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Abstract

Optical coherence tomography (OCT) is a non-invasive imaging technique
that generates high-resolution cross-sectional tissue images[I]. OCT is very
common in ophthalmology and it is part of a group of techniques that are
based on depth scans with low temporal coherence interferometry (LCI)[2].

However, the OCT technique can be widely used for different purposes.
In this thesis with OCT we will be able to measure the thermal expansion
of the polystyrene beads. Through the use of a laser and a broadband light
source, we will target polystyrene microspheres (diameter 10 ym) doped with
fluorophores. The laser hitting the microspheres will excite the fluorophores,
which will release energy through heat and fluorescence.

The heat will cause the microsphere to expand and by using broadband light
we will measure the difference in the optical path of light between the top
and bottom surface of the microsphere to get thermal expansion.

The heat expansion will be analyzed for different laser powers in order to
understand and verify the dilatation at different temperatures. In addition,
a theoretical model will be developed to give explanations for the behaviour

of the microspheres in relation to different laser powers used in the thesis.
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Chapter 1

Introduction
1.1 Microscopy

Microscopy is the technical field of using microscopes to view samples and
objects that cannot be seen with the unaided eye (objects that are not within
the resolution range of the normal eye) [3].

Microscopes exploit the properties of light (such as reflection, interference
etc.) to be able to draw as much information as possible from the sample.
Light is an electromagnetic wave that can be detected by the human eye[4].
Electromagnetic radiation is generated by changes in movement (vibration) of
electrically charged particles, such as parts of ‘heated’” molecules, or electrons
in atoms. Although classical physics had explained most of its behavior as
a result of its undulatory nature, Planck and Einstein demonstrated that
electromagnetic (EM) radiation behaves as if its energy were carried on a
nanoscale in small bundles. Electromagnetic waves are emitted in the form
of unitary packets, called photons. It is therefore not possible to emit the
waves at an arbitrary rate. The photon is a minimum, indivisible quantity
of energy that can be taken in discrete (not continuous) magnitudes by a
physical quantity. It is a fundamental particle associated with interaction.
The energy of the photon E is equal to Planck’s constant ( h ) times the
frequency of radiation (v ).

E=h-v (1.1)

Electromagnetic radiation extends from ~ rays and X-rays through to

radio waves and to the long radio waves[5]. The electromagnetic spectrum,



is the entire distribution of electromagnetic radiation according to frequency
or wavelength. Although all electromagnetic waves travel at the speed of
light in a vacuum, they do so with a wide range of frequencies, wavelengths
and photon energies. The electromagnetic spectrum comprises the totality
of all electromagnetic radiation and is composed of numerous subgroups,
commonly called portions, such as visible light or ultraviolet radiation. The
various portions bear different names based on the differences in behavior in

the emission, transmission and absorption of the corresponding waves.
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Figure 1.1: Spectrum of the light taken from Vangq[6].

Within this broad spectrum, the wavelengths visible to humans occupy a
very narrow band, ranging from about 700 nanometers for red light to about
400 nanometers for violet light.

In the most common techniques of microscopy (wide field microscopy), light
is totally transmitted toward the specimen, i.e. illuminated from below and

observed from above. Basically, a microscope consists of two subsystems:
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an illumination system to light the specimen and an imaging system where
light generates a magnified image of the specimen that it has interacted with,
which through camera systems can be observed with the human eye.

Currently, most microscopes use artificial light sources such as bulbs,
light-emitting diodes (LEDs) or lasers to create more reliable and controllable
illumination systems that can be tailored to a given application. In these
systems, light from the source is typically collected by a condensing lens,
optically patterned and filtered before being focused on the sample. Light
shaping is essential to achieve high resolution and contrast[7].

One of the main goals of microscopy is to obtain images with good defi-
nition and resolution. Resolution is the shortest distance between two points
visible to the eye, with or without the aid of a microscope[§]. Resolution is
not a quantity that increases arbitrarily, but it is a factor that can be quan-
titatively calculated.

Ernst Abbe pioneered a quantitative analysis of the resolution limit of an
optical microscope[9].In the case of an immersion microscope objective with
circular aperture and direct on-axis illumination, the Abbe diffraction limit

of resolution d reads

_ A
 NA

where A\ is the wavelength of the light and NA is the numerical aperture.

d (1.2)

The numerical aperture provides an indication of how much light can be
collected and the resolution of the lens.
NA value increases as the number of photons collected increases, it is defined
as:

NA =n-sinf (1.3)

Here, n is the refractive index of the medium and 6 is the half-angle of the
cone of the light that enters the objective.

Abbe’s resolution criterion still finds use today, however, Rayleigh expanded



the concept of resolution to spectrometers and imaging instruments.

A
d=122- 520 (1.4)

It states that two close-lying points are considered resolved if the first inten-
sity maximum of one diffraction pattern described by an Airy disc[10] coin-
cides with the first intensity minimum of the other diffraction pattern[11].
Every measurement needs an observable, that is a signal. In optical
microscopy, one correlates a certain optical signal from the sample with the
spatial position of the signal source. Scattering is one of the origin of the

signal or contrast mechanism in imaging[12].
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Figure 1.2: Sketch of a basic scheme for viewing an object in a microscope. The object
is illuminated by a light source, and is observed either by reflection through its scattered

light or in transmission by looking at the object’s shadow, taken from Weisenburger et.al

[12].

Looking at Figure 1.3 we see that the main geometries of microscopy
are transmission and reflection. A light source illuminates with a certain
power the sample which resides on a microscope glass slide. A portion of the
incoming power is scattered by the sample, and another part will serve as

reference power.



Once they reach the detector, the scattered and reference component will
interfere with each other if their phase difference is less than the coherence
length of the illumination beam (interference phenomena) .

However, another aspect to consider when applying measurements through
the microscope is to understand the sensitivity of our instrumentation. In
other words, what is the size of the smallest object that can be detected.
To have high sensitivity, a sufficiently large signal is needed from the object
of desire, and the problem is that the signal usually decreases rapidly as the
size of the object decreases. Therefore, it is necessary to collect the signal
efficiently and use very sensitive detectors. The detector can be a point
detector or a camera among many. The performance of a light detector can
be generally described by its quantum efficiency, the available dynamic range
and its time resolution[13].

The improvements implemented in microscopy are based on instrumentation
and/or techniques that can guarantee: high resolution, high sensitivity and
contrast. One widely used microscopic technique that succeeds in fulfilling

these improvements is confocal microscopy|[14].

1.2 Confocal Microscopy

As described in the previous section for wide field microscopy all the light is
transmitted through the specimen. That means that the image will consist
of both the light in focus on the focal plane of the lens and the light out of
focus.

The confocal microscope essentially removes the out-of-focus light by insert-
ing a pinhole at the image plane such that out-of-focus light does not reach
the detector. Only light focused at the pinhole passes through it, all other
light is scattered. The basic principle behind confocal microscopy is this use
of spatial filtering to generate a focused spot of illumination[I5]. The prac-

tical effect of this is that the image comes from a thin section of the sample,
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and by scanning many thin sections through the sample, a very sharp three-

dimensional image of the sample[I6].
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Figure 1.3: Schematic example of a Confocal Microscope taken from Leica[l6].

A sensitive light detector, such as a photomultiplier tube, on the other
side of the pinhole is used to detect the confocal light. This technique allows
the specimen to be imaged one “point” at a time[l4]. To create an image
of the specimen, the focal spot is rapidly and serially scanned in the X-
Y plane, which is why the confocal microscopes produce virtual horizontal

cross-sectional images. As the scan proceeds, the signal from the detector
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is sent to a computer that collects all the "point images" of the sample and
builds the image in series, one pixel at a time. The sample is not actually
cross-sectioned, but a sequence of virtual images are formed, which can be
used for tomographic imaging. The images are displayed on a video monitor
and the result is a sharp, high-contrast image , which could not be acquired

with conventional light microscopy.
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Figure 1.4: Widefield versus confocal microscopy. One hemisegment of a Drosophila
larval fillet stained with AlexaFluor 647—conjugated phalloidin to label the musculature.
The top picture is the widefield microscopy image and it can be seen that it is not as resolve
as the bottom image that is the confocal’s one. The confocal image took 2 h to build in a
point scanning system, while the wide-field image was collected with an integration time
of 1 s. Image taken from Elliot[IT].

Image 1.4 provides a clear example of how the use of a pinhole allows
to record only the light in focus and achieve images with higher resolution
than classical microscopy (widefield). In fact, as explained in the previous
section, it is very important to obtain well resolved and clear images to

acquire information about the sample. Confocal microscopy allows this since
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its resolution is:

0.8\
d= INA

Since, as explained in the previous section, the resolution (according to the

(1.5)

criterion of Rayleigh) in X and Y is determined by the distance from the
center of Airy’s disk to the first dark ring, for a confocal system, the pinhole
radius is set slightly smaller than the radius of Airy’s disk, and thus the X

-Y resolution equation is what we get in Eq. 1.5

Figure 1.5: Example of Airy’s disk[18].

The use of confocal microscopy may seem a gapless technique however
there are issues when it comes to practical applications.
For example, the axial thickness of optical sections depends on the inverse
of the square of NA. Therefore, when using low NA and low magnification
objectives, the optical section may be 7 ym or more[I5]. Cell walls, though,
have smaller dimensions, so this technique is not convenient to use.
In addition, confocal imaging requires a balance between resolution, scan
time, and sample photodestruction (Fig. 1.4). The higher the resolution,
the longer the scan time and the longer the sample is exposed to the laser.

Therefore, the probability of damaging the specimen increases.
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1.3 Fluorescence Microscopy

Confocal microscopy can be performed in transmission or reflection mode for
observing non fluorescent material. However, for most biological work, the
confocal microscope is used in conjunction with fluorescent samples. Fluo-
rescence imaging provides a specific, high contrast signal that maximally ex-
ploits the ability of the confocal microscope to remove out-of-focus light[19].
Fluorescence microscopy usually involves observing light in the visible range.
although there are commercially available detectors such as charge coupled
device (CCD) that detect both ultraviolet (UV) and infrared (IR) fluores-
cence.

The process behind fluorescence involves the absorption of energy (a photon)
by an indicator (fluorophore), followed by the emission of some of this energy
(as another photon with different wavelength) a few nanoseconds later[20].

The delay in emission is called fluorescence lifetime.

Stokes shift
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Emission

Light intensitiy

>

Wavelength

Figure 1.6: Diagram of the Stokes shift between absorption and emission light spectra.
Picture taken from Wikipedia [21].
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Before the process of emitting a photon, a very small part of the energy
will be dissipated, so the emitted radiation will have lower energy than the
absorbed radiation. The difference in energy between absorbed and emitted
light is called Stoke’s shift.
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Figure 1.7: Example of excitation-emission cycle in fluorescence. When a fluorophore
absorbs a photon it will be excited, so from its ground state, it will rise energetically to
the first excited level. Thereafter there will be a relaxation and some of the energy will
be released through heat. After this relaxation there is photon emission in the form of
fluorescence and it will return to its ground level. Image taken from Gray et al[I9].

The absorption and emission of photons by a fluorophore are best illus-
trated using a Jablonski energy diagram (Fig. 1.6). At room temperature
the fluorophore will be in its lowest energy state (Sp). When absorption of
light by the molecule occurs, it will absorb photon energy and through this

will reach the excited state (S7). Then there will be a relaxation of the flu-
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orophore which will lead to a dissipation of energy, most often in the form
of heat. Then the energy of the fluorochrome will be emitted as photons
that will take it from the S; state to its original state. The energy emitted
will be fluorescence. An additional important piece of information about a
fluorophore is its quantum yield. This is the ratio of the number of photons
emitted to the number of photons absorbed (Eq. 1.5) and is, therefore, a
measure of the efficiency of fluorescence.

number of photons emitted

P = (1.6)

number of photons absorbed

To harness the power of fluorescence it is necessary to make some modifi-
cations to the light optical microscope. It is necessary to provide a powerful
light source that allows to reach specific different wavelengths for the fluo-
rophores, a mechanism that illuminates only the fluorophore of interest and
a means that allows to collect only the light coming from the fluorescence
and not from other sources.

A suitable light source must be capable of providing a high flux of pho-
tons that will excite the fluorochrome of interest. High excitation levels are
required because the fluorescence emission is usually low due to the fluo-
rochrome. Furthermore, the fluorescent lamp must have a constant intensity
throughout the irradiation time of the fluorophore. If it didn’t have this fea-
ture, the final image would come out with uneven brightness.

The two commonly used lighting sources are mercury and xenon arc lamps
as they are able to satisfy the criteria of uniformity and intensity. Both the
lamps produce photons as a result of an arc flowing through an ionized gas.
However, nowadays the use of LEDs or lasers as a light source is more and
more frequent. Lasers produce an intense, monochromatic beam of light that
is coherent and highly collimated.

In fluorescence microscopy, filters are often necessary for ensuring that
only light emitted by a fluorochrome in the sample is passed on to the de-

tector and for blocking any stray light in the system. In addition, filters
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are needed to separate the various wavelengths of light emitted from differ-
ent fluorochromes when using more than one color fluorochrome [19]. Due
to a number of factors, the amount of light reaching the detector in a flu-
orescence microscope is relatively low. Even with very sensitive detectors,
one still need to make sure that the signal strength is high enough against
background noise. Otherwise, you cannot be sure of the accuracy of what is
being detected. In order to maximize your signal, it is absolutely important

to review the excitation and emission spectra of your fluorophores carefully

and choose your filters based on these spectra.

Figure 1.8: Example of Fluorescent image. The human lung tissue sample presented in
the digital image above was labeled with Alexa Fluor 350 conjugated to the lectin wheat

germ agglutinin. Image taken from Nikon[22].
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1.4 Optical Coherence Tomography

Tomographic techniques generate cross section images of three-dimensional
objects. Optical tomographic techniques are of particular importance in the
medical field, because these techniques can provide non-invasive diagnostic
images|2].

One of the most widely used techniques in ophthalmology is optical coherence
tomography (OCT), a non-invasive method by which high axial resolution
can be obtained[I]. It is a really prominent technique of the medical field
because as can be seen in Figure 1.9 it has a higher resolution than other

techniques.
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Figure 1.9: Comparison of resolution in axial and lateral direction between some medical
imaging technique: reflectance confocal microscopy (RCM). confocal scanning laser oph-
thalmoscopy (¢SLO), adaptive optics scanning laser ophthalmoscopy (AOSLO), optical co-
herence tomography (OCT), adaptive optics optical coherence tomography (AO-OCT).M
agnetic resonance imaging (MRI), computed tomography (CT), medical ultrasound image

taken from Aumann et al.[I].

The first OCT technique employes was derived from low-coherence inter-
ferometry [23]. Low-coherence interferometry measures the echo time delay
and intensity of backscattered light by interfering it with light that has trav-
eled a known reference path length and time delay[24]. Due to the inter-
ferometric measurement method, the axial resolution is defined by the light
source and not by the focusing optics. The back-reflected waves are analyzed
and their delay is measured to reveal the depth at which the reflection oc-

curred. OCT uses light in the infrared range and an interferometer is used to
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measure the delays of reflected waves that otherwise could not be measured.
Through the use of this instrument, part of the light is directed at the sample
and another part is sent to a reference arm and subsequently combines the
two returning beams of light again. Under certain conditions, interference
can be observed: coherent waves superimpose and their electromagnetic field
amplitudes sum constructively (i.e., reinforce each other) or destructively
(i.e., cancel each other out) or satisfy any condition in between.

The associated light intensity can be measured as an electrical signal using
a photodetector which is the difference in the optical path length between
the sample and the reference arm. Low coherence light sources (SLD) can be
used however interference is only possible if the optical length paths are equal

and have a low coherence length, usually on the order of micrometers|24].

Reference

——1
Sample

Source

BS

Detector ( J

Figure 1.10: Schematic Representation of OCT. Light goes to the beam splitter (BS)

and part of it goes to the sample and to the reference arm. The back scattered light goes

back and its interference is detect by the detector. Image taken from Huang et al. [24].
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1.4.1 OCT techinques

Many OCT-related techniques have been implemented in recent decades.
One of the first techniques used was time domain OCT (TD-OCT).

n Reference Beam Reference
Mirror
L Ti —» U
ow Time-
Coherence 0
Light Source OCT DepthScan
Lateral

Photo- oCT
Detector Sean

Processor

Figure 1.11: Schematic Set-up of TD-OCT. Image taken from Aumann et al. [I].

As depicted by Figure 1.11, the low-coherence light source is led to the
interferometer in this case a fiber coupler (in other examples it may also be
a beam splitter).The light is split, one part will reach the specimen the other
will operate as a reference beam. The back-reflected light from both arms
will combine and interfere if, as previously explained, the optical path length
matches.

Modulations of intensity, also called "bursts" of interference fringe, are de-
tected by the photodiode. The amount of reflection or back-scattering from
the sample is obtained directly from the envelope of this signal[2] .

For each sample point, the reference mirror will perform a depth (z) scan,
and each light intensity will be recorded by the photodetector. Implement-
ing this scan produces a full depth profile of the sample reflectivity at the
position of the beam, which is called an A-scan (amplitude scan)[23]. By col-
lecting adjacent A-scans for successive pixels along a transversal coordinate,
a cross-section image is obtained, termed as a B-scan[25].

OCT techniques have found over time many fields of application. However
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TD-OCT is a very time-consuming technique, since one has to scan the whole
sample. That is why a technique using a spectrometer was introduced like
the Spectral domain OCT (SD-OCT) ,or also known as spectrometer based
Fourier domain OCT. This technique records an interference spectrum, also
known as an spectral interferogram, from which the A-scan is calculated by
means of the Fourier transform.

The spectrometer uses a diffraction element to spatially separate the con-
tributions of different wavelengths into a line image that is recorded by a
high-speed line-scan camera. Each camera’s read-out constitutes a spectral
interferogram with an overlay of fringe patterns|l].

A superluminescent diode (SLD) is usually chosen as a light source because

of its characteristic wide bandwidth and high output power.
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Figure 1.12: Schematic Set-up of SD-OCT. Image taken from Aumann et al. [I].

During a scanning, each wavelength component of the interferometric sig-
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nal is sequentially detected by a high-speed photodetector. One wavelength
constitutes a spectral interferogram with fringe patterns. For each sample

point, the spectral interferogram is recorded as shown in Figure 1.13
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Figure 1.13: FFT is used to transform the interference signal into the A-scan.. Image
taken from Drexel et al. [20].

In contrast to TD-OCT, the interferogram contains information for all
depth layers of the sample simultaneously. The Fourier Transform is a neces-
sary step to extract the individual contribution of their depth position. The
amplitude of the complex-valued Fourier transform is squared to yield power
values. As can be seen from Fig. 1.13 the A-scan contains a mirror image,
which is related to the Fourier Transform itself and it will be not count in
the final image.

Overall, compared to TD-OCT, the SD-OCT techniques have allowed for a
dramatic increase in signal-to-noise ratio (SNR) and imaging speed[27, 2§].
However the SD-OCT detector array are expensive and they have a small

dinamic range[2].

24



Chapter 2

Materials and Methods
2.1 Experimental SetUp

In these experiments, a broadband light source, a superluminescent diode
(SLD) (Superlum Inc., Ay = 840 nm, A\ = 160 nm) is used to reduce the
measurement’s time, it eliminates the noise of the scanner and also minimizes
other effects, such as fiber motion. Thanks to that an high axial resolution
in the picometer range has been achieved.

The light is divided by a 2 x 2 fibre coupler and one output is coupled into
an inverted microscope (Nikon E2000) where the sample is placed.

We focused the light on the samples with a microscope objective (Nikon 20x,
NA = 0.75). The signal reflected from the sample is coupled back into the
same fiber through a lens and part of it reaches a spectrometer (Wasatch
Photonics, Cobra S-800) where the signal received is analysed by the com-
puter (figure 2.1).

The spectrum is recorded by a line camera (E2V OCTAOLUS) with an
80 kHz line rate and a spectral resolution of 0.15 nm.

The 80/20 beam splitter inside the microscope side port allows for simulta-

neous sample visualization and interferometry.
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Figure 2.1: Setup of the SD-OCT system adapted from Asgari et al.[29].

(a) The light source and detection part includes a superluminescent light source (SLD),
a fiber coupler (FC), a collimator (CL1), and spectrometer (SP). (b) Microscopy section
where the light is directed to the sample by a collimated lens (CL2), BS1 (P), microscope
objective, and arrives at the microsphere. (¢) Excitation arm with a 532 nm laser, with a
collimation lens (CL3).

The signal from the interference fringes of the sample is obtained with
the following configuration. The reflection from the bottom surface of the
sample trapped between the slides serves as the reference electric field, while
the reflection from the top constitutes the sample field. In this configuration
we detect the difference in the close-by reflection directly, that’s why it was
not required to use the reference arm.

To expand the beads by heat, an excitation arm to our set-up has been added.

A fiber-coupled, 532 nm laser (Coherent Obis) has been connected to the ex-
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citation port of the microscope, overlapping with the OCT beam using a
Nikon G-2B cube (Long-pass Emission). This cube is usually equipped with
a dichroic mirror, an excitation filter and a transmission filter. The dichroic
mirror reflects the green light and allows the longer wavelengths to transmit.
Since the transmission filter covers the same range of SD-OCT light source,
it has been removed from the cube to avoid losing the SLD signal.

We modulated the laser with a function generator, controlled by a micro-
controller (Arduino) with a modulation period of 88 ms and a duty cycle of
50%. The excitation light is collimated and focused, with the microscope
objective, where the beam diameter is ~ 4 pm and the Rayleigh length is
larger than 10 pm.

2.2 Sample properties and preparation

In this thesis commercial polystyrene beads doped with fluorophores have
been analyzed. The polystyrene microspheres provided by ThermoFisher
FluoSpheres™ have a spherical shape with a diameter of 10 ym and present
an orange fluorescence[30]. The concentration of the beads inside a flask was
C = 3,6 % 10° beads/ml but the concentration of the fluorophores inside a
single bead was not provided by the company.

The fluorophores presented an absorption peak at wavelength A\; = 540 nm
and an emission peak at wavelength Ay = 560 nm this can be seen from the
figure 2.2. For this reason, a laser in the highest absorption range in the
microsphere spectrum was used, and the choice fell on the Coherent Obis

laser with a wavelength of A = 532 nm.
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Figure 2.2: Fluorescence spectra of the sample provided by the company[30].

The sample chamber has been built by a coverslip (No. 1.5H; 22 x 22
mm), a spacer to make the chamber thickness = 100 pm and a microscope
glass slide. A suspension of microspheres in agarose gel (1%) was deposited
inside the chamber. The suspension of the beads in agarose was prepared by
weighing.

0.1 gram of agarose was weighed on an analytical scale and then introduced
into a beaker and dissolved in 10 ml of distilled water to obtain a 1% solution
in volume. To prevent solidification, the solution was heated to 90°C under
constant stirring.

After about fifteen minutes, 30 pl of the agarose solution was taken out and
deposited in an Eppendorf tube and stored in a heater at 60°C.

In the meantime an imaging spacer was placed in the central part of the
microscope glass slide so that when the sample is introduced, the coverslip
can adhere and stick to it.

Next, 10 ul were taken from the solution containing the microspheres with
fluorophores and introduced into the Eppendorf containing the agarose so-
lution. After shaking the solution to allow the beads to spread, 10 pul of
suspension of beads in agarose was deposited on the centre of the microscope
glass slide. The cover-slip was placed carefully on top of it in order to cover

the liquid completely.
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The use of Agarose gel allows a certain distance between the surface of the
coverslip and the beads to be maintained and prevents them from moving

during the experiment.

2.3 Measurements

All the experiments were conducted using the instrumentation and sample
described in the previous sections.

Python was used to actively control the data measurement. Through it,
the necessary inputs for the measurement were entered. These inputs are
required for measurement and data acquisition, the parameters inserted are
in accordance with the purpose of the thesis and suitable for reliable and
reproducible data. Of all the parameters, some are fixed others have been
changed, the table below (Table 2.1) will give you an overview of the inputs

and their meaning.
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trum ends in this pixel of the spectrom-
eter

Inputs Meaning Value

ROI pixell Region of Interest starting pixel the | 744
spectrum starts in this pixel of the
spectrometer

ROI pixel2 Region of Interest end pixel the spec- | 1944

line period

Line rapidity of the Octoplus camera in
IS

value not fixed
(20 or 50)

Exposure time

Exposure time value (in wus) cannot
reach Line period value due to an in-
tegration dead time 0.7 pus

value not fixed
(19.3 or 49.3)

pam

Period cycle Period cycle of the modulation laser in | 100
ms
Laser on In each period of the heating laser cycle | 88
how long the laser was on in ms
Frames How many frames are recorded value not fixed
(1600 or 4000)
’ Lines \ How many lines are in each frame 50 ‘
Number of buffers | The buffer reserved for the camera to | 5
fill in a circle of recording
Trigger delay How many frames the heating laser | 4
waits to start emitting
’ Number of cycles ‘ Number of cycles of the heating laser | 0 ‘
Power Power of the green laser Value not fixed
(5 mW, 10 mW
or 15 mW)
’ Refractive index ‘ Refractive index of polystyrene 1.57 ‘
Diameter Diameter of polystyrene microsphere in | 10

Table 2.1: Measurements’ inputs.
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Measurements were carried out for three different laser powers: 5 mW,
10 mW and 15 mW. In addition to these, a measurement with zero laser
power was performed.
However, the actual laser power reaching the sample differs from the initial
one. It was recorded using an photodiode (UPD-300 SP) and the actual
power for the three different measurements is: 3.12 mW, 7.4 mW and 10.8
mW; this is due to the energy loss of the laser beam during its path to the
sample. Each measurement was run in duplicate for each laser power in order

to ascertain the reproducibility of these analyses.

2.3.1 Expansion measurements

In one of these experiments the stabilty of the setup wanted to be investi-
gated, so we decided to have 28 pulses of the laser. We set a high number
of frames (the number of total frames is the product between frames and
lines in the table 2.1, in this case 200000) in order to get lot of informa-
tion for every pixel recorded. The exposure time and the line period were
adjusted to perform the analysis in 4 seconds, the values were 19.3 us and
20 ps respectively.

In addition some experiments where conducted to see the change in OPL
only and not to verify the stability of the set-up. For the reason we decide
to set a low number of frames (80000) and less pulses (14). In order to get
the same time we configured the line period to 50 us and the exposure time
to 49.7 us.

The experiments carried out with zero laser power was conducted in both

ways just described.

2.3.2 Control measurements

These controlled experiments were conducted to investigate the influence of

the axial movements on the baseline of the sample. The movements were
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performed by turning the axial position control knob 50 nm each time. We
have set the parameters as described in the previous subsection, however, to
allow manual movement the line period has been assigned the value 100 in
order to have a longer measurement. The same configuration was kept for

measurements where there was ticking on the work table.

2.4 Analysis methods

In this thesis project, analyses were conducted using different software with
similar properties, namely MatLab and Octave.

After experiments, the data obtained were saved with their parameters in
the form of interferograms.

Through the application of mathematical functions, we were able to extract
from them the informations required for the purpose of this thesis.

Below is a brief explanation of the functions involved in analysing the data
(Figure 2.3).
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M— READ DATA DATA FILTERING

mw

FFT

Figure 2.3: Schematic flow chart from interferogram to A-scan. The data recorded for
each measurement are read and then mathematical functions( normalization and resam-
pling) are applied to them, which will allow them to be read for the fourier transform from

which we would obtain our results.

Having set up the main function from which all others are called, the first
step was to read the data.
The read data are in the form of an interferogram consisting of 2048 pixels
and a variable number of frames depending on the experiment (200000 or
80000).
Next, the data is filtered to obtain a homogeneous data set with corrections
to adopt the Fourier Transform. Here among the different functions, the
most important are normalisation and resampling.
For the analysis of the obtained data we will choose a part of the whole
interferogram ranging from pixel 744 to 1944. The wavelengths included in
these pixels range from 758 nm to 933 nm, as this is the interval of our SLD

light source.
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Then normalization of the data will be applied as we are not interested
in the absolute value of intensity, so only the area underlying each intensity
will be taken into account. Having dispersion in our data, we will apply via
the spline function of MatLab a resampling of the data so that they have
the same distance between pixels and thus are equally spaced in k-space.
Once these corrections have been achieved, the Fourier Transform is applied

in order to get the data from k space to z space.
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Chapter 3

Theoretical Model
3.1 Heating model

In this project, a model that could fulfil all the assumptions we created has
been built and then verified through the experimental part.

The development of a theoretical model provides a basis for better under-
standing and comprehension of how experiments and analyses work.
However, the actual factors affecting an experiment sometimes cannot be
predicted theoretically because they are too random.

The experiments we conducted provided us with only indirect information.
What we got from the data analysis was the optical path length without fur-
ther information, but what we wanted to achieve was the actual expansion
of the polystyrene beads. Thus, the creation of a theoretical model arises
from the need to have direct information (actual size change) in relation to
our thesis aim.

Our starting model is based on the expansion of microspheres. As previ-
ously described, the microspheres are doped with fluorophores, which, when
hit by the laser beam, will absorb energy and subsequently emit fluorescence.
Part of the energy will, however, be dissipated in the form of heat, which will
cause the microsphere to expand. If we take into account that only the ex-
pansion of the microsphere occurs during heating, we will be able to calculate
the variation of the optical path length of light,i.e. the thermal expansion.
The Optical path length (OPL), is the product of the geometric length of
the path light follows through the system (z), and the index of refraction (n)
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of the medium through which it propagates.[31]
OPL =2n-z (3.1)

Where n = 1.57 for polystyrene and z = 10 um, i.e. the diameter of the
microsphere.

Optical path length is significant because it helps to determine the phase of
light and control the interference and diffraction of light as it propagates.

A difference in optical path length between two paths is often called the
optical path difference. The optical path difference between paths taken by
two identical waves can be used to find phase change. Then using phase
change, interference between the two waves can be calculated[31]. Given
these statement, we would expect a positive and increasing OPL when the
bead is hit by the laser beam.

However, when we collected the data, we noticed that the trend of the OPL
was the opposite (i.e. negative) to our prediction. Not only expansion, but
also another phenomenon during heating has to happen. One possibility is
that a change in the refractive index also occurs during the process. Indeed
there is a close correlation between refractive index and density[32]. When
the polystyrene is subjected to heat the molecule will start to move more
due to the temperature increase, this will lead to an extension of the bond
length, which will cause the volume of the bead to expand. As the volume
changes, the density also changes, and as a result, the refractive index will
also be affected, since there is a close correlation between the refractive index
and density (Fig. 3.1).
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Figure 3.1: Schematic diagram of how the energy absorbed by a microsphere containing
fluorophores is distributed. Part of the energy is released through heat which will cause
expansion and a change in the refractive index of the bead, the other part will be emitted

through fluorescence.

This deformation will lead to an increase in the size of the bead and
thus also in the length of the light path. Through the light emitted by our
broadband source (the SLD) we will be able to quantify the expansion of the
microsphere by analysing the interference pattern between the light reflected
at the bottom and the top of the bead surface.

Conducting a literature study that could support our theory, it was found
that there is a close correlation between temperature rise and refractive index.
In fact, as demonstrated by He at al.[33] when polystyrene is heated, the

refractive index changes.
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Figure 3.2: Figure 6(A) of He et al. [33] showing the temperature dependence of the

optical index of a polystyrene bead.

From Figure 3.2 it can clearly be seen that as the temperature increases,
the refractive index decreases. Subsequently we were able to calculate the
slope of the line in relation to temperature and refractive index.

Taking the first four points of the curve shown in the Fig. 3.2, we tried to
estimate the difference in refractive index in relation to temperature. We

estimated that:
dn —0,01

dT ~ 45K

To support our estimation of % based on He at al., we looked through

=-22-107*K™* (3.2)

the literature where we found a study on the dielectric constant as function
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of temperature, this was conducted by Sasabe and Saito [34].

f {e=)(e+ 1) dIn ¥y

/de =D din by dey

Polymer T, °C P, atm -‘,‘a}}, K-t -{’r 3 a7/ hgp dm i 3 TR
Kt atm~!

PE-L.  25—70 1 —0. 54 109 0.50x=10-#

25 1—2000 4,39 % 10-2 5.25 105

34 1—1000 4. 352 10% 0. 59 <105
PE-H 25—-80 1 —0.89% 102 —1.19x 102

25 1—2000 3. 75 108 366 105

19 1—2000 4,10 10-F 391 = 10-#
PP 25 100 1 —1.12:=10-% — .66 10-3

30 1—1000 4.3 = 10-% 4.5 =10-®

T0 1—1000 3.5 =10-9 3.2 =10
PTFE 30—115 1 —0.78 % 103 —0.68x 102

as 12000 378w 105 .07 = 10-8

43 1—2000 352 10-5 4. 10= 10-8
Ps N—k0 1 —0. 66 3 1072 —0.82:x 102

21 1—2000 5.55x10-% 6,02 10-8

54 1—2000 5. 14105 6. 54 1075

107 1—2000 B.00: 10-5 B.EB < 10-0

121 1—2000 9,46 10-F 984 10°%

Figure 3.3: Table 1 Sasabe and Saito [34]. Average contribution of variation in volume

to temperature and pressure dependence of dielectric constant

Knowing the relation between refractive index n and dielectric constant

€ equal to : € =n? [35], we are be able to estimate 9

dn 1 1 e

.. = (3.3)

ar 2 n 6T
n for polystyrene is equal to 1.57 and the value of g—; is tabulated in figure
3.3. Having found this relation, we can calculate j—; that is equal to:

dn

o7 = 21 107K (3.4)

The value just found is in a very good agreement with that calculated by He
et al. so we can agree that the assumption regarding the change in refrac-

tive index as temperature changes finds a well-founded basis in the literature.
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3.2 OPL derivation

Following the theoretical model explained in the previous section we will
derive and calculate values based on the assumptions previously described.
Having stated that like the diameter of the microsphere, the refractive index
also changes with increasing temperature, the new formula for calculating
OPL will be:

OPL = 2((ng + An)(zo + Az) — npzo) (3.5)

When we expand equation 3.5, by multiplying the two terms in brackets,
we found the two ngzy terms have opposite signs and therefore will cancel.
We assume at this step that the contribution of the term AnAz is negligible
compared to the others, because the expansion (Az) will be in the range
of nanometer and An will be in the range of 10™* thus this factor can be

neglected. The final equation will be:

OPL = 2((Anzy) + (noAz)) (3.6)

This is the final equation to describe the change in OPL as a function of

refractive index and size.

dn
dT

change in dimension (Az) using the linear expansion equation for which

However we found An = AT and furthermore, we can rewrite the
Az = azgAT , where « is the linear expansion coefficient of polystyrene. If

we substitute in 3.7 we get:

d
OPL = Q(d—;ATZO) + (noazoAT) (3.7)

Dividing the AOPL by AT we can find the relationship linking OPL to
temperature as the other values in the equation are known.

AOPL . dn

AT Q(ﬁzo + noazo) (3.8)

40



The values entered and used to calculate the ratio are as follows:

2o = 10 pm
dn Ao —
o =-22-10 K!

a=233-107°K!

Thus we obtain that the value of OPL in relation to temperature is:

AOPL
AT

= —3.67 nm/K (3.9)

This relation will enable us to estimate the AT of the experiment for each
data set, after experimental measurements of AOPL.
Having built the model which there is a close correlation between refractive
index, size and temperature, we will now test how the parameters in the

equation 3.8 affect it.

Parameter Value Change (0.10%)  Real change % Influence
2, [nm] 10000 -0.01 0.10% 100.00%
Ny 1.57 0.00 -0.02% -15.58%
dn/dT [K] -2.20*10* -0.0088 0.12% 115.58%
a [K1] 2.33*10° 0.00 -0.02% -15.98%

Table 3.1: Influence of the parameters in the equation 3.8 by changing them of 0.10%.

As it can be seen from table 3.1 the term zj is the second most important
and the scaling parameter in the equation 3.8 . It is the greatest value in
the formula and by only changing it over 0.1% it will affect the equation by
a factor of 100%.

The term dn/dT also affects a lot the equation by more than 100%, as we
based our model on the refractive index change, we expected a great influence

of this parameter. The parameters ng and « slightly change in the equation,
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both of them influence my equation of about 20%.
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Chapter 4

Results and Discussion

In this section, the data collected during the experiments will be pre-
sented, analysed and discussed. For each data set, the OPL difference, the
position of the reflection peak (i.e. where the reflection occurs) and its mag-

nitude will be described.
All these parameters were determined by investigating the upper part of the

peak at the A-scan.

10

Amplitude
[#)]

i

0 - 1 1 I | I 1 I
-15 -10 -5 0 5 10 15

Distance [um]

Figure 4.1: Example of A-Scan of the beads. Through the use of Fourier Transform
we were able to extract the individual contribution of the depth position of the reflection.

The circled area represents the region of interest of our analysis.
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The arrow and the circled area in Figure 4.1 denote the region of the peak
where the data were acquired and where the reflection phenomenon occurred.
Since the A-scan is given by the Fourier Transform we will find 2 peaks, as
the negative side is the mirror image built by the Fourier Transform itself,

by convention we will consider only the positive peak.

4.1 Control measurements

The experiments conducted without laser irradiation on the microspheres
allowed us to set the baseline of the sample and identify the sensitivity of
the setup. Since there is no external source of irradiation, what we expect a
continuous path with no fluctuations.

Graphs 4.2 represent our results for the measurements without heating
by the laser. We have plotted in the y-axis the difference in the optical path
length, the amplitude of the peak and its position against the time taken for
the analysis (x-axis).

The difference in the optical path length of the light indicates how much
the expansion occured during the measurements’ time and it is based on the
difference in reflection between the top and bottom of the beads surface.
However, in this control experiment the laser power was set at 0 mW so
no expansion occurred, but from this measurement we could see the stability
(baseline) and sensitivity (noise) of the system. The peak position is a fitting
result of the peak from the FFT in figure 4.1 using Jains’ method and it is the
structure at the certain size in the beam. Amplitude here is the maximum
value of the peak in the Fourier Transform which we take as measure of the
amplitude of the fringe. Both peak position and amplitude have been plotted
against the time to see the variation of them during the measurements. All
experiments carried out, reported that the set up we used is very sensitive to
changes in OPL. As can be seen from the figure 4.2, we were able to achieve

a sensitivity in the picometre range. Furthermore, the baseline, i.e the line at
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the minimum value, is very stable throughout the experiment, we can esteem
shifts of the order of 0.2 nm.

To prove the stability of the data obtained, observing the position of the
peak during the analysis and its magnitude, can also be seen to be equally
stable.
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Figure 4.2: 0 mW measurements. (a) OPL change. (b) Amplitude of the peak. (c) Peak

position
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The position of the peak and its intensity are further verification of the
reliability of the technique and the set-up used, in fact the fluctuation of the
latter is very slight and constant during the measurements.

However, having a sensitivity in the picometre range, the instrumentation
will be very sensitive to external factors affecting the performance of the
measurement. To evaluate the stability of the collected data, we first calcu-
lated the Fourier transform of the phase and then the square of it.

Then using Parseval’s theorem, analysing the area at high frequencies, we
were able to obtain an estimation of the background noise without taking
into account any artefacts or features.

To test how sensitive our set-up is, I tapped on the work table. The data
collected (Fig. 4.3) show that even the slightest tapping can bring variation
to the experiment. For both the phase, amplitude and position of the peak
we can see that with each hit there is a substantial and clearly visible in-
crease. We can conclude that even the slightest external factor can affect the

measurements.
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Figure 4.3: Tapping measurments with no laser power. (a) Phase of the sample. (b)
Magnitude of the peak. (c) Peak position
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4.2 Expansion measurements

The use of lasers in the experiments allowed us to expand the microspheres
by heat. Here, the change in OPL was subsequently calculated and analysed
between the different laser powers: 5 mW, 10 mW, 15 mW and look for similar
behaviour for the different microspheres. What we expect to see from these
experiments is a substantial increase in the size of the microsphere as the laser
power is increased. Since there is a modulation of the laser, it is switched on
and off in 88 ms intervals, we would expect to see two distinct jumps: one
due to the heating of the laser and one due to the cooling of the microsphere
when the laser is switched off. As the laser modulation has a rectangular
profile we foresee that the jumps will maintain the same profile for the whole
modulation’s time. From the difference of the two jumps we can extrapolate
the difference of the optical path length of light, i.e. the expansion. In
addition the baseline should return to its starting point, i.e. to zero before
the heating occured. However we did not see a perfect rectangular signal but
a shape with exponential behaviour when temperature changes. In order to
understand and quantify the thermal expansion, for each measurements, a
fit of the profile of the pulse on and off has been coded. The function used

for the fit was set as exponential in the form of:
kst + A Z aze kil (4.1)

where the k, is the linear correction factor in relation to the time t, A and
a refer to the amplitude respectively the height and how strong is the com-
ponent to reach the amplitude and k;t is the exponential rate. This function
allows to calculate the signal at the start value of the laser when it is switched
on and off. Furthermore, by calculating the difference of the peaks when the
pulses are turned on and off, it is possible to determine the AOPL for each

measurements.
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For the sample collected we calculated the average OPL and the stan-
dard deviation. Then by applying the two (o) sigma criteria, we were able
to delineate which of our results were to be excluded in accordance with the
criteria. Two standard deviations or two sigma, plotted above or below the
mean value on the normal distribution curve, would define a region compris-
ing 95% of all data points. We only excluded the values of OPL that where
outside that region[36]. Subsequently, we wanted to test whether there is a
difference in using 14 or 28 pluses of the laser. To verify this we used the
t-test. A t-test is any statistical hypothesis test in which the test statistic
follows a Student’s t-distribution under the null hypothesis[37].

Like other tests, there are two kinds of hypotheses; null hypothesis and al-
ternative hypothesis. The alternative hypothesis assumes that there is a
statistically significant difference exists between the means, whereas the null
hypothesis assumes that there is no statistically significant difference exists
between the means[3§].

We performed the calculation using a function inside Microsoft Excel. During
the test, Excel calculates and displays the difference probability percent-
ages. A t-test function can calculate one-tailed and two-tailed distribution
methods. One-tailed tests gauge data relationships in one direction, while
two-tailed tests check them for both directions. For example, a one-tailed
test helps when one data set influences another, two-tailed tests may check
data sets that influence each other, to know if our values are null or not we
should compare t stat and t critical (two tail).

When t stat being smaller than t critical (two-tail), we can conclude that
there is no statistically significant difference between the means[39).

Having defined the preliminary steps for understanding the data now they
will be shown. In sequence they will be shown first for all three all graphs
concerning the OPLs for the three laser powers and then the peak position
and amplitude, respectively. Also the average OPL and t-test for each laser

power will be displayed.
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The figure below are plotted the OPL versus the time. As previously
described the downward jump is the moment when the laser is on, the upward
one is the cooling of the beads, i.e. when the laser is off, and when the
modulation stops the baseline should return to its initial value. What can
be seen from the figure is that all of them show the difference in the moment
where the pulse are on and off. As the laser power increases, this difference
also increases, leading to greater expansion of the microsphere. However
it can be seen for 10 mW and 15 mW sample that the baseline does not
came back to the initial value, this could be related to different factors, more

explanations will be given in the next sections.
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Figure 4.4: Example of OPL change with 14 pulses for the three different laser power.
(a) 5 mW, (b) 10 mW, (c¢) 15 mW. The three figures show that as laser power increases,

expansion also grows.

Then the fit function was applied to all measured samples to be able to
calculate the average expansion for all laser powers. For the data recorded in
the tables below, the standard deviation was calculated and 2 sigma criterion
was implemented so that those not in agreement with the criterion could be
identified. It was possible to recognize that for the data collected for 5 mw
laser power all are in agreement with the criteria while for the other two
powers the data marked with red color were discarded as not within the
limit values of the criterion.

It must be mentioned that all OPL values were considered in their ab-
solute values, since as explained in the previous chapter we have noted a

negative trend.
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Sample AOPL5S mW [nm]  n®of pulses Sample  AOPL10 mW [nm] n° of pulses
1 3.18 28 1 7.51 14
2 3.45 28 N 780 14
3 3.34 14 3 7.95 14
4 3.61 14 4 83 14
> 3.34 14 5 5.02 14
6 3.72 14

6 5.74 14
7 1.85 14
7 7.68 14
8 2.21 14
5 24 12 8 5.45 28
10 1.85 28 9 5.61 28
11 1.92 28 10 7.02 28
12 2.39 28 1 11.21 28
14 1.62 28 13 5 28
15 2.68 28 14 7.36 28
16 3.2 28 15 8.34 28
17 3.81 28 16 8.39 28
18 436 28 17 8.09 28
Sample AOPL 15 mW [nm] n® of pulses
1 12.21 14
2 11.23 14
3 12.68 14
4 9.27 14
5 11.75 14
6 16.12 14
7 15.52 14
8 16.12 14
9 12.46 14
10 14.79 28
11 14.03 28
12 16.26 28
13 29.74 28
14 14.44 28
15 20.73 28
16 11.68 28
17 10.05 28
18 8.11 28
Table 4.1: Three diffrent table for the sample measured. The table on the left shows

the AOPL for 5 mW, the table on the right shows the AOPL for 10 mW and the bottom
table shows the AOPL for 15 mW.

Having calculated the averages for the various experiments (along with

their standard deviations) it was then possible to calculate the difference
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temperature value for the different powers by exploiting the relationship 3.9

and taking the value found in its absolute value.

5 mW 10 mW 15 mW
OPL | 285+ 0.86 nm | 7.02 £+ 1.24 nm | 12.92+2.46 nm
AT 0.78 £0.23 K 1.914+0.33 K 3.52+0.67 K

Table 4.2:  Values of the average of OPL (OPL) for the three different laser power and
the difference in temperature (AT) calculated by the eq. 3.9.
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Figure 4.5: Average OPL vs Laser power. In this graph the dot line represents linear
trend line.

The relationship that can be seen between the different expansions in
relation to the laser powers is shown in Figure 4.7. It can be observed that
the linear trend line (dot line) does not cross the experimental data obtained.
The relationship is not perfectly linear as the value for the 15 mW appears to
deviate but we have too little data (not enough different powers) to be sure.
After conducting the analysis on the expansion, the position of the peak and

its amplitude were also examined.
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Figure 4.6: Peak position of the OPL measurements, previously shown, for the three
different laser power. (a) 5 mW, (b) 10 mW, (c) 15 mW.
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Figure 4.7: Amplitude of the peak for the three different laser power. (a) 5 mW, (b) 10
mW, (c) 15 mW.

For all the expansion experiments conducted, it can be noted that the

laser also influenced the trend of both the peak position and its amplitude.
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As might have been expected, as laser power increases, this leads to visible
changes in graph outlines. If for the analyses carried out with 5 mW and
10 mW we recorded a negative but steady trend, for 15mW we noticed that
among the results it is difficult to find a well-defined trend in fact many
samples show different behaviors. To test whether this different trend is
given by the different number of pulses, we compared the different data for
each power between the different pulses: 14 or 28. By running the T-test
through Excel (explained above) we could see that for all laser powers there
is no substantial difference between the 2 average values. This was possible
to identify because as shown in the tables below(4.3,4.4,4.5) all T stat values
are less than T Critical (two tail) and this means that all values are within
the confidence interval and therefore it can be agreed that the number of

pulses does not significantly affect the measurements.

14 pulses 28 pulses
Mean 3.067 2.708
Variance 0.533 0.950
Observations 7 11
Hypothesized Mean Difference 0
df 15
t Stat 0.891
P(T<=t) one-tail 0.194
t Critical one-tail 1.753
P(T<=t) two-tail 0.387
t Critical two-tail 2.131

Table 4.3: t-test analysis carried out for 5 mW samples

o7



14 pulses 28 pulses

Mean 7.156 6.908
Variance 1.574 1.902
Observations 7 8
Hypothesized Mean Difference 0

df 13

t Stat 0.365

P(T<=t) one-tail 0.361

t Critical one-tail 1.771

P(T<=t) two-tail 0.721

t Critical two-tail 2.160

Table 4.4: t-test analysis carried out for 10 mW samples

14 pulses 28 pulses
Mean 13.04 12.766
Variance 5.678 8.489
Observations 9 7
Hypothesized Mean Difference 0
df 12
t Stat 0.202
P(T<=t) one-tail 0.422
t Critical one-tail 1.782
P(T<=t) two-tail 0.843
t Critical two-tail 2.179

Table 4.5:  t-test analysis carried out for 15 mW samples

In the Next section a further explanation of the data obtained will be

given in relation to the theoretical model we created.
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4.3 Discussion

In this section our theoretical model will be discussed in relation to the results

obtained. Inconsistencies and points where our model works will be analyzed.

4.3.1 Discarded dataset

From the OPL calculations previously performed, we could see that some
data were discarded because they did not fit within the limits of the criteria
(20) we adopted. Looking at the data, we could see that other phenomena,
unknown to us, influenced the measurements. We will also try to give a
plausible explanation for the inconsistencies in our theoretical model.
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Figure 4.8: OPL of a discarded dataset of 10 mW
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Figure 4.9: OPL of a discarded dataset of 15 mW

As can be seen from Figures 4.8 and 4.9, both display anomalous behavior.
In the 10 mW case we can see how the amplitude goes up with temperature.
This trend, Figure 4.8, is atypical because amplitude keeps rising as if it
never reaches an equilibrium.
Figure 4.9 displays a positive trend different from the one we discussed in
the previous sections. Looking at the fringe visibility as well (Fig 4.10 an
4.11), we will notice how the trend is incongruent with our assumptions.
Furthermore, we can see how the amplitude is significantly lower than the
data explained in the previous section where they displayed a value about

0.45.
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Figure 4.10: Magnitude of a discarded dataset of 10 mW
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Figure 4.11: Magnitude of a discarded dataset of 15 mW

Why these data exhibit a different trend from others is still unclear to us.
We can assume that the data collected for 10 mW and 15 mW differ from

one to the other because multiple measurements are taken on the same bead
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and the heat is trapped’ from the environment. Indeed, 6 measurements
are made on the same microsphere with the laser 2 for each power. This
can lead to overheating of the microsphere which will follow other behav-
iors. Another reason may be that the agarose around the microsphere, given

repeated heating begins to lose its properties.

4.3.2 Beads’ behaviors

Implementing an in-depth analysis of our data, we found that they exhibit 2

different behaviors when heated.
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Figure 4.12: Optical path length of two different beads sample exposed to different laser
power. (a) Microsphere showing low inelastic creep. (b) Microsphere showing significant

creep.

It can be seen that for Figure 4.12a there is no substantive shift of the
baseline, while for Figure 4.12b there is an ascertainable shift.
This slow shift is not due to position drift, as this would cause a loss of visi-
bility of the fringes that we do not observe.
We can provisionally attribute this displacement to the inelastic deforma-
tion of the sphere heated inhomogeneously by our laser[40]. This depends
on the molecular properties of the polymer and the past deformations it
has undergone[41] . The strong difference in inelastic behavior could be at-
tributed to a possible different annealing history of the two microspheres.
They are part of the data-set considered valid according to the criteria used.
Nevertheless they still show these two different behaviors. In fact, one cannot
attribute the base line shift to heating, but as described, to a different be-
havior intrinsic to the miscrosphere. However, sometimes different behavior
was recorded for different laser powers in the same sample. One explana-

tion may fall on sample preparation, which although the usual procedure is
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always followed, is still susceptible to human error.

An experiment by moving the z-axis of the sample during measurement
was conducted (as explained in the materials and methods section). By
moving the knob (of the z-axis) at intervals of 50 nm, it was possible to

observe how the baseline also underwent a shift.

OPL vs Time
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o
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Figure 4.13: Movement of the z-axis during the experiment. No heating was applied in
this measurement, but the knob for manual control of the z-axis on the sample was moved
during the analysis. The total movement was 300 nm; 6 movements of 50 nm each were

made.

The result (appreciable in Figure 4.13) might indicate that this baseline
movement may be due to microsphere movement during the measurement.
The agarose gel around the microsphere may have lost its immobilizing prop-
erty due to continuous heating. However, this is only a hypothesis we can

make since we have no data to confirm this.

4.3.3 Fresnel model

In order to best understand why a baseline shift occurs and how the change

in the reflection affect it, we performed calculations regarding reflection and
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how it changes in relation to refractive index and consequently temperature.
To so so we invoke the Fresnel equations.

The Fresnel equations describe the behaviour of an electromagnetic wave at
a plane surface[d2]. It describes the reflection and transmission of light on
an interface between two different mediums[43].

The contribution of reflection at the top and bottom of our microsphere will

be equal to:

g —m | |1.57 — 1.3352

Ry = R, — —
P T i+ ne? |157 + 13352

=6.54-10" (4.2)

Where R, is the reflection at the top and R, at the bottom of the mi-
crosphere. The values of n; and ny are the refractive indices of agarose and
polystyrene, respectively. The result of getting the equation (4.2) is the re-
flection of the sample, what we are interested in now is the intensity of the

amplitude of the interference pattern.
It — Rt . [0 (43)

I=Ry - (1—Ry)?- I (4.4)

Where [ is the intensity of our light source, which by convention is set equal
to 1.The signal has been normalized so absolute intensity is not important
and can be set to 1. Also, we are only interested in relative changes in re-
flectivity because that is what we can extract from the amplitude data. I,
and I, are the intensity of the reflection of the light.
Having defined the intensity of the reflection we now have to calculate am-
plitude of the interference. However, when we talk about interference, we
need to know the electric field E. The relationship that governs intensity and
magnetic field E is:

I=|E} > E=VI (4.5)

Through the relationship found, we can define and calculate the amplitude of
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the interference, i.e the amplitude of the fringes in our measurements, which

will be equal to:

A= |E] - |E (4.6)
A=\1,\1, (4.7)
A=\Ri Io-\/Ry- (1 - Ry)?- Iy (4.8)

As previously explained Iy by convention is equal to 1 and R; and R}, have

the same value so the final relationship for the amplitude will be:
A=Ry-(1— Ry) (4.9)
Replacing numerically with the values we calculated for Ry, we will have:
A=654-10"%-(1-6.54-10"%) =6.50- 1073 (4.10)

The value just calculated in the equation indicates the magnitude of the
interference when there is no laser exposure.

However, we know that when there is laser exposure, the refractive index
also changes (equation 3.2), and consequently we will have a change in the
amplitude as well. Through the average temperatures calculated for the
three different laser powers and relation 3.2, it is possible to estimate the
new refractive index for each of these powers.

The values of the refractive index change are tabulated below
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5 mW 10 mW 15 mW
An | —1.72-107* —4.20-107* —7.74-107*
n 1.56983 1.56958 1.56923
R |6.54-1073 6.52-1073 6.50-1073
A |649-1073 6.48 1073 6.4-1073

Table 4.6: Values of the refractive index change (An), refractive index (n), Refraction

(R) and amplitude of the interference (A) for each laser power.

Taking the values just calculated for An we are going to estimate the
refractive index by summing the value of the change in the refractive index.
Through the relationships between the estimated reflection (4.2) and the
interference’s amplitude (4.9), it was possible to calculate first the reflection
and then the amplitude with the new reflection indexes.

Taking the amplitude data for different laser powers, we could see that there
is a linear decrease in it. This calculation helped us to better understand
how as temperature increases there is a decrease in the amplitude of the

reflection’s interference.
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Figure 4.14: Relation between the relative change in amplitude and the temperature.The
dotted blue line is the theoretical predction, while the 3 orange dots refer to the measured

relative amplitude for the 3 different laser powers.

For the calculation of reflection just performed, we considered the refrac-
tive index value for agarose gel found in the literature that is 1.335[44], [45]
and constant.

Furthermore, it is reported in the literature that agarose gel maintains its
state and gel properties up to a temperature of 50°C[46]. In our experiments
these temperatures are not reached, however, a slight deviation of the refrac-
tive index cannot be excluded. However, as can be seen from Figure 4.14, the
measured values (in orange) differ from the theoretical values (blue dotted
line). If we continue horizontally for each measured values we encounter a
value from the theoretical graph which indicates the temperature difference
to which the sample is subjected. The temperature values we found (Table
4.2) are smaller than those we can find by implementing this estimation. If
we move horizontally to identify the value for 5 mW we find that it crosses the
line for the temperature value at about 2.8 K. Repeating the same process
for 10 mW and 15 mW we find a value around 3.9 K and 5.6 K, respectively.
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It can be inferred from the graph that the measured values will differ from
those we calculated through our model by a value of ~ 2. According to the
values calculated by our model we are underestimating the actual warming
value. This may be due to the fact that in all our assumptions we have ig-
nored the environment surrounding our microsphere, which instead seems to
play a key role in the measurements. In fact, agarose could trap heat during
experiments, and this could lead to the overheating we estimated earlier and
it could be a possible explanation why we see in some sample the baseline

shift.

69



Chapter 5

Conclusions

In this thesis, a study of the thermal expansion of polystyrene beads
using optical coherence tomography was performed. The sensitivity found
by our set-up allowed us to pick up even the smallest changes in the order of
picometres.

The construction of a theoretical model enabled us to lay the foundation
for understanding the behaviour of microspheres during laser heating. Using
three different laser powers 5 mW, 10 mW, 15 mW, we could see that there
is an increase in OPL, as expected.

However, we have been able to ascertain that a change in size lead to a de-
crease in the refractive index of the polystyrene and consequently a decrease
in the amplitude of the refraction. This explains why we saw a negative
trend in the OPL and a decrease in amplitude of the interference of the light
when the laser is on. We further noticed that, if for 5 mW and 10 mW we
obtained reproducible results, they became increasingly chaotic and uneven
as the laser power increased.

In addition, we have verified different behaviour in our microspheres when
they are heated. If the first case could be related to different things as:
sample preparation, change in the proprieties of Agarose during the heating
process or other external factor; the latter is due to the inhomogeneous heat-
ing and the inelastic creep.

Overall, the optical coherence tomography technique allows minimal changes
in the OPL to be measured. However, there are inconsistencies between the
theoretical model we created and the actual experimental data. These are

dictated by several factors, one of which did not allow us a more in-depth
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analysis is the concentration of fluorophores within a single microsphere.
This information could lead us to understand the actual heating temperature
and thus discern the different behaviours.

It must be emphasised, moreover, that the model we created largely explained

the results found experimentally.
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