscope that uses either a gal-
vanometer based beam scanning scheme or a holographic beam scanning scheme. We have
configured the galvanometer based beam scanner in conjunction with a high speed camera in
such a way that the array detection microscope can image without compromising on the other
performance parameters. We have also implemented another version of an array detection
microscope where we have exploited holographic beam scanning and a low speed camera to
image without compromising significantly on the imaging speed. We have employed the four
dimensional image data that is obtained from the array detection microscope to implement
various resolution enhancement scheme such as image scanning microscopy for lateral reso-
lution enhancement and image subtraction microscopy for axial resolution enhancement. We
have also implemented confocal imaging with variable pinhole size so that one can establish
a balance the resolution and the signal level requirements. Besides we have employed our
array detection microscope to implement a novel intensity subtraction microscopy technique
where the axial resolution can be enhanced without introducing artifacts that can be present
in the image subtraction microscopic technique. We have introduced a point spread function
estimation scheme using which we can quantify the resolution enhancements in our various
imaging systems in terms of the corresponding imaging point spread functions. We have built
a stochastic optical reconstruction microscope (STORM) comprising three excitation lasers
which can provide super-resolved images of biological samples. We have then integrated the
STORM setup with our array detection microscope so that the same sample can be imaged by
the widefield microscope for super-resolved imaging and the array detection microscope.

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

• Chapter 1: This chapter has provided a general introduction to the research problem and
an overview of the thesis.

• Chapter 2: In this chapter we have introduced the optical microscope and various impor-
tant optical microscopy techniques. We have discussed the theory of image formation
and developed the same to define the resolution limit in an optical microscopes. We have
done a review of the recent developments related to the enhancements of the resolution
in an optical microscope. We have ended the chapter with a discussion on some of the
existing issues connected with the various resolution enhancement techniques and how
this thesis proposes to address some of these issues.

• Chapter 3: In this chapter we have discussed the basic principle of classical holography
and computer-generated holography. We have discussed how binary holograms can
generate a beam with user defined phase profile. We have elaborated the properties
of liquid crystal spatial light modulator and how they can implement binary hologram.
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7.1. Conclusion

We have showed that such binary holograms can be used as the illumination beam in
scanning optical microscopes. We have then discussed the implementation of a proof of
principle scanning optical microscope that uses the galvanometer based or holographic
beam scanning scheme.

• Chapter 4: In this chapter, we have introduced a PSF estimation scheme based on
minimizing the least square error between the image of a target, whose geometrical-
optics predicted image, Igop, can be constructed, and the image obtained by convolving
the Igop with a stochastically constructed PSF. We have demonstrated the working of the
proposed scheme first on numerically constructed targets. We have then experimentally
demonstrated the working of the proposed scheme in widefield and confocal microscopes.

• Chapter 5: In this chapter we have developed two types of scanning optical microscope
using array detector, one using galvo scan mirrors and the other using holographic
scanning. In the array detection microscope using scan mirrors we have addressed
the stability issue of the scan mirrors by configuring the scanners and synchronising
their movement with the camera. In the other system we have performed the beam
scanning without using any mechanical scanner by utilising the fast response liquid crystal
spatial light modulator and an ordinary camera. We have employed our array detection
microscopes to implement various imaging schemes such as confocal microscopy with
variable pinhole size, image scanning microscopy and image subtraction microscopy.
Implementation of variable pinhole size in a confocal microscope facilitates confocal
imaging with appropriate balance of lateral resolution and signal-to-noise ratio. Our
proof-of-principle experiments using the image scanning microscope technique has
demonstrated enhancement in lateral resolution in both the reflection and fluorescence
modes. We have also introduced a novel intensity subtraction microscopic technique.
Both the image subtraction microscopy and the novel intensity subtraction microscopy
techniques enhance the axial resolution by reducing the amount of background light. In
contrast to the image subtraction microscopy technique, in our novel intensity subtraction
microscopy technique some of the artifacts in the reconstructed image can be avoided.
We have performed a numerical investigation on the lateral resolution enhancement as
achieved by the various imaging techniques implemented, using our PSF estimation
scheme.

• Chapter 6: In this chapter we have implemented a cost effective yet a robust version of
the STORM system. We have demonstrated the performance of our STORM system
in a proof-of-principle experiment. We have then integrated our galvanometer based
array detection microscope with the STORM system to enable reflected light imaging
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Chapter 7: Conclusion and future prospects

using array detection microscope and widefield imaging of the same sample. We have
demonstrated the accuracy of our combined system by imaging a test target in the
reflection mode.

• Chapter 7: In this chapter, we have provided a summary of the research work carried out.
We have also provided a discussion on the future works in connection with the imaging
systems developed in this thesis.

7.2 Future prospects

The research work presented in this thesis can be further extended by incorporating a number
of tasks. Below we briefly explain some of such tasks.

• In this thesis we have designed and configured the mechanism of the galvanometer based
scanner in conjunction with the high speed camera for array detection microscopy. At
present our configuration parameters are not optimised. However the high speed camera
that we have used can provide much higher frame rate. One can easily modify or tune
the configuration parameters to achieve the optimised imaging speed using our proposed
scheme.

• In our holographic scanning based system we have used a camera frame rate of only 15
frames per second. This system can be upgraded by using an ordinary yet a higher frame
camera such as a commonly available scientific camera providing a frame rate upto 60
fps.

• We have employed our array detection microscopes to implement image scanning micro-
scope and image subtraction microscope which provide lateral resolution enhancement
and axial resolution enhancement, respectively. It will be there for interesting to investi-
gate how these two schemes can be integrated so that both lateral and axial resolutions
can be enhanced in the same reconstructed image.

• We have integrated our STORM setup with the array detection microscope working
in the reflection mode. However using an appropriate dichroic beam splitter it will be
possible to combine the STORM with an array detection microscope working both in the
reflection as well as in the fluorescence mode.
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APPENDIX A

Zernike polynomials

The Zernike polynomials are well known for expressing classical aberration of optical systems.
Here we use single indexed Zernike polynomial over a unit circle for describing different
classical aberrations [67]. The detailed mathematical expression in Cartesian coordinates along
with the aberration names are given in table A.1.

j Z j(x,y) Aberration Name

4 2
√

3(2(x2 + y2)−1) Defocus

5 2
√

6xy Primary Astigmatism at ± 45◦

6
√

6(x2 − y2) Primary Astigmatism at ± 0◦

7
√

8(3(x2 + y2)−2)y Primary x- coma

8
√

8(3(x2 + y2)−2)x Primary y- coma

9
√

8(3x2y− y3) Primary x- trefoil

10
√

8(x3 −3xy2) Primary y- trefoil

11
√

5(6(x2 + y2)2 −6(x2 + y2)2 +1)x Primary spherical aberration

Table A.1: Single indexed Zernike polynomials for some monochromatic aberrations.
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APPENDIX B

Employment of microprocessor circuit
board for trigger signal generation

We have employed a PIC18F2550 microcontroller manufactured from Microchip, which has
28 pins with a 10-bit ADC resolution. To program a PIC microcontroller, we need several
programming software and hardware components such as an in-circuit debugger/programmer,
an integrated development environment (IDE), a compiler and an integrated programming
environment (IPE). We have used an MPLAB ICD2 in-circuit debugger/programmer for
transferring the application program to the microcontroller. An IDE is used to converts the code
written in C language for the application into program commands, and the compiler converts
the program commands into microcontroller assembly language called HEX files. After the
generation of the HEX file, the IPE transfers the file into the PIC microcontroller [125]. By
using the programming environment, we used to generate different trigger signal for camera,
scanner and data acquisition system. The Fig. B.1 shows the schematic circuit diagram of
microchip board.
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Appendix B: Employment of microprocessor circuit board
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