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Relevance of the topic. A high level of analytical control of the substance and environment is the
basis for the success of the production and development of modern technologies. Common
methods for analyzing the chemical composition of the environment include numerous optical
methods, along with standard chromatographic, gravimetric, and other methods. Selecting an
effective and optimal method from numerous optical methods and adapting it to the properties
of the investigated substance is currently one of the urgent tasks. Recent studies are devoted to
increasing the signal-to-noise ratio and thereby optimizing CCD detectors and are closely related
to the thesis topic.

Aim of the research. The aim of the research is to increase the efficiency of photoelectric
conversion systems and the efficiency of environmental diagnostics problems detection. Of
particular importance is the detection of the light source through the environment, including
through the phase screen. The phase screen is an optically dense medium, the modeling of whose
characteristics may become the basis for the creation of new types of fast and efficient optical
detectors.

Methodology: The research methodology is based on two approaches: 1. Charge-coupled device
(CCD) detectors for obtaining high-resolution spectral data, particularly in the ultraviolet (UV)
and visible light ranges. CCD detectors are characterized by high quantum efficiency and
sensitivity to light, which allows detailed study of spectral lines and of molecular vibrational
states. The methodology involves calibrating these detectors to accurately measure the optical
density and account for small changes in the spectral data.

2. The analysis is based on the assumption that the electronic transitions in the formation of
molecular spectra occur so rapidly that the nuclear positions are essentially unchanged during
this process. The intensity of the spectral lines is correlated with the overlap of the vibrational

wave functions of the initial and final states, according to the Franck-Condon factor.

The main conclusions of the thesis can be divided into two parts:

1. CCD detectors provided detailed spectral images that revealed distinct patterns of electronic
transitions consistent with theoretical predictions. This validated the use of CCD technology in
capturing the subtle nuances of molecular spectroscopy, particularly in the UV and visible

spectra.



2. The spectral data supported the theoretical framework of the Franck-Condon principle,
showing that the most intense spectral lines correspond to transitions between vibrational levels

with the greatest overlap of wave functions.

Practical significance of the work. The results of the dissertation research will be important for
the development of such studies as:

e Standardized test procedures: The use of these procedures among different laboratories
and researchers can help ensure consistency in the measurement of optical properties of a
substance, such as signal-to-noise ratio or fluorescence spectra.

o Blind testing: can be used to reduce the influence of bias on experimental results.

e (Calibration standards: The use of calibration standards can ensure that measurements
made by different researchers and laboratories are comparable.

o Statistical analysis: Appropriate statistical analysis can ensure the reliability of the
experimental results and confirm the conclusions with the data.

e Replication studies: Replication studies can help verify the results of previous studies and
increase confidence in the reliability of experimental findings.

Scientific novelty. The novelty of the research lies in the developed methods that increase the
overall efficiency of optical-electrical devices in various ways. In particular, a mechanism for
increasing the efficiency of the CCD sensor by improving the quantum efficiency is proposed. An
evaluation of the use of CCD sensors for some practical applications and ways to improve them

are also presented.

The content of the doctoral thesis
In the introduction of the thesis, the classification of spectroscopic methods is presented and the
main schemes of the photodetector are discussed.

It is emphasized that today spectroscopic methods are classified according to: electromagnetic
radiation; according to the interaction of radiation with matter: absorption (absorption
spectroscopy), emission (emission spectroscopy), scattering (Raman spectroscopy) and reflection
(reflection spectroscopy); according to the objects to be studied: atomic and molecular structure

of the object; according to spectrum registration: visual, photographic and photoelectric.



The need to create adaptive photodetectors led to the creation of multi-element semiconductor
solid-state detectors, from which we distinguish detectors according to the signal processing
method:

e Charge Injection Device (CID)
e Charge-Coupled Device (CCD)
Both detectors are based on silicon, on which photosensitive elements - "pixels" are placed.

CCD sensors are used in a wide range of applications, namely: astrophotography, electron

microscopes, and, of interest to us, fluorescence spectroscopy. It is worth noting that these sensors
have mainly changed their appearance in consumer digital cameras (CMOS), where sensors with
additional metal oxide-semiconductor sensors are used, which are budget-friendly to
manufacture. Thus, CCD sensors continue to be the preferred sensors in many scientific and
industrial applications.
In the introductory part of the dissertation, the literature related to the work is reviewed. It is
noted that the majority of recent works are devoted to the optimization of CCD detectors. The
literary sources describing the StellarNet spectrometer, the BlackComet detector, and the Porta
LIBS system, which were part of the material-technical base of the dissertation, were analyzed.
The relationship between the works performed within the dissertation and the goals and results
of the dissertation is reviewed.

Chapter 1. Fundamentals and applications of optical-electrical systems.

Main argument: This chapter establishes the physical basis for electronic transitions in molecular
orbitals, emphasizing the changes in energy levels that electrons undergo. It proves that despite
the differences in the spin-orbital interactions of the molecules, such transitions involve
interactions between the spin angular momentum of the electrons and their orbital motion,
leading to a splitting of the energy levels.

Research question: How do molecular electronic transitions contribute to understanding the
optical properties of substances?

The first chapter of the thesis presents the concept of using CCD photodetectors of semiconductor
technology in detecting and recording optical signals. It discusses the importance of signal-to-

noise ratio (SNR) estimation in optical density (OD) environments.



§1. Optical density and absorbance are presented. Optical Density (OD) is a measure of light
absorption by a substance. It is often used to quantify the concentration of a specific substance in
a solution. OD expressed in absorbance units (AU) has been shown to increase in proportion to
the increase in light absorption by the sample. OD is an important physical characteristic because
it can be used to determine the concentration of a substance in a solution or to estimate the
thickness of a thin film. That is why the importance of OD assessment in different fields
(chemistry, biology, physics and engineering) is emphasized.

The estimation of OD is related to the measurement of light intensity (I) through the test
sample. If the light intensity transmitted in the standard solution (Iy), is known, then its
transmission T in the solution with the f attenuation coefficient placed in the cuvette with the

L path length determines the OD:

T L. e AL
Iy

The light transmission rate decreases exponentially depending on the width of the cuvette:

InT = In (é) =In(e L) = —BL = —(Bs + Ba)L
Signal reduction is due to signal scattering (f5) and absorption (f3,):
B =Ps+ba

If the size of the detector is too small compared to the distance traveled by the light (the
cuvette's path length), then all the photons that are scattered by the particles of matter in a direct
or indirect direction will obviously not reach the detector. In such a case, InT gives us the effect
of superposition of absorption and scattering. Because the absorbed fraction is more prominent
than the scattered one, the absorbed fraction is used to quantify the absorbing particles.

The optical density (OD) at a particular wavelength is numerically equal to the absorbance at
that frequency:
OD =A=—log,T.

It is important to note that the choice of reference sample can affect the calculated OD value. The
reference solution should be a solvent or buffer that has the same optical properties as the sample

solution.



In the experimental part of the thesis, it was planned to measure the optical density (OD)
of the research sample using the StellarNet spectrometer, which uses the BlackComet (190-850
nm) detector. The following works were performed:

e Spectrometer installation: Connect the BlackComet detector to the cuvette holder with
fiber optic cables, and to the recording device with the USB port. We used StellarNet's
SpectraWiz software for signal registration. Installed the software and configured the
BlackComet detector license code, specifying the attached parameters.

e Sample preparation: Placed the sample in the cuvette and made sure it is properly aligned
with the light beam.

e Capturing the spectra: Recorded the spectrum of the sample using the spectrometer
software.

o Taking reference spectra: we placed a control sample - the so-called etalon in the cuvette
and we took the spectra. It should be noted that the control sample was the same solvent
as the test sample in order to exclude the influence of solvent-induced background
absorption.

e Calculation of OD: We calculated the OD of the sample.
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Fig.1.1. a) OD vs c, three curves, when the path length is 0.05,0.5and 1 cm, A = 337.1nm; b) OD vs L,
three lines, when each corresponds to the different concentration value 0.1, 0.5, 1,4 = 337.1 nm.

The concentration of the solution was chosen so that the absorbance fell within the linear
range of the detector, typically 0.2 to 1.0. The concentration affects the accuracy of the
measurement, because the absorption of light is affected by factors such as solvent activity,
temperature, and the composition of other compounds. BlackComet spectrometers typically use
a 1 cm path length cuvette. However, for samples of low concentration or high absorbance, a

shorter path length cuvette is suitable to avoid saturation of the detector signal. Conversely, high



concentration or low absorbance samples may require a longer path length cuvette to obtain a
measurable signal.

Fig. 1.1. (a) shows the dependence of optical density OD of the sample on the concentration
at different lengths of the cuvette path. It has been shown that increasing the path length for a
given sample decreases the optical density, which means that the absorption rate increases and
vice versa. However, the increase in concentration leads to an exponential decrease in the
optical density of the sample. Fig. 1.1. (b) shows the dependence of the optical density on the
cuvette path length at different concentrations. This relationship is linear, with a steeper graph

of optical density corresponding to a higher concentration.
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Fig.1.2. The molar absorption coefficient spectrum of the sample. Dependence of absorbance on concentration at
different wavelengths, when the concentration of the investigated substances in the sample is 2 - 10~° mol

Fig. 1.2 a) shows the dependence
of absorption in the ultraviolet range of the spectrum (300 nm) on concentration. Fig. 1.2 b) and

c) present corresponding graphs for blue (448 nm) and yellow (574 nm) light.



§2. Ultraviolet and visible light absorption spectra.

This paragraph discusses the absorption spectra of ultraviolet and visible light, when the visible
region of the spectrum includes photon energies from 36 to 72 kcal/mol, and in the near-
ultraviolet region (up to 200 nm), this energy range increases to 143 kcal/mol. Ultraviolet spectra
with wavelengths shorter than 200 nm are difficult to process, so they are rarely used for
structural analysis of substances.

The presence of light-absorbing molecular groups - chromophores - in a molecule is best
confirmed by UV-visible spectroscopy, but most spectroscopic instruments for wavelengths
below 200 nm are practically problematic in terms of detecting isolated chromophores.
Fortunately, electron coupling generally causes the absorption maxima to shift to longer

wavelengths (for example, in the case of isoprene).

§3. Absorption intensity. It is shown that the molar absorptivity (¢) can be very large for strongly
absorbing chromophores (>10000) and very small for weakly absorbing chromophores (from 10
to 100). The magnitude of € reflects both the size of the chromophore and the probability that
light of a given wavelength will be absorbed by the chromophore when light falls on it::

¢ =0.87-10%PS
where P — is the transition probability, it is placed between O and 1, S- is the area of the

chromophore (in m?).

§4. Pairing. The analysis of spectral characteristics of different chromophores is discussed in this
paragraph. Chromophores are parts of molecules responsible for the ability to absorb light of a
specific wavelength, resulting in colored compounds. Concepts such as maximum absorption
(Amax), molar extinction (¢) and m — ™ electronic transitions between orbitals are mentioned.

Absorption spectra of pentene and isoprene, bathochromic shifts (shifts to longer
wavelengths), hyperchromic shifts (increased absorption intensity) and their relation to double
bond conjugation are discussed. This indicates that as the conjugation increases, the wavelength
of the absorbed light and the intensity of the absorption increase.

Absorption spectra of various types of chromophores such as ketones, aldehydes and aromatics

in the UV and visible range are presented. It is studied how the interaction between orbitals



(HOMO - from the highest energy bonding m-orbital and LUMO - to the lowest energy bonding
n-orbital) affects the absorption spectra.

Overall, this paragraph presents a detailed analysis of electronic transitions in molecules and
their spectral features, which can be important for understanding the molecular structure and

properties of chromophores.

85. Methods of measuring signal attenuation speed. This section describes methods for measuring
signal transmission rates in various types of spectrometers. The working principles of phase and
pulse spectrometers, as well as methods of recording fluorescence and phosphorescence spectra
are discussed.

In stroboscopic spectrofluorimeters, the beam from the source is divided into two parts. One
passes through the test sample and the other passes through the standard sample (etalon), which
contains only the solvent. The intensity of the rays is measured by electronic detectors and then

compared to determine how much light is absorbed by the sample (Fig. 5.1).
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Fig.5.1. Stroboscopic spectrofluorimeter after modernization

M - plane mirror. ADC — Analog to digital converter. DAC - digital-analog converter; ER -
emission repeater; A — amplifier; BC - binary counter; BDC - Binary Decadal Counter; Dec —
decoder; AB — automatic block; CFG — Calibrated frequency generator.

It should be noted that pulsed spectrometers are simple tools for e.g. fluorescence lifetime

measurements. The sample is illuminated by a pulsed light source. The pulse duration is shorter



than the fluorescence lifetime. Fluorescence emission is recorded on an oscilloscope or through
electronics consisting of analog-to-digital converters on a personal computer.

The pulse source and the photomultiplier switch at a frequency of several thousand repeats
per second, but with a certain delay. Fluorescence curves are recorded by measuring the delay
time between excitation and recording. The amplified signal received from the photomultiplier
is recorded as a function of delay time through the detector. The pulsed light source used during
this method should have a pulse duration shorter than the fluorescence signal attenuation time,
so it is convenient to use pulsed hydrogen lamps as a light source. In the second method, the
photomultiplier works in pulse mode and has high sensitivity.

In phase fluorometers fluorescence is excited by a cone of light modulated at a high frequency.
The fluorescence phase, i.e. the degree of modulation, is compared to the phase of the excitation
light. In the case of fluorescence decaying exponentially with time, the phase shift  between
the fluorescence radiation and the excitation light phases is determined by the expression: wt =
tgy, where 7 - is the fluorescence lifetime. The signal from the source and the fluorescent signal
excited on the sample meet the CCD-detector, which registers the phase shift between these
signals. The degree of modulation in the excitation light cone (m;) and the degree of modulation
mg
m

of the fluorescence signal (my) are related to the phase shift | in the ratio: — = cos.

S

In principle, one of the main drawbacks of the phase fluorometer lies in the difficulty of
interpreting the results that arise from non-exponential decay of fluorescence, although Birks,
Dyson and Munro used this method for non-exponential decay of fluorescence as well. In the
first phase fluorometers, polarized excitation light and the Kerr effect were used to modulate the
light cone. In this case, a high-frequency field acts on the liquid or crystal with the electron-

optical effect.
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Fig. 5.2. Schematic diagram of a phase fluorimeter. 1- light source, 2 — optical modulator; 3- optical filter, 4- Semi-
transparent plate (light divider); 5 - A cuvette with a sample that can be rotated at a constant speed; 6 - Fiber optic
light carriers; 7 - Cuvette holder; 8 - correlator; 9 — scattering plate; 10 — photomultiplier; 11 - phase meter; 12 -
computer; M1 - Fixed mirror; M2 - moving mirror; L - Converging lens; CCD — Detector.

Thus, the phase fluorometer allows to determine the duration of the glow of the received
signal through the phase screen of the support signal with known modulation. Knowledge of the
polarization of the source is important in determining the regularities (viscosity, temperature,
structure) of the phase screen measurement.

With our proposed method, the fluorescence lifetime can be determined indirectly. This
method was first proposed by Eisenthal, who described an indirect method of measuring
fluorescence emission (10! s).

It is highlighted how different solvents (water, ethanol, hexane and cyclohexane) affect the
measurements. It is explained that solvents with double or triple bonds or heavy atoms (such as

S, Br and I) are not used due to high light absorption, which can distort the spectral image.

§6. Characteristics of the CCD sensor of the BlackCommet detector. The paragraph describes the
sensor characteristics of the CCD detector used in the BlackComet Spectrometer. A CCD (charge-
coupled device) consists of light-sensitive pixels that, when irradiated with photons, generate an
electrical charge that is stored in these pixels and then read and converted into a digital signal.
CCD detectors are light sensitive and can detect very low levels of light intensity with high
accuracy and have a wide dynamic range.

The following main characteristics of CCD sensors are discussed:

11



¢ Quantum Efficiency (QE): This is the ability of the sensor to convert photons into
electrons. QE is usually expressed as a percentage. It depends on the wavelength of the
light, the thickness of the active layer and the type of material used in the detector.

e Dark Current: It is the flow of electrons that occurs in the absence of light. Dark current
is caused by thermal fluctuations of electrons. Obviously, as the temperature increases,
the dark current becomes more important. Dark current can result in a higher level of
thermal noise (hereafter simply noise) and a lower SNR (Signal-to-Noise Ratio) value.

e Read Noise: This is the noise produced when electrons are read from the CCD sensor.
Readout noise depends on the electronics used for the readout and can be reduced by
cooling the sensor.

o Full Hole Capacity: This is the maximum number of electrons that can be stored in a pixel
before saturation. The full bandwidth of the holes provides better dynamic range and
reduces the possibility of saturation.

o DPixel Size: This is the physical size of the individual pixels in the CCD sensor array. Smaller
pixel sizes allow higher spatial resolution, but at the same time, can lead to higher noise
levels.

e Linearity: This is a measure of how well the detector responds to the number of photons
detected. The response of a perfectly linear detector is directly proportional to the number
of photons detected. Non-linearity can cause image distortion and affect the accuracy of
measurements.

It is discussed how these parameters can affect the performance of the CCD detector in

spectrometers and how they can affect the optical density (OD) of the sample.
The fraction of photons that hit the detector produces an electron-hole pair. The number
of electrons generated per unit of time is estimated by the current produced by the detector (I),

the optical power of the light falling on the detector (P) and the active area of the detector (S):

[ =QE-P-S.

Ne

The method of estimating the amplification factor of the output signal (G = N, is the

Nph !
number of collected electrons and the number of photons incident (collision) on N, pixels) and

its dependence on signal-to-noise ratio (SNR) is discussed.

12
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SNR =

where: ND — is the dark noise, NR — reading noise and NF — is fluctuating (statistical) noise.
Formulas for calculating SNR are presented and factors that can affect the accuracy of OD
measurements are discussed (Fig. 6.1), including exposure time and the intensity of the light

source used to illuminate the sample:
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Fig.6.1. a) The dependence of OD on QE, b) Dependence of OD on SNR
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6.2. SNR three-dimensional dependence on beam path length and detector integration time when the
concentration is: ¢ = 0. 01 mol/L, and molar absorption coefficient £ = 20000 L/(mol-cm)

The experimental part of our study was performed on the StellarNet detector BlackComet.
BlackComet spectrometers are equipped with high-performance CCD sensors, which are
characterized by excellent sensitivity, they have a low noise level in a wide range of wavelengths
(Fig. 6.2). These detectors feature a thermoelectric cooling system to reduce noise levels and
increase stability. This is why these detectors are ideal for applications such as

absorption/transmission spectroscopy, fluorescence spectroscopy, and Raman spectroscopy.
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87. Methods for improving the quantum efficiency (QE) of the CCD sensor. This section
describes various methods and strategies for improving the quantum efficiency (QE) of CCD
sensors used in spectroscopy. Factors affecting QE, such as sensor material, design, inner layers,
ability to reduce surface recombination, etc., are discussed.

Overall, there are many possible ways for future research to improve the performance of CCD
sensors used in spectroscopy, and this can have a significant impact on the sensitivity, stability,
and accuracy of spectral measurements.

From the listed problems, we should especially mention the researches carried out to improve
the quantum efficiency (QE) of CCD sensors. This circumstance will give us a higher QE and can
lead to better sensitivity and signal-to-noise ratio.

One of the techniques to optimize the characteristics of the CCD sensor of the BlackCommet
detector is to control the hardware capabilities in software. From this point of view, the following
studies should be highlighted:

* Image processing algorithms: Implementing efficient image processing algorithms can help
reduce noise and improve the detector's signal-to-noise ratio. This may include techniques
such as background subtraction, flat-field correction, or deconvolution.

e Timing and synchronization: The timing and synchronization of the detector can affect its
performance. Optimizing these parameters will help improve the stability and accuracy of
measurements. This may include techniques such as precision trigger implementation,
integration time optimization, or readout noise minimization.

e Data collection and storage: Efficient data collection and storage can help improve the speed
and accuracy of measurements. This may include techniques such as optimizing data
transfer rates, implementing real-time data compression, or implementing a fast data
storage system.

Practical steps are also described, and the code in Mathematica programming language is
presented, which illustrates the process of image processing from the CCD detector. Steps such

as background subtraction, field plane correction, and more are described.

Chapter II. Theoretical analysis of electronic transitions and vibrational processes - Franck-

Condon principle in spectroscopic applications

14



Hypothesis: The basic hypothesis we rely on is the Franck-Condon principle, which provides a
theoretical framework for understanding vertical electronic transitions between different
vibrational levels within molecules. This principle is crucial for analyzing the intensity and
position of spectral lines, thus allowing the estimation of vibrational states of electronic
transitions.

Methodology: The research methodology relies on CCD technology to visualize these transitions
in the ultraviolet and visible regions of the spectrum. The discussion in this chapter covers the
evaluation of the quantum efficiency of CCD detectors and the high-precision measurement of

optical density.

§ 2.1. Study of the optical properties of matter at the molecular level with a CCD detector. Franck-
Condon principle. The first paragraph of the second chapter of the dissertation is devoted to the
study of the optical properties of substances at the molecular level using CCD detectors. It
discusses the Franck-Condon principle and its role in visualizing spectral information. This
principle is related to electronic transitions in molecules, especially in the ultraviolet and visible
spectral regions. It is noted that vibrational changes in molecules are accompanied by electronic
transitions.

It is described how CCD devices convert incident photons into an electrical signal that can be
used to determine the details of the electronic and vibrational states of molecules.

Analysis of the intensity and position of the spectral lines provides information about the
vibrational state and their compliance with the Franck-Condon principle.

The dipole transition matrix element is discussed:
(e,v|mle’, V') = j‘{’g‘v ﬁ‘l’ervrd?dﬁ.
which includes the wave functions describing the oscillatory motion of nuclei: W, =
Yo (7, R, (ﬁ), quantum numbers of the electronic state (e) and - oscillating state (v). It is shown
that when 1, (I_?)) is a rapidly oscillating function, and 1, changes slowly compared to ¥, (I_?))

when R changes, as a special case, we can obtain an image for the matrix element of the dipole

transition, which will be related only to the electronic state of the molecule:
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Celile’y = [ v iprd
In cases where the vibrational quantum numbers are large enough (v,v’ > 1), the motion of
molecular nuclei can be considered semi-classical. Nuclei spend most of their time near the
equilibrium point and have zero momentum.
It is considered that when the Franck-Condon factor is large, accordingly, the probability of
electronic transition is high for such initial and final states, between which it is possible to

transition without changing the coordinates of nuclei and moments of momentum.

§ 2.2. Computation of the n-dimensional Franck-Condon overlap integral. The mentioned
paragraph presents the quantum-mechanical foundations of the Franck-Condon effect. Discusses
and uses it in the calculation of overlap integrals, which play a key role in molecular spectroscopy
and describe the probability of overlapping energy bands.

First, the importance of Franck-Condon for the study of optical properties of substances is
explained, then a 2008 study (J.L. Chang, 2008) is cited, in which a simplified method for
calculating multidimensional Franck-Condon integrals based on the harmonic oscillator wave
function and taking into account the Dushinsky effect is proposed. Then the n-dimensional
Franck-Condon integral is calculated:

(V1vg v |V1V5 o vp) =

f f [exv (~5 ator ) iy (Jaier)]

l=

e s @

S

X

X

[exp (~ 3 0?) x Ho,(J&50,)] 4010 .40,

=1

where, (v;v, ...v,| - the column vector corresponds to the initial vibrational state of the
molecule, |v{v; ... vy) - corresponds to the final vibrational state of the molecule, while:
b1 < VT @) >
n/2\2 X (v + v) [ (vil vih)

is the normalization coefficient. The n-dimensional Franck-Condon overlap integral was verified

1/2

based on the simulation of the vibrational peak spectrum of Se0; .
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In the harmonic approximation for wavefunctions of states, each vibrational state is
represented by the product of a normalization factor and a Hermitian polynomial multiplied by
an exponential factor. It describes a matrix element between two vibrational states. This element
relates the initial and final vibrational states of the molecule and is used to calculate the

probability of transitions between these states in emission and absorption processes.

§ 2.3. Modeling of electronic transitions in a diatomic molecule. The third paragraph of the
second chapter discusses the modeling of electronic transitions in diatomic molecules, when the
interaction between particles is described by the Morse potential energy function. The Morse
equation is used to describe the potential energy as a function of the distance between atoms in a

molecule:

V(w,d,p,7)=D(1— e—3m(r—p))2
where: w = w(/w; - is the ratio of the frequencies of the excited and ground states, D = D, /Dy -
represents the ratio of dissociation energies in excited (D) and ground (D,) states, p = Ry /R, - is
the ratio of distances between nuclei at equilibrium, R, - corresponds to the equilibrium excited
state, and R, is the equilibrium basic state. p - represents the equilibrium bond length, that is, the
distance between particles when the potential energy is at a minimum, r - is the real distance
between particles.

Phillip M. Morse proposed this potential function in his 1929 paper to describe the potential
energy of diatom molecules, and it is widely used in quantum mechanics and molecular physics
to model the vibrational structure of molecules.

The lower and upper limits of the vibrational energy are calculated, the so-called equilibrium

distances between atoms in the ground and excited states:

ro(w,d, p,v) = p — 0.3352%- log {1+ 2222 /(0.5 + 1)w(15000D — 750(05 + )w) ,
r.(w,D,p,v) = p — 0.3352%- log {1 — “22%2 /(05 + v)w(15000D — 750(05 + v)w)},

also, vibrational energy levels as a function of vibrational quantum number (v):
1 w? 1)2
E(w,D,v) = 3w (v +5) — 0.153(17 +E) ,

and wave function:
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”!'3“’(¥_2”_1) : —x/2.,10(d/w)-v—1/2 1
Y(w,D,p,v,1)= m e X Ly (x),

which is represented by l"(%— v) — gamma function and Lager polynomial L%(x). x =

3w
20D —(r— 20D
200 =5t p),n=7—2v—1.

w
Electronic transitions are described by vibrational processes, which involve simultaneous

changes in both vibrational and electronic quantum numbers.

Potential curves of excited electronic states, visualization of vibrational energy levels, and

absorption and fluorescence spectra are presented, which reflect the intensity of individual

components of vibrational transitions.
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Fig.2.3.1. Absorption (left) and fluorescence (right) potential energy curves of ground and excited electronic states
(2) and absorption and excitation spectra (b) for different values of interatomic distance and energy
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Fig. 2.3.1 a) presents the basic and excited electronic states with potential energy curves, and
Fig. 2.3.1 b) presents the absorption and excitation spectra of the corresponding transitions. These
curves illustrate how the potential energy of a molecule varies as a function of interatomic

distance. The ground state potential energy curve is usually shown as a blue curve, while the

excited state potential energy curve is shown in red.
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Fig.2.3.3. Potential energy curves for ground (blue) and excited (red) electronic states

The first graph of Fig. 2.3.3 presents the potential energy curves for the ground (blue) and
excited (red) electronic states. The presented visualization allows to determine how the
vibrational quantum number (v), electronic energy difference (AE¢ ;.. /D), Morse potential depth
(D), equilibrium distance (p) and frequency (w) affect the potential energy curves and,
accordingly, the spectral transitions of the molecule.

In conclusion, it can be noted that using the Franck-Condon principle, it is explained that the
most likely electronic transitions are vertical transitions between potential holes (from the
minimum of the ground state to the minimum of the excited state), which is associated with
vibration overlap. This causes a change in the vibrational energy level of the molecule and affects

the intensity of the vibrational peaks in the spectrum.

The quantum efficiency or sensitivity function for a particular CCD, such as StellarNet's CCD
detector in the BlackComet spectrometer, will usually be provided by the manufacturer. It
usually varies with wavelength and can be quite complex, often requiring calibration against a
light source with a known spectrum. The quantum efficiency curves of the CCD of the
BlackComet spectrometer are roughly Gaussian in shape, peaking where the CCD is most
sensitive and tapering off towards the edges of its range.

Let's say the CCD sensitivity function in the Black-Comet spectrometer is given by Gaussian

form:

— /10
g) = exp [( i l

where, 44 — is the wavelength (in nm), where CCD sensitivity peaks, 4 is the wavelength (nm),

o, - standard deviation of the CCD sensitivity curve.
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For the simplicity of calculations, let's use the simplified representation of the Franck-Condon

factor:

FCF(v,vy) = exp l(v —vo)” I

Vo — corresponds to the starting point of the vibration propagation of the CCD detector, it actually

corresponds to the point of incidence of the light photon, g, — reflects the width of the vibrational
wave. The signal detection sensitivity of the CCD detector can be calculated by a simplified

formula:

Stota1(V, 1) = FCF(v,vy) - g(A).

10
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Fig.2.4.1. 3D distribution of the signal detected by the CCD detector depending on the vibrational wave number
v = 1...15 and the wavelength 4 = 400 — 700 nm

In summary, graphical analysis indicates that both molecular characteristics (represented by
Franck-Condon factors) and the wavelength sensitivity profile of the CCD play a critical role in

determining the detected signal intensity. The graphs presented in Fig. 2.4.1 are unique and can
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be used to understand the correlation between molecular spectroscopy and CCD detection
capabilities, which will ultimately help to optimize spectroscopic measurements and properly

plan experiments.

Chapter III. Modeling CCD characteristics in some practical applications

Main findings: Focusing on diatomic molecules, this section presents a model of electronic
transitions involving excited electronic states with higher energy (4E,;..). This chapter discusses
how such transitions are only allowed between certain vibrational levels. The specifics of the
electronic transitions and the vibrational changes during these transitions are detailed.

Results: The third chapter of the thesis offers a nuanced understanding of molecular spectroscopy,
which is vital to chemical, physical and materials science, especially in contexts where the optical

properties of materials are crucial.

§3.1. A quantum harmonic oscillator model for estimating stimulated and spontaneous emission.
The first paragraph of the third chapter of the dissertation includes a bibliographic review of
recent advances in fluorescence spectroscopy. The literature review is devoted to articles that
describe the practical value of fluorescence spectroscopy in environmental quality assessment, as
well as laser-induced plasma fluorescence spectroscopy, and the possibility of spectral line
prediction based on the Franck-Condon principle.

The quantum harmonic oscillator model for estimating stimulated and spontaneous radiation
is discussed.

As known, quantum mechanics describes energy as quantized, meaning that atoms and
molecules exist in discrete energy states. Photons, which are quanta of light, can interact with
atoms, causing electronic transitions between these states: hw = E; — E,

Three types of transitions are possible when this resonance condition is met:

e Absorption: An atom moves from a lower energy state to a higher energy state by
absorbing a photon.

e Stimulated emission: The incident photon causes the atom to move from a higher energy

state to a lower energy state, releasing a photon of the same energy.
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e Spontaneous emission: An atom spontaneously moves from a higher energy state to a
lower energy state and emits a photon.

The quantum harmonic oscillator model describes well the behavior of photons in the field.
Probability of photon annihilation (decrease of photon number by one):
[{(n, — 1lay|n,)|? = n, , or the probability of photon generation (increasing the photon number
by one):
[(n, + 1la,*Iny)* = n, + 1 gdefines the quantum-mechanical basis of the photon. a,, and

a,* - are photon annihilation and generation operators, and n,, - is the number of photons.

§3.2. Estimation of light power transmission coefficient in biological tissues. This paragraph is
devoted to the theoretical analysis of light scattering in biological tissues. It is specifically
concerned with the estimation of the light transmission coefficient in biological tissues, such as
erythrocytes in the blood or polarized molecules of the skin membrane.

The case is considered when light affects a biological structure, for example, polarized
molecules of blood erythrocytes or body skin membrane. It is noted that in this case the dominant
effect is light scattering and absorption. Scattered radiation propagation is described by the

photon transfer equation:

Y -y a dL N s g an a
(S-v)L(r,S) == —a,L(r,S) + as fP(S,S’)L(r,S’)dS
4T

P (w)- is the power of the incident beam, R (mm) —is the radius of the spot produced by the ray
at the point of incidence of the ray, z(r, S ) (mw/mmZsr) - is the rate of change of brightness at
the point r(x, y, z), which is located in the S direction. The direction of light incidence is s’

We can expand the plane waves according to the Legendre polynomial and find the expression

of the perturbation amplitude and the differential perturbation rate:

2

da_l
dQ k2

Z(Zl + 1)l - sin (8) - L, (cos (8))
=0

These equations are needed to calculate the depth of light penetration in biological tissues:

SALP.6.d) P sin(0.5) 2 N d
0 A 52 OXP 2 sl

22



Where, P - is the power of the light source at A - wavelength, § - is the optical thickness of the
biological tissue, d the depth of light penetration into the biological tissue. The exponential part
indicates that the power factor S(4, P, §,d) decreases with increasing scattering angle and depth,
but increases towards longer wavelengths.

In order to simplify the calculations, several assumptions are made: it is assumed that the
scattering is elastic, the effect of multiple scattering is neglected, and the thickness of the light

flux is such that the bioparticles have a definite momentum.
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Fig.3.2.1. Dependence of the coefficient of light power penetrating into biological structures on the wavelength in
log-log scale for different power sources

The curves generally show that as the wavelength increases, the power factor decreases. Less
energy is delivered to the biological structure at higher wavelengths due to increased scattering,
or possibly due to source characteristics. It is also noticeable that the power factor increases with
the source power settings. This means more energy is delivered at higher power, which is
expected.

For diatomic molecules, electronic transitions often occur with vibrational and rarely with
rotational energies. Therefore, these transitions have a selective character. However, rotational
energies in liquids are often negligible due to the rapid motion of molecules, so we may consider
only vibrational transitions in liquids. Curves of potential energies at the ground and excited

energy levels and associated vibrational wave functions provide characteristic vibrational spectra.

83.3. Evaluation of CCD sensor sensitivity in its use in biological applications. The third
paragraph of the third chapter of the thesis is devoted to the assessment of the sensitivity of the

CCD sensor for biological applications. It outlines the technical details of how a CCD sensor
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detects light and converts it into an electrical signal. It deals with the interaction of light with
biological tissues, including how various factors such as light source power, wavelength, and
tissue optical depth affect the sensor's response. The spectral response of CCD sensors is its
sensitivity as a function of wavelength:

R(A) =QE) -S4, P,6,d)

The sensitivity of the CCD sensor in its use in biological applications is evaluated.

7/
22=s

\
\
\

Fig.3.2.2. Dependence of CCD-sensor sehsitivity R(4) on the wavelength after light passes through the biological
structure, when § = 1 mm, a) d = 1 mm, b) d = 2 mm, In the case of different power P of the light source, 1y =
500 nm.

Fig. 3.2.2 shows the dependence of the CCD sensor sensitivity R(1) (the same echo) on the
wavelength after passing the light through the biological structure, when the optical thickness of
the biological tissue is § = 1 mm, and the depth of light penetration into the biological tissue is
changed to d = 1 mm (Fig. 3.2.2 a), d = 2 mm (Fig. 3.2.2 b), in the case of different power P of
the light source. Modeling is done in the case of the Gaussian dependence of the quantum
efficiency QE of the CCD-sensor on the wavelength, when the light source is centered at the
wavelength 1 = 500 nm, and Fig. 3.2.3 a) and b) present similar graphs of the quantum
efficiency QE in the Gaussian distribution depending on the wavelength , when the light source
is centered at the wavelength 1, = 500 nm.

The discussion suggests that CCD sensor performance can be optimized for specific

applications by selecting the QE peak of the sensor to match the wavelength of interest for the
study. This will allow us to obtain the best possible signal-to-noise ratio and thereby increase the
efficiency of the sensor for specific biological imaging or analytical purposes.
§3.4. Evaluation of CCD sensor signal-to-noise ratio in its use in biological applications. In this
section, the signal-to-noise ratio (SNR) of CCD sensors for biological applications is investigated.
It considers the dynamic range of CCD sensors, which is defined by the maximum signal that can
be recorded (full capacitance) to the minimum detectable signal (usually read noise).

The performance of the sensor is investigated by simulation analysis. SNR is significantly

dependent on the relationship between the system parameters: sensor peak sensitivity
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wavelength, integration time, light penetration depth and optical depth in biological tissue. These

results highlight the importance of determining and accounting for the QE peak of the sensor.

An increase in the signal-to-noise level of the sensor may require a longer integration time or

more sensitive equipment (given the specific design and construction).

Wavelength (nm) 800

Fig.3.4.1. Dependence of signal-to-noise ratio on wavelength (1) and optical depth (6) when 4y = 500 nm,
integration time t=100 s, and light penetration depth in biological tissues d=1 mm

Fig.3.4.2. Dependence of signal-to-noise ratio on wavelength (1) and optical depth (6) when4, = 200 nm,
integration time t=100 s, and light penetration depth in biological tissues d=2 mm

As a result, we can draw several important conclusions:

When Ao=500 nm, t=100 s and d=1 mm: SNR decreases with increasing wavelength. This is an
expected result, as sensor sensitivity generally decreases at wavelengths far from the peak
sensitivity (Ao). The SNR also decreases with increased optical depth, §, reflecting the decrease
in signal power with increasing penetration depth.

When A=500 nm, t=100 s and d=2 mm: a similar trend is observed with decreasing SNR for
higher wavelengths and larger optical depths. An increase in the depth (d) of the biological
tissue leads to a decrease in the low SNR in the entire wavelength range, which allows us to
assume that the ability of the sensor to distinguish signal from noise decreases, and the decrease
in this ability becomes more pronounced when the light penetrates deeper into the depths of

the biological tissue.
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e When A=200 nm, t=100 s: increasing the light penetration depth in the biological structure
from d=1 mm to d=2 mm shows that the peak sensitivity shifts to a shorter wavelength (200
nm), the behavior of the SNR curve changes significantly . The SNR is higher at shorter
wavelengths, which corresponds to a peak quantum efficiency (QE) value near 200 nm.

However, the SNR continues to decrease with increasing optical depth (3).

§3.5. Estimation of the signal-to-noise ratio in the absorption spectrum of cold atoms. The fifth
paragraph of the third chapter of the thesis evaluates the signal-to-noise ratio (SNR) in the
context of cold atom absorption spectroscopy.

The signal-to-noise ratio in the absorption spectrum of cold atoms is estimated. Fig. 3.5.1 shows

the dependence of SNR on the number of incident photons C;;, when the optical density (OD) of
Ceff

<q¢ ) and the exposure time (7) are

the sample, the effective saturation index of the detector (

changed.

£f
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Fig.3.5.1. Dependence of the signal-to-noise ratio (SNR) on the number of incident photons, when the noise

coefficient ND = 0. 6, the electron multiplication coefficient G=6.5, for different sample optical density (OD),
eff
)

exposure time (7) and the effective saturation index of the detector (C,,,
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From the analysis of the graphs, we determine that:

Ceff

sat

e When the optical density (OD) and CCD-detector effective saturation ( ) are small, the
signal-to-noise ratio SNR shows a practically peak value, but stabilizes quickly, indicating that
the detector rapidly reaches its maximum capability with increasing photon number.

e The increase in optical density affects the signal-to-noise ratio, which is explained by the

absorption of the signal by the sample. The high optical density (OD) of the sample results in

fast signal transmission and thus a reduction in the signal-to-noise ratio.

Ceff

<at ) Of the CCD-detector leads to an increase

e An increase in the effective saturation index (

in the signal-to-noise ratio (SNR) over a wider range, practically up to saturation. This

Ceff

indicates that detectors with a high saturation factor (C,;;

) process more photons.

83.6. Methods of Analytical-Statistical Processing of Excitation/Emission Spectral Data in Wine
Spectroscopy Applications. The study includes fluorescence spectroscopy excitation/emission
matrix (AEM) analysis, peak component analysis (PCA) and tolerance sample comparison analysis
(TES) method development and modeling according to wine product variety and origin. About
100 samples of four types of white Georgian wine were taken. The methodology chosen by us is
based on the one hand on the hardware complex, which was gradually modernized by our group,
on the other hand on the development of new analytical approaches, which are quite acceptable
to be used in typical laboratory control of food products and beverages.

Fluorescence spectra were recorded using a Black Comet (200-950 nm) spectrometer
manufactured by StellarNet. LED lamps of different frequencies were used as light sources. A
wine sample of 100 pl is placed in a quartz cuvette and the spectra are recorded at room
temperature. The number of scans is determined from the same experimental measurement to
exclude drift effects on the sample. At the beginning of each experiment, the standard is
calibrated. The excitation wavelength range is between 250-500 nm, and the emission
wavelength is between 275-600 nm. Measurements are performed at different excitation
wavelengths with a 5 nm bias. The wavelength system is calibrated each day according to the
combined scattering (Raman scattering) peak to account for possible instrument wavelength drift.
The total time to scan a sample is approximately 10 minutes. Measurements were performed over
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a short period of time (10-15 days), thereby minimizing the influence of atmospheric effects and
instrumental fluctuations (ex. lamp intensity fluctuations).

In order to process excitation-emission spectral data, the excitation/emission wavelengths of N
samples must be placed in a three-dimensional array of size i X j X k, where i is the number of

samples, j is the number of emission wavelengths, k is the number of excitation wavelengths:

N
Xijk = Z AinbjnCin + €

n=1

Using PCA analysis, we built tables and graphs for a specific group of samples.
. [ B

=

Fig. 3.6.1. Emission spectra of Ge.<.)“1'gi.a“r-1m‘.’.vhite wine: Tsolikauri (blue), Rkatsiteli (red).

In processing the wine spectrum, we used multivariate analysis techniques (PARAFAC) such as
PCA (Principal Component Analysis) to highlight the main features of the data. We performed
statistical analysis of the data to identify patterns or differences between different wine samples.
Our conclusions mainly concern the measuring device. These results refer to the CCD-detectors
of the BlackCommet spectrometers manufactured by StellarNet, namely:

1. The spectra show a larger change in the average signal level at a given integration time,
possibly due to thermal fluctuations between measurements. Therefore, the optimal level of
thermal stabilization was selected for the spectrometer. As the measurements showed, to
achieve thermal stabilization, the average signal level should be calculated with about 100
integrations in 180 milliseconds.

2. One of the main features of the spectrometer is the so-called "dark current" which averages
about 0.25% of the peak value (740,000 photons, with 100 integrations). These data were

calculated in the combined spectrum of the deuterium and halogen light sources.
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3. Data collected during various integrations show that until the integration time is increased
to 72000 msec, digital data acquisition of the signal continues. Further increasing the

integration time leads to an approximately linear increase in the dark current.

Conclusion

Modeling the electronic transitions and 3D analysis of the detected signal show that when
molecules absorb or emit light, they can transition between different energy states. The Franck-
Condon principle provides a means of predicting the intensity of spectral lines in absorption and
emission spectra. It states that electronic transitions are so fast compared to nuclear motion that
the nuclei are effectively stationary during the transition. Thus, the most intense transitions are
those where the vibrational wavefunctions of the initial and final electronic states have the
greatest overlap. Franck-Condon factors are numerical values that represent the probability of
transitions between vibrational levels in different electronic states. These factors depend on the
square of the integral of the overlap of the vibrational wave functions of the initial and final
states.

In spectroscopy, a CCD sensor is used to capture the spectral distribution of light emitted or
absorbed by a sample. The quantum efficiency (QE) determines how well a CCD captures light,
and it can vary depending on the wavelength of the light.

When a sample is irradiated with light in a spectroscopic experiment, the intensity of emitted
or absorbed light at different wavelengths is modulated by Franck-Condon factors, which are
then detected by the CCD. Therefore, the total signal captured by the CCD (S;y¢q:(v, 4)) Will be
affected by both the intrinsic spectral properties of the sample (via quantum mechanics and the
Franck-Condon principle) and the technical characteristics of the CCD (such as its QF at different
wavelengths).

From the results of evaluating the sensitivity of the CCD sensor, we can make a number of
conclusions about the possibility of increasing the sensitivity of the sensor:

1. The QE curve is Gaussian meaning that the sensor has peak sensitivity at a specific

wavelength (which represents the center of the Gaussian). In our case, the QE peak was
centered at 500 nm and 300 nm in the simulation. A sensor will be most efficient at

converting incident photons into an electronic signal near these peak wavelengths.
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2. We studied the response of the sensor at different values of light source power (1 W,5 W,

15 W and 25 W). As the power increases, so does the response of the sensor. This is because
a higher power level means more photons hitting the sensor are correspondingly

converted into electrons.

Ceff

When the optical density (OD) and CCD-detector effective saturation (C;

) are small,
the signal-to-noise ratio SNR shows a practically peak value, but stabilizes quickly,
indicating that the detector rapidly reaches its maximum capability with increasing

photon number.

The signal-to-noise ratio (SNR) increases with the increase of the saturation index (Cfc{{ )
up to a certain point, which is a typical property of CCD detectors, because the increase
in signal intensity uniquely contributes to the improvement of the SNR until noise or

other technical factors (detector threshold) will not limit it.

Using CCD-detectors of BlackCommet spectrometers manufactured by StellarNet in wine

applications, we find that:

The spectra show a larger change in the average signal level for a given integration time,
possibly due to thermal fluctuations between measurements. Therefore, the optimal level
of thermal stabilization was selected for the spectrometer. As the measurements showed,
to achieve thermal stabilization, the average signal level should be calculated with about
100 integrations in 180 milliseconds.

One of the main features of the spectrometer is the so-called "dark current', which
averages about 0.25% of the peak value (740,000 photons, with 100 integrations). These
data were calculated in the combined spectrum of the deuterium and halogen light
sources.

Data collected during various integrations show that until the integration time is increased
to 72000 msec, digital data collection of the signal continues. Further increasing the
integration time leads to an approximately linear increase in the dark current.

Variation of the integration time reveals fixed pattern noise peaks in the recorded

spectrum: when the integration time is <150 msec, there is a decrease in the dark current
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and it corresponds to a wavelength of 717.5 nm; Integration times >500 msec reveal two
significant dark current peaks at wavelengths of 717.5 nm and 666.6 nm.

It should be noted that these observations undoubtedly provide useful results for the
optimization of detector performance. The results are important for choosing the appropriate
measurement parameters and setting up the experiments correctly to avoid detector saturation,
which limits the achievement of the maximum SNR value.

The thesis emphasizes the importance of high-level analytical control to ensure the success
of production processes and the development of modern technologies. When we delve into the
optical methods available for the chemical analysis of the environment, the need to select and
optimally adapt these methods to the specific properties of the investigated substances appears as
a crucial task.

Thus, the thesis not only contributes to the development of knowledge in optical analysis,
but also sets the stage for future innovations in the field, and contributes to the constant need for

accuracy, adaptability and improvement of analytical technologies.

The results obtained in the doctoral thesis are presented in the following scientific articles:

1. Shainidze ].J., Gomidze N.Kh., Optimizing QE of CCD by Modifying BlackComet Detector
Program. XII Japanese-Mediterranean Workshop on Applied Electromagnetic Engineering for
Magnetic Superconducting, Multifunctional and Nanomaterials, 2023

2. Shainidze J.J., Gomidze N.Kh., Creating Fluorescence Spectra Based on The Franck-Condon
Factor. 66* International Conference for Students of Physics and Natural Sciences — Open
Readings, 2023

3. Khajishvili M., Shainidze J., Makharadze K. & Gomidze N. On the development of the
fluorescence excitation-emission etalon matrix algorithm of wine. The Eurasia Proceedings of
Science, Technology, Engineering & Mathematics (EPSTEM), 2023

4. Khajishvili M.R., Gomidze N.Kh., Shainidze ].J., Estimation SNR of CCD camera for OD
medium. International Conference on Basic Sciences, Engineering and Technology

(ICBASET), 2022
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5. Khajishvili M.R., Gomidze N.Kh., Shainidze ].J., 3D Fluorescence Spectroscopy of Liquid
Media via Internal Reference Method, Research and Education: Traditions and Innovations,
2022

6. Gomidze N.Kh., Shainidze ].J., Jabnidze I., Makharadze K., Khajishvili M., Kalandadze L.,
Nakashidze O., Mskhaladze E., Estimation of Scintillation Index on a superconductor receiver
for Gaussian Laser Beam propagated through Random Phase Screen. Journal of Biological
Physics and Chemistry, 2020

7. Shainidze J., Kalandadze L., Nakashidze O., Gomidze. N., Estimation of parameters for a model
of polycrystalline solar cells. Nanotechnology and Perceptions vol. 16, 2020
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