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Abstract

In this study, two-level qguantum systems were modeled using the QuTiP library. Based on the performed simulations, the sensitivity of the
system to pulse area and detuning parameters was determined; vacuum Rabi oscillations were observed within the framework of the Jaynes-

Cummings model; and the consistency between theoretical models and numerical methods was ©

emonstrated.

Introduction & Historical Context

The Quantum Revolutions: Quantum optics has evolved from the early
wave-particle duality (Newton vs. Huygens) and Planck’s quantization of
energy to the Second Quantum Revolution, where we now directly
manipulate and program individual quantum states.

Two-Level System (TLS) Approximation: In laser-atom interactions, we
simplify complex atomic structures by considering only two resonant
energy levels (I g) and Ix)). This approximation is valid when the driving
light is near-resonant with the transition frequency.

W

WWH

-

Figure 1: Energy Level Scheme of a Two-Level System (TLS)

Theoretical Framework

The Hamiltonian: The dynamics are governed by the system
Hamiltonian, which includes the free energy of the states and the
interaction term under the Electric Dipole Approximation.

Rotating Wave Approximation (RWA): To simplify the time-dependent
Schrodinger equation, high-frequency oscillating terms are neglected.
This yields a simplified Hamiltonian that predicts Rabi Oscillations—the
periodic exchange of energy between the light field and the atom.
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The eigenvalues of the Hamiltonian operator correspond to the energy
levels:

h= 218 0, = VAT F 2.

)p :Where () denotes the generalized Rabi frequency. The obtained

solution is:
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The probability of being in the excited state is given by:

Po() = 12 1 ()2 = grsin? (22).

A = 0. (The resonance condition)
: ot
p,(t) = sin® (7) :

As the detuning increases, the oscillation amplitude decreases, and the
frequency becomes (2p.

In conclusion, Rabi oscillations describe the periodic transition between
two energy levels in quantum systems. The amplitude and frequency of
this transition depend on the coupling strength and detuning of the
system. The formula derived using the Rotating Wave Approximation
(RWA) effectively characterizes this system.

Jaynes—Cummings Model

It represents the interaction of a two-level atom with a single-mode
guantized electromagnetic field (vacuum mode). In this model, both the
atom and the field are treated quantum mechanically. Dressed States refer
to the new energy levels formed when the atom and photon become
inseparable.

Vacuum Rabi Oscillations (Simulation Findings)

Quantum Signature: In contrast to classical theory, the Jaynes-Cummings
(JC) model predicts that even in the absence of initial photons (n=0), an
atom transitioning from the excited state to the ground state emits a
photon, and this energy oscillates periodically within the system. This
phenomenon is a direct consequence of the zero-point energy inherent in

the quantum vacuum.
Vacuum Rabi Oscillations in the Jaynes-Cummings Model
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Figure 2: Vacuum Rabi Oscillations in the Resonant Jaynes-Cummings Model

Effect of Detuning on Rabi Oscillations
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Figure 3: Effect of Detuning on Rabi Oscillations

Table 1: Comparison of System Dynamics under Different Detuning Values

Detuning A Probability Oscillation Interpretation

Full resonance—>

QR=Q

High amplitude, low
Blue
frequency

Low amplitude, fast
Green QR>0

oscillation

Even lower amplitude and
Red QR>0

faster oscillation.

Why simulation, Why QuTiP?

Open Systems: Solves noise and loss effects using Lindblad master equations.
Dynamic Analysis: Simulates time-dependent laser fields and system evolution.
Visualization: Facilitates easy visualization of quantum states and parameters.

tensor(destroy(N), geye(2))
tensor(geye(N), destroy(2))

H=wc * a.dag() * a + wa * sm.dag() * sm + \
g * (a.dag() * sm + a * sm.dag())

result = mesolve(H, psi@, tlist, c_ops=[],
e ops=[a.dag()*a, sm.dag()*sm])

Time-Dependent Laser Interaction
(Driven Two-Level System)

In this section, the driving of a two-level quantum system by a
realistic Gaussian laser pulse, rather than a constant field, is
addressed. To account for the time-dependent interaction, the
Hamiltonian is explicitly defined as a function of time, H(t). The
system dynamics were analyzed using the time-dependent solver of
the QuTiIP library, and the influence of the laser pulse envelope on
the system was examined in detail.

Population Dynamics
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Figure 4: Population Dynamics

Rabi Oscillations and Population Inversion

Final Population vs Pulse Area
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Figure 5: Final Population vs. Pulse Area

The obtained results clearly demonstrate the coherent population
transfer (Rabi flopping) from the ground state | g) to the excited
state | e) during the laser pulse. Under optimal pulse area
conditions, complete population inversion was observed, which is
in excellent agreement with theoretical expectations.
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Bu calismada, kuantum alan kuraminda parcacik ve vakum kavramlarinin mutlak degil, gbzlemciye bagl yapilar oldugu problemi ele alinmistir. Serbest bir skaler alan, 6nce Minkowski uzay-zamaninda kanonik olarak kuantize edilerek eylemsiz gbzlemciler
icin standart parcacik yorumu kurulmustur. Ardindan, dizgin ivmeli gozlemcilere uyumlu Rindler koordinatlari kullanilarak alan denklemleri ¢coziilmus ve bu gozlemciler icin tanimlanan modlar elde edilmistir. Minkowski ve Rindler modlari arasindaki iliski
Bogoliubov donusimu araciligiyla analiz edilmistir. Bu analiz sonucunda, ivmeli gbzlemcilerin eylemsiz vakumu termal bir spektrum olarak algiladigi acik¢a gosterilmistir. Elde edilen bulgular, Unruh etkisinin matematiksel temelini ortaya koymakta ve

parcacik kavraminin gézlemciye bagh dogasini vurgulamaktadir.

KAVRAMSAL PROBLEM

Kuantum alan kuraminda parcgacik ve vakum kavramlari, genellikle eylemsiz gozlemciler icin tanimlanan klresel bir

zaman koordinatina dayanir. Bu yapi, parcacik kavramini gézlemciden bagimsiz ve mutlakmis gibi sunar. Ancak gézlemci
ivmeli hareket ettiginde, uzay-zamanin kiiresel zaman simetrisi kaybolur ve bu tanim gecerliligini yitirir. Bu durumda ayni

kuantum alan farkli gozlemciler tarafindan farkl parcacik icerikleriyle algilanabilir. Unruh etkisi, bu gozlemci
bagimhliginin en ¢arpici sonuclarindan birisidir.

SKALER ALAN VE KLEIN-GORDON DENKLEMI

Kuantum alan kuraminda nesne parcaciklar degil, uzay-zaman Gzerine tanimli alanlardir. Serbest skaler bir alanin
dinamigi, Lorentz simetrisini koruyan bir Lagrange yogunlugu lzerinden tanimlanir. Alan denklemi bu Lagrangian’in
varyasyonundan elde edilir.

7=14 G0t — lm2¢2
2 2

Bu Lagrangian’a Euler-Lagrange denklemi uygulandiginda alanin uzay ve zamandaki evrimini belirleyen Klein-Gordon

denklemi elde edilir.

(O+mH)Hp =0

Alanin mod yapisi bu denklemlerin ¢o6ziimleri Gzerinden tanimlanir ve parcacik kavrami, bu mod ayrimina dayanir. Pozitif

frekansli ¢ozimlerin secimi, vakum durumunu ve parcacik yorumunu belirler.

MINKOWSKI VE RINDLER UZAY-ZAMANLARI

Uniformly Accelerated Observers and Rindler Horizon

— g=0.6
4 a=1.0
—g=1.8
Causally inaccessible region
2 - y,
“~ 0
N\
N
N
_2 -
_4 -
-4 -2 0 2 4

X

Sekil 1: Sabit 6z ivmeye sahip gézlemcilerin diinya cizgileri.

Minkowski uzay-zamani eylemsiz gozlemciler icin dogal bir referans cercevesi olusturur. Bu nedenle zaman
cercevesi kiiresel olarak tanimlidir ve uzay zamanin tamami erisilebilirdir. Nedensel yapi isik konileri tarafindan
belirlenir ve parcacik ile vakum kavramlari bu kiiresel zaman koordinatlarina gére tanimlanur.

ds? = — c2dr* + dx?

Metrik altinda tam olaylar tek bir zaman parametresile siralanabilir ve pargacik kavrami gozlemciden bagimsizdir.
Sabit ivmeli gozlemcileri tanimlamak icin Minkowski uzay- zamanindaki diinya cizgileriden farkli bir geometrik yapi
ortaya cikar. Sabit ivmeli gozlemci icin temel kosul hissedilen 6z ivmenin zaman boyunca sabit kalmasidir. Bu kosul
diinya cizgisinin dogrusal degil, sabit Minkowski araligina karsilik gelen bir egri olmasini gerektirmektedir. Degismez
aralik kosulu hiperbolik diinya cizgileri tretir.

Bu hiperbolik yapiyi diizglin bicimde parametrize etmek icin Rindler koordinatlari tanimlanir. Sinirh bolgede
Minkowski koordinatlari ivmeli gozlemcilere uyarlanmis sekilde ifade edilir.

c? . a c? a
ct(t) = — smh(—r), x(7) = — cosh(—r)
a c a c

Ve boylece hiperbolik diinya cizgilerine karsilik gelir.
ds? = — a*£* di* + dE&?

Istk dogrularina (x=ct) asimptotik olarak yaklasan bu hiperbolik yapi ivmeli gozlemciler icin erisiimeyen bolgelerin
ortaya citkmasina yol acar ve bu sinirlar Rindler koordinatlarinda olay ufku olarak yorumlanir. Boylece Rindler
koordinatlarinin hiperbolik yapisi, sabit ivmeli gozlemcilerin uzay-zamandaki nedensel erisimini ve zaman tanimini
dogrudan geometrik olarak kodlanir. Farkli zaman tanimlari iceren bu koordinatlar alan ¢éziimlerinin frekans
ayrimini goézlemciye bagl hale getirir.

MINKOWSKI VE RINDLER UZAYINDA ALAN COZUMLERI

Kitleli bir skaler alanin dinamigi, koordinat sisteminden bagimsiz formda Klein-Gordon denklemi ile ifade edilir.
1

v 20 _
ﬁdﬂ <\/—gg’u 0y¢> —m gb = 0.
Alan operatorl, bu modlar Gzerinden yaratma ve yok etme operatorleri cinsinden ifade edilir.:
§ = [dk (akﬁ + a;f;).
ivmeli cercevede Klein-Gordon denklemi asagidaki gibidir. kullanilarak denklem, uzaysal kisim icin adi
diferansiyel denkleme indirgenir:

0 — 0kp — Loup +mPp =0 X”+éX’+<i2—m2)X=0.

a2g2 T a2

z=am ea& koordinat donlisimd ile denklem, sanal dereceli (v=iQ/a) Modifiye Bessel Denklemi standart formuna donisdr.

X +1x 1+”2 X=0
pp p 14 p2

Elde edilen denklemin iki matematiksel c6zimu vardir. Ancak fiziksel bir alanin uzaysal sonsuzda sinirsiz bliyimesi miim-

kiin degildir. Bu nedenle, sonsuzda ustel olarak buyiyen ¢oziim elenir ve fiziksel sinir kosullarina uygun olan, yani sonsuzda

sonumlenerek sonlu kalan ¢6zim segilir:

Po(7, &) = Ny e ™ Ky, (mé).

Alan ivmeli gézlemcinin kendi referans cercevesine 6zgu tanimladigi operatorler cinsinden ifade edilir. Bu cercevede parcacik
icermeyen en disik enerjili durum olan Rindler vakumu, ivmeli gdézlemcinin tanimladigi operatorlerin alani bosluk
olarak algiladigi durumdur:

b= [dQ (Bt + Bl

BOGOLIUBOV DONUSUMLERI VE PARCACIK YORUMU

Rindler modlari, Minkowski modlari cinsinden genel olarak asagidaki bicimde acilabilir:

Uy = Jdk[agkuk + ﬁgkuk*].

Katsayilar, Klein-Gordon i¢ carpimi ile projeksiyon yapilarak elde edilir.
Hesaplamanin kalbi, Rindler modlarinin olay ufku (x=0) civarindaki davranisidir. integrand, modifiye Bessel fonksiyonlari
icerir ve su formdadir:

(0 o]

ﬁQk ~ [ dx xiQ/a eikx-
0

Minkowski ve Rindler modlari arasindaki iliskiyi belirleyen integral, x=0 noktasindaki logaritmik dallanma noktasi nedeniyle

standart yontemlerle sifirlanmaz. Karmasik dizlemde, Minkowski vakumunun analitik yapisini korumak icin alt yari

diizlemden yapilan dolanim, logaritmik arglimanda zorunlu bir degisim yaratir: Inx—Inx—-in=Faz Faktoriu™: e-mQ/a. Bu

ozellik, Bogoliubov katsayilari arasinda evrensel bir iliski dogurur:

— _ ,—nQla, %
ﬂQk = —¢€ Aok

Kuantum alan teorisinde olasiligin korunumu icin Bogoliubov donlisiminin tniter olmasi gerekir, bu da katsayilar tGzerinde
bir normalizasyon kosulu dogurur:

[k (1w~ 1psl?) =360) = 1P = 5P = 1.

Bu Uniterlik sarti ile analitik devamdan gelen faz iliskisi birlestirildiginde, Rindler gbézlemcisinin 6l¢ctigi ortalama parcacik
sayisi dogrudan asagidaki formunda elde edilir:

) 1
Ng) = = :
(No) = ol =
Lo2 - Unruh Spectrum: {n,) = (€*™° — 1)~ Sonug olarak, ivmeli gézlemci icin elde edilen parcacik
) Low—rrequgn,gy Zoom . - ) B
N ] o] sayisi spektrumu, tam olarak Bose—Einstein dagilimi
10* 3 L o A
. 1011;\ bicimini alir ve etkin bir sicaklik tanimi yapilmasina imkan
0 —2 ] . . L. . .
~ 0 Y verir. Bu sicaklik, herhangi bir termodinamik varsayima
S : 107 o o. . . . _
£ 107 10 | degil, Minkowski ve Rindler zaman tanimlarinin analitik
‘g lo-2 "l I O — —— olarak esdeger olmamasina dayanir. Dolayisiyla Unruh
S 02 04 06 08 : 1.2 .. o
S o etkisi, parcacik kavraminin uzay-zamandan bagimsiz
g _ mutlak bir nicelik olmadigini; gdzlemcinin hareketine ve
-4 . . v
073 buna karsilik gelen zaman evrimine bagh olarak
107° 5 tanimlandigini acik bicimde ortaya koyar. Bu durum,
10-6 ] | | | | | vakumun goreliliginin dlz uzay-zamandaki en yalin ve
1 2 3 4 5 6 v . ve .
Frequency dogrudan ornegini sunar.

Sekil 2: Unruh Termal Spektrumu

KAYNAKCA

[1]W. G. Unruh, Notes on Black-Hole Evaporation, Physical Review D 14, 870-892 (1976)

[2]N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved Space, Cambridge University Press (1982)

[3]R. M. Wald, Quantum Field Theory in Curved Spacetime and Black Hole Thermodynamics, University of
Chicago Press (1994).




WU FEN EDEBiYAT
FAKULTESH
2025-2026 Giiz Yanyih  FizZIK BOLUMU

APPLICATION OF RARE EARTH ELEMENT DOPED GLASS BASED

LUMINESCENT SOLAR CONCENTRATORS for BUILDING-INTEGRATED PHOTOVOLTAICS

Emre ILTER C1805C005
Danisman: Do¢. Dr. Murat CALISKAN

ABSTRACT

The integration of photovoltaic technology into building structures requires light-collecting surfaces, known as Building Integrated Photovoltaics (BIPVs), that are transparent, mechanically stable, highly durable, and easily manufactured at scale, and that must
perform reliably under varying light conditions, including direct, diffuse, and interior illumination. Among various approaches, Luminescent Solar Concentrators (LSCs) offer excellent design flexibility by effectively separating the light collection from PV
conversion. An LSC spectrally shifts incoming photons and directs them through a waveguide structure to strategically placed PV cells along the device edges to generate electrical energy. This study demonstrates for the first time a glass-based LSC system
standardized to a thickness of 2.5 mm, activated by Eu®* rare-earth ions. To ensure suitability from small-scale testing to large-scale applications, the research employed a combined approach of experimental testing and predictive numerical modeling. First, the
optimum doping level for the Eu**-doped planar glass platform was determined. This maximized photon transport efficiency while also characterizing the material's visual behavior. Devices with a surface area of 2x2 cm? exhibited an average optical
transmittance of approximately 90% in the visible range, excellent color fidelity (Color Rendering Index, CRI ~98), and remarkable resistance to thermal, chemical, and physical degradation. The external quantum efficiency for this system remained constant
at ~6.4% regardless of device size, while the smallest 2x2 cm? unit achieved a peak power conversion efficiency of 0.837%, decreasing to 0.164% at 6x6 cm?. The findings demonstrate that Eu**-doped glass LSCs offer the potential for high aesthetic integration

and visual transparency while maintaining practical photon-electric conversion. In this context, the system is envisioned as a durable, transparent, and scalable LSC technology for architectural elements
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Conclusion

This study presented the first systematic evaluation of rare-earth-doped glasses as both the luminescent medium and the optical waveguide for LSC applications. In this work, highly transparent and color-neutral planar Eu**-doped borosilicate glasses (2.5 mm thick; 2x2-6x6
cm?) exhibited an invariant external photon efficiency of approximately 6.4% under AM1.5G illumination for all device dimensions, demonstrating efficient photon harvesting and transport throughout the glass matrix. The resulting devices exhibited PCE values exceeding
0.8% for the smallest geometry, confirm both the scalability and consistent performance at even increased dimensions. When compared with previously reported Eu**-based LSCs employing polymeric or hybrid hosts, the present platform shows remarkably superior UV

stability, environmental durability, and compatibility to external stimulus compared to its predecessors. Overall, these results establish rare-earth-doped glasses as a durable and high-performance materials, offering a promising route toward long-lifetime, architecturally
integrated BIPV applications.

EQEISC - EQEpV J‘next(k) d;\' Jsc —¢€ IEQEISC (Ps (}\') dk

L Voc Isc Jsc,meas Jsc,calc PCEmeas PCEcalc
(cm)|(mV) (mA) (mA/cm?) (mA/cm?) (%) (%)
2 | 463 2.75 0.69 0.60 0.85 0.74
4 | 493 3.17 0.20 0.30 0.26 0.40
6 525 447 0.12 0.20 0.16 0.28

By utilizing the n_ (M) the EQE,  and J  values are accurately estimated.
Any observed discrepancies are attributed to the absence of an
index-matching media between the waveguide and the PV cell in the
current experimental setup.
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ABSTRACT

Probiotics are widely used biological materials in food and pharmaceutical applications. In this study, probiotic samples were analyzed using UV—Visible (UV—Vis) spectrophotometry to investigate their absorbance

behavior. Prepared probiotic solutions were measured at selected wavelengths, and absorbance spectra were compared. The results demonstrate that UV—Vis spectroscopy is an effective method for comparative analysis of

probiotic samples. These findings highlight the potential of UV—Vis spectroscopy as a rapid and effective tool for the preliminary characterization of probiotic-based materials in materials physics and opto-electronic

applications.

INTRODUCTION

Probiotics are defined as live microorganisms that provide
healthbenefits when consumed in adequate amounts. Understanding
thephysical and optical properties of probiotic samples is important
fortheir
Visspectrophotometry is a commonly used analytical technique that

characterization @ and  quality  assessment. UV-—

allowsthe  investigation of  biological samples through

absorbancemeasurements based on light-matter interaction.
Therefore, theapplication of simple optical techniques such as UV—
Visspectrophotometry is of interest for the rapid and comparative
analysisof probiotic samples. Although probiotics are mainly studied
in biological and medical sciences, their optical and opto-electronic
properties remain relatively unexplored in materials physics.
Therefore, this study aims to investigate the UV—Vis absorbance
behavior of probiotic formulations and to evaluate their potential as
functional materials using optical characterization techniques.

Biological systems may exhibit optical and electromagnetic
sensitivity at the cellular level. Previous studies have shown that
external physical stimuli can influence cellular components such as
mitochondria, ion channels, cytoskeleton, and nucleus. These
interactions may lead to changes in signaling pathways, gene
expression, and cellular behavior, highlighting the relevance of
optical characterization techniques in biological and probiotic-based

materials.

Possible biomedical applications:
1. Tumor treatment, modulation of immune response; 2. Neurodegenerative disease treatment; 3,
Tissue engineering; 4. Stem cell differentiation in cell therapy.

Figure 1: (a) SEM image showing the microscopic morphology of
probiotic bacteria. (b) Schematic illustration of potential cellular
interaction pathways affected by external physical stimuli,
including mitochondria, ion channels, cytoskeleton, and nucleus,
along with possible biomedical applications.

THEORETICAL BACKGROUND

UV-Visible (UV—Vis) spectrophotometry is a widely used analytical
technique for investigating the optical properties of materials. The
method is based on the interaction between electromagnetic radiation
in the ultraviolet and visible regions and the sample. When light
passes through a sample, part of the incident radiation is absorbed
depending on the molecular structure and concentration of the
material.
The amount of absorbed light is quantitatively described by the
Beer—Lambert law, which establishes a linear relationship between
absorbance and concentration for dilute solutions:

A=g-c-l
where A is the absorbance, ¢ is the molar absorptivity, ¢ is the
concentration of the absorbing species, and | is the optical path length
of the cuvette.

In biological and probiotic samples, absorbance arises from various
organic components such as proteins, nucleic acids, and cellular
structures. Differences in absorbance spectra can therefore be
associated with variations in sample concentration, composition, and
dispersion. UV—Vis spectroscopy provides a rapid, non-destructive,
and reliable method for comparative analysis of probiotic solutions.
In this context, UV—Vis spectroscopy provides valuable information
about the concentration-dependent optical behavior of probiotic
solutions, which is directly relevant to the experimental
measurements performed in this study.
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Figure 2: Schematic representation of the UV-Vis

spectrophotometry principle.

MATERIALS

include a UV-Vis
spectrophotometer, quartz cuvettes, a magnetic hotplate stirrer,

The materials wused in this study

beakers, and probioticcapsule samples. All experiments were carried
out under controlledlaboratory conditions.

e ® 1INl
—

(b)
Figure 3: (a) UV—Vis spectrophotometer used for absorbance
measurements of probiotic samples. (b) Quartz cuvettes used for

spectrophotometric measurements.

EXPERIMENTAL PROCEDURE

1. Probiotic capsule contents were dissolved in distilled water.
2.Solutions were homogenized using a magnetic stirrer.
3. Prepared samples were transferred into quartz cuvettes.
4.Absorbance measurements were performed using a UV-Vis
spectrophotometer.
Absorbance measurements were performed in the wavelength range
of 300-800 nm wusing a UV-Vis spectrophotometer. Each
measurement was repeated three times to ensure reproducibility and
reliability of the results.

X

(o s b
TR S
(s Sy

Figure 4: (a) magnetic stirring, (b) UV—Vis measurement.
probiotic capsule content after preparation.

RESULTS AND DISCUSSION

The absorbance measurements revealed clear differences among
theprobiotic samples, indicating variations in their optical properties.
These differences may be associated with concentration-
dependentbehavior, particle dispersion, or compositional variations
in theprobiotic formulations. The results demonstrate that UV-—
Visspectrophotometry can be effectively used not only for
qualitativecomparison but also as a preliminary analytical tool for
probioticcharacterization. The increase in absorbance with the
number of probiotic sachets indicates a concentration-dependent
optical response. Higher absorbance values suggest a greater

| presence of light-absorbing biological components, which may

influence the opto-electronic behavior of the samples.
3,5 &
3
2,5
2
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0 Z >
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Graph : Comparative wavelength-dependent absorbance spectra of
probioticsolutions containing one, two, and four sachets.

An increase in absorbance intensity was observed with increasing
probiotic concentration. This behavior indicates a higher amount of
light-absorbing biological components in the solution, which may
contribute to enhanced optical interaction in the visible region.

CONCLUSION

In this study, probiotic samples were successfully analyzed using
UV-Vis spectrophotometry. The obtained results indicate that
absorbancemeasurements can be used to compare different probiotic
formulationsbased on their optical behavior. This approach may be
useful forpreliminary screening, quality control, and further
experimentalstudies involving biological samples. The present study
provides a basis for future investigations combining optical
measurements withbiological and physicochemical analyses. Future
studies may focus on combining optical measurements with
electrical and structural analyses to further explore the functional
properties of probiotic-based materials.
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INVESTIGATION OF BETAVOLTAIC EFFECTS IN PEROVSKITE-BASED SEMICONDUCTORS
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Prof. Dr. Kutsal BOZKURT

ABSTRACT

This study investigates the potential of perovskite-based semiconductors for betavoltaic energy conversion. The generation, separation, and collection mechanisms of electron—hole pairs
induced by beta radiation in semiconductor materials are examined. Owing to their tunable band gap, long carrier diffusion length, and defect-tolerant electronic structure, perovskite
materials offer significant advantages for betavoltaic applications. Literature-based simulation and experimental studies are evaluated to analyze the electrical behavior of perovskite-based
betavoltaic cells with p—1—n architecture. The results indicate that perovskite semiconductors represent a promising material platform for low-energy beta radiation harvesting and long-
lifetime nuclear energy conversion devices

INTRODUCTION

Betavoltaic energy conversion is a nuclear-based power generation

mechanism that directly converts the kinetic energy of beta particles emitted c:.o g g § -
during radioactive decay into electrical energy using semiconductor 2 ; g E, g||E
—— w -

junctions. Unlike photovoltaic devices, betavoltaic cells operate

independently of light and can provide long-lifetime, maintenance-free

V.B.

power for low-energy applications. However, conventional inorganic Indirect Direct
. . e : Band G: ST
betavoltaic devices suffer from limited efficiency under low-energy beta b BARG Ling >
e Momentum
madiation. Figure 4.3: Illustration of indirect and direct band gap electronic struct
.1gu.re ti us‘ra ion of in 1re.c an 1.rfec f"m .gap electronic structures, o T T S e e
hlgh.llghtlng SHICICHEChAIgE carfler transitions in direct band gap for the deposition of metallic top electrodes under high-vacuum conditions.
semiconductors such as perovskites. | - R
DEVICE ARCHITECTURE P |
A p—1—n multilayer architecture 1s used to enhance charge separation and 4 LT
carrier collection under beta 1rradiation. The intrinsic layer increases the ™ -
/ I — | effective depletion region, while transport layers facilitate selective e D
Front Back extraction of electrons and holes, reducing recombination losses. “
Cabact Load Contact - N
i ’ A | o - + Figure 7.2: Experimental setup used for current—voltage (I-V)
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particle interaction with a semiconductor junction _— l
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The electrical characterization results show an increase in current density

In betavoltaic devices, energetic beta particles emitted from a radioactive under beta irradiation compared to dark conditions. This behavior confirms

Glass

source interact with the semiconductor lattice and lose energy through beta-induced charge carrier generation and the presence of a measurable

Figure 6.1: Schematic illustration of conventional n—i—p and inverted p—i-n betavoltaic effect in perovskite-based devices.

multilayer device architectures commonly used in perovskite-based

ionization processes. This interaction generates a large number of electron—
hole pairs along the particle trajectory. The built-in electric field within the
depletion region of a p—n or p—1—n junction separates these charge carriers

semiconductor devices and adapted for betavoltaic applications. 0,03

before recombination occurs, enabling their collection at the electrodes and e
o En iy 103-aitinda
resulting in electrical power generation. b . T
B Rad S - b - o ?; 0.02-
Siev o &
e 5B 3
Carrier Ottusi . s c
Sase Region - . ?
2
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(__reabsorbed (roocted ) (_rocombined g 3 91§ | 0 Graph 1: Comparison of reported current—voltage characteristics of a
- | — . s § -r‘\ . 4‘; . . . T 1 ,:.2,’ nﬁ. - 4\ S it ‘10 : s 2 S .
Figure 3.3: Schematic overview of the betavoltaic energy conversion T e T T s sameen aom ' Mo dameler, dom) perovskite-based betavoltaic device under dark conditions and Ni-63 beta
: : . : : : irradiation.
PO RS Figure 5.1: Monte Carlo—based simulation results illustrating beta particle
energy deposition behavior as a function of material geometry and 0.03
PEROVSKITE MATERIALS characteristic dimensions, highlighting the influence of structural parameters = Ee et o
on energy absorption efficiency. 5; 0.02
]
b
EXPERIMENTAL SETUP i
<
Perovskite films were prepared under inert atmosphere conditions using oo
spin-coating techniques. Electrode deposition was carried out via thermal e G Sl Y
evaporation, and the electrical characteristics of the devices were measured
using current—voltage (I-V) characterization. Graph 3: Comparison of reported current—voltage characteristics of a

perovskite-based betavoltaic device under dark conditions and Ni-63 beta

Figure 4.1: Representation of the ABX3 perovskite Crystal structure, irradiation, illustrating the influence of beta-induced carrier generation

showing the A-site, B-site, and BXg octahedral framework.

CONCLUSION

This study demonstrates that perovskite-based semiconductor devices

Perovskite materials are semiconductors with a flexible ABX3 crystal

structure and tunable electronic properties. Their long carrier diffusion i . , o
. . exhibit a clear betavoltaic response under beta irradiation. The use of a p—
length and defect-tolerant nature enable efficient charge generation and

. . . . : i—n multilayer architecture effectively enhances charge carrier separation
collection, making them suitable for betavoltaic energy conversion

and collection by extending the depletion region and reducing

applications. Figure 7.1: Nitrogen-filled glovebox system used for perovskite solution o SR ,
_ . : s : P : recombination losses. Overall, the results highlight the strong potential of
Cubic Tetragonal Ortharhombic preparation, thin-film deposition, and electrical characterization under inert . , o ,
b e : . . perovskite semiconductors as promising candidates for low-power, long-
/ /‘ /‘ atmosphere to minimize moisture and oxygen-induced degradation. A , , o
¥ A P lifetime betavoltaic energy harvesting applications.
VS . S, « s,
1 AR o f ;‘\
’ ;-\‘\\‘ <_P'f:" .'::;>
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SUMMARY

The High-Luminosity Large Hadron Collider will significantly increase both the volume and complexity of collision data, placing  The supervised fine-tuning studies reveal fundamental limitations in both representation and generalization, motivating a shift

growing strain on traditional, human-driven exploratory analysis workflows.

away from end-to-end LLM inference. In response, an agentic framework is developed in which Large Language Models (LLMs),

As an initial investigation, this study examines whether supervised fine-tuning of Large Language Models (LLMs) can directly  operating on custom implementations of analytic tools such as LaCATHODE and Isolation Forest.
support anomaly detection in collider physics. These experiments probe the ability of LLMs to learn from numerical collider  Tests on benchmark and blind datasets show that such systems can efficiently navigate complex analysis spaces, while final

observables and generalize to unseen physics scenarios.

INTRODUCTION

High-energy collider searches have traditionally focused on testing specific theoretical models. While highly successful,
this approach is naturally biased toward expected signatures and may overlook unanticipated phenomena. As the
High-Luminosity Large Hadron Collider (HL-LHC) increases both data volume and event complexity, this limitation
becomes more pronounced.

Anomaly detection provides a complementary strategy by searching for deviations from known Standard Model
background behavior without assuming a specific signal model. However, such searches rely heavily on expert-driven
coordination of multiple analysis techniques. This work explores whether parts of this exploratory process can be
automated by Large Language Models (LLMs) while preserving interpretability and statistical control.

EXPERIMENT I - SUPERVISED CLASSIFICATION VIA LLM

As a baseline study, supervised classification is performed to evaluate whether a high-quality collider classifier can be
constructed for a well-defined signal hypothesis. Event-level observables from the LHC Olympics 2020 'Y R&D dataset, are
embedded into the model using a Numeric Fusion Adapter (NFA), enabling direct conditioning on continuous physics
variables. Training is performed using Low-Rank Adaptation (LoRA), and the task is defined as signal-background
discrimination for a specific simulated resonance.

This setup mirrors standard hypothesis-driven searches in high-energy physics. Models (LLMs) while preserving
interpretability and statistical control.
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The supervised classifier achieves strong performance on the simulated dataset, reaching a global accuracy of 96.25%
and demonstrating effective separation between background and the targeted signal. This confirms that, when a precise
theoretical model and corresponding simulations are available, supervised learning provides high sensitivity and can
closely approximate optimal decision boundaries.

However, the validity of this approach is inherently limited by the assumed signal model encoded in the simulations.
Events that deviate from or fall outside the simulated hypothesis are likely to be rejected, even if they correspond to
genuine new physics. This reflects the lamppost problem: searches are most sensitive where simulations exist, creating
blind spots for unanticipated phenomena.

Class Precision Recall F1-Score Correct/ Total
Background 0.97 099 0.98 7,192 / 7,250
Signal 0.90 0.68 0.77 508 / 750
Global Accuracy | 96.25% 8,000

Macro Average 0.93 0.83 0.88 8,000
Weighted Average | 0.96 0.96 0.96 8,000

Experiment | - Checkpoint 5600 from 8™ of November 2025

EXPERIMENT Il - THE AGENTIC DISCOVERY FRAMEWORK

= R L0 To address the generalization limits of supervised learning, a
ke s o deterministic tool orchestration framework was developed. This

All Events (Right Scale) :

architecture deploys a quantized local LLM strictly as a
reasoning engine within a structured ReAct loop. As illustrated
in the framework diagram, the model does not generate code
dynamically. Instead, it bridges abstract reasoning and
numerical analysis by linking data states to pre-verified physics
tools. The agent interprets tool outputs to determine
subsequent analysis actions, such as refining a scan window or
switching algorithms.

As the primary anomaly detection tool a new implementation of

the LaCATHODE®* density estimation technique has been

P — ind lts of LHC Ol , developed. This custom implementation was independently

. e ARAOW/ ERYS.© YMPICS  alidated via a sliding-window scan on LHC Olympics 2020 R&D
2020 R&D dataset. .

dataset. The tool successfully recovered the known signal

¥ LaCATHODE: Latent-Classifying Anomalies THrough Outer Density structur'e without agent intervention, establishing a baseline of

Estimation trust prior to autonomous deployment.

The background art for this poster is a geometric projection of the LHCO 2020 Black Box 1 dataset. The dense

statistical interpretation remains human-driven.

THE AGENTIC DISCOVERY FRAMEWORK
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The system's autonomous orchestration capabilities were
. gzzl;gr\zzzn;n{oR;\:”l;l:wShape) Va||datEd through SyStemat‘IC eva|ua‘L'I0nS on the LHC

Olympics R&D dataset. Across multiple runs, the agent
consistently employed the Signal Region Proposer to
identify potential kinematic windows, followed by
LaCATHODE for targeted anomaly detection. This adaptive
strategy successfully isolated the signal excess from the
background.
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To independently verify these candidates, the agent

triggered the Isolation Forest®® tool to inspect the jet

substructure morphology within the flagged region. This

secondary validation step confirmed the anomalous nature

of the events, allowing the system to converge on the
correct W' — XY topology with a discovery significance of

3,200 3,250 3,300 3,350 3,400 3,450 3,500 3,550 3,600

Invariant Mass (GeV) 741 0.

1. Anomaly Score Distribution 2. Invariant Mass (mj;) Profile

All Events " Normal (99%)
Region Events (3.2-3.6 TeV) Anomalies (Top 1%)
== Anomaly Cut (Top 1%) Search Region

Density (Normalized)

—-0.05 0.00 0.05 0.10 0.15 ; 2000 3000 4000 5000
Anomaly Score (Higher is more anomalous) Invariant Mass [GeV]

3. Jet Substructure (Tau2l) - 3.2-3.6 TeV
INTERPRETATION GUIDE

Normal (In Region)
Anomalies (In Region)

Fig 1: Score Distribution
Events to the right of the red line are selected as anomalies.

Fig 2: Mass Bump Hunt (Crucial)

Look for a sharp peak (resonance) in the Red histogram.
If Red just follows Gray (but shifted right), it's likely

just the kinematic tail (not new physics).

Fig 3: Substructure Check
& Real signals often have 2-prong structure (Low Tau21l).
3 . . : - If Red peaks at low values (<0.4): Strong Signal Evidence.
0.2 0.4 ; ; ; - If Red peaks at high values (>0.6): Likely QCD Noise.

771 (Lower « Signal-like | Background-like — Higher)

THE BLACKBOX STRESS TEST

Testing on the challenging LHC Olympics Black Box 1 dataset exposed the system's primary limitation. When repeatedly
confronted with ambiguous tool outputs, the agent risks prioritizing narrative closure over probabilistic accuracy. For
instance, when faced with conflicting data; such as a positive morphological signal from Isolation Forest but a null result
from LaCATHODE, the framework has risk of hallucinating a confirming statistical fit to resolve the dissonance.

CONCLUSION

This study validates deterministic tool orchestration for autonomous discovery. By shifting the LLM from direct inference
to reasoning-based execution, the framework successfully navigated complex parameter spaces to isolate anomalies.
While LLM behavior over conflicting tool outputs confirm the need for human oversight, future iterations incorporating
adversarial networks could significantly enhance reliability. Currently the optimal path remains a human-in-the-Loop
workflow. The Silicon Scout filters noise to present high-quality candidates, empowering the physicist to focus on strict
statistical validation.
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tracks represent the dominant Standard Model background (QCD), while the rare cyan trajectories identify the anomalous signal events.
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ABSTRACT

This thesis develops and applies a Physics-Informed NeuralNetwork(PINN) approach for Z boson resonance analysis in high energy physics. Unlike
traditional curve fitting methods, the PINN approachintegrates physical knowledge (Breit-Wigner distribution) directly into the neural network
architecture and loss function. Using 31,855 dimuon events from the CERN CMS experiment, the mass and natural width of the Z boson were
determined. The developed PINN model successfully disentangles detector resolution effects from intrinsic particle properties. Results demonstrate
that thenatural width shows excellentagreement with theParticle Data Group (PDG) reference value within 0.11% dewviation.

INTRODLCTION AND OBJECTIVES | Z Boson Resonance: PINN vs Traditional Fits

e PINN MuQ0.76, =250

Precise determination of Zboson parametersis critical fortesting the T e e
g " A} - N: M=0] 19, T=2.5
Standard Model, but experimentalmeasurementsare affectedby detector ' 5 § CMS Dimuon Data

resolution uncertainties. The observed mass spectrum 1s a convolution
(Voigt profile) of the particle's intrinsic Breit-Wigner distribution and the
detector's Gaussian response function. While traditional methods typically
measure the "observed width," the objectives of this study are: To integrate
physical constraints into the neural network architecture, To disentangle
detector resolution effects f rom intrinsic physical parameters, to perform
precise estimation of Zboson mass and width.

MATERIALS AND METHODS

Open dimuon data from the CMS experiment was used. Selection criteria
included muon transverse momentum pT>20 GeV, pseudorapidity
| n | <2.4, and opposite-charge pairs. A total of 31,855 events were
analyzed in the mass window of 70-110 GeV.

PINN ARCHITACTURE —
PINN Architecture: The model uses a hybrid architecture combining CONCLUSION AND DISCUS SION .

data-driven learning with physical modeling.

105

The total loss function 1s defined as: This work demonstrates that Physics-Isnfor.med Neura-l‘NetW'orks
o Es | are a powerful tool for separating intrinsic physical parameters

L total — L data “)\ | I ol ;in ysics + /\E L reg from experlmental effects in high-energy physics analyses. The
Here, L physics uses the Breit-Wigner resonance form as a constraint. The high accuracy in natufal width estimation: (0.11% error) proves
model was developed using PyTorch and trained using a "Curriculum .the success of the method, Ablation studies revealed-that physics
Learning" strategy. prlors are critical for the todel to converge to the correct

solution. This approach offers a potential solution for redu cing

L data: It measures the error between the model's predictions and the actual systematic uncertainties in future collider experiments.

experimental data using Mean Squared Error (MSE).

L physics: It enforces physical laws by constraining the model to matc?h the 25 -
| S, RESULTS

Breit-Wigner resonance form and known Z boson propefties

L reg: It ensures the model produces a smooth curve and prevents While the traditional Breit-Wignerfitmeasured theobserved width as 4.27
' ~GeV, the PINN method succesfully seperated this into intrinsic width

overfitting or unrealistic oscillations : . .
i (=2.5-GeV) and detector resolution (=2.69). The natural width is

L total: It 1s the weighted sum of the data, physics, and regularization losses, statistically consistent with the PDG referance value.
serving as the final objective function for training R]:‘,l‘*]jREN CES
Hidden Layers
Physics-Informed Loss [1] Particle Data Group,R.L.Workmanetal., "Review of Particle

Physics", Prog. Theor. Exp.Phys. 2022,083C01 (2022).
[2] M. Raissi, P. Perdikaris, G.E. K arniadakis, "Physics-

: informed
Residiial = " uﬂ - d*u neural networks: A deep learning framework for solving
ot ox o forward

and 1nverse problems involving nonlinear partial differential
equations”, Journal of Computational Physics, 378, 686-707
(2019).

[3] CMS Collaboration, "The CMS experiment at the CERN
LHC", JINST 3 S08004 (2008).
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Danisman: Dog¢. Dr. Mehmet KILIC

OZET

Orta Anadolu Bélgesi’nde giines enerjisi santrali (GES) kurulumu icin uygun alanlar iki asamali bir yaklasimla belirlenmistir. ilk asamada NASA POWER verileri
kullanilarak uzun dénemli GHI analizi yapilmis ve K-Means kiimeleme yéntemiyle yiiksek potansiyelli bélgeler tespit edilmistir. ikinci asamada bu bolgeler Google
Earth Engine ortaminda egim, NDVI ve arazi ortusu kriterleriyle mikro 6lcekte degerlendirilmistir. Sonuclar, Konya ve Karaman’in GES yatirimlari icin daha avantaijli
oldugunu gostermektedir.

GES Yer Seciminin Makine Ogrenimi ile Analizi
Orta Anadolu Bolgesi’nde GES kurulumu icin uygun alanlar, uzun dénemli uydu verileri ve ) !Vl.akl.’o Glcekte yukse.k suUnes potanilyellne.s§ah||.o c?larak belirlenen alanlar, gallgmanl.n
makine 6grenimi yontemleri kullanilarak iki asamali bir yaklasimla belirlenmistir. ikinci asamasinda mikro olg.ekte degerlerjd.l.rllr.r.1|§t|'r. Bu kapsamo!a Google Ear.th !E.ngln-e _
platformu kullanilarak Sentinel-2 uydu goruntilerinden elde edilen NDVI verileri ile bitki
Ik asamada giines 1sinimi potansiyeli, ikinci asamada ise arazi uygunlugu ortlist yogunlugu, SRTM sayisal yiikseklik modeli ile arazi egimi analiz edilmistir.
degerlendirilmistir. o . o
e Ayrica arazi ortusu siniflari dikkate alinarak GES kurulumu icin uygun olmayan alanlar
Bu veriler kullanilarak bélgenin glneslenme karakteristikleri analiz edilmis, mevsimsel analiz digi birakilmistir
degisimler ve uzun dénemli egilimler ortaya konmusgstur. Aylik ortalama GHI degerleri, yaz . . 5 5 _ _ .
aylarinda maksimum seviyelere ulasirken kis aylarinda belirgin sekilde dismektedir. Buna !3§I|rl'e.nen esik degerlelf d.ogrultusundé yapllah uygunluk filtrelemesi sonucqu?, h?r . .
ragmen villik ortalamalarin diisiik standart sapma géstermesi, bélgenin giines enerjisi |g:.|.n f|2|ksgl o!ar.ak elverisli alanlar tespit edilmis ve bu alanlar arasindan en buyuk siirekli
acisindan iklimsel olarak kararli bir yapiya sahip oldugunu géstermektedir. bdlge secilmistir.
K S onya - Ortalama GHI Dagilimi (NASA) * Secilen bolgelerin geometrik merkezleri, GES kurulumu icin dnerilen optimum noktalar
araman - Ortalama GHI Dagiimi (NASA) olarak belirlenmistir.
10 an
8- * Sonuclar, Konya ve Karaman illerinin hem yuksek guines i1sinimi hem de
15 1 . ow ° V)
- " topografik uygunluk acisindan Nigde’ye kiyasla daha avantajli oldugunu
; £ 10 gostermektedir.
N
5 S
2 1 . 7 oo o . . .o .
T Y _ Konya ili icin mikro dlgekli
g - - ..’-.\" 0 F-\‘ "'m: it e .
0. " - - - - W 43 50 3152 53 54 53 o o e ~ w. GESuygunluk analizi
GHI (kWh/m?/day) OHI (kWhymr/day) R o sonuglari:
Nigde - Ortalama GHI Dagilimi (NASA) 4208 ”‘ R o 31.48°E—-36.48"N
10 1 LA Uygun alanin buyuklagi 3
P 279.97 km?
8_  Sas |
W 6 - o D = 0 PRl o s
T s (AU “ Nigde ili icin mikro 6lcekli
GES uygunluk analizi
2 sonuclari
0- 35.52°E -38.51°N
4.8 4.9 2.0 a1 = - . CIN/T Aol B
o1 (kmitmerday) = Uygun alanin bayuakligt 2
ot 435.07 km?
Uzamsal GHI dagilimi, enlem, boylam ve yillik ortalama GHI degerlerinden olusan 6zellik |
matrisi kullanilarak K-Means kiimeleme yontemi ile siniflandiriimistir.
Analiz sonucunda yuksek potansiyelli alanlarin Konya ve Karaman illerinde yogunlastigi ‘E’ . Ty S .
gorilmistar. . Karaman ili icin mikro dlcekli
. T ey A GES uygunluk analizi
Orta Anadolu - Gnes lanim)aris (onya, Karaman, Nidde) Orta Anadolu - Giines Eneriisi Kimeleri (KMeans) - b }‘ N - -t sonuglfrl )
38501 @ a o T 'Y 35.5 8 xime Merkezleri ekl AT " . ) i i R o s 1 33-52 E _37o49 N
T el % 75 S 4 el T -~ Uygun alanin buyukligi 2
38.00 - - 34.5 15'{]% ""l . .;s b 792-53 km2
37.75 - "o = L] - . ‘ Gllek
=~ S - 34.01 1.25 - ozt Karaman
< 4-9535“ = £ b l‘.f’."rl'l - B Id
E 7201 @ ¢ ¢ ® 4_90§ %33_5 - s 80 SouDEEEElEES 0D &0 & & 1.00 E. s - "
o 4.:355 5 33.0 1 0.75 -;3”
o 4.80 32.5 1 L 1 L. 1 I __ BN G_SG%
| L[] * fé KAYNAKCA
36.50 @ 0.25
e BO B B ew e W me e 5|6 SO IMINNERGEEN ot 04 ¢ oo [1] NASA POWER Project (2024). Prediction of Worldwide Energy Resource (POWER) Data Access
e ' Viewer https://power.larc.nasa.gov/
Il Enlem (°N) Boylam (°E) GHI (kWh/m?/giin) [2] Al Garni, H. Z., & Awasthi, A. (2018).
K 37 500° 13 500° 5043 Solar PV power plant site selection using a GIS-AHP based approach with application in Saudi Arabia.
araman ‘ ‘ ‘ Applied Energy, 206, 1225-1240.
Konya 36.500° 31.500° 5.144
[3] Ladjal, M., Djidel, M., & Djeraba, H. (2025).
Nigde 38.500° 35.500° 4.872 Comparative analysis of machine learning models using NASA POWER data for solar radiation
prediction. Energy Reports, 11, 456—469.
Tablo 2.4 — Her Il I¢in Segilen Optimum GES Noktalar:
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Seramik Malzeme Uretiminde Nano Malzeme Kullaniminin
Yapisal ve Elektriksel Ozellikler Uzerine Etkisi

Buse KOK 20022080
Danisman: Dog¢. Dr. Mehmet KILIC

OZET

Bu calismada nano ve mikro boyutlu Bi,Os katkilarinin Bi-2223 esasli seramiklerin yapisal, morfolojik ve dielektrik 6zellikleri Gzerindeki etkilerini
incelenmistir. Bu kapsamda, katki boyutunun faz olusumu, mikro yapi dizeni ve frekansa bagli elektriksel davranis Gizerindeki roli karsilastirmal olarak
degerlendirilmistir. Elde edilen sonuglarla, nano katki kullaniminin seramiklerin elektriksel performansinin iyilestirilmesindeki potansiyeli ortaya konulmasi

hedeflenmistir.

NANO MALZEMELERIN SERAMIKLERDE
KULLANIMI

Nano malzemeler, 1-100 nm boyut araligindaki yapilari sayesinde yliksek
ylzey alani/hacim oranina sahip olup fiziksel, kimyasal ve elektriksel
ozelliklerde onemli iyilesmeler saglar. Nano boyutlu katkilar,
sinterleme davranisini ve mikro yapiyr kontrol ederek tane blyimesini
sinirlar, daha homojen tane sinirlari olusturur ve dusuk sicakliklarda kararli
seramik yapilarin elde edilmesine olanak tanir.

DIELEKTRIK SPEKTROSKOPISI

Seramik esasli dielektrikler; yuksek sl kararliliklari, dusuk elektriksel
kayiplari ve uzun odmirleri sayesinde enerji depolama ve mikroelektronik
uygulamalarda yaygin olarak kullanilir. Dielektrik davranis, kompleks
dielektrik gecirgenlik ile tanimlanir;
gx=¢ —j&

Bu ifadenin gercek kismi (') enerji depolama kapasitesini, sanal kismi (g")
ise dipol gevsemeleri, ara yuzey etkileri ve iletkenlikten kaynaklanan
enerji kayiplarini ifade eder.

DENEYSEL YONTEM

Yapisal ve Morfolojik Analizler
Nano ve mikro Bi,Os katkili Bi-2223 seramiklerinin yapisal ve mikro
yapisal ozellikleri XRD, SEM ve TEM analizleriyle incelenmistir.

Sekil 1: Sentezlenen Bi,0; nano pargaciklarinin TEM goéruntusu

X-Isini Kirinimi (XRD) Analizi
XRD analizleri, faz tanimlamasi, kristal diizeni ve kristal boyutuna iliskin
bilgileri ortaya koyarken; nano ve mikro katkilarin faz olusumu, faz saflig
ve kristal yapi Gzerindeki etkileri karsilastirmali olarak degerlendirilmistir.
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Sekil 2: Bi,Os'nin X-1sint kirinim (XRD) deseni

Taramali Elektron Mikroskobu (SEM) ve Mikro Yapi Analizi
Seramik numunelerin mikro yapisi SEM ile incelenmis; tane morfolojisi,
dagilmi  ve  mikro

porozite, tane sinirlar,  katki catlaklar

degerlendirilmistir.

Sekil 4: Nano Bi-2223 seramiginin SEM
goruntusu

Sekil 3: Mikro Bi-2223 seramiginin SEM

goruntusu
BULGULAR

Nano Bi,Os katkili seramiklerde negatif-pozitif €' gecisinin daha yuksek
frekanslara kaydigi ve €' degerlerinin genel olarak daha yuksek oldugu
belirlenmistir; bu sonu¢ nano katkinin kutuplanma streclerini ve tane siniri
etkilerini daha etkin hale getirdigini gostermektedir. €” degerleri duisik
frekansta yuksek olup frekans arttikca azalmis, vyilksek frekanslarda
doygunluga ulasmistir. Genel olarak dielektrik analizler, nano Bi,03
katkisinin  Bi-2223 seramiklerinin elektriksel kararlihgini ve dielektrik
performansini belirgin bicimde iyilestirdigini ortaya koymustur.

00 1.5%10°
5.0 10% 4 1.0%107
g 1.m10°] g"
5 0x10°
-1.5010°
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-2 107
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f (Hz) f (Hz)

Sekil 5: 23-250 °C sicaklik araliginda mikro-Bi,O; igerikli Bi-2223 seramiginin kompleks

elektriksel gecirgenliklerinin gercek (¢') ve sanal (¢") bilesenlerinin frekansla degisimleri.

04 410°]
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Sekil 6:23-250 °C sicaklik araliginda nano-Bi,O; igerikli Bi-2223 seramiginin kompleks
elektriksel gecirgenliklerinin gercek (€') ve sanal (¢") bilesenlerinin frekansla degisimleri.
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[3] Karabul Y., Icelli O., The assessment of usage of epoxy based micro and nano-structured composites
enriched with Bi203 and WQO3 particles for radiation shielding, Results in Physics, 26, 2021, 104423.
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Dielectric and Energy Storage Properties of Epoxy/Gd,0, Nanocomposites Prepared with Hydrothermally Synthesized Nanoparticles
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ABSTRACT

This study investigates the dielectric performance of epoxy nanocomposites reinforced with hydrothermally synthesized nanoparticles (5, 10, and 20 wt%). The results demonstrate a
significant enhancement in the dielectric constant (¢) due to Maxwell-Wagner polarization, with the 20 wt% loading showing the highest energy storage capacity. Crucially, these
improvements were achieved while maintaining low dielectric loss, confirming the material's potential for high-performance capacitor applications.

INTRODUCTION

Epoxy resins are widely preferred in insulation systems due to their superior
mechanical and thermal properties; however, their low dielectric constant limits their
use in energy storage applications. To overcome this limitation, this study investigates
the dielectric properties of epoxy nanocomposites reinforced with hydrothermally
synthesized Gadolinium Oxide (€) nanoparticles (5, 10, and 20 wt%). The primary
objective is to enhance the dielectric permittivity through the Maxwell-Wagner
interfacial polarization mechanism provided by the high surface area of nanoparticles,
thereby developing a high-performance material for next-generation capacitors
without compromising electrical insulation.

METHOLODOLOGY

The experimental procedure consists of three main stages: nanoparticle synthesis,
composite fabrication, and characterization.

2.2.Nanoparticle Synthesis: High-purity Gd203 nanoparticles were
synthesized via the hydrothermal method by treating Gadolinium Nitrate
Hexahydrate solution in an autoclave at 200°C for 12 hours, followed by
washing and drying at 80°C as shown in Figure 2.1.

2.2. Composite Fabrication: Nanocomposites were prepared by dispersing the
synthesized nanoparticles into Bisphenol-A epoxy resin at filler loadings of 5, 10, and 20
wt%. The mixture (2:1 resin/hardener ratio) was cast into Teflon molds and cured in
vacuum for 24 hours at room temperature.

Gadolinium
Nitrate
Hexahydrate
* Distilled water
A * Ethanol
Washing
ﬂ : Gadolinium
—— . =z ﬁ . oxide
200°C r‘—’-’-’—‘-‘-‘f* > 80°C
L___ s autociave( 1 5 o rs S 74 hoOUrS
S Washing Drying
Distilled

Waset Magnetic stirrer

hotplate

Figure 2.1. Schematic representation of the hydrothermal synthesis of Gd203 nanoparticles.

2.3. Characterization: Structural characterization via XRD analysis confirmed the
formation of high-purity BCC phase crystals (Figure 2.2), while FESEM observations
revealed a nearly spherical morphology with an average particle size of 80—-100 nm
(Figure 2.3). Subsequently, frequency-dependent dielectric measurements were
conducted using a Broadband Impedance Analyzer in the range of 1 Hz — 15 MHz.
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Figure 2.2. XRD patterns of the synthesized
Gd, O, nanoparticles.

Figure 2.3. FESEM image showing the surface
morphology of the synthesized Gd,O, nanoparticles.

RESULTS

3.1. Analysis of Dielectric Constant (€): The frequency-dependent variation of the
dielectric constant was investigated in the range of 1 Hz — 15 MHz. As seen in the results, €
decreases with increasing frequency for all samples. This is a typical behavior where
dipoles cannot follow the rapidly alternating electric field at high frequencies.

However, the incorporation Gd,0; nanoparticles systematically increased the dielectric
constant compared to neat epoxy. This enhancement is primarily attributed to the
Maxwell-Wagner interfacial polarization effect, which creates localized charge
accumulation at the interfaces between the nanoparticles and the epoxy matrix.
Consequently, the 20 wt% nanocomposite exhibited the highest dielectric performance,
proving its superior energy storage capacity.

3.2. Analysis of Dielectric Loss (€”’): The dielectric loss factor (€) represents the energy
dissipated as heat. In the low and medium frequency regions (10! — 10° Hz), the loss values
for all nanocomposites remained near zero, similar to neat epoxy. This confirms that the
insulating character of the material is preserved despite the high filler loading.

Although a slight increase was observed at high frequencies (>10° Hz) due to dipole
relaxation processes, the energy dissipation remained at acceptable levels. Thus, the study

confirms that 20 wt% doping achieves the optimal balance between high energy storage
and low dielectric loss.
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Figure 3.1. ¢ — f graph of Epoxy/ Gd,0; nanocomposites Figure 3.2. ¢"— f graph of Epoxy/Gd,O, nanocomposites

CONCLUSION

High-purity body-centered cubic (BCC) Gd,0, nanoparticles with an average size of 80—-100
nm were successfully synthesized via the hydrothermal method. The integration of these
nanoparticles into the epoxy matrix significantly increased the dielectric constant (g,
primarily due to the strong Maxwell-Wagner interfacial polarization effect. Among all
samples, the nanocomposite with 20 wt% filler loading exhibited the highest energy
storage capacity.

Crucially, the dielectric loss (€”’) remained low across the frequency range, indicating that
the improved energy storage performance was achieved without compromising the
insulating character of the epoxy resin. These findings suggest that Epoxy/Gd,O,
nanocomposites are promising candidates for next-generation capacitors and advanced
high-voltage insulation systems.
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OZET

Bu calisma, modern tibbi tani ve tedavi sureclerinde kritik rol oynayan goériuntileme modalitelerinin fiziksel temellerini, teknolojik altyapilarini ve klinik uygulamalarini karsilastirmali olarak analiz etmeyi amaglamaktadir. Calisma kapsaminda
transmisyon tabanli iyonlastirici teknikler (Radyografi, BT), iyonlastirici olmayan yontemler (USG, MRG) ve emisyon tabanli nikleer tip sistemleri (Sintigrafi, SPECT, PET); goriinti olusturma mekanizmalari ve radyasyon givenligi parametreleri agisindan
incelenmistir. Yapilan degerlendirmeler sonucunda; Bilgisayarli Tomografi sistemlerinin anatomik detaylandirmada "altin standart" teskil ettigi ancak ylksek radyasyon riski tasidigi, buna karsin MRG ve USG’nin Ustin yumusak doku kontrasti ve
radyasyonsuz biyolojik glvenlik avantaji sundugu saptanmistir. Nikleer tip yontemlerinin doku metabolizmasini haritalama yetenegi, 6zellikle hibrit sistemlerin (PET/BT, SPECT/BT) gelisimiyle anatomik veriyle entegre edilerek tanisal dogrulugu

maksimize etmistir.

TARIHCE

Tibbi goruntileme, 1895’te Roentgen’in X-isinlarini kesfiyle baslayarak modern radyolojinin temellerini atmistir.
Floroskopi; erken doénemdeki radyasyon ve liminesans sorunlarini, modern gorintli yogunlastiricilar ve dijital
dedektorlerle asarak tanisal dogrulugu optimize etmistir. Niikleer tip disiplini ise radyoaktivite calismalari ve 1964’te Hal
Anger’in gama kamerasiyla fonksiyonel goriintiileme kapasitesine ulasmistir. Tanisal spektrum; 1930’larda ultrasonografi,
1973’te Bilgisayarli Tomografi (BT) ve takiben Manyetik Rezonans (MRG) ile genislemistir. Ginimuzde hibrit sistemlere
(PET/BT) evrilen teknoloji; yapay zeka ve foton sayimli dedektorlerle radyasyon dozlarini ALARA prensibince minimize
etmektedir. Bu dijital dontusumin fiziksel temelini kavramak adina, modern taninin yapi tasi olan X-ray radyografi
mekanizmasini incelemek kritiktir.

X-RAY RADYOGRAFI (RONTGEN)

Roentgen, X-isinlarinin farkli doku sogurma kapasitelerini kanitlayarak canli gériintilemede doénim noktasi yaratmistir.
Sistem; elektronlarin anoda ¢arpmasiyla olusan Frenleme (Bremsstrahlung) ve Karakteristik Radyasyon mekanizmalariyla
calisir. Demet kalitesi, diistk enerjili fotonlari stizen filtrasyon ve alani sinirlayan kolimasyon ile optimize edilir. Goriinti
olusumu diferansiyel sogurma (atenuasyon) prensibine dayanir; yogun yapilar radyopak (beyaz), hava iceren dokular
radyollisent (siyah) izlenir. Yiksek uzaysal ¢cozinurlik, hiz ve disik maliyet ile temel tani araci olsa da; stiperpozisyon (Ust
Uste binme) ve sinirh yumusak doku kontrasti ana limitasyonlaridir.

‘77 SN

-

BILGISAYARLI TOMOGRAFiI (BT / CT)

Bilgisayarli Tomografi (BT), konvansiyonel radyografideki yapilarin st lste binme (sUperpozisyon) sorununu, viicudu
kesitsel tarayarak ortadan kaldirir. Sistem, donen "gantry" icindeki tip ve dedektorlerle binlerce atenuasyon profili toplar.
Ozellikle Helikal (Spiral) BT, siirekli hacimsel veri toplayarak travma vakalarinda saniyeler icinde 3D tiim viicut
modellemesi saglar. Gorunti islemede, doku yogunlugunu standardize eden Hounsfield Birimleri (HU) kullanilir (Su: O,
Hava: -1000, Kemik: +1000 HU). BT, milisaniyelik hizi ve Gstlin kontrast ¢ozlnurlGgua ile "altin standart" olsa da; ylksek
"Etkin Doz" (mSv) ylikl nedeniyle pediatrik ve gebe hastalarda kullanimi sinirlidir. Ayrica yogun materyal kaynakli metal
artefaktlari ve fonksiyonel veri eksikligi (sadece anatomik haritalama) temel limitasyonlardir.

Hounsfield Scale (HU)

X-151n1
tupu
Helisel tarama

X-151n1 yorungesi

yorungesi

Hasta tasima
yonu

masasi

ULTRASONOGRAFI (USG)

Ultrasonografi (USG), iyonlastirici radyasyon yerine ylksek frekansli ses dalgalarinin doku icindeki yayillim ve yansima
prensiplerine dayanan, biyolojik glivenlik agisindan en risksiz gorintileme modalitesidir. Sistemin ¢calisma mekanizmasi
Piezoelektrik Etkiye dayanir; prob icerisindeki kristaller elektrik enerjisini mekanik ses dalgasina, dokudan geri donen
yankilari (eko) ise dijital goriinti sinyaline donustirir. Gorlinti karakterizasyonu "Ekojenite" kavrami ile tanimlanir; ses
dalgalarini geciren sivilar Anekojenik (Siyah), yansitan sert dokular ise Hiperekojenik (Beyaz) profil verir. Radyasyon
icermemesi ve gercek zamanli (real-time) inceleme olanagi, USG’yi obstetrik ve yumusak doku tanisinda birincil tercih
haline getirmistir. Ancak ses dalgalarinin hava ve kemik bariyerini asamamasi ve tanisal dogrulugun uygulayicinin
tecriibesine (operator bagimhlig) dayanmasi yontemin temel limitasyonlaridir.

Hetim kablosu

{11 Plastik kasa
Metal koruyucn

Yank: emicl

Destek materyal

Plezoeleknuik materyal

Yalnkan yuzey

MANYETIK REZONANS GORUNTULEME (MRG / MRI)

Manyetik Rezonans Gorintileme (MRG); iyonlastirici radyasyon yerine glicli manyetik alan ve radyo frekans (RF)
dalgalari kullanan ileri bir kesitsel goriintlileme teknolojisidir. Sistemin temeli su molekillerindeki Hidrojen protonlarina
dayanir; manyetik alanda hizalanan protonlar, RF uyarimi sonrasi yaydiklari enerji sinyalleriyle yiuksek c¢ozunurlikla
anatomik goruntuiler olusturur. Bilgisayar algoritmalariyla islenen bu sinyaller, dokularin yogunluk farklarina gore yiksek
¢cozunurlikla anatomik gorintulere donustiralar.

Magnetic field
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Donanim mimarisi, sivi helyum ile sogutulan sliper iletken miknatislari barindiran "ttinel" (bore) yapisindadir. Radyasyon
riski tasimamasi ve hasta pozisyonunu bozmadan yapilan "Multiplanar Gorintileme", yontemi pediatrik vakalarda
givenli kilar. Ozellikle beyin ve kikirdak gibi yumusak dokularda sundugu tistiin kontrast ¢coziintrligi ile "altin standart«
tir. Ancak; uzun cekim siireleri (20-45 dk), hareket artefaktlari ve klostrofobik tlinel yapisi temel zorluklardir. Ayrica glcli
manyetik alan; kalp pili veya ferromanyetik implant tasiyan hastalarda hayati risk olusturdugundan mutlak kontrendikedir.

SINTIGRAFI (GAMA KAMERA)

Sintigrafik goruntileme, anatomik morfolojiden ziyade radyoizotop emisyonlarina dayanarak dokularin metabolik
haritasini cikaran fonksiyonel bir nlikleer tip yontemidir. Sistemin goriintileme Unitesi olan Gama Kamera (Anger
Kamera);vicuttan vyayillan fotonlari kolimasyon (yonlendirme), sintilasyon (kristallerle 1siga donisim) ve
fotomultiplikasyon (sinyal yukseltme) adimlariyla dijital veriye donustirdr. Klinik degerlendirmede doku aktivitesi iki
paternde yorumlanir: Radyofarmasoétik birikiminin arttigi malignite veya inflamasyon odaklari "Hot Spot" (Sicak Alan);
nekroz gibi canlihigini yitirmis hipoaktif bolgeler ise "Cold Spot" (Soguk Alan) olarak tanimlanir. Sintigrafinin en buyutk
avantaji, anatomik bozulma gerceklesmeden aylar dnce hiicresel patolojileri saptayabilmesi ve tek dozla Tum Vicut
Tarama vyapabilmesidir. Ancak, radyolojik yontemlere kiyasla dusik uzaysal c¢ozinurlik ve hastanin islem sonrasi
radyasyon kaynagina dontsmesi nedeniyle izolasyon gerektirmesi temel limitasyonlaridir.
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SPECT (Tek Foton Emisyon Bilgisayarli Tomografi)

Planar sintigrafinin stiperpozisyon ve derinlik algisi kisitlihgini asan SPECT teknolojisi; dedektorlerin rotasyonuyla topladigi
verileri isleyerek U¢ boyutlu kesitsel haritalar olusturur. Bu stireg, derin yerlesimli lezyonlarin lokalizasyonunu ve kontrast
coziimlemesini belirgin sekilde artirir. Anatomik detay eksikligi ve derin dokulardaki sinyal kaybi (atenuasyon), sistemin BT
ile entegre edildigi Hibrit SPECT/BT teknolojisiyle giderilmistir. Fonksiyonel ve yapisal veriyi tek seansta birlestiren bu
yontem; uzun c¢ekim sureleri ve hareket artefaktlari riskine ragmen tanisal dogrulugu maksimize eden ileri bir standart
sunar.

PET (Pozitron Emisyon Tomografisi)

PET, pozitron-elektron carpismasiyla olusan Annihilasyon fotonlarinin es zamanli algilanmasina (Cakisma Sayimi) dayanir.
En sik kullanilan F-18 FDG (seker analogu) ajani sayesinde, yliksek glikoz tiiketen timor odaklari molekiler diizeyde
goruntllenir. Metabolik verinin (PET) anatomik detaydan yoksun olmasi sorunu, yapisal verinin (BT) tek seansta eklendigi
PET/BT hibrit sistemleriyle asiimistir. Kanser evrelemesinde "Altin Standart" olan bu flizyon teknolojisi, SUV degeriyle
sayisal analiz ve anatomik kiiclilme 6ncesi erken tedavi yaniti takibi saglar. Ancak; hastanin maruz kaldigi yuksek
radyasyon dozu, izotop Uretimi icin gereken pahali Siklotron altyapisi ve enfeksiyona bagli yalanci pozitiflik riski yontemin
temel kisithliklaridr.

HiBRIT GORUNTULEME SiSTEMLERI

Anatomik (BT, MRG) ve fonksiyonel (PET, SPECT) yontemlerin kisithliklari, her iki disiplinin tek bir gantry govdesinde
birlestirildigi Hibrit Gorlintileme teknolojisiyle asilmistir. Sistem, hasta hareket etmeden topladigi verileri Goriinti
Flizyonu (Co-registration) yazilimlariyla Ust Uste bindirerek, yapisal anomali ile metabolik aktiviteyi tek karede eslestirir.
Onkolojide "altin standart" olan PET/BT; BT bileseni ile anatomik rehberlik ve atentiasyon diizeltmesi saglayarak SUV
(Standart Tutulum Degeri) olcim dogrulugunu maksimize eder. SPECT/BT ise, entegre BT sayesinde SPECT’in dusik
uzaysal cozunurlagini telafi eder; o6zellikle tiroid ve kemik metastazlarinin benign (iyi huylu) olusumlardan ayrilmasinda
kritiktir. Teknolojinin son noktasi PET/MR; iyonlastirici radyasyon yikinU azalttigi icin pediatrik vakalarda givenlidir ve
beyin/pelvis tliimorlerinde Ustiin yumusak doku kontrasti sunar. Bu hibrit yaklasim, tanisal dogrulugu %30-40 oraninda
artirirken hassas radyoterapi planlamasina olanak tanr.
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