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Ipeamer: Munubeme pykoBoauouna Jaboparopuje o uzbopy Asexce /leHueBckory

3Bakb€¢ HCTPaA’KUBa4 CapaaHHK

Anekca JlenueBcku, Mactep duzuyap, je 3amnocied y Jlaboparopuju 3a 6Modu3uKy y OKBUPY
Llentpa 3a ¢ortonuky. CTyAHET je JOKTOPCKHX cTyauja u3 buodusuke npu YHuBep3utety y beorpany.
JIOKTOpCKY JucepTaldjy M3 00JacTd Cyrnep pe30JyLMOHMX MHKPOCKOICKMX TEXHHKa paad TIOA
pykoBoacTBoM ap MBane [IpeBHHUIIE, BHLIET HAYYHOT cCapaHuKa 3anocieHe y MHCTUTYTY 3a MeUIMHCKA
ucTpaxuBama y beorpamy u ap Muxauna PabacoBuha, Buller HayyHOr capajHHMKa 3aloClieHOr Y
HHcTuTyTy 32 Qusuky y beorpany.

C 063upoM J1a ucrymwaBa npeBuljeHe yclioBe nponrcaHe 3aKOHOM O HayLl M UCTpaKHBalbUMa 1
[TpaBHJIHUKOM O CTHIaky HAyYHHX M HCTPOXKHMBAYKUX 3Batkba MHHHMCTApCTBA HAyKe, TEXHOJIOLIKOT
pa3sBoja W WHOBalMja, carjacan cam na Hayuno Behe WHctuTyTa 3a ¢usuky y beorpamy mokpeHe

nocrynak 3a u30op Anekce J[eHYEBCKOT y 3Bambe¢ UCTPAKUBAY CapaJHHK.
[Tpennaxem 1a KOMUCH]Y 3a U360p Anekce J[eHUeBCKOTr y 3Bame HCTPXKKUBAY CapaJHUK YHHE:
1. 1p Muxauno Pabacosuh, Bullik HayuHu capanHuk, MHCTUTYT 3a dusuky y beorpany.

2. nip UBana J[pBeHuLa, BUILIH HAYYHH CapaJHUK, MHCTUTYT 3a MEMLMHCKA HCTpaXkuBarba y beorpany

3. np Mapko Hukonuh, Buiun Hay4dHu capagHuk, MHCTUTYT 3a pusuky y beorpany

VY Beorpany, PykoBoaunal nabopatopuje,
12.1X 2024. (
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WHCTUTYT 32 Pu3NKy



2. Crpyuna 6uorpaduja

Anekca JlenueBcku je pohen 24. debGpyapa 1998. romune y KpameBy. OcHOBHE
cryauje, Ha @usnukom ¢akynrery y beorpany na cmepy Ilpumemena u kommjyrepcka
¢usuka yrnucyje 2016. rogune. JJumiomupao je 2020. roguHe, A0K je MacTep CTyAuje Ha
ucrom cmepy 3aBpmmo 2021. roguHe ca TemoMm ,,Kapakrepusaija U CHHXpOHHU3AIH]a
noOyHOT, YIpPaB/bayKOT M JETEKIMOHOI CHCTEMa MHUKPOCKOMA ca CTPYKTYpPHCAaHUM
npocBepTibaBambeM ‘. HakoH 3aBpieTka MacTep CTyadja YIHCYje MYJITUIUCIUILIMHAPHE
JIOKTOpCcKe crynuje buodusuke npu YuuBepsurery y beorpamy. On nmenembpa 2021.
ronuae Anekca JleHueBcku je 3amocieH y MHcTuTyTy 3a usuky y beorpamy kao
UCTpakuBay mpurnpaBHuK y Jlaboparopuju 3a 6mopusuky y Llentpy 3a ¢oronuky. Ha
ceqauin UMT Beha YuuBep3utera y beorpany koja je ompxkana 10.07.2024. ronuse,
omoOpeHa je Tema HeroBe JOKTOPCKE JHcepTandje mojJ HacioBoMm ,Pa3Boj
CyNneppe30JyHHOHOT MHMKPOCKONA ca CTPYKTYPHCAHUM IPOCBeT/baBameM 3a
u3yyaBame MOpP(OJIOIKHX MPOMeHA epUTPOUHUTA®, a 32 MEHTOpe Cy oapeheHu ap
Muxauno Pabacosuh (Muctutyr 3a pusuky y beorpany, Yuusepsurer y beorpany) u ap
Weana [IpBenuna (MHCTUTYT 32 MEIUIIMHCKA UCTPaKUBamWba, YHHUBEp3UTeT y beorpany).
On janyapa 2024. rogune Anekca [enueBcku yuectByje Ha MSCA RISE mpojexty
ULTIMATE-I (grant ID 101007825) kao wian npojektHor tuma u3 Cpouje. [Topen Tora,
Auexca JleHYeBCKH je y4eCTBOBAO Ha MpoOjekTy ,Integrating Picosecond Excitation for
Dynamic Fluorescence Analysis“ y oxkBupy SEED wunTepHor mos3uBa WHcTuTyTa 32
¢usuky y beorpamy. Anekca [lenueBcku koopaunuiie Jlabopatopujom 3a (pusuky u
enexkTpoHuKy McrpaxkuBauke cranne IleTHuna, rue mopes opraHu3aliOHUX aKTHUBHOCTH
MEHTOpPHUIIIE U BEJIUKU OpOj eKCIIEpUMEHTAIHUX MpPOjeKaTa.

3. Ilpernen HaydHe aKTUBHOCTH

Hayuyno wucrtpaxxuBauku pajx Auiekce JleHueBckor oOyxBaTa €KCIEpPHUMEHTAIHO
HUCTpaXMBamke y OOJacTH pa3Boja U MPUMEHE CYNEpPpe30JyIIMOHE MHUKPOCKOIIH]E.
Anekca JleHueBCKHU je CBOj HAYYHO MCTPa)XMBAYKU paj 3all0o4e0 TOKOM MacTep CTyAHja
Ha KOjUMa je paJro KapaKTepu3allljy U CHHXPOHH3AIN]y JIela CHCTEMa MUKPOCKOIIA ca
CTPYKTypHCaHUM TpocBeTmaBameM (Structured Illumination Microscopy - SIM). Hakon
3aBpLICHUX MacTep CTy/JHja HacTaBJba UCTPAKMBAKE U Pa3BUja MOTIYHO QYHKIIMOHATIAH
CYNEeppe30IyLIMOHH MMKpPOCKOI Ha KOM CHUMa HpBe (IIyOpecleHTHO oOenexeHe
OMOJIOIIKE Y30pKE U pa3BHja METOJI€ TUPEKTHOT Mepema pe3onyirje. Pa3Boj u npumena
MHUKPOCKONA Ca CTPYKTYPHUCAHUM MPOCBETJbABAEM CY MPEAMET HEroBe JTOKTOPCKE
munepranyje. OueknBaHU HAYYHH JIOTIPUHOC F-ETOBE JIOKTOPCKE AMCEpaTallyje oriieaa
ce Yy HOBOj METOJIOTHjU pa3Boja CyNeppe30yLIMOHOI MUKPOCKOIA ca CTPYKTYpUCAHUM
MIPOCBET/bABAEM KOja KOPUCTH METOJy MHUKPOPMIMOBaHma TPAHCMHUCHOHUX
nudpakuuoHux pemietkd. OBakaB MUKPOCKON C€ KOPUCTH 32 CHHUMAmbe Pa3IUUYUTHX
OMOJIOMIKKX y30paka, a pe3yiaTaTH CHHUMama CyOCTpykTypa omoryhaBajy 06osbe
pasyMeBame OWJIOIIKM peleBaTHUX Ipoleca. Y HEeroBoj aucepraudju Ouhe
UICHTU(QUKOBaHE U KBaHTHU(PHKOBaHE MOpP(oIoLIKe aOHOPMATHOCTU KOJU Cy Y BE3U ca
¢bynkunonanHuM nopemehajuma eputpounta. Jlo caga, Anekca JleHueBckM MMa jelaH
pazn o0jaBibeH y yacomucy kareropuje M21, jeqan paa o0jaBjbeH y 4aCOMUCY KaTEropHje
M22 u jeman paj oOjaBjbeH y Kareropuju M23 Kao M HEKOJMKO CaoNIITeHa ca
Mel)yHapoIHHX CKYMOBa M CKYITOBA HAI[MOHATHOT 3HAYaja.
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Abstract

We report application of the knife-edge technique at the sharp edges of WS, and MoS, monolayer flakes for lateral and axial resolution
assessment in all three modalities of nonlinear laser scanning microscopy: two-photon excited fluorescence (TPEF), second- and third-
harmonic generation (SHG, THG) imaging. This technigue provides a high signal-to-noise ratio, no photobleaching effect and shows good
agreement with standard resolution measurement technigues. Furthermore, we assessed both the lateral resolution in TPEF imaging
modality and the axial resolution in SHG and THG imaging modality directly via the full-width at half maximum parameter of the corresponding
Gaussian distribution. We comprehensively analyzed the factors influencing the resolution, such as the numerical aperture, the excitation
wavelength and the refractive index of the embedding medium for the different imaging modalities. Glycerin was identified as the optimal
embedding medium for achieving resolutions closest to the theoretical limit. The proposed use of WS, and MoS; monolayer flakes emerged
as promising tools for characterization of nonlinear imaging systems.

Key words: knife-edge technique, nonlinear laser scanning microscopy, resolution measurement, second/third harmonic generation, WS, and MoS,

monolayers

Introduction

Nonlinear laser scanning microscopy (NLSM) is a specialized
microscopy technique that uses localized nonlinear excitation
to excite fluorescence only within a thin raster-scanned plane.
In NLSM, two-photon excited fluorescence (TPEF) is typically
detected and used for imaging (Masters & So, 2009;
Tserevelakis et al., 2012; Rohrbacher et al., 2017). In addition
to TPEF, other imaging techniques include three-photon ex-
cited fluorescence, and second- and third-harmonic generation
(SHG, THG) (Zipfel et al., 2003; Tserevelakis et al., 2010).
Every optical system has a fundamental limitation of reso-
lution due to diffraction which causes the image to spread in
both lateral and axial directions. The diffraction pattern (light
intensity distribution) of a point-like light source in the lateral
(x,y) and axial (z) dimensions is referred to as a point-spread
function (PSF) (Cole et al., 2011). According to the Houston
criterion for resolution (van den Bos & den Dekker, 2001),
two point sources are considered resolved if the full-width at
half maximum (FWHM) of their PSFs no longer overlap. In mi-
croscopy, resolution depends on many factors such as numer-
ical aperture (NA) of the objective lens, wavelength, refractive
index of the embedding medium, coverglass thickness, distance
between the object and coverglass, etc. (Kozubek, 2001).

The standard technique for evaluating resolution is based
on the imaging of nanospheres, often referred to as beads.
Beads can be used directly to assess lateral resolution, or to de-
termine the PSF by applying the deconvolution method (using
bead images and prior knowledge of the actual bead size).
Although this method is practical, it does have certain limita-
tions. As bead size decreases, the signal-to-noise ratio (SNR)
deteriorates, making it challenging to obtain reliable measure-
ments. Deconvolution, on the other hand, can be severely af-
fected by noise. With axial resolution, the stack image of the
beads must be recorded. This is challenging in practice as the
beads are prone to photobleaching. Consequently, the meas-
urement of axial resolution results in a relatively small number
of data points which affects the quality of the assessment.
Furthermore, due to the coherent nature of the SHG signal,
its PSF is a contentious issue, as pointed out in Chen et al.
(2012). Accordingly, imaging of common polystyrene beads
by SHG microscopy is not widely used and has been reported
only in terms of the material nonlinear response characteriza-
tion, with no resolution assessment (Hou & Labarthet, 2018).
Similarly, sparse THG imaging of similar objects for reso-
lution measurement was demonstrated in Masihzadeh et al.
(2009). Several inorganic nanocrystals of noble metals or met-
al oxides arranged in a noncentrosymmetric crystal structure
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(such as KTiOPQy) have been used as point-like SHG signal
sources in NLSM (Mahou et al., 2017), in a manner similar
to beads. In contrast to fluorescence, SHG is theoretically an
achromatic phenomenon which can be obtained at arbitrary
wavelengths covering the entire range of tunable NIR lasers.
This makes such crystal structures suitable for NLSM reso-
lution evaluation.

Due to the lack of techniques for assessing resolution of all
three modalities of NLSM (TPEF, SHG, and THG) within a
single microscopic system, we were inspired to conduct a
more in-depth investigation into this matter. Here, we propose
application of the knife-edge technique to monolayers of tran-
sition metal dichalcogenides (TMDs), in particular WS, and
MaoS;, for evaluation of lateral resolution. In their single-layer
form, TMDs have a D3, symmetry where the lack of inversion
symmetry allows for an unusually strong SHG signal. This ef-
fect is very sensitive to layer thickness, crystalline orientation,
and layer stacking (Kumar et al., 2013; Yin et al., 2014; Rosa
et al.,, 2018). The thickness of our samples (<1nm)
(Radisavljevic et al., 2011) and their efficient SHG production
(Woodward et al., 2016) and THG (Wang et al., 2013) signals
also allow direct measurement of axial resolution. The inten-
sity profiles obtained at the monolayer-substrate boundary
are free from artifacts typically associated with thicker sam-
ples. Although a similar approach was reported by Mehravar
et al. (2020), the absence of axial resolution results in their
study can be attributed to excessive thickness of the samples
used. Other 2D materials (2DMs) such as hBN have been re-
ported as a test material in resolution assessment of a confocal
focus-engineered coherent anti-Stokes Raman scattering
(cFE-CARS) microscope (Lee etal., 2023). However, h-BN ex-
hibits an SHG signal that is an order of magnitude lower than
that of the MoS, monolayer (Li et al., 2013). SHG and THG
signals obtained by WS, and MoS; monolayers both result in
a relatively high SNR and no photobleaching effect.

While the knife-edge technique is commonly used for laser
beam profile determination (Araujo et al., 2009), its applica-
tion in resolution assessment of various microscopic techni-
ques (Chu et al., 2005; Wachulak et al., 2017; Mennel et al.,
2018; Mylonakis et al., 2024) has generally been limited and
auxiliary. The knife-edge technique is a method of assessing
resolution by analyzing the transition zone across a boundary
formed by sharp-edged objects. By extracting intensity profiles
across the edge and measuring the width and slope, one can
determine the resolution of an optical system. A sharper and
narrower transition generally indicates a higher resolution,
while a wider transition indicates a lower resolution. In this
study, we present the measurement of resolution in different
imaging modalities of our custom-built nonlinear laser scan-
ning microscope (Rabasovic et al., 2015) utilizing two distinct
approaches.

Here, we report application of the knife-edge technique on
WS, and MoS; (for lateral resolution assessment in SHG
and THG modalities). We also evaluated both lateral
(in TPEF modality) and axial resolution (in SHG and THG
modalities) directly via the FWHM parameter of the corre-
sponding Gaussian distribution. Our study includes a compre-
hensive analysis of how the resolution varies with the NA of
the objective lens, excitation wavelengths, refractive index of
the embedding medium, and imaging modality of the micro-
scope. In addition, the obtained PSF (FWHM) values were em-
ployed in deconvolution of the image, resulting in significant
improvement in image resolution.

Microscopy and Microanalysis, 2024, Vol. 30, No. 4

Materials and Methods
NLSM Experimental Setup

Our custom-made NLSM system [detailed information can be
found in Pajic et al. 2022] enables precise control of power levels
and motorized positioning of the sample in the axial direction
with a minimum step-size of 0.25 um. For TPEF and SHG im-
aging, a tunable (700-1,000 nm) Kerr lens mode-locked femto-
second Ti: Sapphire laser (Mira 900, Coherent Inc., CA, USA)
with a repetition rate of 76 MHz and pulse duration of 160 fs
was used. Femtosecond pulses were also obtained from a
SESAM  mode-locked Yb:KGW laser (Time-Bandwidth
Products AG, Time-Bandwidth Yb GLX; Zurich, Switzerland)
at a fixed wavelength of 1,040 nm with a pulse duration of 200
fs and a repetition rate of 83 MHz. After being expanded 3.75
times with a Keplerian telescope (obtained by AC254-040-A
and AC254- 150-A lenses, both from Thorlabs, Inc.), the laser
beams are directed toward the objective lens via a main dichroic
mirror (MDM; FF700-SDi01-25x36, Semrock). Beam raster
scanning over the sample is achieved using a galvo scanner
(6,215H, Cambridge Technologies). A National Instruments
USB-6351 card was used for signal acquisition and control of
the galvo scanner with a sampling rate of 1.2 M sample/s.

SHG and TPEF signals were collected in back reflection by
an objective lens, passed through the MDM, filtered with
appropriate filters (depending on the excitation wavelengths
used and imaging modality), and then focused onto a photo-
multiplier tube (PMT) (RCA, PF10006). In SHG modality,
we used several narrow bandpass filters (FBH370-10,
FBH400-10, FBH420-10, and FB520-10, all from Thorlabs,
Inc.). In the TPEF modality, the signal was filtered with a short-
pass filter (FESH0700, Tholarbs, Inc.). In THG imaging, the
signal was detected in the forward direction (transmission
arm) after being reflected by two harmonic beam splitters
(HBSY13, Thorlabs, Inc.) to reduce reflection of laser light.
Finally, the residual laser light was filtered out by two filters
(FGUV11M, Thorlabs, Inc. and FSR-U340, Newport). After
filtering, the THG signal was focused onto the entrance win-
dow of the PMT (H7422, Hamamatsu, Japan).

Fluorescent Beads

To measure lateral resolution in TPEF modality, we used a
TetraSpeck Fluorescent Microspheres Size Kit (Invitrogen,
Thermo Fisher Scientific Inc.) which was specially developed
for the calibration of microscopes. The slide contains six view-
ing areas, each of which contains nanospheres of a specific
(nominal) size: 0.1um, 0.2um, 0.5um, 1.0um, or 4.0 um
and a mixture of all sizes. Each nanosphere is stained with
four different fluorescent dyes: 365/430 nm, 505/515 nm,
560/580 nm, and 660/680 nm. This makes them suitable for
applications that require a broad spectral range. For the pur-
pose of resolution measurements, the optimal SNR was ob-
tained for 0.2 pm fluorescent beads. The profile extracted
from the recorded images of the beads was fitted by the
Gaussian function. The lateral resolution was directly assessed
through the FWHM parameter of the Gaussian fit.

WS, and MoS, Monolayers

Synthesis

MoS; samples were synthesized using a chemical vapor depos-
ition (CVD) technique, described in detail in Senkic et al.
(2023). Samples were grown on two substrates: c-cut sapphire
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and Si/Si0,, each with a 290 nm oxide layer thickness. The
synthesis procedure is the same as described in Senki¢ et al.
(2023), with a growth temperature, T, equal to 875°C. The
thickness of monolayers was determined using atomic force
microscopy (AFM), and was determined to be 0.8 nm Senki¢
et al. (2023).

Similar to the MoS; growth, DI water-based solutions were
used for WS;. As a growth promotor, a § ppm concentration
of NaOH solution was used, whereas the tungsten source
was a 100 ppm concentration of ammonium metatungstate
hydrate (NH4)HaW15049 - H2O (99.99% Sigma Aldrich).
These solutions were mixed in equal parts, and the 10 xL drop-
let of this mixture was dropcast onto the cleaned substrate,
which were then placed on a hot plate at 120°C until the drop-
let dried. The Si/SiO; substrate was first cleaned with argon
gas, and then in an O, plasma chamber for 10 min. Before
loading the substrate with the deposited metal precursor, the
CVD furnace was heated to 500°C under argon flow
(=200sccm). When the substrate was loaded, the furnace
temperature was raised to the growth temperature of 850°C.
The sulfur temperature was set to 140°C, and argon flow to
100 sccm. When both temperatures reached their target value,
the argon flow was decreased to 75 scem and the synthesis pro-
cess was started. After 5 min, the furnace was then quickly
cooled to 775°C using compressed air with the argon flow
set to 50 sccm, whereas the sample remained in the furnace.
Then, the argon flow was stopped ({ = 0scem), the furnace
further cooled to 500°C, and the sample was completely re-
moved from the CVD furnace.

Transfer

MoS; and WS, were moved from the Si wafer by using poly-
dimethylsiloxane (PDMS) transfer (Nichues et al., 2018).
The first step is a pickup, in which 2DMs are moved from
the growth substrate on the PDMS sheet. In this step, the
PDMS sheet (160 um thick) purchased from GEL-PAK com-
pany was cut into a rectangle slightly larger than the Si/SiO,
substrate and positioned on top of the Si/SiO, surface with
2DMs. To increase the separation speed in the following
phase, PDMS is left without contact on one of the edges of
the Si/SiO; substrate, which was ensured by placing a carbon
fiber or any similar object on the substrate edge before placing
PDMS on top. Subsequently, the PDMS/2DM/substrate is
placed on top of a DI (deionized) water and ammonia solution
(1,000:1 ratio), which is gently stirred to ensure the flow of the
solution. The solution slowly intercalates between the PDMS
and Si/SiO; substrate, separating 2DM from the Si/Si0; sub-
strate. After complete separation in a few minutes, the Si/SiO;

substrate sinks into the solution, and PDMS with 2DM are left

Table 1. Overview of Objective Lenses Used (All from Zeiss)
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floating on top of the solution. PDMS with 2DM is addition-
ally rinsed with DI water and dried with nitrogen flow to re-
move residual water from the surface.

For placing 2DMs from PDMS on sapphire, PDMS with
2DM is positioned on top of the sapphire and gently pressed
with an Q-tip to ensure adequate adhesion over the whole sur-
face. PDMS with 2DM is fixed on a z-axis manipulator with
which the separation of PDMS and sapphire can be controlled.
To ensure that the 2DM has higher adhesion with sapphire,
PDMS is slowly separated in small steps with a z-axis manipu-
lator. The front of the adhesion is monitored with an optical
microscope to increase separation speed in areas of no interest
and reduce it in regions with 2DM flakes. After the controlled
and complete separation of PMDS, 2DM is left on the sap-
phire surface. For detailed information about this process,
see Castellanos-Gomez et al. (2013).

Sample Preparation

The MoS2 and WS2 substrate monolayers were placed on a
microscopic slide and fixed with a coverslip, leaving the layer
of air between the two glass surfaces. In addition, we intro-
duced various media with different refractive indices to the
monolayers. A small amount of glycerin, with a refractive in-
dex of 7 =1.47 was directly applied on top of the monolayers
and then fixed with a coverslip. Distilled water was also used
as an embedding medium, but without a coverslip as we em-
ployed a “water-dipping” objective lens for this type of sam-
ples. During the recording in different embedding media, no
degradation of monolayer flakes was observed, so samples
prepared in this way can be used several times. This approach
allowed us to systematically examine how different embed-
ding media influence resolution assessment.

Objective Lenses

We used a range of objective lenses (see Table 1) to investigate
how resolution assessment is affected by different measure-
ment conditions. A variety of different objective lenses was
used, taking into account their different NA’s, magnifications
and using different immersion media. For samples embedded
in distilled water, we employed the water-dipping objective
lens, specifically W Plan-APOCHROMAT. This type of ob-
jective lens is designed to be used without a coverslip, with
the tip submerged into the embedding medium.

Theoretical Limit Calculation

The theoretical limits for the lateral and axial resolutions
under the different measurement conditions given in this paper
were calculated using the following equations (Squier &

Numerical Working Chromatic aberration  Spherical aberration
Objective lens Magnification aperture Immersion distance (mm) correction correction
EC Plan-NEOFLUAR 40x 1.30 Qil 0.21 Red and blue; green Blue, green
close

W Plan-APOCHROMAT 40x 1.00 Water-dipping 2.50 Deep blue, blue, green  Deep blue and blue
and red

Plan-APOCHROMAT 20% 0.80 — 0.55 Deep blue, blue, green  Deep blue and blue
and red

GF Planachromat 40x 0.65 — 0.53 Red and blue Green
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Miiller, 2001; van den Bos & den Dekker, 2001; Masters &
So, 2009; Farahi, 2015):

. 1 0.51-4

FWHM,,, =N NA (1)
; 1 1.77-n-1
PVHIMe =0 a2 @)

with / representing excitation wavelength, 7 is the index of re-
fraction of respective embedding media, and N is the non-
linearity order (N =2 for TPEF and SHG, N =3 for THG).
We should emphasize that the magnitude for NAs used in all
calculation throughout the paper were from the specifications
of the objective lenses given by the manufacturer. This can be
considered as the best possible approximation as the exact
magnitude is only valid under certain conditions (refractive in-
dex of the sample/embedding medium and proximity to the
coverslip surface) and may vary with different settings/condi-
tions. In other words, if the embedding medium is changed, the
refractive index changes and so does the NA which depends on
the refractive index. This change cannot be measured or esti-
mated, so the value from the objective specification is used
in the calculations for all settings/conditions.

Results
Lateral Resolution in TPEF Modality

WS, and MoS, monolayers can generate photoluminescence
when excited in the 520-640 nm and 610-670 nm ranges
(Rigosietal., 2015). Therefore, they can be used for resolution
assessment of fluorescence microscopy modalities in general.
However, due to the spectral range of our lasers, it was not
possible to obtain a TPEF signal from these monolayers.
Therefore, we opted to use 0.2 um fluorescent spheres to ac-
cess lateral resolution. The inset in Figure 1 shows the fluores-
cent spheres recorded in the TPEF modality using the 40 x 1.3
objective lens. By fitting the extracted intensity profile using a
Gaussian function, we determined the lateral resolution to be
(320 + 20) nm. The data points for fitting were chosen to in-
clude the feature of interest (i.e., peak), while expanding the

0.9

——TPEF signal
Gaussian fit
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Fig. 1. TPEF signal of a fluorescent bead with a nominal size of 0.2 um.
The individual intensity profile was extracted from the labeled position on
the inset. The profile was fitted using a Gaussian function with a quality
indicator for the fit of A2 = 97.5%. The sample was recorded using a 40 x
1.3 objective lens at the excitation wavelength of 730 nm.
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range did not affect the fitting parameters. The result corre-
sponds to the FWHM of the obtained intensity distribution,
with the error representing the fitting error. The lateral reso-
lution in the TPEF modality was only successfully determined
at an excitation wavelength of 730 nm. The theoretical limit
for lateral resolution in the TPEF modality, which was calcu-
lated under the same conditions according to the equation (1),
is 203 nm. Excitation at higher wavelengths resulted in insuf-
ficient SNR for the resolution measurement. It was not pos-
sible to record a stacked image of satisfactory quality for
axial resolution assessment due to pronounced photobleach-
ing. It is also important to note that the fluorescent spheres
used in this case cannot be considered as point-like sources
due to their size and expected resolution. In contrast, the use
of TMD monolayers does not lead to photobleaching and
eliminates the need for deconvolution due to their subnanom-
eter thickness. Consequently, the application of knife-edge
technique to TMD monolayers provides a reliable measure-
ment of both lateral and axial resolution.

5
o
1

—— SHG signal
=== Error function fit

N w -~
1 1 1

SHG signal intensity [a.u.]

-
L

Lateral position [um]

Fig. 2. (a) SHG image of a MoS; flake. The image was recorded at an
excitation wavelength of 800 nm using a 40 x 1.3 objective lens with
glycerin as the embedding medium. The marker (line) indicates the
position along the edge of the monolayer flake from which the intensity
profile was extracted. (b) Typical intensity profile extracted at the edge of
the MoS, monolayer flake. The profile was fitted using the error function,
with the parameter for the quality of fit A2 = 99.8 %.
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Fig. 3. Dependence of the lateral resolution on (a) the excitation
wavelength for various objective lenses and (b} the numerical aperture
for various excitation wavelengths. The results were obtained for a MoS;
monolayer in the SHG modality.
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Fig. 4. Dependence of the lateral resolution on the excitation wave
length for two embedding media, air, and glycerin. The graph shows the
results obtained with a 40 x 1.3 objective lens and the theoretical limit
for the lateral resolution under the same measurement conditions. The
results were obtained for a MoS; monolayer in the SHG modality.
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Fig. 5. (a) Calibrated 3D model of the MoS; monolayer flake with
labeled surface from which the average intensity was calculated.
(b) Intensity profile obtained by averaging the intensity of a chosen
surface area of 100 x 100 pixels for each image of the flake in the
stack. The x-axis represents the axial position of the image plane.
The fitting was performed using Gaussian fit, with the quality
parameter A2 =99.7%. (¢) Dependence of the axial resolution on the
excitation wavelengths in the SHG modality for 40 x 1.3 and 20 x 0.8
objective lenses
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Resolution Assessment in SHG Modality

MoS; and WS, monolayers were used for resolution measure-
ment in the SHG modality. No significant differences in the
resolution assessment were found between these two materi-
als. The typical image of a monolayer flake is shown in
Figure 2a. These flakes exhibit distinct and well-defined edges,
suitable for lateral resolution assessment using the knife-edge
technique. To determine lateral resolution, we extracted inten-
sity profiles over the edge and performed fits using the error
function (which is the integral of the Gaussian function)
(Davis & Brown, 2002), as shown in Figure 2b. The data
points for the fit were chosen to include features of interest
(the slope), while further expansion of the range did not affect
the fit parameters. The intensity profiles of the monolayer-
substrate boundary were analyzed at typically ten different po-
sitions along the edge, resulting in a total of 800 processed
profiles. The lateral resolution was then calculated based on
the mean value of the parameter w (the half-width at 27 of
the corresponding Gaussian distribution) obtained for each
processed monolayer flake, with the error corresponding to
the standard error of the mean. The resolution is presented
as FWHM of the Gaussian distribution corresponding to the
data obtained, where FWHM is calculated as 1/0.85.

The axial resolution was determined based on the recorded
stack, a series of consecutive images taken in equidistant sam-
ple planes, of a thin monolayer. A homogeneous surface of ap-
proximately 100 x 100 pixels was selected within the
monolayer. The same surface was analyzed on all images of
the stack. The average value of the pixel intensity of the ob-
served surface was determined. The dependence of the average
intensity of the chosen surface area on the corresponding axial
position of the image plane was fitted by the Gaussian func-
tion. The FWHM parameter of the Gaussian fit was read dir-
ectly as the axial resolution of the microscope under the

Table 2. Comparison of Axial Resolutions in SHG Modality between
Different Embedding Media and Objective Lenses, along with the
Theoretical Limits Provided in Brackets.

SHG 740 nm

800 nm

Glycerin 1.4 ygm (0.81 um)
Air 5.9 um (0.55 um)

1.6 um (0.87 um)
6.7 um (0.59 um)

The theoretical limits were calculated using the equations (1) and (2) with the
refractive indices of glycerin and air: #=1.47 and n = 1, respectively.
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specified conditions, with the error corresponding to the fitting
error.

Both lateral and axial resolutions were presented as the
FWHM values, all in accordance with the Houston criterion
for resolution. An identical data analysis procedure was ap-
plied for resolution assessment in THG modality.

Lateral Resolution in SHG Modality
To investigate wavelength-dependent variation in lateral reso-
lution of the microscope, we recorded SHG signal of the
monolayer flake at four different excitation wavelengths:
740 nm, 800 nm, 840 nm, and 1,040 nm, using glycerin as
the embedding medium. The dependence of the resolution
on wavelength for different NA’s of objective lenses is shown
in Figure 3a. The graph illustrates the theoretical limit of lat-
eral resolution for the objective lens with a numerical aperture
of 1.3 at different wavelengths. The experimental results align
with expectations and show a deterioration of resolution with
increasing wavelength for the specific objective lens. A lower
value indicates better resolution and vice versa. An exception
was noted at 800 nm, where better resolution was achieved
with a lower NA objective lens (0.8 versus 0.65). A similar ap-
parent exception was also observed at 740 nm (1.0 versus 1.3),
which is within the experimental margin of error.
Additionally, the obtained values are above the theoretical
limit at all wavelengths. Figure 3b shows the dependence of
the lateral resolution on the NA of the corresponding objective
lenses for different wavelengths. The results are generally in
line with expectations, with two exceptions observed for ob-
jective lenses with NA values of 0.8 and 1.0, where better reso-
lution was achieved at 840 nm compared to 800 nm. The
aforementioned exceptions might be attributed to the fact
that the objective lenses used in this study are not designed
for infrared light but for visible light (see Table 1), resulting
in suboptimal focusing. This may vary from case to case (for
different objectives, at different wavelengths). The lateral
resolution for the 40 x 1.3 objective lens exhibits weak wave-
length dependence, which agrees well with the theoretical limit
shown in Figure 3a. As the monolayer flakes are significantly
thinner than the expected resolution, deconvolution is not re-
quired. Notably, no photobleaching of the samples was ob-
served at any wavelength during monolayer imaging.

In addition to the factors already mentioned, resolution is
further influenced by the order of interaction. While TPEF
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Fig. 6. (a) Typical intensity profile extracted at the edge of the WWS; monolayer flake in THG modality for a 40 x 1.3 objective lens. The profile was fitted
using the error function, with the quality of fit parameter A% = 99.6%. (b) Intensity distribution obtained by averaging the intensity of a chosen area of 0 x
60 pixels for each image in the stack. The x-axis represents the axial position of the image plane. Fitting was performed using the Gaussian function, with

the quality parameter of fit R = 99%.
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and SHG are conceptually distinct processes, both involve
two-photon interactions, suggesting that the resolutions ob-
tained for the corresponding imaging modalities should be
closely aligned. This implies that the theoretical limit will be
the same for both imaging modalities at a given wavelength.
Despite the slightly higher excitation wavelength of 740 nm
used for the resolution measurement in the SHG modality,
the measured resolution of (300+10) nm exceeds that of the
TPEF modality (320420) nm obtained at 730 nm. However,
this statement is not conclusive as the measurements are with-
in the margin of error. Both measurements were performed us-
ing a 40 x 1.3 objective lens. The fluorescent beads utilized in
our study do not serve as ideal point-like sources for resolution
measurement. In contrast, monolayer flakes due to their exten-
sive thinness, offer a better approximation when combined
with the knife-edge technique.

Using the same method, we also investigated the influence of
the embedding medium on the lateral resolution of the SHG
modality. We recorded images of monolayer flakes at various
excitation wavelengths using a 40 x 1.3 objective lens, with
one sample embedded in glycerin and the other in air.
Figure 4 illustrates the lateral resolution for the two specified
embedding media. It is shown that the resolution is closer to
the theoretical limit when glycerin is present at all excitation
wavelengths used, indicating a more appropriate utilization
of the objective lens.

Axial Resolution in SHG Modality

In addition to assessing lateral resolution, we also investigated
axial resolution using the same samples. The SHG signal of
glycerin-embedded monolayer flakes was recorded at various
excitation wavelengths. For each wavelength, a stack of typic-
ally 30 images was acquired, with a slice spacing of 0.25 ym.
To determine the axial resolution at a specific wavelength,
we selected a homogeneous surface area from each image of

Table 3. Comparison of Lateral and Axial Resolution in THG Modality
between Different Embedding Media and Objective Lenses, along with
the Theoretical Limits Provided in Brackets.

Lateral Resolution («m)

THG (1,040 nm) Axial Resolution (um)
20x0.8 40%x1.3 40x 1.3

Glycerin 0.44 (0.39) 0.27(0.24) 1.10 (0.92)

Air 0.75(0.39) 0.43 (0.24) 5.90 (0.63)

The theoretical limits were calculated using the equations (1) and (2) with the
refractive indices of glycerin and air: 7= 1.47 and n = 1, respectively.
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the stack. Figure 5a displays the calibrated 3D model of the
monolayer flake and provides an example of the surface
used to derive parameters for axial resolution assessment.
The resolution was determined based on the dependence of
average intensity of the chosen surface area on the correspond-
ing axial position of the image plane in the stack. This is shown
in Figure Sb. This dependence was fitted with a Gaussian func-
tion and the FWHM was determined as a measure of reso-
lution. The measurement involved two objective lenses with
distinct NA values with an aim to investigate how the reso-
lution varies with the NA for different wavelengths. The cor-
responding results are shown in Figure Sc together with the
theoretical resolution limit in the case of an objective lens
with an NA value of 1.3. Although the obtained resolution
is above the theoretical limit, the observed trend deviates
from expectations and indicates an improvement in resolution
with increasing wavelength, which is particularly evident for
the 20 x 0.8 objective lens. A similar trend can be seen for
the 40x 1.3 objective lens. As expected, superior results
were consistently obtained with the higher NA objective lens.

We also investigated how axial resolution is affected by the
embedding medium. The SHG signal of MoS; monolayer
flakes was recorded using a 40 x 1.3 objective lens at excita-
tion wavelengths of 740 nm and 800 nm, using glycerin and
air as embedding media. A comparison between the axial res-
olutions obtained for different embedding media is provided
in Table 2. Significantly poorer results were obtained when
air was used as the embedding medium.

Resolution Assessment in THG Modality

We measured both lateral and axial resolution of the micro-
scope in the THG modality using WS, monolayer flakes im-
mersed in glycerin with an excitation wavelength of 1,040
nmanda40 x 1.3 objective lens. Figure 6a shows a typical in-
tensity profile extracted from the edge of the monolayer flake.
This profile was fitted with the error function, resulting in a
lateral resolution of (270 + 10) nm. Figure 6b shows the distri-
bution of the average intensities of the selected surface area
from each image of the stack (slice separation of 0.25 um)
over the axial position of the image plane. Using this profile,
we were able to determine the axial resolution to be
(1.07 £ 0.06) um. We investigated how both the lateral and
axial resolution in THG modality vary between different em-
bedding media and objective lenses. An overview of the results
is displayed in Table 3, which quantifies the effect of embed-
ding media with different refractive indices on image

Fig. 7. (a) MoS; monolayer flake with glycerin as the embedding medium. (b) MoS; monolayer flake with air as embedding medium. The figure clearly

shows decreasing of the THG signal in air.
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Fig. 8. TPEF signal of Phycomyces blakesleeanus hyphae, stained with
the vital mitochondrial dye Rhodamine123, excitation wavelength 800
nm, laser power 2 mW, emission filters: VIS (400-700 nm) bandpass
filter (from EOS50D camera, Canon), and 530/43 bandpass filter
(MF530-43, Thorlabs, Inc.). (a) Original, unprocessed image. (b) Image
deconvoluted using the Richardson-Lucy algorithm in MATLAB
software. Deconvolution was performed using the Gaussian distribution
with a FWHM equivalent to the FWHM of the PSF measured under
identical experimental conditions. The insets show that smaller
mitochondria can be resolved when the image is deconvoluted.

resolution. Here, too, significantly poorer results were
achieved for the resolution in air.

An interesting observation is that the THG signal of MoS,
monolayer flakes in glycerin differs from that in air. More spe-
cifically, the MoS; monolayer flake exhibits a dominant THG
signal in glycerin over the substrate-glycerin interface, where-
as the same monolayer flake in air suppresses the THG signal.
Figure 7a shows the THG signal of Mo$S, immersed in glycerin
is presented, whereas Figure 7b demonstrates how the THG
signal from the sapphire substrate dominates over the THG
signal of the MoS; monolayer flake. It is known from the

Microscopy and Microanalysis, 2024, Vol. 30, No. 4

literature that the %) values of 2DMs depend on the excitation
wavelengths (Autere et al., 2018, and references therein; Wang
etal., 2013) as well as other parameters such as strain, defects,
doping, substrates, and chemical treatment (Autere et al.,
2018, and references therein). Here, the only difference be-
tween these two systems is the interface, which causes the in-
crease in the nonlinear optical response through
phenomenological surface-enhanced THG discussed in
Tsang (1995). Although a detailed explanation of this effect
is beyond the scope of this discussion, it is worth noting that
even in this case, an inverted edge emerges that allows reso-
lution assessment using the knife-edge technique. There is no
difference in the assessment of SHG resolution when either
material is used.

Image Resolution Improvement by Deconvolution
The PSF full-width values presented in this paper can be used
as input data for deconvolution to improve the resolution of
images acquired with this NLSM setup. Deconvolution is par-
ticularly important for improving image quality when dealing
with samples containing structures whose dimensions are very
close to the resolution limit, as it enables them to be visualized
as distinct and separate objects. Figure 8 shows a representa-
tive image before (a) and after (b) deconvolution, highlighting
a significant improvement in the efficiency of discerning and
identifying small objects within the sample. In Figure 8, the im-
age was deconvoluted using the Richardson-Lucy algorithm
in MATLAB software. The deconvolution was performed us-
ing a Gaussian distribution with a FWHM equivalent to the
FWHM of PSF measured under identical experimental
conditions.

Conclusion

We have presented measurements of resolution for all imaging
modalities (TPEF, SHG, and THG) of our custom-built NLSM
using two distinct approaches. We performed a direct assess-
ment of both lateral (using fluorescent nanospheres in the
TPEF modality) and axial resolution (in the SHG and THG
modalities). The assessment of lateral resolution in the SHG
and THG modalities was performed using the knife-edge tech-
nique on WS; and MoS; monolayers. The lateral technique of-
fers a higher SNR, no photobleaching effect and shows good
agreement with the conventional resolution measurement
technique using fluorescent nanospheres. Assessing SHG and
THG imaging resolution by the knife-edge method overcomes
the coherence problem encountered when probing with small
(point-like) objects. The obtained results, namely the PSF
FWHM values, were employed in image processing by decon-
volution, for resolution enhancement.

In addition, we performed a comprehensive analysis of how
the resolution varies with numerical aperture of the objective
lens, excitation wavelength and refractive index of the embed-
ding medium. The results closest to the theoretical limit were
obtained when glycerin was used as the embedding medium
atall wavelengths, for both SHG and THG imaging modalities
and all objective lenses examined. The latter implies that vari-
ous embedding media can significantly influence resolution
and thus the quality of acquired images. The use of a suitable
medium might lead to significantly better imaging results, as
objective lenses are usually designed for biological samples
embedded in media with a refractive index above 1. As a
side note, the intensity of the THG signal from TMD
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monolayers strongly depends on the substrate- monolayer-
medium combination and can either be enhanced or sup-
pressed. For example, MoS; monolayer flakes show a pro-
nounced THG signal in glycerin over the substrate-glycerin
interface, while the same monolayer flakes in air suppress
the THG signal.

In conclusion, the proposed use of WS, and MoS; mono-
layers has emerged as a promising tool for the characterization
not only of nonlinear imaging systems in terms of lateral and
axial resolution, but also of various microscopic systems.

Availability of Data and Materials

The authors have declared that no datasets apply for this
piece.

Acknowledgments

We would like to thank Milan Mini¢ for indispensable tech-
nical help and support. We thank Professor Michael Pravica
from University of Nevada, Las Vegas (UNLV) for reviewing
the manuscript.

Author Contributions Statement

J.Z.]. drafted the manuscript, processed the data and reviewed
the literature, M.B. performed the measurements, processed
the data and reviewed the literature, A.D. sorted out and proc-
essed the data and reviewed the literature, A.S. synthesized the
MoS; monolayer flakes, L.Z. synthesized the WS; monolayer
flakes, B.R. performed the PDMS transfer, N.V. supervised the
synthesis, T.P. grown the fungi and prepare the sample,
M.D.R and A.J.K. built the instrument, performed measure-
ments, processed the data, conceptualized and supervised the
research. All authors reviewed the manuscript. J.Z.J., M.B.,
and A.D. contributed equally to this work. This paper will
be the part of midterm check point in their PhD studies.

Financial Support

This research was supported by the Science Fund of the
Republic of Serbia, Grant No. 4545, project “Advanced
Biophysical Methods for Soil Targeted Fungi-Based
Biocontrol Agents” - BioPhysFUN; and the Institute of
Physics Belgrade, through the grant by the Ministry of
Science, Technological Development and Innovations of the
Republic of Serbia. A.S., B.R., and N.V. acknowledge the sup-
port of Croatian Science Foundation, Grant No. UIP-2017-
05-3869, Centre of Excellence for Advanced Materials and
Sensing Devices, ERDF Grant No. KK.01.1.1.01.0001 and
Centre for Advanced Laser Techniques, ERDF Grant
KK.01.1.1.05.

Conflict of Interest

The authors declare that they have no competing interest.

References

Aradjo M, Silva R, Lima E, Pereira D & De Oliveira P (2009).
Measurement of Gaussian laser beam radius using the knife-edge
technique: Improvement on data analysis. Appl Opt 48, 393-396.
https:/doi.org/10.1364/A0.48.000393

679

Autere A, Jussila H, Dai Y, Wang Y, Lipsanen H & Sun Z (2018).
Nonlinear optics with 2D layered materials. Adv Mater 30(24),
€1705963. https:/doi.org/10.1002/adma.201705963

Castellanos-Gomez A, Buscema M, Zant H & Steele G (2013).
Deterministic transfer of two-dimensional materials by all-dry visco-
elastic stamping. 2D Mater 1, 011002. https://doi.org/10.1088/
2053-1583/1/1/011002

Chen X, Nadiarynkh O, Plotnikov S & Campagnola P (2012). Second
harmonic generation microscopy for quantitative analysis of colla-
gen fibrillar structure. Nat Protoc 7(4), 654-669. https:/doi.org/
10.1038/nprot.2012,009

Chu S-W, Tai $-P, Ho C-L, Lin C-H & Sun C-K (2005). High-resolution
simultancous three-photon fluorescence and third-harmonic-gener-
ation microscopy. Microsc Res Tech 66(4), 193-197. https:/doi.
org/10.1002/(ISSN)1097-0029

Cole R, Jinadasa T & Brown C (2011). Measuring and interpreting
point spread functions to determine confocal microscope resolution
and ensure quality control. Nat Protoc 6(12), 1929-1941. https:/
doi.org/10.1038/nprot.2011.407

Davis B & Brown G (2002). Diffraction by a randomly rough knife
edge. IEEE Trans Antenn Propag 50(12), 1769-1778. https:/doi.
org/10.1109/TAP.2002.804019

Farahi N. (2015). Resolution analysis of films with embedded spheres
for imaging of nanoplasmonic arrays. Thesis. ProQuest LLC, Ann
Arbor, ML Available at https://www.proquest.com/openview/
beal7cff0074a8c98f01910ec4d90533/12pq-origsite=gscholar&cbl=
18750

Hou R & Labarthet F (2018). Second harmonic generation microscopy
from non-centrosymmetric gold half-coated polystyrene spheres.
Surf Sci 676, 46-50. https:/doi.org/10.1016/j.susc.2018.01.014

Kozubek M (2001). Theoretical versus experimental resolution in optic-
al microscopy. Microsc Res Tech 53(2), 157-166. https://doi.org/10.
1002/jemt.1080

Kumar N, Najmaei S, Cui Q, Ceballos F, Ajayan P, Lou ] & Zhao H
(2013). Second harmonic microscopy of monolayer MoS;. Phys
Rev B 87(16), 161403. https:#doi.org/10.1103/PhysRevB.87.
161403

Lee G, Jyothsna K, Park J, Lee ], Raghunathan V & Kim H (2023).
Confocal nonlinear optical imaging on hexagonal boron nitride
nanosheets. PhotoniX 4(1), 27. https:/doi.org/10.1186/s43074-
023-00103-6

Li Y, Rao Y, Mak K, You Y, Wang S, Dean C & Heinz T (2013).
Probing symmetry properties of few-layer MoS; and h-BN by optical
second-harmonic generation, Nano Lett 13(7), 3329-3333. https:/
doi.org/10.1021/nl401561r

Mahou P, Malkinson G, Chaudan E., Gacoin T, Beaurepaire E &
Supatto W (2017). Metrology of multiphoton microscopes using se-
cond harmonic generation nanoprobes. Small 13, 1701442. https://
doi.org/10.1002/smll.201701442

Masihzadeh O, Schlup P & Bartels R (2009). Enhanced spatial reso-
lution in third-harmonic microscopy through polarization switch-
ing. Opt Lett 34, 1240-1242. https:/doi.org/10.1364/0L.34.
001240

Masters B & So P (2009). Handbook of biomedical nonlinear optical
microscopy. | Biomed Opt 14, 019901. https:/doi.org/10.1117/1.
3077566

Mehravar S, Cromey B & Kieu K (2020). Characterization of multipho-
ton microscopes by nonlinear knife-edge technique. Appl Opt
59(22), G219-G224. https:/doi.org/10.1364/A0.391881

Mennel L, Furchi MM, Wachter S, Paur M, Polyushkin DK & Mueller T
(2018). Optical imaging of strain in two-dimensional crystals. Nat
Commun 9(1), 516. https://doi.org/10.1038/s41467-018-02830-y

Mylonakis M, Tserevelakis G, Vlachos G, Fanouraki E, Pavlopoulos A,
Pavlidis M & Zacharakis G (2024). Bimodal optical and optoacous-
tic multiview microscope in the frequency-domain. Opt Lett 49(3),
462-465. https:/doi.org/10.1364/0L.510384

Nichues I, Blob A, Stichm T, Schmidt R, Jadrisko V, Radatovié B, Cape-
ta D, Kralj M, Michaelis de Vasconcellos S & Bratschitsch R (2018).
Strain transfer across grain boundaries in MoS; monolayers grown

¥Z0z Jaqueldes g0 uo Jesn apeibjeg Jo Ausieaun AQ Z9GZ 12 2/1 29/F/0S/e0IB/WRW/WOoD dnoojwepese//:sdiy woly pepeojumoq



680

by chemical vapor deposition. 2D Mater 5(3), 031003, https:/doi.
org/10.1088/2053-1583/aaba%

Paji¢ T, Todorovic N, Zivi¢ M, Nikolic S, Rabasovi¢ M, Clayton A &
Krmpot A (2022). Label-free third harmonic generation imaging
and quantification of lipid droplets in live filamentous fungi. Sci
Rep 12(1), 18760. https:/doi.org/10.1038/s41598-022-23502-4

Rabasovic M, Pantelic D, Jelenkovic B, Curéié S, Rabasovic M, Vrbica
M, Lazovic V, Curcic B & Krmpot A (2015). Nonlinear microscopy
of chitin and chitinous structures: A case study of two cave-dwelling
insects. | Biomed Opt 20(1), 016010-016010. https:/doi.org/10.
1117/1.JB0.20.1.016010

Radisavljevic B, Radenovic A, Brivio ], Giacometti V & Kis A (2011).
Single-layer MoS, transistors. Nat Nanotechnol 6, 147-150.
https://doi.org/10.1038/nnano.2010.279

Rigosi AF, Hill HM, Li Y, Chernikov A & Heinz TF (2015). Probing
interlayer interactions in transition metal dichalcogenide hetero-
structures by optical spectroscopy: MoS, /WS, and MoSe, /W Se,.
Nano Lett 15(8), 5033-5038. https:/doi.org/10.1021/acs.nanolett.
5b01055

Rohrbacher A, Olarte OE, Villamaina V, Loza-Alvarez P & Resan B
(2017).  Multiphoton  imaging  with  blue-diode-pumped
SESAM-modelocked Ti:sapphire oscillator generating 5nJ 82 fs
pulses. Opt Express 25(9), 10677-10684. https:/doi.org/10.1364/
OE.25.010677

Rosa H, Wei H, Verzhbitskiy I, Rodrigues M, Taniguchi T, Watanabe
K, Eda G, Pereira V & Gomes J (2018). Characterization of the
second- and third-harmonic optical susceptibilities of atomically
thin tungsten diselenide. Sci Rep 8(1), 10035. https:/doi.org/10.
1038/541598-018-28374-1

Senki¢ A, Bajo ], Supina A, Radatovi¢ B & Vujicic N (2023). Effects of
CVD growth parameters on global and local optical properties of
MoS2 monolayers. Mater Chem Phys 296, 127185. https:/doi.
org/10.1016/j.matchemphys.2022.127185

Squier J & Miiller M (2001). High resolution nonlinear microscopy: A
review of sources and methods for achieving optimal imaging. Rev
Sci Instrum 72(7), 2855-2867. https://doi.org/10.1063/1.1379598

Microscopy and Microanalysis, 2024, Vol. 30, No. 4

Tsang TY (1995). Optical third-harmonic generation at interfaces. Phys
Rev A 52(5), 4116-4125. https:#/doi.org/10.1103/PhysRevA.52.
4116

Tserevelakis G, George F, Krmpot A, Vlachos M, Fotakis C &
Tavernarakis N (2010). Imaging Caenorhabditis elegans embryo-
genesis by third-harmonic generation microscopy. Micron 41,
444-447. https://doi.org/10.1016/j.micron.2010.02.006

Tserevelakis G, Psycharakis S, Resan B, Brunner F, Gavgiotakis E,
Weingarten K & George F (2012). Femtosecond laser nanosurgery
of sub-cellular structures in Hela cells by employing Third
Harmonic Generation imaging modality as diagnostic tool. |
Biophotonics 5,200-207. https:/doi.org/10.1002/jbio.201100055

van den Bos A & den Dekker A (2001). Resolution reconsidered-
conventional approaches and an alternative. In Advances in
Imaging and Electron Physics, Peter H (Ed.), vol. 117, pp. 241-360.
Amsterdam: Elsevier.

Wachulak PW, Torrisi A, Bartnik A, Wegrzynski ¥, Fok T &
Fiedorowicz H (2017). A desktop extreme ultraviolet microscope
based on a compact laser-plasma light source. Appl Phys B 123,
1-5. https://doi.org/10.1007/s00340-016-6595-5

Wang R, Chien H-C, Kumar J, Kumar N, Chiu H-Y & Zhao H (2013).
Third-harmonic generation in ultrathin films of MoS,. ACS Appl
Mater  Interfaces 6(1), 314-318.  https:/doi.org/10.1021/
am4042542

Woodward R, Murray R, Phelan C, Oliveira R, Runcorn T, Kelleher E,
Li S, de Oliveira E, Fechine GJM, Eda G & de Matos C (2016).
Characterization of the second- and third-order nonlinear optical
susceptibilities of monolayer MoS, using multiphoton microscopy.
2D Mater 4(1), 011006. https:/doi.org/10.1088/2053-1583/4/1/
011006

Yin X, Ye Z, Chenet D, Ye Y, O’Brien K, Hone ] & Zhang X (2014).
Edge nonlinear optics on a MoS; atomic monolayer. Science
344(6183), 488-490. https:/doi.org/10.1126/science. 1250564

Zipfel W, Willilams R & Webb W (2003). Nonlinear magic:
Multiphoton microscopy in the biosciences. Nat Biotechnol
21(11), 1369-1377. https:/doi.org/10.1038/nbt§99

¥Z0z Jaqueldes g0 uo Jesn apeibjeg Jo Ansieaun AQ Z9GZ 1 22/1 29/F/0S/e0IE/WRW/Wod dnoojwepese//:sdiy woly pepeojumoq



hv .
D photonics

Artide

fnbey

Improving the Two-Color Temperature Sensing Using Machine

Learning Approach: GdVO;Sm®* Prepared by Solution
Combustion Synthesis (SCS)

Jovana Z. Jelic 13, Aleksa Dencevski 1), Mihailo D. Rabasovic 102, Janez Krizan 1 Svetlana Savic-Sevic !,

Marko G. Nikolic 1, Myrdam H. Aguirre %50, Dragulin Sevic **

check for
updates

Citation: Jelic, JZ.; Dercevaki, A-;
Rabesovic, M. I ; Krizam, ].;
Savic-Sevic, 5; Mikolic, M.G.;
Aguire, MH.; Sevic, D; Rabasovic,
MLE. Improving the Two-Calor
Ternperature Sensing Using Machine
Leaming Approach: GAVOySm®™
Prepered by Solution Combustion
Synthesia (SCS). Photonics 2024, 11,
642 hitpe, /doi.org,/ 103390/
photonical 1070642

Received: 6 fune 2024
Revissd: 2 July 2024

Acceptec 3 July 2024
Published: & July 2024

5 O

o [T

Copyright © 2024 by the authors.
This article is an open acomes articke
disiributed under the terms and
conditiors of the Creative Corronors
Attribution (O BY) lceras (httpa
creativecommmons.org  licenses, by,
40/

and Maja §. Rabasovic 1*

1 Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia; jelic@ipb.acrs (JZ.1.);
dencevski@iph.ac.ra (A.D.); rabasovic@iph.ac.rs (M.DLR.); savic@ipb.ac.rs (5.5.-5.); nikolic@ipbac.rs (MG.N.)

* AMI d.o.o, 2250 Pruj, Slovenia; janez. krizan@gmail.com

?  Department of Condensed Matter Phygics, University of Zaragoza, E-50009 Zarageza, Spain;
maguirreBunizares

4 Instituto de Nanociencia ¥ Materiales de Aragén, University of Zarageea-CSIC, E-80018 Zarageea, Spain
Laboratorio de Micrescopias Avanzadas, Univervisity of Zaragoza, E-50018 Zaragoza, Spain

*  Cormspondence: sevic@ipb.acrs (D.5.); majap@ipb.acrs (MS.E.)

Abstrack The gadolinium vanadate doped with samarium (CAVOy:5m) nanopowder was pre-
pared by the solution combustion synthesis (SC5) method. After synthesis, in order to achieve
full crystallinity, the material was annealed in air atosphere at 900 *C. Phase identification in the
post-annealed powder samples was performed by X-ray diffraction, and morphology was investi-
gated by high-resolution scanning electron microscope (SEM) and transmission electron microscope
(TEM). Photoluminescence characterization of emission spectriim and time resolved analysis was
petformed tsing tunable laser optical parametric oscillator excitation and streak camera. In addition
to samarium emission bands, a weak broad luminescence emission band of host VO4*~ was also
observed by the detection system. In our earlier work, we analyzed the possibility of using the host
luminescence for two-color temperatute sensing, improving the method by introducing the temporal
dependence in line intensity ratio measurements. Here, we showed that further improvements
are possible by using the machine learning approach. To facilitate the initial data assessment, we
incorporated Principal Component Analysis (PCA), t-Distributed Stochastic Neighbor Embedding
{+SNE} and Uniform Manifold Approximation and Projection (UMAP) dustering of GAVOM:Sm®*
spectra at various temperatumes. Good predictions of temperatiite were obtained using deep netiral
networks Performance of the deep learning network was enhanced by data augmentation technique,

Keywords: samarium-doped gadolinium vanadate nanopowder; structural and luminescent properties;
lifetimme; phosphor thermometry; machine learning

1. Introduction

In this paper, we present the results of experimental investigation of Smg'*—doped
GdVOy nanopowders. Nanopowder GdVOy:5m is an efficient orange-reddish light-
emitting material [1]; light emission occurs due to a strong absorption of ultraviclet light
by GdVOy and efficient energy transfer from vanadate groups (VO4*~) to dopants (Sm™*).
Itis a good candidate for phosphor thermometry [1,2] Here, it is prepared by the solution
combustion synthesis (SCS) method [1]. Simplicity and low cost are the main characteristics
of this process. Phase identification in the post-annealed powder samples is performed by
X-ray diffraction, and morphology is investigated by high-resolution scanning electron mi-
croscope (SEM) and by transmission electron microscopy (TEM). The main aim of this study
is time-resolved analysis of luminescence properties of GdVO,,,:SIn3+ nanopowders. The
possibility for GdVOg:5m** usage in phosphor thermometry was analyzed in ref. [2], where
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temperature determination of sensing calibration curves was based on luminescence inten-
sity ratios of samarium lines. Inref. [1], we used the intensity ratio of the host luminescence
emission and samarium line to obtain temperature-sensing calibration curves, as proposed
in refs. [3-6]. Calculation of temperature by intensity ratio of two luminescence peaks of
different colors is called bwo-color thermometry. In ref. [1], the method was improved by
introducing temporal dependence in the ratio measurements, as proposed in ref. [7]. Here,
we propose a different approach, based on machine learning (ML). ML techniques are more
and more used in the analy sis of humi , near-infrared, and other spectral data [#-18].
QOwr findings demonstrate that instead of the conventional approach of identifying spectral
peaks and calculating intensity ratios, it is feasible to train computer software to recog-
nize time-resolved spectra associated with different temperatures of the thermophosphor.
Traditionally, luminescence thermometric methods rely on analyzing a single spectral
characteristic parameter, selected based on the properties of the thermophosphor and the
researcher’s intuition or experience. This approach leads to a partial utilization of spectral
data, limiting measurement accuracy and thermal resolution. In contrast, the authors of [12]
trained a deep kamning artificial neural network to extract multiple tem perature-dependent
features for temperature estimation, fully utilizing temperature-dependent spectral data.
However, the spectral data in ref. [12] did not include temporal information. In our re-
search, we take a step further by incorporating time-resolved spectra into machine learning
(ML}-based temperature estimation using a deep learning artificial neural network. This
approach allows us incorporation of the thermophosphor’s lifetime dependence into our
analysis. In ref. [15], our measurements were aimed to be used by ML. We performed
50 measurements for each temperature of the sample. Upon inspecting the measured
spectra in ref, [18], we realized that they have very small intensity differences, as expected.
The main differences between the spectra acquired at the same temperabure were contents
of random noise introduced by the photon-counting operation of streak camera. On the
other hand, in this study, we analyze measurements which were not obtained specifically
for ML; in other words, there was not a large enough training set of training data for
ML. To overcome this difficulty. we used the data augmenting techniques; see [19] and
references themein.

2. Materials and Methods

GdVOy nanopowder doped with samarium ions was prepared by the solution com-
bustion method, as described in ref. [1]. Stoichiometric quantities of starting chemicals
Sm(NOa)s, GA{NO4a)a-6H:0, and NHVOs with the purity of 99.99% were chosen to obtain
the Sm?* concentration in GAVOy of 1 at.% (Gdy_ggSmyy; V). All the chemicals and
ammonium nitrate NHyNO3 were purchased from ABCR, and urea, (NH3)2CO, from
Sigma-Aldrich Merck KGaA, Darmstadt, Germany. The dry mixture of 0.134 g (0.4 mmol)
of Sm(NOs)3, 18.05 g (40 mmol) of GA{NOa )3 -6Hz 0, and 4.676 g (40 mmol) of NHyV O3 was
combined with the mixture of 4.8 g (60 mmol) of ammonium nitrate and 3.003 g (50 mmol}
of urea, which were used as organic fuels. The prepared starting reagents were combusted
with aflame bumer at approximately 500 °C, yielding a voluminous foamy powder in an
intensive exothermic reaction. After the solution combustion synthesis, the nanopowder
was annealed for 2 b, in air atmosphere, at 900 °C. Annealing has an effect on increasing the
grain size of the nanopowders and it is widely used to achieve higher emission intensity.

The structure of the nanopowder was verified by X-ray diffraction analysis using
a Diffractometer system: EMPYREAN, PANalytical. X-ray diffraction analysis (XED)
was performed using a X-ray Diffractometer PANaly tical Empyrean, Malvern Panalytical,
Malvern, United Kingdom with monochromatic CuK « radiation (v = 0.15405980) at 45 KV
and 40 mA. The diffraction data for the GAVO4-5m nanopow der were collected over a 20
range from 5 to 1107 at a scan rate of 0.4° per minute.

The morphology of nanopowders and the size of crystallites were determined by
a high-resolution scanning electron microscope (SEM) equipped with a high-brightness
Schottky Field Emission gun FEGSEM, TESCAN Bmo—Kohoutovice Czech Republic.
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The morphelogy of GAV(4-5m nanopowder was also evaluated by transmission electron
microscopy (TEM), FEI Tecnai Fa0 Hillsboro, Oregon, United States. Photoluminescence
(PL) studies reported in this work were performed using the Optical Parame tric Oscillator
Vibrant OPO Carlsbad, California USA, as described in ref. [1]. The output of the OPO
can be continuously tuned over a spectral range from 320 nm to 475 nm. Time-resolved
streak images of the emission spectrum excited by the OPO system were collected using a
spectrograph (SpectraPro 2300i), Teledyne Princeton Instruments, New Jersey USA and
recorded with a Hamamatsu streak camera (model C4334), Hamamatsu City, Japan. All
streak camera operations were controlled by HPD-TA 83.0 (High-Performance Digital
Temporal Analyzer) software. For measurements presented here, we used a homemade
temperature control system, similar to the one in ref. [20].

To perform the machine learning (ML) analysis of the data, we utilized the Selo + Mia
software package (Version 9.1, Eigenvector Research Inc, Manson, Washington USA). Solo
provides a user-friendly environment, making it usable to individuals without program-
ming expertise.

The measured spectra were initially analyzed using Principal Component Analysis
{PCA) and Uniform Manifold Approximation and Projection clustering (UMAFP). PCA was
originally introduced in ref. [21], and for further details, we refer the reader to [22] and the
referenced sources therein. Efficient imp lementation of t+-SNE is proposed in ref, [23].

UMAF, a novel clustering technique suitable for visnalizing extensive datasets, was
recently proposed in ref. [24]. Ultimately, after conducting preliminary visualization exper-
iments, we employed a deep learning artificial neural network to estimate the temperature
of the heated samples.

3. Results
3.1. TEM, XRD, and SEM Study

The morphology of GAVOy:5m nanopowder was evaluated by transmission electron
microscopy (TEM). TEM analysis shows the presence of slightly elongated particles formed
by much smaller monocrystals as presented in Figure 1a. High-resolution TEM (HRTEM)
shown in Figure 1b exposes their good crystallinity, clear lattice fringes, and the interplanar
spacing of 477 A, which might be associated with the (101) plane of the tetragonal GAVOy
phase. Selected area electron diffraction (SAED) and fast Fourier transform (FFT) analyses
revealed d values of 477 A, 3.61 A, 2.69 A, 255 A, and 1.86 A, which match well with the
(101}, (200}, (112), (220), and (312) crystal planes of the tetragonal GAVOy phase (JCPDS
00-017-0260). We confirmed the coexistence of a cubic Gd; O3 phase, specifically the (222)
and (400) planes, with the corresponding d values of3.11 A and 2.70 A (JCPDS 01-073-6280).
In addition, the monophase composition of particles was identified by the presence of
the above-mentioned crystal planes with d values corresponding well to those obtained
through the X-ray diffraction (XRD) analysis of the sample presented in Figure 2.

Figure 1. (a) TEM image of GdVOy-5m nanoparticles with the inset showing the SAED pattern
{b) HETEM image of a section of the nanoparticle highlighted in the red squarte in (a). The inset displays
an interplanar distance of 4.77 A, likely coresponding to the (101) lattice plane of tetragonal GAVIOY.
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Figure 2. The XRD pattern of the GdVO4Sm nanopowder with respective Miller indices.

The particle size and morphology of the GAVO4:5Sm nanopowders were characterized
by SEM (Figure 3). Some particles were agglomerated as clusters; however, individual
spherical shaped particles are also visible in Figure 3. The estimated average particle
size was about 50 nm. Looking at the SEM image (Figure 3), it is likely that the sizes of
individual particles of nanopowders were about from 30 nm and up to 100 nm.

200 nm
3 ' B

Figure 3. SEM image of GdVO4:Sm nanopowder.

3.2. Photoluminescence and Lifetime Analysis

The streak image of the time-resolved photoluminescence spectrum of GdVO,Sm3+
using the 330 nm excitation is presented in Figure 4. The horizontal scale of the streak
image corresponds to wavelength and the vertical scale shows the development of spectra
in time. Images are usually presented in pseudocolor, where different colors mean different
optical intensities. Using camera software, it was determined that the estimated lifetime
of the most prominent samarium optical emission from the 4G5/ level is 0.78 ms at room
temperature [1].
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Figure 4. Streak image of the photol umine scence spectrum of GdVO,:5m* nanophoesphor (OFO
excitation at 330 nm) at room tempera ture.

3.3. Photoluminescence and Lifetime Analysis Tenperature Dependence of Photoluminescence

The new concept based on using the host luminescence for the luminescence intensity
ratio method was introduced; for more details, see [4] and references therein. In our
previous study [1], the method was improved by introducing temporal dependence in the
intensity ratio measurements, as proposed in ref. [7]. Namely, it was possible to increase
the sensitivity of the curve of intensity ratio between the host and samarium luminescence
if the appropriately selected part of temporal eveolution is used in calculation. This was
our early attempt to improve the temperature estimation by introducing the temporal
characteristics of luminescence emission, recorded by the streak camera. In ref. [25], we
combined several methods for temperature measurements to obtain the best results.

The luminescence spectra of GAVOy:5m nanopow der were measured at various tem-
peratures using OPO excitation at 330 nm and streak camera. Figure 5 shows the lumines-
cence emission of GdVOy:5m nanopowder at bwo temperatures.

Figure 5 Streak images of the photoluminescence spectrum of GdV OgSm* nanophosphor at
two temperatiires.

Figure 6, which provides analysis of temperature dependence at eight different tem-
peratures, is used in other analyses in this manuscript. Figure fa shows changes in intensity
ratios of luminescence peaks. Figure tb shows and summarizes changes in lumines-
cence lifetimes,
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Figure 6. Temperatume dependence of intensity ratios of luminescence peaks (a). Temperatuire
dependence of luminescence lifetimes (b).

It can be seen in Figures 5 and & that intensity ratios between different peaks vary with
changing the temperature of the sample. Moreover, lifetimes of luminescence emission
decreases with the increase in emperature. So, it is intuitively clear that taking into account
the intensity ratio and the lifetime of the luminescence emission provides better temperature
estimation. The analysis will be further improved if the intensities of all prominent peaks
are included into temperature estimation. The natural answer to the question of how to
achieve all this is to use machine learning methods applied to streak images.

In this study, the spectra wemre measured at 640 wavelength points. The time axis of a
streak image has 480 points. To alleviate the computational burden of machine learning
computations, we selectively chose specific portions of the streak image that contained
the majority of the spectral and time-resolved information. After some experimenting,
for the ML analysis, we focused on 90 spectral points corresponding to bands between
558 nm and 568 nm, 592 nm and 612 nm, and 41 nm and 656 nm. The selected time frame
consisted of 120 points. A total of 80 points were from a sireak image with the time range of
100 ps, equivalent to approximately 80 x 100/480 = 16.66 ps, starting from 25 ps. Another
40 points dwere from a streak image (of the same sample at the same temperature) with the
time range of 5 ms, equivalent to approximately 40 x 5000/480 = 416.66 ps, starting from
826 ps. In this way, there was sufficient information to highlight the intensity ratios and
temporal decrease in luminescence. We see the omitted points as a computational burden,
because in our earlier attermpts, with larger ROIs, there were no increases in performance
of the deep leaning network, just longer computational time.

To understand the following improvement of neural network performance, letus point
out that the rows of the streak image correspond to the spectra of the image at a certain time,
defined by the columns of the streak image. So, further improvement in performance was
achieved when we replaced five rows of selected ROITwith one row. In other words, each
pixel of the new row was calculated as a mean value of five points of the same wavelength
successive in time. Thus, we obtained an increased performance of the neural network (in
a sense of root standard errors) because of the mean filtering of columns; moreover, we
obtained calculations faster because of the reduced numbers of rows,

As a result, each sample used for ML analysis comprised 120/5 » 90 =24 »x 90= 2160
data points. To generate the input vector of 2160 data points, the pixel rows of each of
the selected spectral bands in the image were packed sequentially in time row by row. In
SOLO software, we used also two preprocessing techniques on neural network input data,
normalization, and data smoothing,

In order to construct the temperature calibration curve presented in ref. [1], we con-
ducted measurements on samples at regular intervals of about 50 degnees Celsius, ranging
from 27 °C to 350 °C. Measurements for temperature estimation were performed at bwo
time ranges, 100 ps and 5 ms. However, the number of measurements was obviously
insufficient for ML training. To obtain the larger training data set, we decided to use image
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data augmenting techniques. A nice survey on image data augmentation for deep learning
is presented in ref. [19].

Asa clue to augmentation of our measured spectra, we used the experience from our
earlier publication where measurements were carried out with the intention to be used
for ML analysis, taking 50 streak images for each temperature. The visualization of these
training data in ref. [18] by PCA and UMAP showed that the measured spectra at each
temperakure had similar characteristics. By looking at the spectral profiles, it could be seen
that they were almost the same, differing only by random noise.

Here, we use the same spectra, measured in ref. [1]. In order to obtain augmented
training set for ML analysis, we used the simple technique based on the properties of the
acquired streak images. Keeping in mind that the luminescence lifetime of this material
is about (.78 ms, it is easy to see that translating the region of interest of a streak image
by several rows results in almost negligible intensity change and a clear difference in
random noise added by the photon counting mode. After selecting the region of interest
for analysis, the shifting of the vertical offset of ROI was defined by a random number
generator, serving the purpose of augmenting the training data set. The procedure was
coded in the C language. We first used the training set consisting of 10 samples for each
temperature. The training data for each temperatume were added sequentially using batch
processing to obtain a training data file readable by SOLO software.

To check the usefulness of constructed training set and the actual diversity of data, we
used several visualization techniques.

Principal Component Analysis (PCA) score plots serve as a valuable tool for initial
data assessment and verification. In Figure 7, the scores on the first three principal com-
ponents of GdVO;:SmE"' spectra at different temperatures are displayed. It is noticeable
that spectra obtained at similar temperatures tend to cluster together, although not per-
fectly. Consequently, to facilitate the initial data assessment, we incorporated tDistributed
Stochastic Meighbor Embedding (t-SNE) and Uniform Manifold Approximation and Pro-
jection (UMAP) clustering of GAVOy5m™ spectra at various temperatures.

PCA

L™

Scares on PC 2 (1.54%)
n a
L.

.5;""'.‘-5 ;:llel} 195, 1?%I-.
Figure 7. Scores on first two principal components of GdVO,:Sm™ spectra at different temperatures
The t-5NE and UMAP clustering results of GdVD,;:SmS*' spectra at various temper-

atures are depicted in Figures 8 and 9. It is obvious that the good groupings of classes
are distinguishable.
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The deep learning artificial neural network (ANNDL) implementation in SOLO can uti-
lize either the SciKit or TensorFlow Py thon packages. In our case, we chose the TensorFlow
Python package, which utilizes GPU acceleration for highly efficient computations.

The primary concept behind temperature estimation of thermophosphors using AN-
NDL involves training the network with sample spectra that have corresponding tempera-
ture measurements. During the training phase, the network iteratively minimizes errors
between the calculated and predicted temperatures. Since the region of interest in the
streak image of GdVOy:5m consists of 2160 points, the input layer of the deep learning
network has 2160 nodes Considering that this nefwork aims to approximate two types of
exponential functions—one for intensity ratios and another for uminescence lifetime—we
initially considered using bwo hidden layers. The initial default size of a hidden layer
in SOLO software is 100. However, we experimented with different numbers and sizes
of hidden layers. Based on our experience, we decided that 100 nodes do not provide
optimal predictions, in a sense of root mean standard errors. We gradually increased the
sizes of hidden layers until the increase in neural network performance became saturated.
Ultimately, we determined that a neural network with two hidden layers, each containing
540 nodes, was the optimal solution. The optimal number of epochs was 600, the batch size
was 50. The output layer consisted of a single node representing the predicted temperature.
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A schematic diagram illustrating the deep learning nebwork used in this study is shown in
Figure 10,

20 nodes

30 nodes

RO of Streak
Image24 x 90

L

Dutput node
Predicted
temperature

H
.
.

W rades B Hidden layers 540 nodes

Input layer 24 x 90 = 2160 nodes

Figure 10. A schematic diagram illustrating the deep learning network used in this study. It is not
possible to draw all arrows, and the shown arrows are merely symbolic, The pixel rows of the region
of interest in the image are fed into the input layer as shown in the diagram.

After conducting several experiments, we determined that the Adam optimizer out-
performed other optimizers, and that the Relu activation function is optimal for our case.
Adam optimizer utilizes a default learning rate of 0.001, but it can adaptively adjust the
learning rate based on the characteristics of the data. For cross-validation, we employed
the Venetian blind method with a data split of 10, meaning that in each sub-validation
experiment, 90% of the data was used for training and 10% for validation.

In other words, this 10% of data was used as test data, not seen by the computer
in sub-validation experiment where 90% of data was used for training. To be precise,
such sub-validation experiments were repeated 10 times, making test data unnecessary.
Moreover, it should be noted that validation computational time is much longer than the
initial construction of the neural network.

Following further experimentation, we selected a batch size of 50. After some trial and
error, we decided to set the number of epochs to 600, Before processing the data, we used
normalization procedure 1-Norm (area = 1) on the dataset. Then, the data were smoothed
using the Savilzky—Golay filter. The width of the filker was five, with a polynomial order of
six and weighted tails. These preprocessing options are built in the SOLO software.

Figure 11 shows the results of deep learning predictions of the measured temperahures
when the neural network is presented with part of the spectra not seen by the computer
in that validation cycle. Notably, the errors for the samples within the training set are
relatively small. Validation errors are comparably larger. In comparison to the results
presented in ref. [18], we observed larger maximum errors.

Based on the idea that a larger training set reduces problems in neural nebworks, we
augmented the training set to 50 samples. Figure 12 shows the results of deep learning
predictions of measured temperatures when the augmented training set was used. More-
over, optimizing the structure of the neural network resulted in decreasing of the optimal
number of epochs from 600 to 100, and the balch size decreased from 50 to 12. Errors wene
comparable to the results presented in ref. [18].
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Figure 12, Plot of predicted temperatures using the training set of 530 samples for each temperature.
RMSEC refers to the root mean standard error of calibration; EMSECV refers to the root mean
standard error of cross-validation.

4. Discussion

In this study, the data not criginally intended for ML were visualized using PCA,
+5NE, and UMAE, showing the good grouping of the data cormesponding to the same
temperature. Thus, in this paper, visualization techniques proved the possibility of using
the original experimental data after appropriate augmentation.

In [18], for each temperature, a set of 50 spectra was measured, resulting in a total
of 650 training spectra (13 temperatures multiplied by 50 spectra per temperature). Here,
we analyzed the spectra corresponding to eight femperatures, and the training set initially
comprised 80 (8 multiplied by 10) spectra. Using visualization techniques, we proved
that the technique used for data augmentation was appropriate. However, subsequently
using ANNDL to obtain temperature predictions with similar values of RMS as in ref. [18],
we had to expand the training set up to 50 for each temperature. After that, the struc-
ture of ANNDL and computational times were similar to those in ref. [18]. It should be
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pointed out that structure (number of hidden layers and number of their nodes), number of
epochs, and batch size decreased when ANNDL was trained with the training set of 50 for
each sample.

In the previous section, we presented the best results achieved through a trial-and-
error process. Now, we validate this educated guess using the learning curves of the neural
network. The lkarning curves illustrating the training progress of the ANNDL model are
shown in Figure 13. The curves were generated by repeatedly running the deep neural
network model with an increasing number of epochs. Based on the shapes of these curves,
we decided to set the number of epochs for future experiments with these data to 100 as
a precaution.

.

& roof-mean-standard error for calibration
| +— root-mean-standard error for cross-validation

Less

o

T T T T T T T T T T T T T T
0 20 40 B0 BD 100 120 140 150 180 200 220 240 280 280 300

MNumber of epochs
Figure 13. The learning curves depicting the training progtess of the ANNDL model.

When comparing our results to those reported in ref. [26], our method yields slightly
superior prediction errors. Notably, our deep neural network model achieves optimal
performance after approximately 100 epochs, whereas the study inref. [26] requires training
the nebwork for 68000 epochs.

In mference [13], the authors explore the use of linear transformations (Principal
Component Analysis) and non-linear transformations (+Distributed Stochastic Neighbor
Embedding) on thermophosphor calibration datasets. Their findings show a clear adwvan-
tage compared to our results when using PCA or UMAF. However, this was exactly why
we chose toemploy a deep learning neural network in our approach.

Compared to the mesults presented in ref. [12], we observed slightly larger maxi-
mum errors. We anticipated that incorporating the time development of luminescence
spectra into our prediction model would enhance performance relative to the network
described in ref. [12]. However, it is important to note that our temperature controller
lacks manufacturer-specified resolution and accuracy. We estimate that its sporadic errors
can reach up to two degrees Celsius, regardless of the temperature value. As a result,
the relative error can be significant at lower temperatures. In contrast, the temperature
controller used in ref. [12] has a specified temperature resclution of 0.01 degrees Celsius
and a stability of £0.05 degrees Celsius. Cur main objective was to validate the concept of
using the time evelution of luminescence spectra for remote temperature estimation, and
the results presented here support this concept.

5. Conclusions

After aphase identification and morphology of postannealed powder samples
GAVOy:5m* using X-ray difiraction, the ime-resolved analy sis of this nanoposphor hami-
nescence was conducted. The estimated lifetime of the most prominent samarium optical
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emission from the dGsl,rz level is 0.726 ms at room temperature. We employed machine
leamning techniques to analyze the optical spectra of Gd‘\.’l:!id,:Smg’+ thermophosphor in
order to improve remote temperature measurements. Our approach deviates from the
conventional method of identifying spectral peaks and calculating their intensity ratio.
Instead, we trained a computer model to recognize the time-resclved spectra associated
with different temperatures of the thermophosphors. This allowed us incorporation of not
only the intensity ratios of all peaks but also the luminescence lifetime as an additional
parameter. We showed that, for the analyzed GdVDi:SmE* material, the temperature
sensing is useful up to 350 ®C. We used the streak camera to prove the concept. The real
application of this method will be based on using the gated CCD cameras and appropriate
bandwidth filters for selecting the emission region of interest. To improve the performance
of the deep learning network, we used the augmenting of the training data set. In summary,
our analy ses proved that it is gossi’ble to use a deep learning neural network for improved
temperature sensing with Sm**-doped GdV'(Oy nanopowder.
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Abstract. We present time resolved measurements of the laser induced plasma
development in air. A Q-switched Nd:YAG laser is employed as the excitation
source. The detection part of the acquisition system is based on a streak cam-
era. We propose streak image processing technique based on a set of simple
algorithms as a way to obtain estimations of plasma core and plasma plume
instantaneous velocity. Using of the proposed technique enables us to obtain
all data relevant for temporal analysis by a single shot excitation.

Key words: Laser induced breakdown spectroscopy — Streak camera — Image
processing

1. Introduction

The formation of laser induced breakdown (LIB) refers to a plasma produc-
tion by focusing an intense laser beam in a gas, liquid or solid target. Pa-
rameters of laser induced plasma depend on irradiation conditions, such as
laser intensity, pulse duration, laser wavelength or ambient gas. To understand
the process of laser induced breakdown it is required to obtain the detailed
knowledge of the initial stages of various processes involving laser duration and
irradiation, plasma formation and its expansion. The nanosecond laser pulse
generates plasma through thermal and non-thermal mechanisms. Studying the
plasma formation with a high temporal, spectral and spatial resolution is of
a great interest and formation of laser induced breakdown plasma in air has
been studied by many researchers Robledo-Martinez et al. (2008); Villagran-
Muniz et al. (2001); Camacho et al. (2010); Kawahara et al. (2007); Pandey &
Thareja (2010); Hori & Akamatsu (2008), including references therein. After the
initial breakdown, plasma plume propagates towards the focusing lens Robledo-
Martinez et al. (2008). The bright plasma core of the LIB plasma in open air is
surrounded by a layer of cold, moderately ionized gas called the sheath Robledo-
Martinez et al. (2008). Glow of plasma sheath, although fainter than the core,
is also visible to the naked eye. An explosive plasma expansion induces opto-
dynamic phenomena, i.e., the propagation of a shock, acoustical and ultrasonic
waves. The optodynamic phenomena convey important information about the
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laser-material interaction. On the other hand, optical lines emission due to the
electron transitions in laser-induced plasma can be used to obtain the crucial
information for elemental analysis of samples in all three states. Studying the
plasma formation with a high temporal and spatial resolution is therefore of
a great importance in a laser-induced material transfer Bohandy et al. (1986);
Mattle et al. (2012); Feinacugle et al. (2012), pulsed-laser deposition Lunney
(1995); Sdnchez-Aké et al. (2012); Guzmén et al. (2013), and various indus-
trial applications Bilmes et al. (2006); Lackner et al. (2004). The velocity field
measurement of LIB plasma plumes in air has been the subject of various exper-
imental techniques in recent years Koll et al. (2020); Shi et al. (2019); Nishihara
et al. (2020). The influence of the delay time between the subsequent plasma
images along the different directions are investigated in Shi et al. (2019). In
this paper we propose streak image processing technique as a way to obtain
estimations of plasma core and plasma plume periphery instantaneous velocity.
Studies with similar aims were presented in references Robledo-Martinez et al.
(2008); Villagran-Muniz et al. (2001); Camacho et al. (2010); Kawahara et al.
(2007), but our method of data processing is quite different. Using the picosec-
ond temporal resolution of our streak camera we analyze the initial time period
after the laser induced breakdown. There are many well known simple image
processing algorithms but the answer to the question which simple algorithms
should be selected for use and how to combine them to achieve the goal desired
in our study is not simple at all. After some considerations we discarded several
techniques which seemed at the first glance as obvious solution for our problem.
Namely, common image processing techniques are usually intended to be used
on images seen in nature by a human observer. Streak images look like images,
but they have some specific characteristics. First of all, they are spatial only
in one dimension, the other dimension being the time. So, for example, general
gradient methods for image edge detection would be misused if applied here and
we discarded them.

2. Methods

A schematic diagram of the experimental apparatus is shown in Fig. 1. Time re-
solved LIB system implemented in our laboratory is based on Nd:YAG laser and
Optical Parametric Oscillator (OPO; Vibrant 266). The OPO system, pumped
by a pulsed Q switched Nd:YAG laser (Brilliant B) includes the second and
fourth harmonic generator (SHG and FHG). In our experiments we used all
outputs of this laser system as the excitation sources, but in this paper only
the fundamental output at 1064 nm (pulse energy up to 270 mJ, pulse duration
of about 5 ns) is used to create an optical breakdown in ambient air. One of
advantages of using the excitation at 1064 nm is the fact that, for any kind of
temporal analysis, we do not need to perform deconvolution of the laser pulse
signal from streak image of plasma emission. The delay generator (Stanford Re-
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search Systems DG535) plays a significant role in the streak camera operation.
Timing considerations regarding the laser pulse and streak camera synchroniza-
tion are very important in our measurements Rabasovic et al. (2012, 2019), so
we added a photodiode and digital oscilloscope to our experimental setup, Fig.
1. The plasma plume in air is obtained by focusing the laser beam using lens
with the focal length of 40 mm. The OPO system is controlled by OPOTEK
software installed on PC.

OPOTEK Seam  Focussing lens
Nd:YAG OPO i Souer A Target
266,532,1064 nm [ 1 o
PC computer } Attenuator |
| ‘ Photodiode o
FOUR CHANEL 1 2
DIGITAL DELAY/PULSE i 8
1 2
g g
Digital §
STREAKSCOPE. oscilloscope I
CONTROLLER |
STREAKSCOPE
Spectrograph | - TEAD
PC computer

Figure 1. Setup for time-resolved laser induced breakdown measurements.

The optical emission from the plasma is collected by using a spectrograph
(SpectraPro 2300i) and recorded with a Hamamatsu streak camera (model
(C4334) ( Fig. 1). The streak images are time resolved thus enabling moni-
toring of temporal evolution of the ionic and atomic emission lines or spatial
development of the plasma. The camera has the spectral range from 200 nm
to 850 nm and time resolution up to 30 ps. The CCD chip has a resolution of
640 x 480 pixels. The data are acquired and analyzed using High Performance
Digital Temporal Analyzer (HPD-TA) software, provided by Hamamatsu. Our
earlier research of optical emission of plasma was limited so far to analysis of
time resolved optical emission spectra acquired by the streak camera Sevic et al.
(2011); Rabasovic et al. (2012, 2014). To make our study more comprehensive
we saw the need for measuring the spatial distribution of plasma optical emission
Rabasovic et al. (2019) and requirement for easy switching between the spec-
tral and spatial measurement modes of our streak camera system soon became
apparent to us. We performed a simple modification of our spectrograph that
enables easy switching between the spectral and spatial measurement modes.
Similar modification was already proposed and successfully used in the study
of Siegel et al. (2005), where imaging device was ICCD camera. Our modifica-
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tion is different in a sense that optical alignment of target area to the streak
camera slit needs special consideration and careful procedure. The spectrograph
contains the triple grating turret. The diffraction gratings of 50, 150 and 300
gr/mm were installed. In the place of the 150 gr/mm grating we mounted the
plain mirror. Now, if grating of 150 gr/mm is selected by HPD-TA software,
than spectromemer projects the image of entrance slit to the streak camera. At
the same time, collecting lenses project the image of the target plasma to the
spectrometer entrance slit. In this way, streak camera instead of the image of
the optical spectrum takes the image of the spatial distribution of the optical
emission of the laser induced breakdown. The spectrograph entrance slit should
be fully open to utilize as much as possible of the CCD camera active area. For
measurements presented here other optical parts of the acquisition system were
chosen so to have overall optical magnification of 0.6. In this case, the calibra-
tion procedure shows that 1 mm on the target position corresponds to 72 pixels
of the CCD camera.

3. Results and discussion

Single-shot laser induced breakdown plasma emission spatial images analyzed
in this paper are acquired in the direction perpendicular to the laser beam, as
shown in Fig. 1. The streak image of the laser induced plasma (excitation at
1064 nm, energy of 51 mJ, peak intensity of 1.3 10** W /cm?) is shown in Fig.
2. The time axis is vertical, with zero time on the top of the image. The spatial
axis is horizontal. The development of the plasma is seen on the streak image as
vertical development (corresponding to a passing of time) of a narrow horizon-
tal section of plasma optical emission, seen through the camera slit, along the
direction of propagation of the laser beam. In other words, two dimensional (2
D) streak image corresponds to only 1-D spatial image, represented by rows of
image matrix, the other dimension being the time. The streak images are often
presented in pseudo-color, where different intensities are coded as different col-
ors. However, the edges on such images could be misunderstood by an observer,
so we present streak image as grayscale. Red points indicate the edges and peak
values of plasma brightness, detected by our image processing algorithm. The
laser beam is incident from the right-hand side of the streak image. As expected
Robledo-Martinez et al. (2008), plasma plume expands towards the laser beam.

Our streak image processing algorithm is effective and easy to implement.
First, the rows of streak image are mean filtered, using nine neighboring pixels,
two times iteratively.

3 L)

Lout[a] = % (1)

where L[z] denotes intensity of streak image pixel with coordinate a.
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Figure 2. Streak image of the laser induced plasma (excitation at 1064 nm, energy of
51 mJ). Red points indicate the detected edges and peak values of brightness of the
plasma plume.

The preliminary tests showed that mean filter is quite satisfying and simple
method of filtering. We didn’t use median filter because it is not suitable for
Gaussian noise which is present on our streak images. It is generally true that
median filter (often improved with several techniques like fuzzy logic, weighted
coefficients, etc) performs better than mean filter. However, when there is too
much Gaussian noise, a median filter blurs fine structures of an image and
causes edge jitter and streaking Yang (1999). So, after some initial tries we have
selected the mean filter which is simpler to implement than median. To alleviate
effects of impulse noise, we introduced the following correcting rule:
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if ((L[z] — mean) > threshold) then L[z] = mean
where mean is calculated as mean value of eight neighboring s:

r=-1

Z Lz] + i L[]

S
mean = By E— (2)

After some experimenting, The threshold was set to be 5 % of value of
maximal pixel intensity of analyzed streak image.

The problem of streak image noise is typically solved by using some kind of
cumulative or integrating measuring streak camera techniques, based on repet-
itive laser excitation. By using the proposed filtering method it is possible to
use a single-shot laser excitation.

All our streak images of plasma development are of the similar shape and
the plasma contour is similarly positioned on the image, so it is possible to use a
simplified algorithm for edge detection, specialized for our purpose. Namely, it
is assumed that the right edge of plasma plume is detected when pixel intensi-
ties exceeds certain threshold above the averaged background, testing iteratively
through the row of pixels, starting from the right side of the image. The algo-
rithm is similarly conducted for the left edge of plasma plume. It is supposed
that the pixel or pixels with the peak value of brightness of plasma core are
identified when the value of pixel is equal to the calculated value of peak of that
row. We did not limit the peak to the only one pixel because it would make a
fitting of curve indicating the moving of plasma core more difficult.

The time diagrams of position changes of left and right side edge of plasma
plume, and of the peak of plasma brightness, corresponding to the movement of
the center of plasma core, are shown in Fig. 3. Note that the time ranges in Fig-
ures 3 and 4 correspond to the part of streak image where plasma expands. The
diagrams are obtained by transferring the coordinates of pixels corresponding to
detected edges and peaks of rows of streak image from Fig. 2. Time dependence
of instantaneous-velocity of edges of plasma plume and peak brightness were
also calculated from the same data set and shown in Fig. 4. Data corresponding
to fitted curves from Fig. 3 were used for calculation to avoid nonexistent ve-
locity fluctuations. Because the plasma plume is expanding and moving to the
right at the same time, the velocity of the right edge is greater than the velocity
of the center of the core, as shown in Fig. 4. As the expansion of the plasma
plume ceases (for excitation energy of 51 mJ after about 10 ns) the velocity of
right edge of plasma plume decreases. The velocity of the left edge of the plasma
plume is smallest, because the direction of the plasma expanding is opposite to
the direction of the plasma moving (Fig. 4).
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Figure 3. The time diagrams of moving of left side and right side edge of plasma
plume, and of the peak of plasma brightness.
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Figure 4. The time diagrams of instantaneous velocity of left side, right side (towards
the laser beam) edge of plasma plume, and of the peak of plasma brightness.
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Let us point out that, as stated in Introduction, our approach is quite differ-
ent than the approaches in references describing investigations of laser produced
plasma plume cited in our paper (before all, because their experimental equip-
ment is more complex), so it is difficult to provide a quantitative comparison.
There is no doubt that the results presented in cited references are more detailed
and reliable, but similar investigations in cited references use fast framing cam-
eras with two dimensional imaging, while our streak camera, although faster in
time, has only one spatial dimension. Our study provides improved analysis of
streak images based on image processing techniques.

It’s important to highlight that the single-shot feature of our system has two
dimensions: firstly, all the necessary data for calculating instantaneous velocity
can be found within a single streak image, and secondly, the streak image can
be acquired in a single shot thanks to the noise filtering method introduced in
this paper.

4. Discussion and Conclusions

We have presented streak camera velocity measurements of the laser induced
plasma development in air. We have described how to obtain estimations of
plasma core and sheath instantaneous velocity by using streak image processing
technique, based on image noise filtering and plasma sheet edge and plasma core
peak brightness detection. So, we have provided, by data postprocessing tech-
niques, alternative to much more complex experimental setups analyzing the
laser produced plasma plume. All data relevant for temporal analysis were ac-
quired by a single shot excitation. The presented method is suitable for plasma
sheath velocity measurements from the very beginning of the laser induced
breakdown by using a picosecond time resolution of our streak camera. For
our future work we plan to include machine learning techniques for improving
quality of streak images.
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retains its degree of dispersion for one week. Therefore, this model is a suitable
candidate for further research and development of a lipid-based dosage form for
Alendronate sodium.
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Microscope resolution is the shortest distance between two points on a sample that
can be distinguished as separate entities. Due to the wave nature of light and
the phenomenon of diffraction, it is fundamentally limited: even under theoreti-
cally ideal conditions and optical components, the microscope has a finite resolu-
tion.

In this paper, we determined lateral and axial resolution of a nonlinear laser scan-
ning microscope by measuring its point spread function (PSF) in two ways: by imag-
ing fluorescent beads using two-photon excited fluorescence (standard method),
and by using monolayers of molybdenum disulfide - M 0S5 (non-standard method),
obtained by chemical vapor deposition [1], which, due to the lack of central sym-
metry, efficiently generate second harmonic signal.

Parameters such as the numerical aperture of the objective and the excitation wave-
length contribute to the resolution, so it changes depending on the current set-
ting of the microscopic system. Measurements were performed for two different
objectives and several standard excitation wavelengths, depending on the type of
sample. As expected, the best resolution was obtained for the objective with the
largest numerical aperture (40x 1.3) and the shortest excitation wavelength (730nm):
Rige = 260nm, Ry, = 1648nm. In addition, the values obtained by the non-
standard method are closer to the theoretical values of the resolution, because the
contributions of the out-of-focus signal are significantly smaller due to the two-
dimensional nature of the layers. This implies that it is better to use this type of
sample to determine the resolution of the microscope. The measured PSF can be
further used to deconvolve the images obtained on this microscope.

Due to its properties such as large penetration depth of incident radiation and label-
free imaging, as well as the possibility of obtaining 3D models, our microscope is
widely used in examination of the samples of biological origin, such as: erythrocytes
[2], chitinous structures [3], human colon tissue [4], collagen and dentin.
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Leukemia is the most common type of cancer found in children. It accounts for
around 33% of all malignant diseases in pediatrics.

Differential scanning calorimetry DSC is a highly sensitive technique that measures
temperature-induced conformation changes in proteins. As such, it is useful in mea-
suring the exact values of concentration, conformation and interaction between pro-
teins and other molecules and allows for observing specific insignificant changes
in blood plasma and CSF (cerebrospinal fluid), related to various pathological pro-
cesses. This way, plasma and CSF proteins could serve as biomarkers for the diag-
nosis and monitoring of the disease.

In this study we have used DSC to compare alterations in the protein thermal de-
naturation profiles of blood plasma and CSF, taken from children with acute lym-
phoblastic leukemia (ALL), with the corresponding fluids from other children in
continuous remission with healthy clinical and hematological statuses, used as con-
trols.

Here we present DSC measurements of blood plasma in children in cases with
leukemic infiltration present in the bone marrow. In some cases they are about
newly developed disease or relapsed one, and in other cases about Non-Hodgkin’s
lymphoma with secondary spread to the bone marrow and also lymphoid blast crisis
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Structured Illumination Microscopy - SIM is a wide-field microscopy technique that enables imaging
of biological samples with a lateral resolution better than the diffraction limit [1]. In this paper, we
present a low-cost, custom-made superresolution fluorescent microscope which enables recording of
images in two modes: epifluorescence mode and superresolution mode. Images taken in epifluorescence
mode have a resolution that is slightly above the diffraction limit, while superresolution images are
taken with a resolution significantly below the diffraction limit.

This microscope is basically a conventional epifluorescence microscope with the addition of specially
designed diffraction grating. The excitation of the microscope is designed so that simultaneous imaging
of samples at different excitation wavelengths is possible. An independent controlling system with
microcontrollers was developed for this microscope. Controlling system was specifically designed to
synchronously activate laser diodes, initialization of camera exposure, as well as a system for rotating
diffraction grating, with the aim that biological samples are exposed to laser radiation only during image
recording. On the other hand, the software of this microscope enables all users to quickly control all
parts of the system as well as reconstruct recorded images. A significant application of this technique
is in the recording of various biological samples [2], non-invasively, with minimal photobleaching and
phototoxicity of the samples while using low laser power.
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Microscope resolution is the shortest distance between two points on a sample that can be distinguished
as separate entities. Due to the wave nature of light and the phenomenon of diffraction, it is
fundamentally limited: even under theoretically ideal conditions and optical components, the
microscope has a finite resolution.

In this paper, we determined the lateral and axial resolution of a nonlinear laser scanning microscope
by measuring its Point Spread Function (PSF). The measurement was preformed in two ways: by
imaging fluorescent beads using two-photon excited fluorescence (standard method), and by using
transition metal dichalcogenide monolayers of molybdenum disulfide and tungsten disulfide (cutting
edge method). The monolayers - obtained by chemical vapor deposition [1], efficiently generate second
harmonic (SHG) signal due to the lack of central symmetry. The monolayers were also used for
determination of the lateral resolution of third harmonic generation (THG) microscopy.

Measurements were performed for different objectives and several standard excitation wavelengths,
depending on the type of sample. As expected, the best resolution was obtained for the objective with
the largest numerical aperture and the shortest excitation wavelength. In addition, the values obtained
by the non-standard cutting edge method are closer to the theoretical values of the resolution, because
the contributions of the out-of-focus signal are significantly reduced due to the two-dimensional nature
of the layers. The measured PSF can be further used to deconvolve the images obtained on this
microscope.

Due to its properties such as great depth of penetration of incident radiation and label-free imaging, as
well as the possibility of making 3D models, our microscope is widely used in examining samples of
biological origin, such as: erythrocytes [2], chitin structures [3], human colon [4], collagen, dentin, etc.
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Figure 1. Left: WS; (mono)layers; right: fluorescent beads of different diameters (4um and lpm).
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Fluorescence Correlation Spectroscopy (FCS) is a powerful and non-invasive technique for
quantitative characterization of the concentration, mobility, and interactions of
fluorescent/fluorescently labeled molecules in vitro and in vivo [1]. By exploiting the
capabilities of a confocal microscope and time-correlated single photon counting (TCSPC),
FCS offers extremely high temporal resolution (down to picosecond time scale), diffraction-
limited spatial resolution (= 200 nm), as well as single-molecule sensitivity. Conventional
Fluorescence Correlation Spectroscopy (FCS) utilizes temporal autocorrelation analysis of
fluctuations in the recorded fluorescence signal caused by the motion of molecules
(concentrations in nM range) through the small sample volume, often referred to as the
focal volume (typically 0.2 — 1 fL) [2]. Furthermore, FCS can provide insights into local
microenvironments, such as viscosity or pH, or about any other molecular process related
to alterations in the fluorescence signal. By labeling the drug or the target molecule with a
fluorophore, FCS can quantify the binding affinity, association/dissociation kinetics of drug-
target interactions [3].

Here, we present our custom-made Fluorescence Correlation Spectroscopy (FCS) system,
which utilizes a laser diode operating at 488 nm to effectively excite fluorescent dyes such
as Alexa 488, FITC, Atto 488, and Rhodamine 110. We conducted a comprehensive
characterization of the system's performance by studying Rhodamine 110 in both aqueous
solutions and sucrose solutions with varying mass percentages. In the case of a 2 nM
aqueous solution of Rhodamine 110, we obtained a diffusion time of 30 ps. Further analysis
of the obtained results clearly demonstrates that our home-built FCS system achieves
single-molecule sensitivity and possesses a focal volume that is comparable to that of
commercial instruments.
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TajnacHy ayxuny nodoyae (730 nm): Py = 260 nm, P, = 1648 nm. [loxarho,
BpeIHOCTH 00MjeHe HECTAHAAPAHOM METOJOM CY ONHCKHje TEOPHjCKHM BpPEIHOCTHMA
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3. Rabasovi¢, M.D., Panteli¢, D.V., Jelenkovi¢, B.M., ef al., 2015, J. Biomed. Opt. 20:016010.

3axpanauna: Osaj pao je uuancupar 00 cmpane @Ponda 3a nayky Penyonuxe Cpbuje, npozpam
IIPOMHC, npojexam HEMMAGINERO. 3axsamwyjemo ce npog. Op Baadanu Byrojesuh uz Kapoauncka
Huemumyma y Cmorxoamy, Lleedcka 3a obezbehene gayopecyenmue chepe.
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5. I[ToTBpAa 0 ynucaHuM JOKTOPCKUM CTyaujama

YHUBEP3WUTET Y BEOIrPALY

Appeca: CtygeHtcku Tpr 1, 11000 Beorpag, Peny6nwvka Cp6uja
Ten.: 011 3207400; daxc: 011 2638818; E-mail: kabinet@rect.bg.ac.rs

Beorpap, 26.08.2024. ron
06 bpoj: 61203-47/ 493-24
JK/

Ha ocHosy unana 29 3akoHa o onwTem ynpaBHoM noctynky (“Cnyx6enu rnackuk PC", 6p. 18/2016 u
95/2018 - ayTeHTW4HO Tymadewe v 2/2023-oanyka YC), a Ha 3axTeB cTyaeHTa Anekca [leHYeBcky,
nsgaje ce cnegeha

NnoTBPOA

Aa je Anekca [lenyescku, pohen 24.02.1998. rogunne y Kparbesy, PenyGnuka Cpbuja, ynucaH Ha
AOKTOpCKe akapemcke ctyauje: ,buodnanka” (180 ECIB) Ha YHusepsuTeTy y Beorpagy, y WKOMCKO]
2021/2022. rop. CTypeHT je ynucao wkoncky 2023/2024. roguHy y craTycy: uHaHcupare 13 byyeTta.

Cepxa nsgasama NnoTBpAe: Ha NUYHK 3axTeB CTyaeHTa.

Pykoeogunay Cnyxb6e 3a cryanj

BpaHka Byk’ ’an)ﬂ/)

Crpanuya 1 o4 1



6. Konnja qumiomMa OCHOBHMX M MacTep CTy/auja

Penydnuxa Cpduja
Yuusepsuiieii y beoipagy

Ocrusay: Petyénuxka Cpduja
Hossony sa pag dpoj 612-00-02666/2010-04 og 12. okitioSpa 2011.
yB iogune je usgano Munucidapciauso iipocseitie u Hayke PeitySnuxe Cpduje

DQusuuku pakyniteiti, beoipag
Ocnusay: PeySnuka Cpduja )
Mlossony sa pag Spoj 612-00-02409/2014-04 og 8. ceitiiemdpa 2014. iogune je usgano
Munuctmapciaso tpocseitie, HayKe u exronouxoi passoja PeitySnuxe Cpduje

Anexca, Henag, [JeHueBcku

pohen 24. gedpyapa 1998. iogune, Kpameso, Peitydnuxa CpSuja, yiucan woncke 2016/2017,
iogune, a gara 10. cediiemdpa 2020. ioguHe 3aBputio je 0CHOBHe aKagemcke ciikyguje,
UipBol clieilena, Ha ciygujckom ipoipamy TTpumervena u Komiyjyiiepcka gusuka, 0duma

240 (gsecitia veitipgeceit) dogosa ECITE ca iipoceurom oyerom 9,66 (geseiti u 66/100).

Ha ocHoBy tioia usgaje my ce oBa guiinoma o cilie4eHOM BUCOKOM 00pasosatrby u Cipy*HHOM HA3UBY

GUUTOMUPAHU pu3u4ap

Bpoj: 11642200
Y Beoipagy, 2. pedpyapa 2021. iogune

Hexan Pexitiop
Ipod. gp Mpan Benta Ipog. gp Usarka INoitosuh
b —— /

00116819



Peiiydnuxa Cpduja
Yuusepsuineiti y beoipagy

OcHusay: Peitydnuka Cpduja
JHossony 3a pag Spoj 612-00-02666/2010-04 og 12. oxiwiodpa 2011.
yB iogune je usgano Munuciiapciaso ipocseiie u Hayke Peitydnuxe Cpduje
Qusuyxku ¢aKyﬂmem, Beozpag
OcHusay: Peitydnuka Cpduja
Jlozsony 3a pag dpoj 612-00-02409/2014-04 og 8. ceiiiwemdpa 2014. iogune je usgano
Munuciapcitiso ipocseiiie, Hayke u illexHon0uKoi passoja Peitydnuxe Cpduje

Aunekca, Henag, /JeHuescku

pohen 24. pedpyapa 1998. iogune, Kpaweso, Peiiydnuka Cpduja, yiiucar wkoncke
2020/2021. ioguHe, a gaHa 28. cediniemépa 2021. ioguHe 3aBpuino je Maciiep akagemcke
ciyguje, gpyioi ciiefiena, Ha ciygujckom iipoipamy TIpumervera u Komijyiiepcka Ppusuxa,

oduma 60 (wesgecein) Sogosa ECITE ca iipoceurom oyerom 10,00 (geceiti u 0/100).

Ha ocHosy flioia usgaje my ce 0Ba guilioma 0 Citle4eHOM BUCOKOM 00pa30BarLY i AKAGeMCKOM HA3UBY

maciiep pusuvap

Bpoj: 13223800
Y beoipagy, 1. hedpyapa 2022. iogure

Hekan Pexiniop
Ipodp. gp Man Benta ITpod. gp Brpgan
—

({A-A_’\

001325



7. Omnyka o 0J00peHOj TEMH JOKTOPCKE JIMCepTaIje

YHUBEP3UTET Y BEOT'PALY

Anpeca: Cryaenrcku tpr 1, 11000 Beorpan, Peny6nuka Cpbuja
Ten.: 011 3207400; Mdaxkc: 011 2638818; E-mail: kabinet@rect.bg.ac.rs

Beorpap, 10. jyna 2024. ronune
06 Bpoj: 06-51/111/1634/4-24
JKJ/

Ha ocHoBy usana 50. ct. 4. Tau. 3 Craryra Yuusepsutera y beorpany Cratyra
Vuusepsureta y Beorpany (.I'machuk Yuueepsutera y Beorpany®, 6poj 201/2018,
207/2019, 213/2020, 214/2020, 217/2020, 230/21, 232/22,233/22, 236/22, 241/22, 243/22,
244/23 u 245/23), a na npensior Behe 3a cryauje npu Yausepsurety oa 10. jyna 2024.
roauHe, Belie 3a MHTEpPAUCLMIUIMHAPHE, MYJNTHAMCLMIUIMHAPE W TPaHCAMCLMIUIMHAPHE
cTyauje Ha ceiHULM oapikaHoj 10. jyna 2024. roaune, JOHENO je

ONNYKY

1. OJIOBPABA CE wu3paja MOOKTOpcke JucepTauuje Mmoj HacioBoMm: Pa3spoj
cyneppe3oJiyHOHOT MHKPOCKONA ¢a CTPYKTYPHCAHHM NpPOCBET/baBaIbeM 32
n3yuaBarme MOp(O/IOIIKAX NMPOMEHA ePHTPOLHTA, kaHauAaTa Ajekce /lenyeBckor
(noxtopcke cryauje: bruodusuka).

2. 3a MEHTOpE ce UMEHY]y:
1. 1ip Muxauso Pabacosuh, Bl Hayusu capagHuk, MHCTHTYT 3a dusmky (husmka)
2. np VBana JIpBeHuiia, BUILIM HAyYHH capajiHuK, MHCTHTYT 3a MeIMUMHCKA HCTpaXKHBatba
(MeauuMHa, GUOTEXHOJIOTHja)

NPEACEJHHUK
BERA 3A UMT CTYIMIE
77

—r

;x/ g4
Ipod. Ap [ejan d)ununoauh(y)\



	0e999affcc22df9851289dbf89f945c1f07275b84729204aeff6c013f9733a59.pdf
	e83d015113211fb094e4347ec25c9298352fec2931b3768f4fd7e7aef0c08d4b.pdf
	fd01219ecf6a92c43c04b0e1b72802018cfacfbc098045ef0381be86f24a70dc.pdf

