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Abstract

Live imaging is a key tool for modern biological discoveries. However, without techniques
for maintaining the sample in focus is hardly feasible. In this thesis I present an application
of the optical vortices for the sample axial localization, so it will be maintained in focus.
Experimental setup from previous experiments has been redesigned, so it could be integrated
into the microscope. The setup has been built and successfully tested. To do this, the control
software also had to be written. Also script with feedback loop for future integration into
the microscope have been prepared.

Key words

Vortex beams, axial localization, microscope, optical design.

Abstrakt

Live imaging je klicCovym néstrojem pro moderni biologické objevy. Bez techniky pro udrzeni
ostrosti obrazu je vsak stézi proveditelny. V této praci predkladam aplikaci optickych viru
pro axialni lokalizaci vzorku tak, aby se obraz mikroskopu udrzoval zaostfeny. Experimen-
talni sestava pro axidlni lokalizaci z predchozich experimentu byla prepracovana, aby se
rapidné zmensily jeji zdstavbové rozmeéry, tak, aby ji bylo mozné integrovat jako modul do
mikroskopu. Sestava byla nasledné realizovana a byla tispésné experimentalné otestovana.
K tomu bylo tifeba také navrhnout tidici software. A pripravit skript se zpétnou vazbou pro
budouci integraci do mikroskopu.

Klicova slova

Virové svazky, axidlni lokalizace, mirkoskop, opticky design.



VI



Declaration

I declare that this thesis has been composed by myself under the guidance of my supervisor
and that it has not been submitted, in whole or in part, in any previous application for a
degree. Any secondary sources and contributions from colleagues in the collaboration are
explicitly referenced in the text.

Brno 20. of May 2022

DOKULIL, Jakub. System for maintaining the sharpness of the image for the light mi-
croscope. Brno, 2022. Available also at: https://www.vutbr.cz/studenti/zav-prace/
detail/140039. Bachelor’s Thesis. Brno University of Technology, Faculty of Mechanical
Engineering, Institute of Physical Engineering. Supervisor Ing. Zbynék Dostal, Ph.D.

VII



VIII



I would like to thank Zbynek, my family and the people at the Institute of Physical Engi-
neering for supporting me and giving me space.

IX






Contents

Introduction

1 Microscopy

1.1 Optical microscope . . . . . . . . . .

1.2 Microscopy methonds for bioimaging

1.3 Autofocus systems in microscopy
2 Thesis objectives

3 Optical vortieces

3.1 Mathematical describtion . . . . . . . . . . ..
3.2 Axdal localization . . . . . . . . .

4 Experimental setup design

4.1 Optical components . . . . . . . . .. Lo
4.2 Vortex mask design . . . . . .. ..o
4.3 Vortex mask fabrication . . . . ... ..o
4.4 Optomechanics . . . . . . . . .

5.1 Alignment . . . . . . . .
5.2 Control software . . . . . . . . ...
5.3 Image processing . . . . . . ..o
5.4 Experiments . . . . ...

5 Experiments
Summary

XI

21
21
22
27
29

31
31
31
32
32

37



XII



Introduction

Microscopy is a key method for biological observations as the light microscope is able to
observe intracellular processes. The live imaging technique enables to watch physiological
processes in long time observations. This technique added a new dimension to the under-
standing of the cell function. However during the observation the specimen often shifts along
the optical axes due the thermal expansion or biological processes. Therefore the system for
maintaining the specimen in focus is needed.

For measuring the axial shift of the specimen seem the optical vortieces as a suitable
method. Using properly chosen vortex beams the axial position of a point lightsource can
be measured precisely.






1 Microscopy

1.1 Optical microscope

Microscope is a device used for observing small specimens and it has become one of the
essential optical instruments. The scheme of the microscope may be seen in the figure 1.1.
Initially, the microscopes consisted of the objective lens which images the specimen into
the field plane. The specimen is then observed through eyepiece [1]. However today many
manufacturers use another construction. The specimen is placed into the front focal plane
of an objective and a collection of parallel beams is created. The beams are focused by the
Tube lens into the field plane. The image is observed by the eyepiece. The objective and
tube lens can be arbitrarily distant thanks to the characteristics of the collimated beams,
there is an ‘infinite space’. Therefore this type of construction is called infinite systems [2].

The big manufacturers of microscopes, like Leica, Nikon, Olympus or Zeiss are using tube
lenses different focal lengths frr. Objective lens with focal length fy;o combined with such
a tube lens gives in plane field lateral magnification [,

_ Jm
= (1.1)

It is the field plane image, that is recorded on the cameras.
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Figure 1.1: Scheme of an optical microscope. (a) The older microscope with finite tube
length. (b) The infinite system. In the figure fr; denotes tube lens focal length.
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Figure 1.2: Parameteres of an objective lens.

There are plenty of microscope objectives serving diferent purposes, since the objective
lens is the most critical part of the microscope. The lens determines not only the magnifica-
tion, however also the resolution, depth of focus, image aberration, light throughput and the
field of view [3]. The manufacturers are using markings for objective types. Plan objectives
have the field curvature correction. The chromatic aberration correction are called Achro-
mates or Apochromates if they have chromatic aberration compensation for two respectively
three wavelengths. The coverslip introduces a spherical aberration into the image. There-
fore standartly are the lenses designed to compensate spherical aberration of 0.17 mm thick
coverslip. However, some lenses have a ring to adjust this correction for different cover-
slip thicknesses. The different methods described later in section 1.2 may require special
objective lenses, which are labeled so. For example DIC marks lens, which is suitable for
differential interference contrast. Working Distance (WD) determines the distance between
the first lens of the objective and the coverslip, see fig. 1.2.

The Numerical Aperture is a key characteristics of the lens. Let’s denote the aperture
angle «, like in the fig. 1.2. With medium with index of refraction n is the NA of the
objective

NA = nsina. (1.2)

The NA is crucial for the microscopes resolution as Ernst Abbe demonstrated [4]. With
higher NA we are able to obtain better resolution. Unfortunately the total internal refraction
on the microscope slide limits the aperture angle to about 40 degrees. Medium with higher
index of refraction would increase not only the aperture angle, but also the whole NA.
Therefore the so-called immersive objectives are used. As the medium is used water (n =
1.33) or oil (n ~ 1.5). The lenses have NA as high as 1.4, enablling them to obtain the
resolution 240 nm [3].

1.2 Microscopy methonds for bioimaging
One of the main application field of microscopy are life sciences. Optical microscopy is
the main tool for cell and tissue observation with an impact to a wide range of biological

disciplines. Even though the optical microscopy is also used in other fields, such as material
research, further on will be written about microscopy in terms of biological applications.
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1.2. MICROSCOPY METHONDS FOR BIOIMAGING

The approach presented in the first paragraph is referred as brightfield and is the sim-
plest microscopic technique. The image is formed thanks to light absorbtion by the speci-
men. However, there are other techniques in which the image is formed differently. These
techniques enable to observe some samples, which may give a low contrast in brightfield
observations and therefore be hardly observable.

Cells represent typical samples and are transparent. On the other hand, intracellular
structures scatter light a little. With the scattered light being 10- to 20-fold lower in inten-
sity [3] there may be low contrast in the image. The microscope technique called darkfield
works with oblique lighting (see fig. 1.3), so the microscope objective collects only scattered
light. This technique helps to enhance some intracellular structures.

Light to eyepieces
High NA objective

Iris diaphragm
Oblique hollow light cone
== Specimen slide

) Cardioid condenser
Concave mirror -

Convex mirror

Opaque light stop

Light from the source =——

Figure 1.3: Scheme of an darkfield illumination. The oblique lighting means, that microscope
objective collects only scattered light, which is further observed. Figure adapted from [5].

The cell organelles usually have a higher index of refraction compared to surrouding
cytoplasma. Therefore the phase of rays scattered on the specimen is shifted around by
A/4. Dutch physicist Frits Zernike used this fact to build the phase contrast microscope
and recieved a Nobel prize in physics [6, 7]. This microscope may be seen in the figure 1.4.
The light passes through an annulus aperture and is then led up by a condenser into the
specimen plane. The annulus aperture defines a section of the beam which is imaged into
the specimen plane. The beam scatterers on the specimen. As mentioned, the scattered
light has a much lower intensity and shifted phase compared to the unscattered light. The
light goes into the microscope objective with a phase plate in annulus shape inbuilt. The
phase plate shifts the phase of unscattered light by A/4, so it would interfere constructively
with the scattered light. The phase plate also includes a gray filter ring which dimms the
intensity of unscattered light. The scattered and unscattered light interfere in the image
plane.

Some specimens may have optically anisotropic behavior. This bevaviour may be used

5
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Figure 1.4: Phase contrast microscope. Figure adapted from [8].
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Figure 1.5: Scheme of a polarized light microscope. Figure adapted from [9].

in the polarized light microscopy. In this technique polarizer and analyzer are added to the
setup, see fig 1.5. The light from the source is lineary polarized by the polarizer. The analyzer
is placed between the objctive and tube lens. The birefrigerent specimens produce two rays
with mutually perpendicular polarisation — the ordinary and extraordinary rays. Those two
rays propagate at different speeds and in general eliptical polarized light is created [3, 9].
Polarized light microscopy can enhance the contrast between isotropic and anisotropic areas
in the specimen and finds its applications mainly in the technical sciences.

Nomarski went further with using the phase and polarisation properties of the intracel-
lular organelles [3, 10]. Differential Interference Contrast (DIC) uses polarisation, however
works also with speciment having no birefrigerent behaviour. For the scheme of such a
microscope see figure 1.6. The polarized light is split by the Wollaston prism into two or-
thogonally polarized beams. The condenser shapes the beam. The rays are going through
the specimen are shifted in phase. They are recombined with another Wollaston prism. The
phase shift of two polarisations means the rotation of the polarisation vector. The rotation is
proportional to the phase shift. Finally the light passes through the analyzer, which selects
certain polarisation and therefore creates contrast.

The mentioned techniques, phase contrast, polarized light microscopy and DIC, use the
different optical thicknesses of the observed organelles or their polarisation properties. An-
other way to get the contrast is to stain the cells, which is often combined with fluorescence

7
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Figure 1.6: Scheme of a differential interference contrast microscope. Figure adapted
from [11].
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Figure 1.7: Absorbtion and emission spectra of the enhanced GFP (EGFP), one of the
original GFP modifications. Adopted from [12].
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Figure 1.8: Scheme of a fluorescence microscope with detail of fluorescence cube.

imaging. With fluorescence labeling, we may observe labeled proteins or other intracellu-
lar molecules, which absorb and emits a defined band of wavelengths [13, 14]. However,
photobleaching and phototoxicity may be limited while using fluorescence microscopy [15].

Each staining has a unique absorbtion and emission spectrum. The electron of the
fluorofore is excited by the illumination photon into a higher energy state and ‘falls’ back
into a lower state while meeting a photon with a lower wavelength. The rest of the energy
is transformed into vibrational states. This shift in wavelengths is called Stoke’s shift and
allows to separate the emitting light from the exciting with a proper filter. An example of a
fluorescence microscope setup is shown in fig. 1.8.

One of the most significant stains is the Green Fluorescence Protein (GFP). This protein
was originally extracted from Aequorea wvictoria jellyfish. The emmission and absorbtion
spectra may be seen in the figure 1.7. GFP has been modified to get different colors and also
improved properties, e.g. stability of brightness. Enhanced GFP (EGFP) is an example of
such an improvement. The color modifications are named after the colors, they are emmting
like yellow (YFP), cyan (CFP) or blue (BFP) [16].

Fluorescence microscopy could be done also with multiple stains, however, this technique
may be problematic as the emission spectra may share part of their peak tails. The different
stains may be used for the enhancment of different structures.

Application of Fluorescence made possible the improvement of spatial and temporal
resolution [16]. Furthermore, other techniques like confocal microscopy or superresolution
techniques are using fluorescence to acquire the image.

In confocal microscope — see fig. 1.9 — is the exciting beam focused by the microscope
objective into the spot. Emiting light is collected with the microscope objective, and imaged
into the pinhole with a photodetector. The microscope scans with the beam through the
field to obtain the image. The big advantage is a narrow depth of focus, as the pinhole
lets minimum from the out-of-focus light through. This property is key for obtaining clearer
images as with conventional fluorescence. Similarly, as in the fluorescence microscope, optical
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Figure 1.9: Scheme of a confocal microscope.

filters can be used, to cut off inappropriate wavelengths [3].

The fluorescence is also used in the super-resolution techniques which are capable to
capture images with a resolution better than the diffraction limit. In 1994 Stefan Hell in-
troced the microscopy technique using the stimulated-emission-depletion (STED) [17]. Later
on the Photoactivated Localization Microscopy (PALM) [18, 19] and stochasticoptical re-
construction microscopy (STORM) [20]. The MINFLUX (minimal photon flux) microscopy
enabled resolution in range units of nanometer [21]. The MINFLUX systems are sensitive
to vibrations, so they are using adaptive feedback to maintain the system alligned during
observations.

Earlier mentioned methods (phase contrast etc.) are using the optical properties of
the sample to enhance the cotrast in the image. The Quantitative Phase Imaging (QPI)
techniques go even further as they can get information about the optical thickness of the
specimen. The techniques are mostly using two beams — specimen and reference beam.
Interference of those two beams creates a hologram — image which contains information
about both phase and intensity. The phase and intensity information is obtained by the
reconstruction of the hologram. There are numerous implementations of QPI, the review
from Park, Depeursinge and Propescu offer a good overview of this techniques [15].

Until now the imaging aspect of the technique has been described. However, the obser-
vation of living cells, referred to as life imaging, needs to consider other aspects, which are
key for maintaining the cells alive. It is important to maintain the temperature, humidity
or CO4 concentration, so the cells stay alive during the long-term observation. For obser-
vation is key to keep the specimen in focus as the specimen may drift. This can be caused
for example by temperature drift or air conditioning [22]. Also is important to avoid the
cells from high exposures of light during the observation [23, 3]. Therefore autofocus (AF)
systems are crucial for living cell observations.

10



1.3. AUTOFOCUS SYSTEMS IN MICROSCOPY

In contrast to observations of fixed cells, with life imaging, we are able to observe cellular
processes as they happen, for example how the cells react to some substance (e.g. drug).
These observations added a new dimension to the understanding of cell function [22]. With
life imaging, microscopy became a valuable technique in fields, where microscopy had not
been used before [24]. Today live imaging plays a key role in cell biology, neurobiology,
pharmacology, and developmental biology [23].

1.3 Autofocus systems in microscopy

Contemporary microscopes are often equiped with motorized stages which allows them to
control the specimen position during the observation. One of the main purposes is to keep
the specimen in focus during long-term observations. The specimen is maintained in focus
by the stage movement. The input for the stage movement may result from the software
image processing, which will be further referred to as a software AF, or the specimen position
measurement — a hardware AF.

Software AF

The software AF are using the focus measure function (FMF) to estimate how much is
the image in focus. The FMF typically produces the bell-shaped curve as may be seen in
the figure 1.10 [25]. Many of the FMFs were proposed in the 1970s-80s for the microscopy
pusposes [26, 27, 28, 29]. Comtemporarily known FMFs may be divided into the following
categories [25, 30].

Gradient based FMF's assume, that the focused image contains more of the higher fre-
quencies. The higher gradient means sharper edges in the image.

Laplacian-based FMF's also reflect the amount of sharp edges, however, use the second-
order derivative.

Wavelet-based FMF calculate the frequency contens of the image using discrete wavelet
transform coefficients.

Statistics-based FMF's use statistics to calculate the degree of focus.

There has been also a sucsessfull implementation of Artificial Inteligence (AI) for improving
the AF speed [31].

Hardware AF

The hardware autofocus uses the optical pathway to measure the axial position of the sample.
These systems are using Near Infra Red light (NIR) as the visible (VIS) light is used for
observations. Hardware AF units are connected to the light pathway with a dichroic mirror.

One of the methods is the confocal pinhole detection (see figure 1.11). In this technique,
a point light source is created in the specimen plane. The reflected light is passed through
a confocal pinhole into the photodetector [32, 33].

In triangulation methods, half of the illumination beam is restricted by the half-moon
aperture. The lateral position of the reflected light is then determined by the axial position
of the sample. Such a system has been patented by Reinhamer [35]. Later on, the system

11
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Figure 1.10: Bell-shaped curve typical for FMF. On the horizontal axes are numbers of
pictures evaluated by the FMF proportional to defocus of the image. On the vertical axis is
FMF in a.u. Adopted from [25].
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Figure 1.11: Pinhole detection AF system. Adopted from [32].
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Figure 1.12: Nikon perfect focus optical scheme. Adopted from [34].

Cylindrical Lens

have been refined and implemented by Nikon as Perfect Focus System [32, 34] which may
be seen in the figure 1.12.

Also, it is possible to use the beam splitter array like in the figure 1.13. Here the
secondary focusing camera is used and the axial position is measured by the intensity of the
signal in each sensor region. This technique have been patented by Virag et al. in 2008 [36].

Another approach is to use a tilted focusing sensor, on which is imaged an oblique cross-
section of the sample. The optimum focus position is attributed to the contrast peak. This
system may be seen in the figure 1.14 and have been implemented by Leica [37, 38|.

Most digital single reflex cameras (DSLR) use so-called phase detection autofocus. The
phase refers to the translational shift between two images. This technique has been also

Imaging sensor

A Splitter array

g S

Beam > &
splitter > 1\1'&"'

| Focusing sensor

Objective

e

Figure 1.13: Beam splitter array autofocus. Adopted from [32].

Tube lens
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Figure 1.14: Tilted sensor autofocus. Adopted from [32].
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Figure 1.15: Phase detection autofocus. Adopted from [32].

adopted for microscopy [39]. The principle may be seen in the figure 1.15. Two pinhole
modulated cameras are attached to the eyepiece for phase detection autofocus. If the sample
is placed in focus, two cameras will capture identical images. If the sample moves out of
focus, the images will be shifted. The shift is proportional to the defocus. The shift may be
calculated via phase correlation in the frequency domain [32].

While using the software AF, the FMF is applied just on the part of the image (e.g. one
cell), not to the whole image. Therefore if the cell changes the axial position the rest of the
cells get out of focus. This happens for example during mythosis. Therefore is benefitial to
use hardware AF, which holds the meintains the observation plane.

14



2 Thesis objectives

As was mentioned in the section 1.2, for live imaging is the hardware autofocus crucial. As
the software solution is not always suitable. For example by meiosis observations, where
the cells may distant from the coverslip. So if the software autofocus follows one cell, the
others may occur out of focus. Therefore usage of the hardware autofocus brings better
results during the long term observation. The axial localization using the rotating point
spread function seems promising for creating a hardware autofocus module. To verify the
suitability of this technique it is needed to:

1. Do a research on the axial localization using the rotating point spread function.
2. Optimize optical and mechanical properties of current system.

3. Align the module.

4. Write a driving software.

5. Test the module during long-time observation.
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3 Optical vortieces

The first application of rotating PSF for axial localization was first shown in Greengard’s
paper [40]. Later on, was improved efficiency of energy transfer. In addition, have been
shown that the use of a vortex mask could be used for purpose of axial localization [41].
This improvement led to many applications in microscopy [42, 43].

Presented technique based on the rotating PSF benefits from the precise axial localization.
The usage of the NIR light in combination with a dichroic mirror does not disturb the
observation. In addition, the NIR beam source with low intensity means the light is just a
little phototoxic [44, 45, 46] and also selection of appropriate wavelength ( A < 1050 nm)
enables usage of the optical tweezers. Application of the spiral mask (SM) also means that
no expensive adaptive device, such as Spatial Light Modulator (SLM) does not have to be
used.

3.1 Mathematical describtion

The principle of the axial localization has been described for example in the paper [43]. Let’s
have a collimated monochromatic nondiffracting beam with complex amplitude U. As the
system is cylindrical use of the cylindrical coordinates (r, 6, z) will be benefitial. Therefore
we unfold the wave vector &k (k denotes its magnitude) into the lateral and axial components,
which we denote a and . Then we may write the complex amplitude of the beam as

U(r,0,z) = u(r,0; a)eP*e™, (3.1)

where x denotes the phase offset.

Now let the beam pass through the intermediate ring aperture. The aperture has infinite
small thicknes and radius R. Using the Dirac  distribution the complex amplitude can be
written as

U(r,0,2) = 6(r — R)u(r,0; a)e®e™. (3.2)

In the next step let’s shift, the phase of the beam proportinally to the beam by multiplying
by €™ where m = +1,42,43, ... The number of 27t phase shifts per revolution m is an
important property called topological charge. The schift can be obtained e.g. by special
mask. This phase shift is illustrated in the figure 3.1. The beam amplitude is

Ulr,0,z) = ™§(r — R)u(r, 0; a)e*e. (3.3)

Such a beam is called vorter and has a helical wavefront, which may be seen in the figure
3.1.

Now let’s take such an amplitude as a Fourier spectrum and compose a beam from that
by inverse Fourier transform. The ring radius R corresponds to the spatial frequency ag.
The transform could be done by a lens with a focal length f. Then the frequency and radius
are linked by the equation
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Figure 3.1: Ilustration of vortex beams. Adopted from [47].

R
aRp = k—.

Obteined beam has complex ammplitude
U(r,0,2) = Jp(agr)e™elPZe (3.4)

where J,, denotes the Bessel function of the first kind and m-th order. The intensity of
created spot [ is given by equation:

[ =UU* = Jy(agr). (3.5)

The spot intensity is independent on the # and z and has donut shape. Those donut shaped
beams are for example used in superresolution techniques for creating deflection beams [17,
21].

Now combine two vortex beams created by spatial frequencies ag, s, axial k-vectors
components (31, B2 and topological charges my, mo. Letting those two beams interfere results
in intensity [43]

I =(U,+U,) (U +U5)
:J|2ml‘(oz1r) + Jﬁnﬂ(()@?") + 2J (01 7) iy | (@27) cos(Am G + AB z + Ar), (3.6)

where the last term is the interference term of the two beams, which is dependent on the
topological charge difference Am = my — m, and difference in the axial components of the
Af =P — b

Letting interfere generally N beams created by rings with normalized radiuses p, and
maximal radius Ry.x. With each ring creating vortex beam with topological charge m,, the
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3.2. AXIAL LOCALIZATION

Vortex mask Image plane

JAV

Tube lens

Figure 3.2: Simple setup for the axial localisation using the optical vortieces. Colors ..

following conditions must be fullfiled for creating an PSF rotating with a defocusation [43]

mo= e (37)

m, = mo-+nAm. (3.8)

3.2 Axial localization

Let us have a point light source. Putting the point into the focus of the lens we obtain a
collimeted beam like in the area above the axis in the figure 3.2 [48]. The beam passes
throught a mask with two zones creating vortex beams with topological charges m; = 1 and
mo = —1. The following tube lens with a focal length f, creates inverse Fourier transform of
the mask, which results into two bright blobs. The blobs we call Duble Helix Point Spread
Function (DH PSF).

Generally, two vortices with topological charge difference Am can be used. The image
then consists of Am blobs.

The image intensity is described by the equation (3.6). The interference term determines
how the image could be changed. The topological charge difference is given by the mask.
However we may move the plane of the observation along the z axes, which causes the
change of the term AfS z. Or the phase offsed Ax can be inserted between two beams. Such
a situation is described in the lower half of the figure 3.2. The shift of the light point source
by Az creates a spherical wave incident to the mask. The spherical wave means the phase
offset between the two vortex beams. The cosine in the interference term is linked with the
azimutal position #. Therefore change in the cosine argument results in the image rotation.

For small defocuses Az’ we can say the defocus is lineary proportional to the phase shift
between two beams Ax, Az ~ Ak. For describing the rotation of the image we need to find
the angle which is added to the azimutal angle # in the cosine argument. If the argument is
constant

Am6 + AB z + Ak = const. (3.9)
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we obtain two relations describing the rotation

0 ~ z, (3.10)
0 ~ Ar. (3.11)

Adding the assumption Az’ ~ Ax we obtain
O~ Ak~ 2. (3.12)

In the original paper [43] was considered, that the mask will be placed in the plane optically
conjugate with the rear focal plane of the collimator. Then the rotation in the image is
lineary proportional to the image plane shift and defocus. We can define the petriod of
rotation A as

do 2m
— == 1
dz/ A (3.13)
We obtain the period using the equation
4t N Am f?
AN=——" 1 14
FR 31
Taking into account the geometry of the beams the axial range L is
o2 f?
= —— 1
k' ARRpax (3:15)

From the equation it is clear, that using a vortex mask it is possible to create a specially
shaped DH PSF which rotates proportionally to the defocusation of the luminous point.
This principle can be also used to the detection of the axial position of the specimen in the
microscope to keep it in focus.
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4 Experimental setup design

As has been shown in the theoretical part, the axial localization technique can be applied
for measuring the specimen position, which can be used as an input for maintaining the
specimen in focus. The setup from the figure 3.2 can be modified, so it can be added to
the microscope. The module running on the IR wavelength should be connected with a
microscope via dichroic mirror, so it would not disturb the observation. It is also needed to
create a point source in the specimen plane. The image of a point source is then collimated
and the light propagates to the mask. The mask is then imaged with a tube lens.

The selection of proper optical components is important for building a setup. Also, the
mask needs to be designed and fabricated. Also, it is needed to choose proper optomechanical
components, so the system could be aligned.

4.1 Optical components

The used setup may be seen in the figure 4.1. The light from the optical fiber is collimated
and through the beam splitter and dichroic mirror reflected into the reflected into the mi-
croscope objective. The microscope objective creates an image of a point light source in the
specimen plane. The defocusation of this point source will be measured. Together this part
of the setup creates the lighting part. The light is reflected and passes to the vortex mask.
The mask is placed in the front focal plane of the tube lens, so it would make an inverse
Fourier transformation of the wave in the mask plane in the camera plane. The camera in
the back focal plane observes the DH PSF. This part of the setup will be referred to as the
1maging part.

The render of the realised setup may be seen in the figure 4.2 with the optical components
listed in the table 4.1 [49, 50, 51].

The optical fiber is mounted in the beginning of the lightpath. The fiber coupled LED
with peak wavelength 810 nm has been chosen, as it is a powerful light source bringing
enough light to the system (LED has power up to 16 mW). It has a proper wavelength and
it is an incoherent light source.

The beam from the fiber is narrowed by the beam expander and collimated. The combi-
nation of the beam expander and collimator has been chosen to create a beam with a spot
as small as possible. The fiber with diameter 400 wum must be narrowed. To do that, a beam
expander must be added in the reverse direction. The beam expander virtually expands the
distance between the fiber end and collimator and narrows the beam. The beam is then col-
limated with a collimator. The collimator has a focal length 200 mm and the expander has
five times magnification. The beam is focused with a microscope objective into the coverslip
plane.

The lighting part of the setup has been simulated in the Zemax ray-tracing program. As
the components have unknown optical construction they were simulated as paraxial lenses.
For the telescope focal lengths —20 and 100 mm were chosen as they give the five times
magnification. Through this system, an axial point and point 200 um laterally distant were
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Figure 4.1: Scheme of the module.

imaged. See figure 4.6a for the layout. Based on this simulation the fiber is then imaged
as a circile with diameter djp = 0.67 um while using Nikon Plan 10 microscope objective.
Using Nikon Plan Fluor 20 objective the circile has diameter dyy = 0.344 um. Both can be
seen in the figure 4.6. According to Abbe resolution theory [4], two points distant d are
resolvable if their distance is at least:

A
d= INA

Where A is the wavelength and NA is the microscope objectives numerical aperture. Using
this equation the resolution limit is 1.6 pum while using Nikon Plan 10 with NA = 0.25. For
the Nikon Plan Fluor 20 (NA = 0.5) is the limit 0.81 pm. Those values are much bigger than
the geometrical So the fiber is in both cases imaged into the diffractionally limited point.

The light is then reflected from the backside of the coverslip and returns through the
beamsplitter to the vortex mask, which creates two vortices with topological charges m; = 1,
mo = —1. The inverse Fourier transform of the wave passing through the mask is then made
by the tube lens. The plano-convex lens with focal length 125 mm has been chosen. The
DH PSF is observed with the camera. The camera is equipped with Sony IMX477 sensor
which benefits from the backside illuminated architecture [52]. The IR filter has also been
removed from the camera to increase sensitivity.

(4.1)

4.2 Vortex mask design

In section 3.2 we assumed infinite thin rings in the Vortex mask. Such rigs are beneficial for
the analytical computation of the DH PSF. However, in reality, they would not transmit any
light. In practice, two types of masks are used [54]. The first type may be seen in the figure
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4.2. VORTEX MASK DESIGN
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Figure 4.2: Render of the laboratory setup. The gray arrows illustrate fine optomechanical
mounts for alignment.
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Figure 4.3: Simulation of the lighting part carried out in Zemax ray-tracing program. (a)
Layout. (b) Spot diagram, using Nikon Plan 10 objective. (c) Spot diagram, using Nikon
Plan Fluor 20 objective.
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Table 4.1: List of used optical components [49, 50, 51].

Component Part no. Manufacturer
Fiber pigtailed LED EP810S04 — 810 nm Thorlabs Inc.
Beam expander 5x GBEO05-B Thorlabs Inc.
Collimator f =200mm TTL200-A Thorlabs Inc.
Beamsplitter CCM1-BS014 Thorlabs Inc.
Dichronic mirror DMBP740B Thorlabs Inc.
Mirror PFE10G01 Thorlabs Inc.
Tube lens f = 125mm  LA1986-B Thorlabs Inc.
Camera RaspberryPi High Quality Camera Respberry Pi
Microscope objective Nikon Plan 10 Nikon Instruments Inc.
Microscope objective Nikon Plan Fluor 20 Nikon Instruments Inc.

Table 4.2: List of used mechanical components [49, 53].

Component Part no.  Manufacturer
Z-axis mount SM1ZA Thorlabs Inc.
XY mount CXY1A  Thorlabs Inc.
Right-angle kinematic mirror mount KCB1 Thorlabs Inc.
Linear piezo stage SLC-2430 SmarAct GmbH.

4.4a. The mask has thin ring zones, which makes it resistant to phase changes, which may
occur across each zone due to the aberrations. The second type has wide zones and may be
found in the figure 4.4b. The mask with wide zones is not as aberration resistant as the
one with thinner ones. However wider zones transmit more light, which may be beneficial
in some light-sensitive applications.

For the experimental setup, I have decided to use the mask with thin ring zones. For the
dimensions of the mask see the drawing in the figure 4.5. The size of the mask is determined
by the size of the microscope objective aperture stop. The Nikon Plan Fluor 20 objective
has aperture stop with diameter 11 mm. So with the reserve, I have decided the biggest
diameter to be 7.5 mm.

For the purpose of the mask design verification, I have simulated the behaviour of the
mask with a script written in Python language. The simulation follows the figure 4.6. The
point source desplaced by Az’ from the focal point of the microscope objective is imaged
in the distance zy;0. Denoting fyio the microscope objective focal lenght the quantities are
linked with an equation

1 1 1
=
AzZ'+ fmo  2vo  fmo
In the Vortex mask plane wan created a spherical wave. The complex amplitude of the wave
is described with an equation:

(4.2)

u(z,y, z) = el = eHkVaHy+Gmavm)? (4.3)
R is the radius of the spherical wave and zyy = 300 mm is the position of the vortex mask
from the objective. The wave is modified by the vortex mask, which has eight segments in
each zone. Such a mask is suitable for manufacturing and previous experiments have shown,
that using eight segments should give good results [54].
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4.2. VORTEX MASK DESIGN

Vortex mask used DH PSF

obtained in experiment

Figure 4.4: Types of vortex masks used and DH PSFs obtained with the masks. (a) Mask
realized with thinn ring zones. (b) Mask realized with twi wide zones. Adopted from [54].
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Figure 4.5: Drawing of the vortex mask.
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Figure 4.6: Simulation of the mask behavior. (a) Scheme of the setup for the calculations.
(b) Fields in parts of the setup.

26



4.3. VORTEX MASK FABRICATION
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Figure 4.7: Simulation results for the Nikon Plan 10 microscope objective, fyio = 20 mm.
Intensity of the DH PSF with the defocuses Az’ from —30 um to 30 um with step 15 pum
between the images.

The DH PSF we obtain with an inverse Fourier transform of the complex amplitude wave
passed through the vortex mask. The intensity I is proportional to the squared modulus of
the complex amplitude w:

I(z,y) ~ u*(z,y). (4.4)

I did the computation using the Numpy package [55] for creating the array of the com-
plex amplitude in the mask plane. The arrayis sampled from —20 mm to 20 mm with step
0.01 mm. The array is multiplied by the mask and an inverse Fourier transform is made. For
this step is used the Scipy library [56]. From the result i calculated the intensity in which we
may see the DH PSF. The results were plotted with the Matplotlib library [57]. The sim-
ulation was done for the wavelength A = 810 nm. Code may be found in the suplementary
material.

The results of the simulation may be found in the figures 4.7 and 4.8. The DH PSF
rotates with the defocusation. Also if we consider the camera sensor pixel size 1.5 um [52],
the DH PSF should be well resolvable with the Raspberry Pi HQ camera.

4.3 Vortex mask fabrication

The mask was fabricated by the group of assoc. prof. Kolaitk at the Institute of the
Scientific Instruments of the Czech Academy of Sciences. Part of the fabrication was done
at the CEITEC Nano facility. The mask consists of three layers as may be seen in the figure
4.9. First is the substrate on the substrate chromium amplitude layer was made. On top of
that, the phase layer from PMMA was made.

As the substrate was used 1mm thick and 25mm in diameter High Efficiency Win-
dow [58]. The substrate was chosen as the windows were available in the laboratory and the
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Figure 4.8: Simulation resultsfor the Nikon Plan Fluor 20 microscope objective, fyo =
10mm. Intensity of the DH PSF with the defocuses Az’ from —30 um to 30 wm with step
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Figure 4.9: Mask structure.
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Figure 4.10: The Vortex mask defects photographed with a microscope. Images provided by
Ing. Kratky.

surfaces are well polished with good parallelism. The substrate underwent solvent cleaning in
the ultrasound cleaner. The surface was then activated using the Diener plasma cleaner [59].

The chromium amplitude layer was spattered on top of the substrate. The deposition
was made with the BESTEC UHV physical vapor deposition system for thin-film e-beam
deposition [59]. With this 150 nm thick layer was deposited. As a next step photoresist
AZ 1518 [60] was spin-coated. The resist was exposed with photolitograph. The layer was
developed using the AZ 726 MIF developer [61] and washed. The rings in chromium were
ethed using Technietch Cr01 etcher [62]. The rest of the photoresist was striped to have just
substrate with the amplitude layer.

On top of the chromium amplitude layer a PMMA layer was spincoated. The PMMA
was exposed using the electron beam litograph Raith EBPG500. The depth of each segment
is in the table (tabulka bude!). Afterwards was the mask developed in the mixture of methyl
isobutyl ketone and isopropyl alcohol.

The mask was measured using KLA-Tencor AlphaStep D-120 profilometer [63]. The
step between the first and eight zone was measure as (471 £ 8)nm by the outer zone and
(464 £ 4) nm by the inner zone. However, the mask was fabricated with the defects which
may be seen in the figure 4.10. The defects were caused by the unclean surface of the
substrate.

4.4 Optomechanics

To align the setup it is needed to use proper optomechanical components, which would allow
the fine adjustments. The use of the optomechanical components is also illustrated in the
figure 4.2 with the components listed in the table 4.2 [49, 53]. For mounting the dichroic
mirror and coverslip with a coverslip I've designed custom holders. The render of the holders
may be found in the figure 4.11. The holders were printed with a 3D printer.

To precisely collimate the beam it is important to finely adjust the distance between the
collimator and the fiber, therefore the fiber is mounted in the z-stage. Placing the dichroic
mirror on the kinematic mount is also crucial so the beam is reflected at the correct angle
into the microscope objective. The microscope objective also needs to be centered, so the
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Figure 4.11: Render of custom made parts for the laboratory setup. Popisky budou!

image of the point source is created on the optical axis. The microscope slide is mounted
on the piezo stage. The use of the piezo stage is important as it can move with 100 nm
precision, so the module can be tested. The mirror in the imaging part is also mounted in
the kinematic mechanism. The mechanism with an x-y stage together are used to center the
mask within the imaging part.

The design of the setup became a base for its realization.
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5 Experiments

In the previous chapter, the design and simulations of the setup have been discussed. In this
chapeter I describe how the design has been implemented and tested.

5.1 Alignment

For building the setup Thorlabs cage system [49] have been used. The parts have been
aligned as the light propagates along the optical pathway.

First the fiber was collimated. For colimation, a combination of Nikon Plan 10 mi-
croscope objective and Raspberry PI camera have been used. The objective and the
camera have been properly aligned using the plane wave created by the HeNe laser
(A = 632.8nm), so the spot observed in the camera has a minimal diameter. Such
aligned camera and microscope objective were used to observe how collimated the
beam is. The collimator was placed in the proper position and then the position of the
fiber was finely adjusted. The objective with the camera were afterward removed.

Secondly was aligned the dichroic mirror in combination with microscope objective.
The camera have been placed instead the coverslip. The camera was deliberately out
of focus and the dichroic mirror with the microscope objective were adjusted to ensure
that the whole beam fits into the aperture stop of the microscope objective. This was
used as if the beam did not fit in the camera was not observed circular spot.

As third were aligned the tube lens in combination with the mask and camera. For
the adjustment were used the plane wave created by the HeNe laser. Both the camera
and mask were placed in a plane with the smallest spot. The mask was mounted in
the small tube. Whe tube was mounted in the x-y stage, so the mask could be easily
disassembled.

In the fourth step the aligned imaging part was added to the rest of the system. The
mask was disassembled and the coverslip was placed into the working distance of the
microscope objective. The point observed in the camera was centered with the tilt of
the mirror.

Finally the mask was centered so the DH PSF observed in the camera would have both
blobs equally big.

5.2 Control software

For controlling the experiment have been written a Python script. The script was running on
the Raspberry Pi 4 (8 GB RAM version) computer running the Raspberry Pi OS [50]. The
computer has been communicating with the SmarAct piezo stage via serial line commands as
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Figure 5.1: Image processing visualisation. (a) Captured image. (b) Threshold. (c) Seg-
mentation. (d) Cetre of masses computation.

the manufacturer enables [53]. I programed the python functions which then were sending the
commands via the pySerial library [64]. The images have been acquired with the libcamera
program, which has been called via the terminal. The script with the functions may be
found in the supplementary material.

5.3 Image processing

To measure the angle of rotation of the DH PSF I have written a Python script. The script
uses image segmentation to find the individual blobs and calculates their positions. The
angle is calculated from the positions of the blobs. The detailed description of the program
follows the figure 5.1.

e The image is loaded as a Numpy array

e The image is thresholded into the binary mask. For each of the RGB channels, a
different threshold is chosen.

Using the label function from the Scipy ndpackage, the blobs are segmented [56].

The centers of masses of each blob are found with the center_of _mass function from
the Scipy ndpackage [56].

The angle of the line given by those two points is calculated using the arctan2 function
from the Numpy library [55].

5.4 Experiments

The setup has been aligned as described earlier in section 5.1 for both objective lenses.
However, it was hard to do proper alignment and the DH PSF on the camera. Even if the
DH PSF was found, there were ghosts, as may be seen in the figure 5.2, the setup was
programmed to scan with the coverslip along the axis.

Using the Nikon Plan 10 objective the coverslip is moved to a position, which seemed to
be in focus, and scanned in range +20 um with a step 0.2 um capturing position and image
from the camera at each point. The scan was repeated eight times. After processing the
images as described, the results may be found in the figure 5.3. Filtering the data and
taking just those which are plotted in blue (z < 15 um).
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Figure 5.2: The image obtained from the camera, while doing the experiment with Nikon
Plan 10 lens. In the figure are two bright blobs of the DH PSF.
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Figure 5.3: Results of the measurment with Nikon Plan 10 objective.
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Figure 5.4: Filtered results of the measurment with Nikon Plan 10 objective. The gray
rectangle illustrates the depth of focus, which is £6.8 um. The red zones illustrates the
detection precision +2.6 um.
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Figure 5.5: Results of the measurment with Nikon Plan 10 objective. Axial positions 2’ from
(a) to (d): 2.12um, 4.5 um, 8.12 um, 11.7 um. DH PSF angle 0 from (a) to (d): —35.32°,
—31.7°, —29.46°, —24.7°.
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Figure 5.6: Results of the measurment with Nikon Plan 20 objective.
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Figure 5.7: Filtered results of the measurment with Nikon Plan 20 objective. There have
been drawn the blue stripe around the points to find the red detection precision, which is
+0.5 um.The depth of field is £1.7 um

Figure 5.8: Results of the measurment with Nikon Plan Fluor 20 objective. Axial positions
Z' from (a) to (d): 0.01 pm, 0.22 pm, 0.70 um, 1.00 pm. DH PSF angle 6 from (a) to (d):
—95.0°, =94.6°, —94.13°, —93.72°.
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The filtered data are in the figure 5.4. Here we can see that if we take the range of
angles for each position, we still can detect change in axial position up to +2.6 um. Which
is safely within the depth of field. The Nikon Plan 10 has the depth of field £6.8 pm.

Repeating the experiment with the Nikon Plan Fluor 20 objective lens. Using this lens I
scanned in the range £5 um around the point which seemed to be in focus. The results may
be found in the figure 5.6. The data were filtered and the results after filtering are in the
figure 5.7. From the plot it is clear that more data would be needed to collect, to reliably
determine the precision. However, if we look into the data, we can see, that they lie in a
stripe. If we handle the stripe same as the data in the figure 5.4 we can obtain, that the
method should be able to safely detect movement +0.5 um along the axis. As the depth of
field is £1.7 pm.

In both cases is the detection precision lower than the depth of field. Therefore the setup
is suitable for meintaing the sample in focus.

Fitting the data with a line, we obtained that the coefficient K giving the relation between
defocus and rotation N

Az
From the data in the figure 5.4 we obtain Ky = (0.61 + 0.02) °/pum for the Nikon Plan
10. Applying the same on the data in the figure 5.7 we obtain Ky, = (1.16 + 0.12) °/um.
Those constants will be important for creating the algorithm with feedback loop, which is
maintaining the image in focus.

As was mentioned before the experiment was done to prove the concept and kalibrate
the constants K9 and Ky. Unfortunately I was not able to get DH PSF in qualities as
have been published [43, 54]. The results were probably caused due the defects in the mask.
Unfortunately the mask manufacturing is long lasting process. Therefore there was not
enough time to repeat the experiment with properly manufactured mask.

Further experiments needs to be carried out to properly test the module. With properly
fabricated mask a long term experiment can be done. For this experiment a program with
feedback loop is written and may be found in the suplementary material.

In the program user sets the position of the sample and the program captures the angle
of the DH PSF. Using the constant K obtained in the calibration. During the experiment
the module captures DH PSF, compares its position to the initial one. If the movement
coresponding to the DH PSF is bigger than some threshold, the sample position is corrected.
The program may be found in the suplementary material.

K —
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Summary

The measured data presented in the previous chapter have shown the potential, of this
method, as the precision of localisation is in both cases much lower than the depth of focus.
Further experiments needs to be carried out.

I have sucsessfully designed a hardware autofocus. The designed system is smaller as
those in previously used experiments. Ommiting the 4f system meant miniaturisation of
the module, so it is small enough to be inbuilt into the microscope. I have build and aligned
the laboratory setup of the module. The mask have been designed. I have simulated the
behavior of the mask with a Python script. The mask have been fabricated and mounted
into the setup. Even though, the mask have been fabricated with defects, I was able to carry
out measurments with ten and twenty times magnifying objective lens. Unfortunately just
with properly fabricated mask a long term experiment can be done. For such a experiment
I have designed a software with the feedback loop. So the module can be tested during a
long term observation. The proven concept should also be also tested using 40-times and
60-times microscope objectives, as they have shallow depth of focus.
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