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Abstract

This diploma thesis focused on the detection and analysis of heavy metals, particularly lead
(Pb), in hard tissues using hydroxyapatite standards and laser-induced breakdown
Spectroscopy (LIBS) instrumentation. The study utilized various laser wavelengths
of 1064 nm, 532 nm, and 266 nm, as well as different laser configurations, including
single-pulse (SP) LIBS and double-pulse (DP) LIBS in both orthogonal and collinear
arrangements. The optimization of laser parameters such as wavelength, defocus, gate delay,
interpulse delay, and energy was performed, with the signal-to-background ratio (SBR),
limit of detection (LOD), and resolution corresponding to the diameter of the ablation crater
serving as the basic parameters for determining the optimal combination of parameters. The
findings of this study provide important insights into the optimal LIBS parameters for the
detection and analysis of heavy metals in hard tissues, which can potentially have significant
implications for medical research.

Abstrakt

Tato diplomova prace se zamétuje na detekci a analyzu tézkych kovi, zejména olova (Pb),
v tvrdych tkanich pomoci hydroxyapatitovych standardi a spektroskopie laserem buzeného
plazmatu (LIBS). Studie vyuzivala rizné vinové délky laseru 1064 nm, 532 nm a 266 nm,
stejné jako rtzné konfigurace laseru, véetné jednopulzni (SP, z angl. single-pulse) LIBS
a dvojpulzni (DP, z angl. double-pulse) LIBS v ortogonalnim a kolinearnim uspoiadani.
Byla provedena optimalizace parametrti laseru, jako jsou vlnova délka, defokus, doba
zpozdéni, mezipulzni doba zpozdéni a energie. Pomér signal-ke-sumu (SBR), limit detekce
a rozliSeni odpovidajici pruméru abla¢niho krateru slouzily jako zakladni parametry
pro urceni optimalni kombinace parametrt. Vysledky této studie poskytuji diileZité poznatky
0 optimalnich parametrech LIBS pro detekci a analyzu téZkych kovl v tvrdych tkanich,
coz muze mit potencialné vyznamné dopady pro 1ékaisky vyzkum.
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1 Introduction

Laser technology has played a critical role in the advancement of elemental
and spectroscopic analysis. Spectroscopy is a valuable experimental technique used to study
the interaction between matter and electromagnetic radiation. It is based on the principle
that every atom and molecule has the ability to absorb or emit electromagnetic waves
with different wavelengths. This thesis focuses on laser-induced breakdown spectroscopy
(LIBS). This technique enables multi-elemental analysis of materials and has gained
popularity due to its minimal sample preparation requirement, ability to analyze solids,
liquids, aerosols, and gases, and real-time analysis capability. The thesis's focus
is on optimizing the experimental parameters for LIBS detection of heavy metals in hard
tissues, such as laser energy and gate delay. The thesis also explains other essential
parameters and how they affect LIBS measurements, and compares three different laser
wavelengths, optimizing the parameters using hydroxyapatite standards. To address ethical
considerations and the difficulty of obtaining bone samples, hydroxyapatite samples were
utilized as a suitable alternative in this study.

LIBS has found numerous applications in different fields, including medical biology,
industry, archaeology, chemistry, and space exploration. In recent years, LIBS has emerged
as a powerful tool for various medical applications, including the detection of cancer cells
and bacteria. However, the scope of this thesis is centered on the critical detection of heavy
metals in organisms. Heavy metals, such as lead and cadmium, can pose severe health risks
when present in certain quantities. It is therefore of utmost importance to detect and quantify
these toxic elements in a timely manner. LIBS, through the emission of characteristic
spectral lines, not only enables the detection of heavy metals in the body but also allows
for their accurate quantification. This research aims to explore the potential of LIBS
as a reliable method for the detection of heavy metals in organisms, thereby contributing
to the field of medical diagnostics and environmental monitoring.

LIBS, despite its numerous advantages, is not without limitations, particularly regarding
its sensitivity. One of the challenges faced in LIBS is to improve the lateral resolution
without compromising the high signal intensities necessary for accurate detection.
To address this issue, various enhancement methods have been proposed, including
the atmosphere control method and the spatial constraint method. These techniques aim
to optimize the laser-induced plasma conditions and enhance the emission signals. However,
in the context of this thesis, the focus was on the application of the multiple-pulse
enhancement method.

Both single-pulse (SP) and multiple-pulse LIBS techniques, including double-pulse (DP)
LIBS with collinear and orthogonal configurations, have been explored for their potential
to improve the detection of heavy metals in hard tissues. The present thesis focuses
on the comparative analysis of SP and DP-LIBS methods using different laser wavelengths,
defocus, energies, gate delays, and interpulse delays. The main objective was to enhance
the analytical performance, sensitivity versus lateral resolution, and lower limit of detection
(LOD) for heavy metal detection in hard tissues. Overall, this thesis aims to contribute
to the development of more effective and efficient LIBS-based techniques for detecting
heavy metals in hard tissues.

This thesis is organized into four main parts. The first part (Chapter 2) provides a theoretical
introduction to spectroscopy and the underlying physics principles. It also includes
an explanation of the LIBS technique, its instrumentation, and the physics behind it.
Additionally, this chapter covers information about heavy metals and hard tissues.
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Chapter 3 presents an overview of the current state of knowledge in the field. This includes
a review of previously conducted experiments and published articles focused on optimizing
parameters for different laser wavelengths by LIBS and analyzing heavy metals in hard
tissues. Chapter 4 describes the experimental setup used in this thesis, including details about
the sample preparation, laser system, and data acquisition. Finally, Chapter 5 presents
the results obtained from the conducted experiments and discusses the achievement
of the set goals. The results are analyzed and interpreted to evaluate the analytical
performance, sensitivity, and limit of detection of the developed LIBS-based methodology
for heavy metals detection in hard tissues.
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2 Theory
2.1 Spectroscopy

“For the rest of my life I will reflect on what light is* are the words of Albert Einstein. Light
is, indeed, a topic that was interesting for scientists throughout the centuries and is still
the subject of many researchers. It can behave as both a particle and a wave. Spectroscopy
Is the branch of physics that studies electromagnetic radiation, and light is the result of this
radiation. More specifically, this branch of science studies how electromagnetic radiation
interacts with matter. To better understand this topic, the first thing we should know
is the explanation of the term "wave". In physics, a wave is described as a disturbance
propagating from one place to another, described by parameters such as frequency, phase,
direction, speed, and wavelength. Light is an electromagnetic wave, which can be described
as rapid, periodic changes in space and time of electric and magnetic fields. The electric
and magnetic fields are perpendicular to each other and perpendicular to the direction
of the waves [1]. The properties of these fields can be described using Maxwell's equations.
The electromagnetic spectrum represents different categories of electromagnetic radiation
that share similar properties. Each category has a characteristic range of corresponding
frequencies and wavelengths, as it is shown in Figure 1.

VISIBLE SPECTRUM

VISIBLE LIGHT
‘ RADIO WAVES

GAMMA RAYS X-RAYS uv INFRARED RADAR TV M AM
— { y | ; - | ; .
0,0001 nm 0,01 nm 10 nm 1000 nm 0,01cm lcm 1m 100 m
2 N [ n 7\ r a 7\ 7\ 7\ 7\ 7~~~ g

1 | 1 ) AN " ” NANNNN { X [\ { [\ [\ ¥\ /
l ” ’ “ H \|\[ ' |/ [ M\ | \ [\ / \ / VAR AW A WA W W 2 W
‘J v ." U ‘v ‘ ' ‘ Vv " ‘\ V " ’ v \J %"u‘j v \V X/ L7 \_/ 5"».\_;;/' N

L | | | | | | | | |
400 nm 500 nm 600 nm 700 nm

Figure 1: Electromagnetic spectrum [2].

Studying electromagnetic patterns using spectroscopy methods can reveal details
about the composition and structure of a substance. There are two types of patterns:
continuous and discrete. Discrete patterns can be either from emitting or absorbing light.
Every element can absorb certain wavelengths of light. Joseph von Fraunhofer discovered
more than 550 absorption lines, which was a significant contribution to the field
of spectroscopy. Absorption occurs when the energy of an electromagnetic wave is
transferred to electrons, causing them to move from a lower energy level to a higher one [3].

12



Emission is the process that is opposite to absorption and can occur in two ways: spontaneous
and stimulated. When an electron in an excited state interacts with an incident photon, it can
undergo stimulated emission, transitioning back to the ground state and releasing energy
in the form of two photons. This is different from spontaneous emission, where energy is
naturally released. Stimulated emission results in the emission of two identical photons,
which propagate in a single direction and possess the same frequency and energy. The rate
of stimulated emission is much faster than spontaneous emission, and it is dependent
on the intensity of the incident light and the number of electrons occupying the excited state.
Laser light, which is monochromatic, is produced by stimulated emission [4].

The classification of spectroscopy is usually made based on the type of radiant energy
(electromagnetic radiation, acoustic radiation, etc.), and the type of interaction between
the energy and matter (absorption, emission, fluorescence). Spectroscopy can also be divided
into atomic spectroscopy and molecular spectroscopy. This work focuses on electromagnetic
atomic emission spectroscopy [4].

2.2 Laser-induced breakdown spectroscopy - LIBS

After the invention of high-intensity laser sources, new possibilities for elemental analysis
were opened. One of them is laser-induced breakdown spectroscopy (LIBS). Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is, next to LIBS, one of the most
widespread emission spectroscopic techniques. Some other emission spectroscopic
techniques include X-ray Fluorescence Spectroscopy (XRF), Raman Spectroscopy,
and Chemiluminescence Spectroscopy [5].

LIBS allows multi-elemental analysis of all types of materials. The development of this
real-time technique was possible mainly thanks to the technological progress that is
constantly taking place in the field of spectrometers, detectors, and lasers. A high-intensity
laser source is used to excite part of the sample, whereupon the plasma is induced.
The detection of emission spectra then allows the determination of the concentration
of the elements present in the plasma plume, therefore in the sample [5].

LIBS operates by generating a plasma plume through a laser-matter interaction, exciting
atoms and ions that release photons of specific energy when transitioning to a lower energy
level, with the emitted light being collected and captured by lenses and detectors
to determine the elements present in the sample based on their unique spectral lines [6].

LIBS technique allows for both qualitative and quantitative analysis of samples. Quantitative
analysis is focused on determining the precise quantities or concentrations of those elements
within the sample, while qualitative analysis can identify expected or unknown elements
present in a sample. Detecting certain elements such as chlorine may sometimes require
signal enhancement techniques. In quantitative analysis, a reference matrix with known
concentrations of the element of interest is prepared and used to compare the relative signal
intensities of standard and real samples. The resulting calibration curve displays
the relationship between signal intensity (arb. u.) and element concentration
(ppm - parts per million) [5].

There is almost no sample preparation required, which is also one of the main advantages
of LIBS. In the realm of analytical chemistry, LIBS is recognized as a semi-destructive
analytical technique because it only removes a small portion of the sample during
the analysis process. Despite its partial destructiveness, this method is considered
cost-effective, as it allows for depth profiling, a process of examining the elemental
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composition of a sample at varying depths, providing valuable insights into the distribution
of elements within the sample. In order to perform depth profiling, a laser is used to ablate
the surface of the sample repeatedly, with the resulting plasma plume emission spectra being
analyzed to determine the elemental composition at various depths [7]. LIBS has
the capability to detect the majority of elements present in the periodic table. It can also be
combined with other spectroscopic methods to create tandem LIBS, which enables
simultaneous detection of multiple elements. However, it is not a perfect technique
and requires optimization to be considered a standardless method. Various factors, including
the surrounding atmosphere, laser pulse wavelength, and pulse length, can affect
the accuracy of the results. Efforts are being made to improve the technique's detection limit
(LOD), which refers to the lowest concentration of an element that can be reliably
detected [5].

Matrix effects refer to the influence of a sample's chemical and physical properties
on the signal intensity measured during analysis. These effects may make it challenging
to detect specific elements due to interference from emission lines of other elements and can
also impact the accuracy of quantitative analysis through physical matrix effects. Physical
matrix effects are influenced by a range of factors, such as the sample's physical structure,
thermal properties, surface roughness, and density. The crystallographic structure
of the sample, including face-centered cubic (FCC) and hexagonal close-packed (HCP)
structures, can also impact matrix effects. In addition to these factors, the thermal
conductivity and specific heat capacity of the sample can influence the formation of plasma
and light emission during analysis. Lastly, surface roughness and density can affect the depth
of laser penetration and the subsequent formation of plasma [8].

LIBS is still considered one of the most effective techniques for elemental analysis,
with widespread use across multiple fields. For instance, this method is often employed
in environmental monitoring to detect toxic elements and assess soil quality. Additionally,
it has applications in space research, with a growing use in analyzing samples from Mars.
In the industrial sector, LIBS is utilized for the quality control of semiconductors.
Moreover, in biomedical research, LIBS is employed to identify bacteria, spores, and toxic
elements in tissues that could potentially cause diseases such as cancer. Going forward,
the goal is to further develop this technique as a tool for surgical operations [9].

2.2.1 Sample ablation and formation of plasma

For LIBS technology to be successful, an understanding of the physical and chemical
properties of laser-induced plasmas is necessary. Plasma is usually defined as an ionized gas.
The minimum temperature at which plasma can form varies depending on several factors,
such as the specific type of plasma and the techniques employed to generate it. Till this day
it still remains a very complex and intensively studied subject [10].

A small amount of sample is vaporized by a laser pulse to create a plasma plume consisting
of highly excited atoms and ions emitting light at characteristic wavelengths. The plasma
plume rapidly expands and cools down, and its characteristics such as temperature, density,
and chemical composition depend on several factors including laser energy, pulse duration,
and sample properties. The formation of shock waves within the plasma plume is a crucial
aspect of plasma plume physics, with shock waves being generated due to the rapid
expansion of the plasma, leading to significant effects on the plasma plume characteristics.
These shock waves can cause a rapid drop in the plasma temperature, affecting the emission
spectra of the plasma, and induce turbulence that can affect the transport of atoms and ions
within the plasma plume. The surrounding atmosphere can also have a significant influence
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on the plasma plume, affecting the cooling rate, plasma temperature, density, and transport
of atoms and ions, leading to changes in the chemical composition of the plasma [11].

Plasma is a highly non-uniform system, and therefore, it is not in a state of thermodynamic
equilibrium. Despite this, the principles of physics and the concept of local thermodynamic
equilibrium (LTE) can still be applied to plasmas. This indicates that collisions occur more
frequently than radiative transitions in plasmas. In the case of a system in LTE, McWhirter's
criterion must hold true:

1
ne > 1.6 - 1012TZ(AE)3 1)

where ne (cm~3) is the electron number density, T (°K)is the temperature of plasma
and AE (1077 ]) is the highest energy transition for an isolated system [12].

If McWhirter's criterion (equation 1) is not satisfied, local thermodynamic equilibrium
(LTE) cannot be established in the plasma. On the other hand, if the plasma is in LTE, it can
be described using the Saha-Eggert relations, as well as the Boltzmann and Maxwell
distributions [10].

The plasma temperature typically ranges in the order of several thousand Kelvin, and it can
be determined, for instance, by analyzing the slope of the Boltzmann diagram. The electron
density, on the other hand, can be measured using Stark broadening, whereby a higher
spectral range of broadening corresponds to a higher electron density. It should be noted
that the measurement of electron density is performed over a very short duration of time,
while the temperature of the plasma remains constant [10].

Spectral line broadening can be caused by various factors, including collisions between
particles, movement of electrons, and detector resolution. The impact of collisions
on spectral line broadening depends on whether the collision is elastic or inelastic,
with elastic collisions conserving energy but altering the phase of the radiation field,
and inelastic collisions not conserving energy. The broadening of spectral lines due
to propagation can be either uniform (Lorentzian curve) or non-uniform (Gaussian curve),
and these may be combined to produce a Voigt curve that represents the actual spectral line.
Therefore, when analyzing spectroscopic data, all factors that can contribute
to the broadening of spectral lines must be considered, including collisions, electron
movement, and detector resolution. Stark broadening is one type of spectral line broadening
that can result in a Lorentzian curve, and it occurs due to electric fields from fast electrons
and slow ions affecting atoms inaplasma plume. This broadens the energy levels
and emitted wavelengths. On the other hand, Gaussian broadening occurs due to the Doppler
effect caused by the thermal motion of atoms in the plasma, which causes a shift
in the emitted light [13].

Spectrum is also time dependent. The spectrum of a plasma source changes over time
and understanding its temporal behavior is important for analyzing spectroscopic data.
Initially, the emission is dominated by a broad continuum radiation called Bremsstrahlung,
which results from the thermal motion of electrons in the plasma. As the plasma cools down,
the continuum radiation decreases and discrete emission lines become more prominent.
The specific timing of the emission features depends on the type of species present
in the plasma, with electron emission being stronger at an earlier stage and ion/molecule
emission being stronger at later stages. Knowledge of the time-dependent behavior
of a spectrum can provide insight into the physical processes occurring in the plasma
source [14]. This can also be demonstrated in Figure 2.
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Figure 2: The standard temporal progression of plasma emission and the timing
synchronization of the detector for both atoms and ions [15].

It should be kept in mind that various parameters such as the type of material in the sample
or laser pulse properties can affect the formation of the plasma and the amount of material
removed. Laser ablation is the process of removing specific portions of the sample surface
and creating a plasma. Thermal, photochemical, and photophysical models are different
types of ablation. The former is a type of ablation in which material is removed due to high
temperatures. Thermal energy is converted from laser energy. Sometimes the bonds between
molecules or atoms are broken, causing the material to ablate. This is photochemical
ablation. The combination of these two models is called photophysical ablation. In LIBS,
laser beam is focused on the surface of the sample and ionization of particles occurs
after breaking the bonds between particles [16].

Each element possesses unique emission lines that can be identified and analyzed using
the resource available at [17]. Additionally, it is important to note that each element exhibits
multiple specific wavelengths. Although the LIBS spectrum may contain noise, it remains
a valuable method for the detection of both atoms and molecules. For the purposes of this
work, the focus is primarily on the identification of emitted heavy metal atoms, particularly
lead [18]. The value for the chosen emission line of this element, specifically selected
for this thesis, was obtained from the NIST website and is presented in Table 1.
This particular wavelength was chosen for analysis in this thesis because it exhibits strong
signal intensity and avoids interference from other high emission lines. For instance, even
though there may be stronger emission lines available, the presence of calcium, which has
significantly stronger emission lines, would potentially overshadow them.

Table 1: The selected emission line of lead (Pb) for analysis [17].

P | Observed wavelength Ay Ei Ex
air (nm) (s (cm™) (cm™)
405.78067 9.0’ 10 650.3271 35 287.2244

Axi represents the Einstein coefficient for spontaneous emission , while Ei and Ex denote
the energy levels of the lower and upper states of a transition, respectively.
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LIBS experiments can be performed in various types of ambient gases, their pressure or even
vacuum. Both the temperature and electron density of the plasma are affected
by the surrounding atmosphere, not only by atmospheric pressure, but also by various
elements in the type of ambient gas. The increase in atmospheric pressure around the plasma
is directly proportional to the increase in temperature and density of electrons in the plasma
and the signal intensity in the obtained spectrum. Elements from the ambient gas could cause
molecular bonds to form between them and elements in the plasma plume [10].

It often happens that LIBS analysis gives a false result, that is, no signal is obtained even
though the element is present in the sample. A situation where LIBS analysis may yield
inaccurate results is when there is difficulty in distinguishing between the emission lines
of two or more elements due to their similarity. In addition, if the surface of the sample
is contaminated, this can interfere with the laser's ability to reach the sample and lead
to inaccurate measurements, which can potentially impact the accuracy of the analysis [11].

The limit of detection (LOD) is also a critical figure of merit that represents the lowest
concentration of an element that can be detected. The formula used to calculate the LOD is:

LOD = =7, ()

where b is the slope of the calibration curve, ¢ is the standard deviation of the background
or reference sample and this quantity is multiplied by the number three because 3o contains
99 % of the results of the reference sample [5]. Signal stronger then 35 can be assigned
to the certain element.

Another important formula used to calculate LOD is:

LOD = 3¢SD

, (3)

where ¢ denotes the element's concentration, and SD stands for the background's standard
deviation, which is multiplied by three to obtain 99 % of the reference sample's results. Xp;,
refers to average element response due to signal and background [5].

Xpp

Laser pulse length is another parameter that affects the physical and chemical properties
of plasma. The two mainly used types of lasers in LIBS are femtosecond (fs) and nanosecond
(ns) lasers. It is also possible to utilize picosecond lasers (ps) for various purposes, but they
are less commonly used. Nanosecond lasers are more widely used due to their more
affordable prices. These types of lasers can cause very different properties of plasma.
In the context of material ablation, nanosecond laser pulses may produce a plasma plume
that can lead to imprecise ablation craters and thermal damage. On the other hand,
femtosecond lasers typically create a Coulomb explosion instead of a plasma plume,
resulting in the formation of craters with greater precision and minimal thermal damage.
Femtosecond lasers also create cooler temperatures for the plasma plume [10].

Although using these two lasers results in different signal intensities, similar results can
be obtained if we optimize the irradiance, i.e. if we use lower irradiance for the nanosecond
laser and higher irradiance for the femtosecond laser. The ablation patterns of these two
lasers are shown in Figure 3.
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Figure 3: Nanosecond and Femtosecond Ablation Regime [16].

Most LIBS studies are performed using a pulsed nanosecond Nd:YAG with pulse
wavelength of 1064 nm, which corresponds to the infrared spectrum. Lasers
with wavelengths of 532 nm and 266 nm are also used for this type of laser. The laser
wavelengths of 266 nm and 532 nm are derived by means of frequency doubling, a procedure
that entails the use of a nonlinear crystal to convert the fundamental wavelength of 1064 nm
into shorter wavelengths. As a result of this process, a second harmonic at 532 nm
and a fourth harmonic at 266 nm are produced. In general, the smallest craters are
those produced with the lowest wavelength of the three. In this work, the performance
of these three wavelengths was compared during the analysis of Pb [19].

In addition to atmospheric conditions, laser pulse wavelength, and laser pulse duration,
the signal intensity in LIBS is influenced by other parameters such as gate delay, interpulse
delay, laser energy, and laser focus. In this thesis, these parameters were varied along
with the laser wavelength to optimize the results.

Gate delay is the delay time between the laser pulse and the time the detector records
the signal [20]. Critical aspect is also the laser pulse energy, which directly influences
the irradiance generated. The time delay used between two pulses in double-pulse LIBS is
called interpulse delay (ID).

There are two distinct types of defocus utilized in LIBS, specifically positive and negative
defocus. Negative defocus entails a deviation of the laser focus in the negative direction
relative to the tight focus point, meaning that the distance between the laser lens
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and the sample surface is smaller than the focal length of the lens. Conversely, positive
defocus refers to a shift of the laser focus in the positive direction. Typically, negative
defocus leads to a reduction in the laser beam size, resulting in a higher laser intensity
and a smaller spot size. Optimizing LIBS performance is contingent upon the proper
application of defocus strategies, which are dependent on the particular experimental
conditions and material characteristics under investigation [21].

2.2.2 Instrumentation for LIBS

LIBS consists of four main components: laser, optical system, spectrometer, and the control
electronics (such as softwares used to process data) [10]. An example of LIBS
instrumentation can be seen in Figure 4.
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Figure 4: LIBS instrumentation [22].

Lasers can be divided based on several criteria such as laser pumping and type of active
material. They are divided into solid-state, fiber, gas, excimer and ion lasers. The most
commonly used lasers in LIBS are solid-state lasers, with gas and fiber lasers as secondary
options, although other laser types such as dye, excimer, and CO2 have also been utilized.
LIBS lasers mainly have yttrium-aluminum garnet as active material and are doped
with positive Nd ions. The basic properties of the laser are coherence, monochromaticity
and collimation. The lowest-order mode of the laser beam is a Gaussian beam. It is defined
by the divergence and curvature of the wave fronts [23].

The majority of lasers utilized in LIBS configurations are Q-switched Nd:YAG lasers
with nanosecond pulse durations. LIBS generally uses electro-optical type of resonator
switching. The technique of Q-switching (utilizing an optical switch, either electro-optic
or acousto-optic) in Nd:YAG lasers is an efficient technique for generating high-energy light
pulses in lasers [23]. This technique works by controlling the laser cavity's quality factor
(Q-factor), which determines the efficiency of energy storage and release in the form of light.
The Q-switch changes the duration of energy storage and release, leading to longer storage
times and higher energy states or a rapid burst of light with a low-quality factor [24-25].

A suitable lens, or in more advanced systems a set of lenses, is used to focus the laser
beam onto the sample. It is also used to collect the light emitted by the plasma. Recently,

19



fiber optic technology has advanced significantly, leading to the creation of fiber optic LIBS.
A laser beam can be sent from the laser to the sample surface via an optical fiber, and light
from the plasma can also be transmitted to the detector via an optical fiber. Usually only one
fiber is used instead of two [18].

The emitted radiation is resolved into specific wavelengths using a spectrometer
with the help of dispersive elements (optical prisms or gratings). Paschen-Runge,
Czerny-Tuner and Echelle spectrometers are spectrometers that have been used in LIBS
setups. Echelle spectrometers are superior to the other two because of their wider spectral
range. Paschen-Runge spectrometers are rarely used nowadays [10].

The principle of Czerny-Turner's work is that the incident light is made parallel
by the collimating mirror before being split into its various wavelengths through
the diffraction grating. Czerny-Turner is the spectroscope used in our laboratory.
Its schematic representation is shown in Figure 5. M; and M, are concave mirrors [18].
input slit
M

grating

exit slit

Figure 5: Setup of a Czerny—Turner spectroscope [26].

A wide range of wavelengths is crucial for analyzing multiple elements in a sample.
In Echelle spectrometers, Charge Coupled Devices (CCDs) are the preferred detectors
as they can record radiation intensity as a function of wavelength. Photomultiplier tubes
(PMTs) and photodiode arrays (PDASs) are also used in LIBS analysis, but CCDs provide
the best signal-to-noise ratio and sensitivity. Intensified CCDs (ICCDs) are a specialized
version of CCDs. They have multichannel plate in front of the detector, that is capable
to intensify (increase the amount of electrons) the signal based on applied voltage.
Alternatively, metal-oxide-semiconductor (CMOS) sensors can also be utilized for detecting
signals. The selection of the detector relies on the specific requirements of the analysis
as well as the equipment that is available [18].

2.2.3 LIBS signal enhancement

There are several ways to improve the limits of detection of LIBS. Physical methods are:
multiple pulse methods, such as double-pulse LIBS (DP-LIBS), spatial constraint
and magnetic constraint method and atmosphere control method. Chemical enhancement
methods is, for example, chemical replacement method. Nanomaterials can be used
as an enhancement technique in both physical and chemical ways to improve the analytical
performance of LIBS [27].

Multi-pulse LIBS usually offers enhanced signal to noise ratio (SNR) and signal
to background ratio (SBR) when compared to single-pulse LIBS [11]. SNR measures
the magnitude of the signal against the noise level, while SBR measures the signal level
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against the background level. Greater SNR and SBR lead to improved precision
and sensitivity, a more powerful signal and less noise. Some possible DP-LIBS
configurations are shown in Figure 6.
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Figure 6: Types of configurations of DP-LIBS. (a) collinear; (b) orthogonal reheating;
(c)orthogonal pre-ablation configuration [11].

Nowadays, two lasers are usually used for DP-LIBS, although only one laser can be used.
While using a single laser is generally more cost-effective in terms of configuration cost,
employing two lasers typically provides a higher level of precision in DP-LIBS.

With a collinear configuration, we must ensure that both laser beams pass the same path
but with a time difference, and that they are focused on the same spot in terms of position
on the sample. The two orthogonal modes used are the reheating and pre-ablation modes.
In the reheating mode, sample ablation first occurs with the first pulse that is focused
on the sample, and then the second pulse that is parallel to the sample reheats the plasma
plume. In the pre-ablation mode, it is the other way around, the initial laser pulse removes
the air or gas above the sample surface by ablating it, which creates a small region
of vacuum-like conditions. Subsequently, a second laser pulse is used to ablate the sample
itself. There are some other, less-used, configurations of laser beams, in one of them two
laser beams fall on the sample at an angle of 45 degrees to the sample and with a right angle
between beams [18].

DP-LIBS often uses lasers of different wavelengths. If the two laser pulses used in DP-LIBS
have different wavelengths, it allows the first laser pulse to remove a small amount
of material from the sample surface, and it also creates a plasma that has a high concentration
of electrons. The second laser pulse, which typically has a shorter wavelength, can then be
used to stimulate this electron-rich plasma, producing emission spectra that are more intense
and well-resolved [18].

DP-LIBS is a widely used technique, but it is also possible to use more than two pulses
(triple-pulse LIBS). The setup of this method was reported in a publication by
Prochazka et al. and is shown in Figure 7 [28].
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Figure 7: The diagram depicts two schematic images showing the interaction chambre
from a front view (on the left) and a top view (on the right). The chamber consists of laser
pulses and collection optics. All laser pulses are oriented perpendicular to each other.
The ablation pulse (2) is emitted from the top of the chamber (5), directed perpendicular
to the surface of the sample. The pre-ablation pulse (1) originates from the left side
of the chamber (5) and aligns with the sample surface. The re-heating pulse (3) is directed
from the front of the chamber (5) and is collinear with the sample surface. The collection
optics (4) are positioned on the right side of the chamber [28].

2.2.4 Data processing in LIBS

In the previous sections, qualitative and quantitative analysis using LIBS was discussed
briefly. Qualitative analysis involves identifying the presence or absence of specific
elements or compounds in the sample based on their characteristic spectral lines, which are
compared with known spectral databases. Single-pulse LIBS is generally sufficient
for qualitative analysis. Quantitative analysis, on the other hand, is concerned
with determining the concentration of a particular element or compound in the sample.
The concentration is established by correlating the intensity of the spectral line of interest
with the known concentration of that element in standard samples. Calibration curves are
generated by analyzing standard samples with known concentrations of the element
of interest. Quantitative analysis can also be performed using chemometric methods,
which involve statistical analysis of the spectra to identify the elemental composition of the
sample [29].

Chemometric methods include principal component analysis (PCA), partial least squares
regression (PLS), and artificial neural networks (ANN), and can analyze complex spectra
containing multiple spectral lines. In addition to qualitative and quantitative analysis, data
processing in LIBS involves pre-processing and scaling of the spectra, automatic selection
of spectral lines, and image fusion [30].

Two modes of 2D analysis are available when using LIBS: step-by-step scanning
and continuous scanning. Step-by-step scanning entails scanning the sample point-by-point,
which can be time-consuming. In contrast, continuous scanning only allows for single-shot
analysis and does not provide the ability to focus on a specific point due to the nature
of the scanning mechanism. As a result, the laser beam covers a wider area of the sample,
making it difficult to focus on a specific point [31]. Ablation spots can overlap each other,
but this is not necessary for the analysis. If the distance between the two spots and the size
of the spots are chosen so that they overlap each other, a better resolution image is obtained.

LIBS enables hyperspectral imaging, where each point on the sample is represented
by a spectrum of spectral (1) and spatial (x, y) information. The resulting 3D dataset can be
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used for various types of analysis. For example, chemometric methods can be applied
to extract useful information from the dataset. The first step in data processing is often
the translation of the 3D dataset into 2D, which is useful for creating elemental maps.
Pre-processing techniques such as normalization and background subtraction can be applied
to the individual spectra before calculating the intensity of a spectral line. Automatic peak
selection methods, such as the image features assisted line selection (IFALS), can be used
to select spectral lines, especially when dealing with full LIBS spectra that contain hundreds
of lines. After pre-processing and scaling, the data can be analyzed and visualized using
a multisensor imaging tool. While reducing the 3D hyperspectral dataset to 2D is often done
for visualization purposes or further analysis, it is not always necessary and the data can also
be approached individually from the start. LIBS-based hyperspectral imaging has
the potential for various applications in the biological imaging of soft and hard tissues [31].

2.3 Biomedical applications of LIBS

As mentioned earlier, this thesis is about LIBS analysis of hard tissues (i.e. teeth and bones).
The main mineral that makes up hard tissue is hydroxyapatite (Caio(PO4)s(OH)2) [32].
In addition, LIBS is also useful in soft tissue analysis. An example of why elemental analysis
of tissues is important is that some elements, such as Pb and Cd, are toxic to living organisms,
while others, such as Mg and Fe, are essential for normal organism function (but can also
become hazardous at certain concentrations). Therefore, LIBS analysis can determine
whether a tissue contains an optimal concentration of an element. Additionally, many studies
have looked at detecting cancer using LIBS technology by monitoring differences between
healthy and diseased tissue. For example, a lower concentration of calcium in the bone could
lead to bone decalcification and furthermore to origin of osteoporosis, while a higher
concentration of calcium in soft tissues may suggest the presence of cancer. Chapter 2.3.2
of the thesis offers a more comprehensive examination of the pertinent problematic,
accompanied by the relevant citations [36, 37, 38].

Optimizing the pulsed laser wavelength is critical for mapping biological tissues. Water is
the primary absorber in soft tissues, leading to the highest absorption rates in the UV
and far-IR regions. In contrast, hard tissues, such as teeth, absorb radiation most efficiently
in the visible and near-infrared regions. Figure 8 illustrates the absorption curves of tooth
tissue components at various laser wavelengths, with the Er:YAG laser generating the most
significant absorption at around 2900 nm, followed by CO; laser radiation at 10,600 nm.
However, the absorption dependence varies among different tooth tissues, emphasizing
the need for laser wavelength selection based on the tissue's optical properties for accurate
analysis [32].
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Figure 8: An examination of the absorption properties of laser beams in relation to different
wavelengths conducted for the primary constituents found within the structure of a tooth
[32].

2.3.1 Teeth

A tissue is a group of cells that are interconnected and have similar properties. There are
four types of tissue: muscular, nervous, epithelial, and connective. Teeth are composed
of connective, hard (have high degree of hardness) tissues: enamel, dentin, and cementum.
The main function of teeth is to cut food. The lower jaw and upper jaw support the two rows
of teeth and the nose. Humans have 32 teeth (8 incisors, 4 cuspids, 8 bicuspids
and 12 molars). A tooth consists of three parts: the crown, neck, and root. The structure
of the tooth is shown in Figure 9. The crown is the functional and visible part of the tooth,
mainly composed of dentin, blood vessels and nerves (pulp), and covered with enamel.
The neck connects the crown and root of the tooth. The root, like the crown, is made
of dentin covered with cementum, and this is the invisible part of the tooth. Root canals are
also part of it and are made of blood vessels and nerves [33].
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Figure 9: Tooth anatomy [34].
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The basic function of tooth enamel is to protect the vulnerable parts of the tooth. This part
is made up of about 95 % minerals and about 3 % water. Dentin is a hard tissue found under
tooth enamel and is made up of about 70 % minerals. Cementum is a hard tissue, similar
in composition to bone, that connects the pulp to the tooth. It consists of approximately 45 %
minerals. Another tissue that makes up teeth is dental pulp. However, in contrast to the first
three tissues listed, dental pulp is not a hard tissue but a soft tissue. It consists of blood
vessels, lymphatic vessels, and nerves [33].

Animal tissues, especially those of mice, are frequently used as a first step in research
experiments due to their fast reproductive rate and anatomical resemblance to humans,
particularly in their bone and teeth structure. However, relying solely on animal models is
not always ethical, although this approach has helped to expand the technique's usefulness
in analyzing human tissues. Human teeth differ from those of mice in several ways,
such as humans having 32 permanent teeth while mice only have 18. Additionally, mice do
not have primary teeth and possess only permanent teeth throughout their lifespan [35].

While LIBS is commonly used for the analysis of teeth and bones, detecting heavy metals
in bones can be more difficult than in teeth due to the lower amount of hard tissue present.
Therefore, a different approach may be necessary to achieve accurate heavy metal detection
in bone tissue using LIBS.

2.3.2 Heavy metals and their impact on human health

Heavy metals is the name used to denote elements harmful to the human body.
Although heavy metals can be useful in some quantities, they are mostly very toxic
after a certain concentration. In general, the opinion is valid that in order for an element
to be considered a heavy metal, it must have a density of over 5 g/cm3. Some of these metals
are arsenic, lead, cadmium, and copper [36].

Exposure to heavy metals, including lead, cadmium, mercury, and arsenic, can have
significant harmful effects on living organisms and pose a major public health concern.
These metals can accumulate in the body through various sources, such as industrial
activities, contaminated food and water, and cigarette smoking. Long-term exposure to these
elements can result in severe health problems, including damage to the nervous,
cardiovascular, and renal systems, harm to bone tissue, and even cancer. Cadmium,
in particular, is known to cause painful joint movement due to its effects on bone tissues.
Lead is concerning due to its potential for harm to cognitive development, especially
in children. Thus, detecting and measuring lead levels in biological samples is crucial
for assessing potential health risks associated with lead exposure. This thesis aims to detect
and quantify lead using LIBS technology in biological samples, providing an effective
means of assessing potential health risks associated with lead exposure [37].

Lead (Pb) is a heavy metal with an atomic mass of 207.2. Its atomic number is 82.
There are organic and inorganic forms of lead, organic lead is more toxic. Its concentration
in the environment has decreased over the past years due to the use of unleaded gasoline,
but it is still very much present in quantities that exceed the limit of being harmless
to humans [38].

The biggest intake of lead is through inhalation. This element binds to enzymes in the body
and thus interferes with the normal functioning of cells. Lead can often be found in water,
especially in households with weak water installations. Some of the first symptoms of lead
poisoning are insomnia, decreased appetite, and headache. If lead poisoning occurs, milk,
whose proteins bind lead, has proven to be an effective remedy [37].
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3 State of the Art: An overview of the current status
of knowledge

The analysis of hard tissues, the detection of toxic elements in the tissue, the improvement
of the signal using the multi-pulse LIBS method, as well as the comparison of different
laser wavelengths are areas that many scientists have already been interested in.
Some of the research that has been done in the past is listed in the following chapters.
To the best of the author's knowledge, no previous study has examined the combined
influence of different laser wavelengths on the detection of heavy metals in hard tissues.
The aim of this work is to contribute to the optimization of parameters for the three laser
wavelengths, which should contribute to easy and improved analysis of hard tissues
in the future.

3.1 Analysis of biological tissues by LIBS
3.1.1 Analysis of soft tissues by LIBS

In 2023 Winnand et al. were able to discriminate bone-invasive oral cancer from healthy
tissue using 1064 nm nanosecond Q-switched Nd:YAG laser [39]. They observed electrolyte
balance of calcium (Ca), potassium (K) and sodium (Na) in cells of human mandibular
specimens, which were obtained through surgery with the written consent of the patients
and ethical approval. Although the mandible is considered hard tissue, the analysis
performed in this study focused on cells extracted from the mandibular specimens, indicating
that it pertains to soft tissue. This paper also mentions a comparison with experiments
in which Ca, Na and K were detected by LIBS analysis on samples of the mandible in pigs.
They showed similar results to this research conducted on human mandibles. A change
in the balance of the mentioned electrolytes can be caused by conditions such as vomiting
or long-term diseases such as a tumor.

In this experiment, 15 patient samples were analyzed using LIBS. The samples were
prepared by drying for 12 hours, cutting into 4-mm thick sections with tumorous areas
embedded in paraffin, and cleaning with NaCl before analysis. The emitted radiation was
collected by a spectrometer covering 200-870 nm, and LIBS analysis required 30 shots
per spot.

The study found a low Ca signal in tumorous tissue, while the Na and K signal intensities
were increased with an overall sensitivity of 96 %. These findings are shown in Figure 10.
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Figure 10: Distinctive spectral profiles of normal bone (blue) and bone-invasive oral
cancer (red) [39].

The result of this research proved that it is possible to do real-time LIBS analysis of tumorous
tissue, which almost does not require sample preparation and it opens up many new
possibilities in the field of biomarker studies.

3.1.2 Analysis of hard tissues by LIBS

Alicia Marin-Roldan et al. [40] conducted a study in which they employed
calibration-free LIBS (CF-LIBS) to analyze the elemental composition of a complex matrix
of a wild boar rib bone that contains both major and minor elements. They utilized the NIST
LIBS application to simulate plasma cooling and calculated the intensities of emission lines
under different conditions to optimize the Saha-Boltzmann plot. They identified suitable
lines of elements such as Ca, Mg, P, Sr, O, and H, and measured the plasma temperature
at different delays. The study utilized a Q-Switched Nd:YAG laser with a wavelength
of 266 nm to analyze the flat part of a wild boar's ribs. Emission lines were captured
by both VUV and Echelle spectrometers. By calculating the atomic and mass percentages
of Ca and P, they determined the Ca/P ratio. The Ca/P ratio is an essential metric
for assessing compatibility with human bones, and trace elements like magnesium
and strontium can offer insight into various factors such as diet. This approach provides
a reliable, non-invasive, and pre-treatment-free means of analyzing bone composition
and has potential implications for understanding diet and biocompatibility with human
bones.

The Ca/P ratio calculated for delay times of 500 ns and 1000 ns, as well as the calculated
values for the atomic and mass percentages of the analyzed elements, are presented
in Table 2.
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Table 2: Elements selected along with their atomic and mass percentages in a bone sample,
as well as the Ca/P ratio, at delay times of 500 ns and 1000 ns [40].

Element 500 ns 1000 ns
Atomic % Mass % Atomic % Mass %
Ca 21+1 37+3 20+7 35+3
P 13+4 18+5 17+3 23+4
Mg 6+3 7+3 5+2 5+2
Sr 0.014+0.003 0.05+0.01 0.02+0.02 0.07+0.01
(@) 55+3 38+3 53+8 36+3
H 42+0.3 0.18+0.01 4+2 0.184+0.01
Ca/P ratio 1.6+0.4 2.1+0.4 1.2+0.5 1.5+03

Notably, the results indicate that the Ca/P ratio calculated at a delay time of 500 ns is more
precise. The study also showed that in this case CF-LIBS is advantageous over LIBS
for compositional analysis as it simplifies the process and eliminates the need
for a calibration plot. It also reduces the error associated with spectral line variation, making
it faster and more reliable for quantitative analysis.

3.2 Heavy metal detection

During the research for the thesis, the author noted a scarcity of literature pertaining
to the analysis of heavy metals in hard tissues using LIBS. However, Samec et al.'s research
[41] somewhat delved into this topic by analyzing the accumulation of metals
such as aluminum in hard tissues.

The researchers utilized a Nd:YAG laser with a wavelength of 1064 nm for their study,
ensuring that the laser energy did not exceed 20 mJ to prevent destruction of the sample
and large ablation craters. This is particularly significant because the samples used
in the study were teeth samples. The researchers employed depth profiling LIBS analysis
on these samples, primarily limited to the surface layer due to the geometric restrictions
of plasma on deeper depths. Depth profiling involves ablation of the sample layer by layer,
whereas  cross-sectional analysis was also carried out by cutting thin layers of samples
to generate 2D distributional maps of the analyzed elements in teeth samples. The elements
studied included Ag, Al, Ca, Cr, Hg, K, Mg, Mn, Na, Ni, P, Sn, Ti, and Zn.

Furthermore, the researchers compared and analyzed teeth from various age categories,
ranging from infants to adults, for the element Al. However, the primary objective
of the study, conducted in 1999, was to demonstrate the possibility of detecting elements
in hard tissues, rather than to establish a trend between different age categories. The study
revealed the presence of Al in approximately 30 % of samples, proving that LIBS is
an effective tool for detecting metal accumulation in hard tissues.

Gallstones form in the gallbladder and cause blockage of the digestive system. Its diameter
iIs 2-5 mm. The largest compound of gallstones is cholesterol. Its analysis is essential
for the diagnosis of the patient. Naser et al. [42] used 1064 nm nanosecond Q-switched
Nd:YAG laser to do quantitative analysis of heavy metals in gallstone, such as Cr, Pb, Zn,
As, Cu and Cd. Laser energy was set to 300 mJ. The emission spectrum was collected
with an optical spectrometer with a built-in CCD camera that had a range of 200—1100 nm.
A total of 12 samples collected from patients of different genders, ages and from different

28



hospitals were used for the analysis. Six samples were used to create the calibration curve.
Almost no sample preparation was needed. They were dried in furnance. The concentration
of heavy metals in them was accurately determined by atomic absorption spectrometry
(AAS) analysis. The calibration curve was used for the quantitative analysis of the remaining
6 gallstones on which AAS analysis was not performed.

Heavy metals were detected at wavelengths between 250 and 650 nm. The two spectral lines
that are interesting for my thesis are for Pb and Cd. For their analysis, the authors used
spectral lines at 357.27 nm and 441.56 nm, respectively. An example of the spectrum
obtained from the analysis of gallstone marked with the abbreviation GS6, taken from
a 65-year-old male patient, can be seen in Figure 11.
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Figure 11: The spectrum obtained by measuring the sample GS6 [42].

Quantitative analysis was done by first measuring the concentration of heavy metals
in 6 samples using AAS analysis, and then measuring the signal intensity of these same
elements using the LIBS method. A calibration curve was created, i.e. the dependence
of intensity (y axis) on concentration (x axis). It is a linear dependence and can be seen
in Figure 12.
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Figure 12: Calibration curves of individual detected elements [42].

Based on the calibration curve, the concentration of heavy metals was calculated
for the remaining 6 samples that were analyzed only by the LIBS method. It is important
to mention that at the end of the research, 6 samples that were initially measured only
by the LIBS method were measured by the AAS method as well and the concentration
almost completely corresponded to the concentration measured by the qualitative LIBS
analysis. This means that LIBS analysis can be used with great accuracy for the qualitative
analysis of heavy metal in gallstones. It was also concluded that the heavy metals Pb and As
had a much higher signal intensity, i.e. concentration in samples taken from patients who
were smokers.

In 2022 Honglian et al. [43] investigated temperature control and the influence of KCI
additives on the detection of heavy metals in sediment samples by LIBS analysis.
The samples were collected next to Baiyang Lake in China. Soil pollution with heavy metals
IS, as mentioned earlier, a very important factor that affects the development of plants.
If a person uses plants from contaminated soil in his diet, this can lead to the appearance
of various diseases.

A 1064 nm nanosecond Q-switched Nd:YAG laser was used for the analysis. Aperture was
set to 6 mm, and a spectrometer with a built-in CCD camera that had a range of 199-517 nm
was used. Frequency was set to 5 Hz. The spectral line used for Cd detection was
at a wavelength of 228.8 nm. The wavelength 405.78 nm was used for Pb. 7 mm thick,
naturally dried samples were treated with different amounts (0 %-100 %) of KCI additives.

The measurements were first carried out at room temperature, for different concentrations
of KCI additives in the sediments. It was discovered that the best signal, as well as the signal
to noise ratio (SNR), was at a content of 15 %. The signal weakened again by a larger
percentage. After that, the analysis was done again for the samples that had this
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concentration, but this time the temperature of the substrate was set to 180 °C. This further
improved signal intensity and SNR. For example, when the Cd signal was measured without
added additives at room temperature, the signal intensity of this heavy metal measured
by LIBS was 6 484 arb. u., while with 15 % KCI additive it was 11 073 arb. u. The SNR
value changed from 22.8 to 31.9. When the Cd signal was measured at 180 °C substrate
temperature without additives, the signal intensity was 10 765 arb. u. and SNR value 28.9.
When the Cd signal was measured at 180 °C with 15 % KCI additive, the signal intensity
was 13 025 arb. u. and the SNR value was 40.5.

The results of this work marked the LIBS method as a very effective method for the analysis
of toxic substances in soil. What improves SNR and signal intensity is the addition
of additives and changing the temperature of the substrate. In the case of the experiments
conducted in this research, the optimal combination of additives and temperature resulted
in signal enhancement up to 2.01 times, and SNR up to 1.78 times.

3.3 Influence of different laser wavelengths on LIBS analysis of hard
tissues

In 2014, M.A. Kasem et al. [44] conducted a study on the influence of laser wavelength
on the analysis of archeological bone using LIBS methods. The researchers compared
the performance of 1064 and 266 laser wavelengths. To obtain samples, bone fragments
from four Egyptian dynasties were ground and pressed into homogenous bone pellets
to ensure reproducibility. The researchers also obtained a standard bone ash sample
from the National Institute of Standards and Technologies for use as a reference material.
The experimental conditions for the two systems were kept similar, with laser energy, spot
size, repetition rate, and irradiance controlled. Detailed descriptions of the instruments used
are provided in [44].

The results of the study showed that the 266 nm excitation wavelength provided more
consistent results for the measurement of Sr and Mg elemental intensity within the same
dynasty. The relative standard deviation (RSD) values were generally lower for the 266 nm
excitation wavelength, indicating lower variability between individual samples. This
suggests that the 266 nm excitation wavelength may be a more reliable method for analyzing
ancient bone samples. The comparison of the intensities and RSD values within the same
dynasty is depicted in Figure 13.

Conducting a UV-LIBS analysis on elemental changes within a particular dynasty is crucial
in obtaining a dependable understanding of the health status and dietary patterns during those
ancient times. The study employed two different laser excitation wavelengths to measure
the depth profile of bone samples and found that UV-LIBS provided plasma properties that
closely resembled the bone ash standard reference sample utilized for calibration, indicating
greater stability. Moreover, measuring strontium concentration relative to calcium through
depth profiling can serve as an indicator of the diagenesis effect caused by the surrounding
postmortem environment.
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4 Experimental section
4.1 Used chemicals
e Argon, purity of 99.996 % (SIAD, Prague, Czech Republic)
4.2 Used equipment and software
4.2.1 Used equipment

e LIBS FireFly (Lightigo, Brno, Czech Republic)
e LIBS Discovery (CEITEC, Brno, Czech Republic)
o Nd:YAG laser, 532 nm, CFR Ultra, laser pulse 10 ns (Quantel, Lannion,
France)
o Nd:YAG laser, 1064 nm, Bernoulli LIBS, laser pulse 10 ns (Litron,
Warwickshire, United Kingdom)
e LabTrace 1 (CEITEC, Brno, Czech Republic)
o Nd:YAG laser, 532 nm, laser pulse 6 ns Litron (UK)
o Nd:YAG laser, 1064 nm, laser pulse 6 ns Litron (UK)
o Nd:YAG laser, 266 nm, laser pulse 8 ns, Litron (UK)
o Nd:YAG laser, 1064 nm, Brilliant (Quantel, Lannion, France)
e AvaSpec EVO-LTG6 (Starline spectrometer, Apeldoorn, Netherlands)
e CMOS detector (Starline, Apeldoorn, Netherlands)
e Shamrock SR-500i spectrometer (Oxford Instruments, Abingdon, United Kingdom)
e Star 734 ICCD detector (Oxford Instruments, Abingdon, United Kingdom)

4.2.2 Used software
For the measurement of the samples, the following software was used:

e LIBS Navigator (CEITEC, Brno, Czech Republic),

e Litron Control (Litron, Warwickshire, United Kingdom),

e Spectra Controller (Lightigo, Brno, Czech Republic),

e Andor Solis (Oxford Instruments, Abingdon, United Kingdom).

The following software was used for data processing:

e LIBS Analyzer (CEITEC, Brno, Czech Republic),

e MS Office (Microsoft Corporation, Redmond, Washington),
e Origin 2020b (OriginLab, Northampton, USA),

¢ ImagelJ Fiji (National Institute of Health, Bethesda, USA).
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4.3 Preparation of samples

First, a calibration set of samples were prepared for different concentrations of Pb
(concentration ranging from 100 ppm with a step of 100 ppm up to 1000 ppm) in the sample.
A preliminary analysis of this set, led to the conclusion that the best lead concentration
for LIBS optimization varies between 300 and 450 ppm. Thus, a concentration of 400 ppm
was chosen for the following sample set preparation. The hydroxyapatite standard samples
used in this study were prepared by Ing. Lenka Michlovskd, Ph.D., who is a part
of the research group led by Assoc. Prof. Lucy Vojtova, Ph.D. at CEITEC BUT. The samples
were shaped into pellets with a diameter of approximately 5 mm and a thickness of around
1.5 mm. A total of five sets of samples were prepared, as shown in Table 3. Subsequently,
the concentration of lead in the samples was confirmed to match the expected concentration.
The results indicate only a small deviation from the intended concentrations.
The confirmation was done by Mgr. Lucie Simonikova from MUNI using the ICP-OES
method. All five sets of samples had a lead concentration of approximately 390 ppm, and it
has been confirmed that the samples were homogeneous. Hydroxyapatite, being the main
mineral component of bones, serves as an appropriate representation of bone tissue.
This substitution allows for the investigation of heavy metal detection in a bone-like material
while overcoming ethical constraints and the challenges associated with acquiring actual
bone samples. By using hydroxyapatite samples, this research ensures a valid
and representative analysis of heavy metal detection in bone-like materials.

Table 3: Concentration of Pb in hydroxyapatite standards obtained by ICP-OES.

Name of set Pb (mg/kg) SD (mg/kg)
Set 1 377 3
Set 2 384 7
Set 3 382 6
Set 4 393 3
Set5 385 5
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4.4 LIBS measurements

In this thesis, three different LIBS systems were utilized. The first system used was
the LabTrace 1, which employed single-pulse LIBS and orthogonal double-pulse LIBS. This
system is depicted in Figure 14.
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Figure 14: System LIBS LabTrace 1.

Three different lasers were used, with wavelengths of 1064 nm (maximum energy
of 200 mJ), 532 nm (maximum energy of 100 mJ), and 266 nm (maximum energy of 10 mJ),
respectively. The first two laser wavelengths had a pulse duration of 6 ns, while the third
laser had a pulse duration of 8 ns. An optics triplet with a focal distance of f = 35 mm was
utilized. Following single-pulse LIBS, the combination of 1064 nm and 532 nm was utilized
for orthogonal double-pulse optimization of parameters. A different laser for 1064 nm
(Brilliant) was used, and the optics were changed to a singlet with a focal distance
of f=50 mm. The double-pulse had an orthogonal configuration, and the h of the main pulse
was 1.5 mm, optimized to avoid sample damage and based on previous laboratory
experience. Single-pulse was measured in argon gas purge, while argon was not used
in double-pulse measurements, due to its negligible impact on the experimental outcomes.
This wavelength combination was the only one used for a double-pulse because it could not
be instrumentally achieved with any other combination. However, the combination
of 532 nm (maximum energy of 100 mJ) and 1064 nm (maximum energy of 200 mJ) was
also performed on a different LIBS system, the Discovery, where a collinear configuration
of the double-pulse was possible. Here, both lasers had a pulse duration of 10 ns. Finally,
after all optimizations were completed, ablation craters were measured using the FireFly
LIBS System. The LIBS system Discovery is depicted in Figure 15.
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Figure 15: System LIBS Discovery [45].

To ensure accuracy within the measurement of a single wavelength of laser, it is important
that the pulse length remains constant. This is crucial because the pulse length can also affect
the intensity of the signal. A longer wavelength can cause greater plasma instability,
as during a longer period, there is a greater chance that the energy will not spread uniformly.
On the other hand, a longer duration can result in a higher signal intensity.

The same detectors and spectrometers mentioned in Section 4.2.1 were used for all
measurements. The Czerny-Turner (Shamrock) spectrometer had a spectrometer slit size
of 50 pm, which is tunable, while the Czerny-Turner (Avantes) had a slit width of 25 pm.
The sCMOS camera had to be cooled down to 0 °C before every measurement. The gain
of the Shamrock was set to 4000 for the experiments conducted in this study.

The specimens were positioned on XYZ motorized stage and the chamber was closed
in the case of the Discovery system and sealed in the case of the LabTrace LIBS system.
The argon gas flow rate was set to 9 1- min~? for single-pulse measurements. The repetition
rate was 1 Hz for every measurement.

4.4.1 Optimization of parameters for single-pulse LIBS

In this work, lead was analyzed using spectral line Pb I 405.78 nm. Firstly, measurements
were performed for single-pulse LIBS (SP-LIBS). As stated in the theoretical part
of the diploma thesis, some of the parameters that affect the signal in measurements are gate
delay, defocus, laser energy, and laser wavelength. Single-pulse LIBS measurements were
performed with a 5x5 map and in single shot mode, meaning that the signal was not
accumulated. The step size was set to 250 um to avoid crater overlapping, as the measured
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crater sizes in single-pulse LIBS averaged around 160um. Although measurements were
performed on both the Shamrock and Avantes spectrometers, data obtained from
the Shamrock was more precise for lead analysis because the laser wavelength could be
precisely set to measure lead and there was no interference from other spectral lines. For each
laser wavelength, five different defocus values were tested in combination with five energies
and five gate delays, which means that 125 parameter combinations were tested for one laser
wavelength, each resulting in 25 obtained spectra. The only difference was for the 266 nm
laser wavelength, where only four energies were tested, with a maximum laser energy
of 10mJ, and even with a small measurement step of 1mJ, it was unnecessary to measure
energies less than 7mJ because the signal decreased significantly. The discussion of the best
parameters is presented in Chapter 5. Tables 4, 5, and 6 present different parameters
for different laser wavelengths.

Table 4: Optimization of parameters for 1064 nm laser wavelength.

Laser wavelength (nm) 1064

Energy (m]) {60, 50, 40, 30, 20}

Gate delay (us)

Defocus (mm)

{1,2,3, 4, 5}
{0.4,0.9, 1.4, 1.9, 2.4}

Table 5: Optimization of parameters for 532 nm laser wavelength.

Laser wavelength (nm)
Energy (m])
Gate delay (us)

Defocus (mm)

532
{60, 50, 40, 30, 20}
{050, 1.00, 1.25, 1.50,1.75}
{-1.0,-0.5,0.0, 0.5, 1.0}

Table 6: Optimization of parameters for 266 nm laser wavelength.

Laser wavelength (nm) 266
Energy (m]) {10,9,8, 7}
Gate delay (us) {0.1,0.3,0.5,0.7, 0.9}
Defocus (mm) {-24,-1.9,-1.4,-0.9, -0.4}

4.4.2 Optimization of parameters for double-pulse LIBS

Just as with single-pulse LIBS, three parameters were changed in double-pulse LIBS
(DP-LIBS). However, instead of defocus, which is varied in single-pulse LIBS, in this case,
it was fixed because the parameter that is much more important in DP-LIBS is interpulse
delay (ID). The defocus setting of the instrument was maintained at 0 mm throughout
the study as it is considered to be the optimal focus for 532 nm wavelength for accurate
and reliable measurements. Both orthogonal pre-ablation configuration and collinear
configuration were used. The original plan was to measure all combinations of wavelengths,
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but due to instrumental limitations, only the combination of 1064 nm and 532 nm with two
different configurations was tested. It is also important to mention that in the orthogonal
configuration, there are pre-ablation and reheating configurations. The pre-ablation
configuration was used because reheating excites electrons that were not excited
with a single-pulse, i.e., they have high energy levels. However, this does not apply to Pb
detection, so only pre-ablation was used to ablate in air. The aim of this experiment was
to further enhance the LOD obtained from single-pulse LIBS. The aforementioned advice
was acquired from the thesis consultants, who based their recommendations on their
extensive experience with LIBS, as well as their thorough review of pertinent literature.

In the orthogonal configuration, the first pulse was emitted from a 1064 nm laser. The energy
of this pulse was fixed at 180 mJ as no significant difference was observed by varying its
energy. However, the energy of the second ablation pulse was varied. In the collinear
configuration, the first pulse was emitted from a 532 nm laser, and the energy ratio
of 532 nm:1064 nm varied in a 1:2 proportion based on the consultants' recommendations
to achieve the most optimal results. Those settings were proven to be optimal in the already
published article by Rizwan A. et al. [46]. This decision was supported by already published
work on SP-LIBS. Unlike in single-pulse LIBS, 3x3 maps were created in double-pulse
LIBS due to larger craters with an average value of about 0.18 mm. Thus, a step size
of 500 um was set to avoid overlapping. Therefore, for each measurement, nine spectra were
obtained without accumulation, and a single-shot mode was used. In the orthogonal
configuration, we varied five laser energies of 532 nm and used combinations of five gate
delays and five interpulse delays, resulting in a total of 125 combinations for this
configuration. On the other hand, four energies were tested in the collinear configuration
in combination with five interpulse delays and 5 gate delays, resulting in 100 combinations.
One of the reasons why higher energies were not used in the collinear configuration,
although the system could handle them, was that the AvaSpec spectrometer used
for obtaining the spectra became saturated. This saturation was not due to the ICCD
detector's saturation but was caused by the chosen Pb emission line being resonant
and susceptible to the self-reversed absorption effect, which is particularly pronounced
at higher energies. According to NIST, the energy level difference for the Pb | transition
that produces a resonant wavelength of 405.78 nm is 1.3205 eV. As explained by the thesis
supervisor, resonant emission lines are more prone to a change in plasma density, resulting
in a denser plasma and self-reversed absorption. Moreover, higher energy also leads
to a higher temperature, resulting in thermal broadening, which can alter the spectral line
shapes and cause saturation.

A noticeable difference in the interpulse delay used can be observed between the collinear
and orthogonal configurations, with a significantly smaller delay utilized in the former. This
can be attributed to the discovery during initial optimization for gate delays that the values
employed in the collinear configuration yielded the most optimal signal results.

All parameters for the orthogonal and collinear configurations are presented in Table 7
and Table 8, respectively.
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Table 7: Optimization of parameters for orthogonal configuration.

Laser wavelength (nm) 532 + 1064
Energy (m]) for 532 nm laser {60, 50, 40, 30, 20}
Energy (m]) for 1064 nm laser 180

Gate delay (ps) {15,2.0,25,3.0,3.5}
Interpulse delay (us) {2,4,6, 8}

Table 8: Optimization of parameters for collinear configuration.
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Laser wavelength (nm) 532 + 1064
Energy (m]) for 532 nm laser {40, 30, 20, 10}
Energy (m]) for 1064 nm laser {80, 60, 40, 20}

Gate delay (us) {1.0,15, 2.0, 25, 3.0}
Interpulse delay (us) {0.1,0.5, 1.0, 1.5, 2.0}




Intensity 10° (-)

5 Results and discussion

As mentioned in earlier chapters, there are multiple factors that affect the strength
of the signal in LIBS analysis. In the theoretical section of this thesis, both SBR and SNR
were discussed. However, in this thesis, all graphs are presented using SBR because of better
results’ visualization.

To calculate SBR using a LIBS Analyzer, the emission line peak and background were
manually selected, as shown in Figure 16. By manually selecting the emission line peak
and background, it became possible to ascertain the signal intensity and background noise
levels. Subsequently, this information was utilized to compute the SBR value. The aim was
to achieve the highest possible SBR.

Pb 1 405.78 nm

6 - i
5_
4 -
3_
2_

! I ! I ! | ! | ! I ! |
390 395 400 405 410 415 420

Wawelength (nm)

Figure 16: Representation of the selection of the lead emission line and background
for the calculation of SBR — Pb line (black), background (red).

The primary focus was on SBR during the selection of optimal parameters for lead analysis
in hard tissues. It should be noted that other important parameters include ablation crater
size and LOD.

The calculation of LOD is described in Chapter 2.2.1, and in this study, the formula (3)
presented in that chapter was used. This formula is suitable for analyses without calibration

40



or when the signal is measured for only one known concentration. Although the mentioned
formula is commonly used, it has a limitation where the standard deviation (SD) is a point
value while Xp, represents the area under the curve, making the units inconsistent.
However, this formula has been used in previous studies listed in the references next
to the formula and was therefore used in this study. The goal was to achieve the smallest
possible LOD, as the aim was to detect very low concentrations of lead in tissues.

The ablation craters’ photos were captured using the LIBS FireFly system and analyzed
in the ImageJ program. The average ablation crater size was determined by measuring three
ablation craters from each parameter setting. They did not show significant variation within
a single laser wavelength. The smaller the ablation crater, the higher the resolution.

In single-pulse LIBS, it is important to note that the size of the ablation crater is influenced
by the changing parameters of energy and defocus, while gate delay does not affect it.
In DP-LIBS, defocus remained constant, and interpulse delay only caused changes
in collinear configuration. In the orthogonal configuration, pre-ablation was used,
and the first pulse did not affect the crater, nor had the interpulse delay. Craters were
measurable in the orthogonal configuration, but not in the collinear configuration, as the high
laser energy dispersed the samples and made it impossible to distinguish the craters.
The average ablation crater depending on the energy in the orthogonal configuration
of DP-LIBS, as well as the average ablation crater for a specific wavelength in single-pulse
LIBS, depending on energy and defocus, are presented in Table 9 and Table 10, respectively.

Table 9: Ablation crater dependence on laser energy — double-pulse LIBS.

Energy (m]) for 532 nm laser — orthogonal
configuration

Ablation crater (mm) 0.167 0.182 0.192 0.178 0.172

60 50 40 30 20

As mentioned above, within a single wavelength there is not a significant difference
in the size of the ablation crater, but the difference is particularly noticeable between
single-pulse and double-pulse LIBS. Crater size is one of the main parameters that has been
considered when selecting optimal LIBS parameters.

When analyzing LIBS data, it is common to create dependencies and graphs based
on irradiance (I,) rather than energy. This physical quantity is particularly useful because it
encompasses both defocus and energy, making graphs, heatmaps, or any other form of data
representation more concise.
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Irradiance is calculated as follows:
6. = E - t,, (4)
where 6, (J/s) is radiant flux, E is energy (J), and ¢, (s) is pulse length of the laser.

Then, irradiance is defined as:

e
le = KX (5)
where S (cm?) is the area of the crater and is defined as:
md?
S - 4’ (6)

and d (cm) is the diameter of the ablation crater, which is influenced by defocus.
The obtained irradiance is then converted to units of GW/cm? [47].

In this study, irradiance was calculated only for single-pulse LIBS and orthogonal
configuration of double-pulse LIBS, precisely because it was not possible to measure
the craters in the collinear configuration of double-pulse LIBS. Thus, for a comparison
of both DP-LIBS configurations irradiance was not used. Instead, heatmaps created in Origin
were based on energy in order to enhance the visibility of the comparison
between the orthogonal and collinear configurations. The next chapter delves
into the dependencies of SBR on various adjustable parameters.

The irradiance in LIBS can be indirectly influenced by the depth of defocus. The online tools
available at [48-49] were wused to calculate the depth of focus (DOF)
with the optimal parameters. The walls of craters confine plasmas, affecting their parameters
and LIBS analysis results. While shallow craters may increase plasma emission, deeper
craters may lead to a decrease in signal due to the shift of collection optics relative
to the plasma plume core and different amount of ablated mass, where it decreases
with increasing depth of the crater. This becomes particularly crucial when performing depth
profiling LIBS analysis [50].

Input Beam Diameter

f

Focal Length

i

DOF : Depth of Focus (um)
A : Wavelength (nm)
f :Focal Length (mm)
d :Input Beam Diameter (mm)
M?: Laser Beam Parameter
p :ToleranceFactor

Figure 17: DOF calculation. [48].
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The depth of focus (DOF) can be calculated with the given parameters as follows: Laser
wavelength of 1064 nm, focal length of 35 mm, input beam diameter of 6.4 mm, tolerance
factor of 1.05, and laser beam parameter of 1.9. The resulting DOF is 49.29 um. DOF
calculation is shown in Figure 17.

5.1 Single-pulse (SP) LIBS
5.1.1 266 nm wavelength

266 nm SBR

- 1.474

09

1.376

0.7

- 1.279

0.5

GD (ps)

- 1.181

0.3

1.084

0.1

0.986

Irradiance[GW/cm?]

Figure 18: Dependence of SBR on irradiance and GD for 266 nm laser wavelength shown
by heatmap.

In the context of measurements for a 266 nm laser, the highest SBR was achieved when
using the highest irradiance in combination with the highest gate delay. It is worth noting
that the resulting ablation crater did not exhibit significant changes under these parameters
at this particular wavelength. Therefore, the ablation crater was not taken into consideration
when discussing the optimal parameters for this wavelength. However, the limit of detection
was taken into account, and the optimal measurement result was achieved when the
gate delay was set to 0.70 ps, and the irradiance was 41.12 GW/cm? (with a defocus
of -0.9 mm and energy of 9 mJ). At these optimal parameters, the LOD was found
to be 226 ppm. The optimal result is also indicated by a black circle in Figure 18.
The achieved SBR was 1.26.
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5.1.2 532 nm wavelength

532 nm SBR

1.528

1.419

- 1.310

GD (us)

- 1.202

1.093

0.964

Irradiance[GW/cm?]

Figure 19: Dependence of SBR on irradiance and GD for 532 nm laser wavelength shown
by heatmap.

In the case of using a 532 nm laser for measurements, the best results were obtained
when using lower irradiances and higher gate delays. For the optimal measurement,
the resulting ablation crater was measured to be 0.17 mm, with an achieved SBR of 1.52.
With the LOD taken into account, the optimal measurement result was achieved
when the gate delay was set to 1.75 ps, and the irradiance was 18.67 GW/cm? (with a defocus
of 1 mm and energy of 30 mJ). At these optimal parameters, the LOD was found to be
251 ppm, which represents a significant improvement over other settings for this particular
laser wavelength. The optimal result is also highlighted in Figure 19 with a black circle.
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5.1.3 1064 nm wavelength

1064 nm
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Figure 20: Dependence of SBR on irradiance and GD for 1064 nm laser wavelength shown
by heatmap.

In the case of using a 1064 nm laser for measurements, the best results were obtained
when using higher gate delays and irradiance. The resulting ablation crater was measured
to be 0.16 mm, with an energy of 60 mJ and a defocus of 1.4 mm. The achieved SBR was
2.57, and the LOD was 135. It is worth noting that gate delays had a significant impact
on the results, as the signal was markedly lower at gate delays of 1 and 2 ps. The optimal
gate delay for the 1064 nm laser was found to be 5 us, with an irradiance of 48.54 GW/cm?.
These settings resulted in a significant improvement in LOD and overall measurement
accuracy. The optimal result is highlighted in Figure 20 with a suitable indicator.

5.2 Double-pulse (DP) LIBS

5.2.1 Orthogonal configuration

Optimal parameters were also determined for the double-pulse orthogonal configuration,
which utilized both a 1064 nm pre-ablation pulse and a 532 nm ablation laser pulse.
Th resulting ablation crater was measured to be approx. 0.18 mm, demonstrating an increase
compared to the single-pulse mode. The optimal energy of the ablating pulse was set
to 50 mJ, with an interpulse delay of 2 ps and a gate delay of 3.5 ps. The SBR and LOD
were measured to be 2.57 and 181 ppm, respectively. Notably, no visible trend was observed
in the results for this configuration. All dependencies are presented in the following
Figure 20. The optimal result is marked with a circle in Figure 21.
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Figure 21: Orthogonal configuration heatmap for SBR dependence on ID, GD and laser
energy ((A)20 mJ, B)30 mJ, C)40 mJ, D)50 mJ and E)60 mJ)) — DP-LIBS.

5.2.2 Collinear configuration

The optimal parameters for the double-pulse collinear configuration were again chosen
based on the criteria of achieving the lowest LOD and highest SBR values. For the selected
optimal parameters, the ablating pulse energy was set to 10 mJ, with an interpulse delay
of 2 us and a gate delay of 3 ps. However, the resulting ablation crater showed significant
variation and could not be reliably measured. The SBR and LOD values obtained were
1.75 and 297 ppm, respectively. It was observed that lower energies and higher gate delays
tended to produce better signals, while interpulse delay had a relatively minor effect.
A comprehensive analysis of these results, along with other important dependencies
and trends, can be found in the following Figure 22. The results suggest that for 10 mJ
and 20 mJ laser energies, higher SBR can be achieved by using high gate delay
in combination with high interpulse delay. However, for laser energies of 30 mJ and 40 mJ,
increasing the gate delay led to improved SBR, regardless of the interpulse delay.
The optimal result is marked with a circle in Figure 22.
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Figure 22: Collinear configuration heatmap for SBR dependence on ID, GD and laser
energy (A)10 mJ, B)20 mJ, C)30 mJ, and D)40 mJ) - DP-LIBS.

5.3 Optimal results

Table 11 presents all the optimal parameters selected in the previous sections. It is evident
from the table that the single-pulse 1064 nm laser wavelength is the best option,
not only because it produces the highest SBR but also because it has the lowest LOD.
There could be several reasons why SP outperforms DP. One possible reason
for the superiority of SP is that the collection optics we used was not properly
set up and angled (at least in the orthogonal configurations where there were no noticeable
trends among parameter changes). It is also possible that this is due to the fact that the plasma
in double-pulse has more noise and is not as stable as in single-pulse.

Another noteworthy point is that if the entirety of the analyte (Pb) is ablated
through single-pulse ablation, there cannot be any further enhancement
through double-pulse ablation since there would be no remaining analyte to be ablated.
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The table also shows the standard deviations (SD) and relative standard deviations (RSD)
of SBR, which play a significant role in determining the quality of the results,

such as precision and accuracy.

Table 11: Optimal results for each wavelength and configuration for SP-LIBS and DP-LIBS,

as well as highlighting the best possible parameters (blue).

spot le
Configuration E [mJ] [rcrj:?:l] [G S] size [GW/ SE’ ]R [Lor?l] ?? ?05[])
n [mm] sz] pp 0
266 nm 9.00 -0.90 0.70 0.16 41.12 1.26 | 226.22 | 0.09 7.3
SP 532 nm 30.00 1.00 1.75 0.17 18.67 152 | 251.84 | 0.12 7.7
50.00
Orthogonal + 2.00 3.50 0.18 32.05 2.08 | 181.20 | 0.30 14.5
180.00
bP 10.00
Collinear + 2.00 3.00 - - 175 | 297.24 | 0.19 10.6
20.00

The ablation crater produced at the optimal parameters (i.e., energy of 60 mJ and defocus
of 1.4 mm) using a 1064 nm laser, is illustrated in Figure 23. Within the image, multiple
ablation craters are visible, and the specific one generated at the optimal parameters
is denoted by a circle.

Figure 23: Ablation craters produced by 1064 nm laser wavelength, an energy of 60 mJ,

and a defocus of 1.4 mm.

The spectra obtained at the wavelength of 1064 nm and specific energy levels are illustrated
in Figure 24, with the 60 mJ energy level highlighted in black. Upon analysis, it was
observed that the signal-to-background ratio (SBR) was similar for energy levels of 60 mJ
and 50 mJ, whereas the lowest signal was observed at the 20 mJ energy level.
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Figure 24: Spectra obtained by 1064 nm laser wavelength. The Pb line is emphasized
and magnified in the Figure, but it is important to note that other spectral lines from different
elements, including the prominent lines of calcium, are also visible in the spectrum.

The standard deviation of SBR is another critical parameter that was calculated
by LIBSAnalyzer for this study. The graphs for all parameter combinations were created
by the author of the thesis; however, due to the high number of parameters, only those
produced by the 1064 nm laser wavelength, which proved to be the most optimal, are
presented in the following Figure 25. The ideal parameters are once again marked by a circle
in Figure 26 (A-E). These graphs also demonstrate the dependence of SBR on irradiance,
which is an alternate way of presenting the data compared to heatmaps. Each graph depicts
a single gate delay, and it is apparent that a larger standard deviation is observed at higher
gate delays. However, it is also noticeable that the signal is higher at these delays.
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Figure 25: Dependence of SBR on irradiance for different gate delays and 1064 nm laser
wavelength for gate delay value: A)1 us, B)2 us, C)3 us, D)4 us and E)5 us.

Although the primary objective of this thesis was to measure lead, an AvaSpec spectrometer
was also used, which has a wider range and can measure other elements as shown
in Figure 26. Given that the focus was on heavy metals, and the observed signal for Pb was
weak, these findings are not pertinent to this thesis. Additionally, it is worth noting
that the resolution of AvaSpec was inferior to that of Shamrock.
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Figure 26: Spectra obtained by 532 nm laser wavelength, and 60 mJ laser energy.
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6 Conclusion

This thesis focused on optimizing the parameters for LIBS measurements, with a specific
emphasis on the analysis of heavy metals in hard tissues. The importance of spectroscopy
in analyzing hard tissues cannot be overstated, as it allows for the early detection of various
diseases, including tumor cells. Given the potentially fatal consequences of heavy metal
exposure, their detection is of utmost importance. The study primarily analyzed the amount
of lead in hydroxyapatite standards as the main sample. Overall, this research provides
valuable insights into the optimization of LIBS measurements for the analysis of heavy
metals in hard tissues and their potential applications in modern medicine.

The optimized parameters include wavelengths, defocus, energies, gate delays and interpulse
delays. Optimized parameters play a crucial role as they not only help in saving time
but also contribute to cost reduction in measurements. It is important to note that optimal
parameters are primarily required to achieve the best possible results with the highest
sensitivity and resolution levels. The main parameters that were considered for optimization
were SBR, LOD, and the size of the ablation crater, which directly affects the lateral
resolution. By optimizing these parameters, the results can be significantly improved,
making LIBS a more reliable and effective technique for analyzing hard tissues.

Three laser wavelengths were tested for SP-LIBS and two configurations for DP-LIBS.
On average, approximately 125 different combinations were tested for each wavelength
or configuration, resulting in a total of approximately 625 combinations. For each
combination, a map was taken, consisting of a 5x5 map for single-pulse and a 3x3 map
for double-pulse measurements. This resulted in the collection of 25 measurements for each
single-pulse combination and the creation of 25 ablation craters, and nine measurements
were taken for double-pulse measurements.

Itis possible that the collection optics used in DP-LIBS were not optimally set up and angled,
which may have contributed to the superiority of SP-LIBS. Additionally, the instability
of the plasma in DP-LIBS and the absence of remaining analyte to be ablated could be factors
influencing the performance comparison. When comparing the DP-LIBS configurations,
measurable craters were observed in the orthogonal configuration, while the high laser
energy dispersed the samples in the collinear configuration, making it challenging
to distinguish the craters. However, a noticeable trend was observed in the collinear
configuration. In the collinear configuration, it is possible to achieve a higher
signal-to-background ratio (SBR) by utilizing a combination of high gate delay and high
interpulse delay.

The best results, considering LOD, SBR, and ablation crater, were obtained for a laser
wavelength of 1064 nm with an energy of 60 mJ, defocus of 1.4 mm, and gate delay
of 1.75 us. The SBR value was 1.52, LOD was 251.84 ppm, and the ablation crater was
approximately 0.17 mm. Thus, this thesis has brought optimized parameters for lead
analysis, resulting in improved signal-to-background ratio (SBR), enhanced resolution,
and lower limit of detection (LOD). By utilizing these optimized parameters, promising
results can be achieved in lead detection, leading to more accurate and reliable outcomes.

In the future, optimal parameters can be further improved by maintaining a high
signal-to-background ratio while reducing the ablation crater. This can be achieved
by changing the optics and slit width in the spectrometer. Additionally, the LOD can
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be improved by using filters that block noise. Real tissues were not used in the measurements
due to ethical considerations, limited availability, and the fact that hydroxyapatite,
as the main mineral component of bone, represents the structure of real hard tissue well.

Future work in my Ph.D. research will also encompass the analysis of another heavy metal,
Cadmium (Cd). By optimizing parameters for the detection and quantification
of not just one, but two toxic elements, this research has the potential to make a significant
impact in the field of biological studies. The ability to accurately detect and quantify multiple
toxic elements will contribute to a better understanding of their effects in biological systems
and aid in developing effective mitigation strategies.
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7 List of used abbreviations and symbols

LIBS: Laser-induced breakdown spectroscopy
DP-LIBS: Double-pulse LIBS

SBR: Signal-to-background ratio

SNR: Signal-to-noise ratio

Pb: Lead

CF-LIBS: Calibration-free LIBS

ICP-OES: Inductively coupled plasma-optical emission spectrometry
RSD: Relative standard deviation

SD: Standard deviation

ppm: Parts per million

LOD: Limit of detection

LTE: Local thermodynamic equilibrium

fs laser: Femtosecond laser

ns laser: Nanosecond laser

ID: Interpulse delay

GD: Gate delay

CCD: Charge-coupled device

DOF: Depth of focus
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