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The main purpose of this work is to thoroughly describe sensitivity and resolution enhancement by
spectroscopy analysis.
Simultaneous analysis of biogenic (C, P, Mg, and Ca) and contaminating (Pb) elements, which are

systematically optimizing key parameters in laser-induced breakdown
commonly detected in selected biotic matrices (mammal teeth), was performed. Hydroxyapatite
reference pellets were utilized as model matrices, which successfully reflect human dental tissue. The
optimization involved precise adjustments of the used laser wavelengths (1064, 532, and 266 nm),
relative defocus of the laser pulse, ablation pulse energies, and gate delays for collecting characteristic

spectra. In addition, for Ca analysis, the signals of different ionization line types (Ca | 364.44 nm; Ca Il
Received 4th March 2024 370.60 and 396.85 nm) d: in th f Pb analysis, the limits of detecti
Accepted 15th July 2024 .60 an .85 nm) were compared; in the case o analysis, the limits of detection were

established for each used laser wavelength, and the revealed differences were discussed in detail. We

DOI: 10.1039/d4ja00073k intend to demonstrate the benefits of rapid, low-cost analysis and also the importance of measurement
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Introduction

Laser-induced breakdown spectroscopy (LIBS) is an influential
spectroscopic technique that enables highly effective multi-
elemental detection. Its versatility is demonstrated by the
combined capabilities for quantitative and qualitative analysis,
while requiring minimal sample preparation. The most
important advantages of LIBS are its ability to detect any
chemical element, almost real-time analysis, and robust
instrumentation, which enable LIBS to be deployed in situ with
no or minimal sample preparation." Other notable advantages
include speed and simultaneous multiple-element analysis
capabilities.”

In biomedical research, LIBS has solidified its position as
a valuable tool for analyses of plants,>*® immunochemical
samples,” " and soft*'*** and hard tissues."”™® Its benefits
extend to the cross-sectional observation of samples and the
preservation of samples after extraction from biological
organisms.”? In hard tissue analysis, it has been particularly
applied for elemental content assessment in bones,****
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parameters used in biotic sample testing.

teeth,'>* other calcified tissues,*”*® and artificially prepared
hydroxyapatite standards.>>*

Furthermore, LIBS has proven to be a powerful tool for
identifying not only biogenic elements but also contaminants,
such as heavy metals (Pb, Cd, and As) in smokers' teeth.?? This
makes this method an important tool in modern human health
toxicology studies.*® In addition, it detects differences in
mineral composition between healthy and contaminated
tissues.’>*** This technique demonstrates substantial repro-
ducibility and efficacy in detecting heavy metals in dental
samples. In particular, multiple published studies suggest that
heavy metals (Hg, Ag, Sn, and Cu) from dental amalgam fillings
can migrate to healthy surrounding tissues in teeth, under-
scoring the urgent need for an effective biomedical tool to
detect heavy metals.>*>*”

In a study by Wang et al.,*® a comparison of 1064 and 266 nm
laser wavelengths highlighted the superior performance of the
1064 nm laser in efficiently heating the generated plasma plume
and enhancing its emission. This is particularly evident in the
signal-to-peak-to-noise ratio for carbon emission compared to
the 266 nm laser. The more efficient heating and increased
spectral intensity with the NIR laser, compared to the UV laser,
are attributed to the absorption of light in the plasma, which is
scaled with the square of the wavelength. Regarding plasma
generation, the dependence on the material is lower for UV laser
excitation than for NIR laser excitation.

This journal is © The Royal Society of Chemistry 2024
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To optimize the speed and reliability of LIBS analysis for
each element, critical variables such as the ablation laser
wavelength and its energy per pulse, as well as additional
measurement parameters - gate delay, exposure time, and laser
pulse defocus - have a significant impact on the detected
signal.®®

The gate delay (GD) is another significant parameter influ-
encing LIBS analysis. The characteristic parameters of the
plasma plume, such as its spectral intensity, temperature, or
electron density, are highly dependent on its evolution in time
and its lifetime. The initial phase of the plasma plume is
characterized by its strong continuous emission, causing
certain drawbacks in the analysis. This is followed by a cooling
phase, where the radiation of specific elements is more domi-
nant. Hence, a proper selection of the collection window relative
to the plasma plume evolution can be a crucial parameter in the
experiment.*’

Positive and negative defocus positions describe whether the
sample is closer or farther away from the lens relative to the
focal plane for the specific laser wavelength. Both positive (+)
and negative (—) defocus positions significantly affect the
ablation process and the amount of ablated mass, changing the
plasma plume's morphology and, therefore, the spectral
intensity." Laser energy per pulse is another critical factor, with
higher values typically resulting in a stronger spectral signal.**
Energy and defocus together influence the ablation crater,
which, in turn, affects the irradiance.*

In LIBS analysis, spectral intensities depend on experimental
parameters, but it is also important to consider the physical and
mechanical properties of the sample. Prochazka et al.** inves-
tigated optimal parameters by exploring different combinations
of experimental parameters for a selected spectral line and
matrix. The samples were low-alloy steel, glass, and aluminum
alloy, each with different properties. An artificial neural network
(ANN) model was trained using 2079 combinations of laser
energies and gate delays. It was found that at least 20 initial
combinations were required for training. Subsequently, only 10
experimental parameter combinations were sufficient for
accurate predictions when new matrices were introduced.
Optimal parameters were chosen for the highest signal-to-noise
ratio (SNR), while taking into account the influence of the
matrix.

This article goes beyond traditional LIBS and signal
comparison methods applied to biogenic elements in hard
tissues. We emphasize the importance of heavy metals, opti-
mizing parameters for both biogenic and contaminating
elements, while comparing three ablation laser wavelengths. A
careful comparison of different wavelengths under consistent
experimental conditions is crucial. Previous studies have often
optimized only one or two wavelengths using different lasers,
which may influence the results. To overcome this, a systematic
investigation of fundamental and harmonic wavelengths from
a single laser source with changeable harmonic wavelengths is
important. This provides more reliable and extensive informa-
tion to help interpret the experimental results. In addition, the
study includes a comparative analysis of atomic and ionic
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perspectives, exploring the influence of LIBS parameters on this
comprehensive investigation.

Materials and methods
Preparation of calibration samples

Because of ethical reasons associated with animal or human
teeth sample recovery, specially prepared reference samples
were used in this study. Produced from a similar matrix to real
teeth (calcium-deficient hydroxyapatite, Caq(HPO,)(PO,)sOH),
these reference samples had previously shown great potential as
an accurate alternative to real dental samples.”*™**

A set of 60 phosphate-based standards prepared according to
Vojtova et al.** pressed into pellets with a diameter of 5 mm and
a thickness of 1.5 mm was prepared. To briefly summarize,
samples were prepared by mixing Pluronic® F-127 aqueous
solution with lead (liquid phase) and tricalcium phosphate
(powder phase) with a liquid to powder phase ratio of 0.5 g g~ .
The prepared matrix was dosed into silicone molds with
dimensions 5 x 2 mm, and samples were hardened at 37 °C for
3 days when tricalcium phosphate was transformed into
calcium-deficient hydroxyapatite. All samples were loaded with
predefined amounts of lead (Pb). Initially, a range of Pb
concentrations (in the form of PbCl,) from 100 to 1000 ppm
(steps of 100 ppm) was investigated for sufficient Pb amount
determination for further optimization. Based on the calcula-
tion of the LOD and the characteristics of the spectra in this
range, we selected a concentration of 400 ppm for the rest of the
sample set to be used in the subsequent parameters' optimi-
zation. Furthermore, their precise concentration was cross-
checked by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) as a reference method (data shown in
Table 1).

LIBS measurement system

The experiments were performed on a FireFly LIBS system
(Lightigo, Czech Republic) equipped with a Nd:YAG ablation
laser with fundamental 1064 nm (~6 ns) and harmonics 532 nm
(~6 ns) and 266 nm (~8 ns) wavelengths. All measurements
were carried out in an argon purge of high purity (99.996%) with
a flow rate maintained at 9 L min~'. For spectral analysis, two
Czerny-Turner spectrometers were used, hereafter referred to
as SP1 and SP2. Spectrometer SP1 (range 245-410 nm and gate
width 50 um) equipped with an embedded CMOS detector was
used for the acquisition of wide-range spectra and detection of
biogenic elements. Simultaneously, we employed spectrometer

Table 1 Average concentrations of lead in phosphate-based stan-
dards obtained by ICP-OES

Sample ¢ep (PPm) SD (ppm)
1 377 3
2 384 7
3 382 6
4 393 3
5 385 5
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SP2 (central wavelength 405 nm, spectral range 25 nm, and gate
width 50 um) coupled with a SCMOS detector for more sensitive
results in detecting the contaminating element (Pb). An optical
apochromatic triplet lens designed for the use of all three
ablation laser wavelengths with a focal length of f = 35 mm was
employed. The repetition rate was 1 Hz for each measurement.

Experimental parameters

A grid of 5 x 5 maps was measured, employing a single-shot
mode, ensuring that each spot received only one laser pulse
without accumulation and resulting in 25 spectra per combi-
nation of the parameters. To prevent the overlapping of the
ablation craters, a step size of 250 pm was utilized, considering
the variability in ablation crater sizes ranging from approxi-
mately 100 to 200 pm. In the case of 1064 nm and 532 nm laser
wavelengths, five laser pulse energies were optimized, adjusting
the defocus settings and gate delays of the spectrometers in five
different configurations, resulting in 125 different combina-
tions per laser wavelength. On the other hand, for the 266 nm
laser wavelength, the pulse energies were limited to four due to
a noticeable decrease in spectral intensities for lower pulse
energies, resulting in 100 different configurations. By adjusting
the energy per pulse and its relative defocus, we directly influ-
enced the ablation crater and, consequently, possible resolu-
tion. The radius of the ablation crater was used to calculate
another parameter - irradiance. The range of the optimized gate
delay values was derived from the lifetime and the spectral
intensity of the plasma plume, as well as from the intensity of
the continuous radiation. This is increased in the earlier stages
of the plasma plume lifetime with the increasing wavelength of
the ablation laser.* Hence, for UV ablation, the values are lowest
near the ablation event, but increase for the other laser wave-
lengths. Positive defocus of the laser pulse means that the
distance between the lens and the analyzed sample is greater
than the focal length, while negative defocus indicates that the
distance is less than the focal length (laser-focused below the
sample surface). No spectra correction was performed prior to
any data evaluation. The signal dependence was calculated as
a correlation with gate delay and irradiance. Table 2 displays the
varied parameters selected for each laser wavelength, while
Table 3 illustrates the calculated irradiance for each corre-
sponding laser wavelength. As mentioned above, this study's
focus was on the optimization of ablation parameters for
biogenic elements, with selected elements and emission lines
mentioned in Table 4. Additionally, a comparison of the
optimal parameters for the detection of atomic and ionic lines
was explored on the calcium lines Ca I 364.44 nm and Ca II
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Table 3 Calculated irradiance for each laser wavelength

Irradiance
(GW em™?)

Laser
wavelength (nm)

266 5.1, 5.3, 5.4, 5.5, 5.6, 6.3, 6.5, 6.6, 6.9, 7.0, 7.1,
7.4,7.5,7.6,7.7,7.8,7.9, 8.2, 8.3, 8.6

532 12.8, 13.2, 13.5, 14.9, 15.7, 18.7, 19.4, 19.9,
21.4, 24.1, 25.3, 25.6, 28.3, 28.5, 31.8, 32.5,
32.6, 33.1, 36.0, 37.8, 38.4, 39.3, 40.1, 47.3, 52.3

1064 12.8, 12.9, 13.8, 14.5, 17.1, 18.9, 19.0, 20.0, 22.3,

22.6, 26.1, 28.8, 29.8, 30.0, 30.5, 34.4, 35.3, 36.0,
38.5, 38.8, 39.1, 40.8, 42.9, 44.7, 48.6

Table 4 List of analyzed spectral lines and their properties — spectral
line (1), Einstein coefficient (Ay), and lower (E;) and upper (Ey) energy
levels.*

Spectral line A (nm) Ay (x10°s™') Ej(eV) Ey (eV) Spectrometer
CI 247.86 2.80 2.68 7.69 SP1

PI 253.56  0.95 2.32 7.21

Mg II 279.55 2.60 0.00 4.43

Cal 364.44 0.35 1.90 5.30

Call 370.60 0.88 3.12 6.47

Call 396.85 1.40 0.00 3.12 SP2

Pb1 405.78 1.32 4.38 9.00

370.60 nm. Lastly, we aimed to determine the optimal param-
eters for contaminating element detection by focusing on lead
Pb I 407.78 nm analysis.

Examples of the captured spectra from both used spec-
trometers and the specific spectral lines of interest are shown in
Fig. 1.

The overall goal of this research was to identify optimal
parameters for the mentioned elements, highlighting differ-
ences between different elements and states. This was accom-
plished by prioritizing the highest signal-to-background ratio
(SBR) and optimal resolution. However, in the case of Pb, an
additional factor considered was the limit of detection (LOD),
which was calculated using the formula:

3D W

Pb

LOD =

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. Xpy, refers
to the average element response due to the signal and
background.*®

Table 2 Optimization of parameters for 266 nm, 532 nm, and 1064 nm ablation laser wavelengths

Laser wavelength (nm) Pulse energy (m])

Gate delay (ps) Relative defocus (mm)

266 7,8,9,10
532 20, 30, 40, 50, 60
1064 20, 30, 40, 50, 60

2332 | J Anal. At. Spectrom., 2024, 39, 2330-2339

0.1, 0.3, 0.5, 0.7, 0.9
0.50, 1.00, 1.25, 1.50, 1.75
1,2,3,4,5

-1.0, —0.5, 0.0, 0.5, 1.0
-1.0, —0.5, 0.0, 0.5, 1.0
-1.0, —0.5, 0.0, 0.5, 1.0

This journal is © The Royal Society of Chemistry 2024
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Fig.1 Spectra obtained from (A) SP1 with marked spectral lines of biogenic elements and (B) SP2 showing the detected line Pb 1405.78 nm. Both
shown spectra were acquired from a measurement with a laser wavelength of 1064 nm, pulse energy of 60 mJ, relative defocus of 0 mm, and

gate delay of 5 ps.

Results and discussion

Biogenic elements

In the evaluation of the SBR for Mg, the highest SBR value,
3.370, was achieved using a 1064 nm laser wavelength. Optimal
SBR results were obtained with increased irradiances and low
gate delays. On the other hand, when using a 532 nm laser

C1247.86 nm

P1253.56 nm

wavelength, the gate delay had a small effect on the SBR, with
higher irradiances providing consistently better results.
Notably, there was no apparent trend in SBR values when using
a 266 nm laser wavelength.

In the detection of P, across all laser wavelengths, higher
irradiances consistently yielded a higher SBR (Fig. 2). This trend
was similarly observed for C. The highest signals for P and C were
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Fig. 2 Dependence of the SBR on irradiance and gate delay for 266,
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532, and 1064 nm laser wavelengths shown by heatmaps for selected

spectral lines of C |1 247.86 nm, P | 253.56 nm, and Mg Il 279.80 nm calculated from spectra obtained using SP1.
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obtained with a 1064 nm laser, measuring 4.070 and 4.120,
respectively. Notably, the difference between different lasers is
evident, as the SBR is much higher when measuring with
21064 nm laser compared to 266 nm for P, as illustrated in Fig. 2.

As highlighted in the Introduction, this study delved into the
observation of different ionic states, particularly in the
comparison of Ca I and Ca II. While higher gate delays corre-
lated with a higher SBR for the atomic line, the opposite trend
was observed for the ionic line, where stronger signals were
typical for lower gate delays. This is based on the lifetime
behavior of different ionic stages based on the plasma plume
temperature and expansion behaviors. Higher laser irradiances
proved to be more effective in the excitation of both atomic and
ionic lines. However, an increase in laser irradiance, or the laser
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wavelength, generally leads to an increase in the continuous
emission of the plasma plume. Hence, it is important to keep
this in mind when focusing the analysis on specific spectral
lines with relatively weaker signals that can be surpassed by this
emission. However, an increase in the SBR was observed in all
instances when a higher laser wavelength was applied for the
ablation. Specifically, the SBR values for Ca I obtained from
laser wavelengths 1064, 532, and 266 nm were 4.470, 3.530, and
2.650, respectively. Similarly, the corresponding SBR values for
Ca II were 7.120, 5.580, and 3.440. All of the findings are illus-
trated in Fig. 3.

For UV ablation, the plasma plume is small and compact,
with higher temperatures, a relatively short lifetime, and
negligible continuous radiation. Therefore, the ionic line

Ca Il 370.60 nm
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3.440
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Fig.3 Dependence of the SBR on irradiance and gate delay for 266, 532, and 1064 nm laser wavelengths shown by heatmaps for calcium atomic

Ca | 364.44 nm and ionic Ca Il 370.60 nm lines calculated from spectra
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obtained using SP1.
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radiation is strong from the beginning of the plasma plume's
lifetime, even for lower irradiance values compared to both 1064
and 532 laser ablation. However, the lifetime of the ionic stages
is relatively shorter. In the IR, plasma shielding occurs, where
part of the laser pulse is absorbed in the shocked gas layer.
Here, the temperature of the plasma plume is higher, with
a longer lifetime, and hence, the conditions for the presence of
Ca ions are longer. This results in a strong emission signal even
in the later stages of the plasma plume, when the temperature is
still high enough and the strong continuum is no longer
present. For the 532 nm laser wavelength, plasma shielding may
still occur, but the lifetime and temperature of the plasma
plume are reduced compared to the IR ablation, so the radiation
also starts to decrease in the later stages.*”*®

Our results showed a higher SBR during ablation with
a longer laser wavelength. These results are in line with the
publication of M.A. Kasem et al.,** who studied archaeological
bone samples using LIBS. However, it should be noted that their
study used two different laser systems for two ablation laser
wavelengths, UV and IR, whereas we used a single system to
compare all three laser wavelengths. Therefore, the compared
stability of the signals and the plasma plume, which was also
observed and discussed, can be partially attributed to the
different properties of the two lasers. In addition, they did not
include a 532 nm ablation laser in the analysis. Moreover, they
investigated the ionic-to-atomic line ratio of calcium (Ca II/CaI)
for both laser wavelengths. Our results are in agreement with
theirs since they observed a reduced signal intensity in UV-LIBS,
together with faster plasma decay.

In contrast to our results, Xiongwei L. et al.*® observed higher
C signal intensities at the 266 nm laser wavelength. This
difference may be due to their use of a uniform 40 m] pulse
energy for both 266 nm and 1064 nm wavelengths. Their
investigation, focusing on coal samples and ours on hydroxy-
apatite standards, highlights the significant influence of the
sample matrix on the selection of an optimal laser wavelength.
In particular, their selection of the 266 nm wavelength laser
resulted not only in increased C signal intensities but also in
improved reproducibility. These improvements were associated
with the reduction of thermal effects and plasma shielding
compared to the 1064 nm laser wavelength, highlighting the
critical role of the laser wavelength in influencing the analytical
results.

Contaminant detection

In the context of Pb detection, within the measurements per-
formed with a 266 nm laser, the highest SBR was obtained using
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the highest combination of irradiance and gate delay. Specifi-
cally, for Pb, we calculated the LOD since the samples had
a known concentration of Pb. Optimal results for the laser
wavelengths 266 nm, 532 nm, and 1064 nm gave LODs of
226.22, 251.84, and 135.20 ppm, respectively. The highest SBR
achieved with the UV laser was 1.474, while for 532 nm, it was
1.528, and for 1064 nm, it reached 2.640. Hence, the highest
laser wavelength not only yielded the best signal intensities but
also achieved the lowest LODs among the three wavelengths.

Optimal results with a 532 nm laser were achieved by using
lower irradiances and higher gate delays for Pb detection.
Conversely, when using 266 nm and 1064 nm lasers for
measurements, better results were obtained with higher gate
delays and irradiances.

Since Pb I represents an atomic state, a comparison was
made with Ca II (ionic state) using the emission line obtained
using SP2 at 396.85 nm. In this case, higher gate delays resulted
in a higher SBR for both elements from 266 and 1064 nm laser
wavelength measurements. However, for Ca, lower irradiances
resulted in a higher SBR, while the opposite was observed for
Pb. For the 532 nm laser wavelength, lower irradiances resulted
in a higher SBR for both elements. However, while detecting Pb,
higher gate delays should be used. Even for Ca, the highest SBR
was achieved at higher laser wavelengths, reaching 2.640, 1.528,
and 1.474 for 1064 nm, 532 nm, and 266 nm, respectively.

When comparing Ca II 396.85 nm and Ca II 370.60 nm, an
opposite trend was observed, even though both of these emis-
sion lines are in an ionic state. This is caused by the self-
absorption of the 396.85 nm line, where the signal of the
spectral line shows only a minimal increase in its intensity with

—— 266 nm
—— 532 nm
—— 1064 nm

Intensity-10° (-)

0.5+

0.0
405.0

T T
406.0 406.5

Wavelength (nm)

T
405.5

Fig. 4 Comparative analysis of signal intensities for Pb | 405.78 nm
detection from all laser wavelengths acquired with optimal parameters
from Table 5.

Table 5 Optimal results for each laser wavelength and configuration for SP-LIBS for Pb detection with the best possible parameters highlighted

(in bold)

Laser wavelength E def GD Spot size I. SBR LOD SD RSD
(nm) (mJ) (mm) (1s) (mm) (GW em ™) ) (ppm) ) (%)
266 9 0.5 0.70 0.16 7.81 1.26 226.22 0.09 7.3
532 30 1.0 1.75 0.17 18.67 1.52 251.84 0.12 7.7
1064 60 0.0 5.00 0.16 48.54 2.57 135.20 0.30 12.6

This journal is © The Royal Society of Chemistry 2024

J. Anal. At. Spectrom., 2024, 39, 2330-2339 | 2335


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ja00073k

Open Access Article. Published on 05 Agosti 2024. Downloaded on 09/11/2025 23:10:53.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

JAAS

higher irradiance, while the increase in continuous background
emission is more dominant. Hence, the SBR values are lower for
higher irradiance.

The best set of parameters was then evaluated not only on
the basis of the SBR but also taking into account the effect of the
ablation crater on the resolution and LOD. Of the three laser
wavelengths, 1064 nm gave the best results, with a LOD of
135.20 ppm, an SBR of 2.57, and a spot size of 0.16 mm.

The most optimized results were also found to be acquired
for each wavelength when the laser was focused below the
sample surface (0.5 mm for the 266 nm laser wavelength and
1.0 mm for the 532 nm laser wavelength) or precisely on the
sample (0.0 mm for the 1064 nm laser wavelength).
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In Table 5, we present the selection of optimal outcomes for
each laser wavelength, encompassing the calculated LOD and
the measured ablation craters, which influence the resolution.
Fig. 4 comprehensively compares three distinct laser wave-
lengths, showcasing results derived from the identified optimal
parameters. Additionally, Fig. 5 showcases heatmaps displaying
all results for every parameter combination across all ablation
laser wavelengths.

Our research shares a similar objective with the study con-
ducted by O. Samek et al., who also focused on detecting trace
metals in teeth using LIBS.* While Samek et al. focused
primarily on trace element analysis in teeth, they did not
investigate the effect of varying laser wavelengths and
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shown by heatmap calculated from spectra obtained using SP2.
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parameters. Nevertheless, their work, like ours, establishes LIBS
as a viable method for the detection of contaminants. In teeth,
metals, such as Ti, were absorbed from toothpaste and fillings.
Similarly, in a study by Hawraa J. N. et al.,* LIBS was used to
analyze heavy metals in gallstones using a laser wavelength of
1064 nm. Calibration curves were established for Cr, Cd, Zn, Pb,
Cu, and As, and various gallstone samples were compared. The
study concluded that heavy metals, including Pb, are present in
gallstones from smoking patients, providing valuable insights
into contaminant detection. These studies highlight the versa-
tility and effectiveness of LIBS in detecting contaminants in
various materials.

Conclusion

This study focuses on the impact of experimental parameters on
the spectral intensity of selected spectral lines, specifically laser
irradiance (changed by varying its pulse energy or relative
defocus) and gate delay during spectra acquisition. These
parameters play a critical role in the detection of biogenic and
contaminating elements within the hydroxyapatite matrix
simulating dental tissues. Specifically, for magnesium detec-
tion, variations in laser wavelengths produced the following
trends: no specific pattern emerged for the 266 nm laser;
a higher SBR was achieved at higher irradiances in general for
the 532 nm laser; optimal results were observed at lower gate
delays and higher irradiance for the 1064 nm laser. Similarly,
phosphorus and carbon detection showed a consistent corre-
lation between higher irradiances and increased SBRs across all
laser wavelengths, with the 1064 nm laser providing the highest
signals for both elements. In addition, the study of Ca I and Ca
II revealed interesting relationships: higher gate delays corre-
lated with higher SBRs for Ca I, while the opposite was true for
Ca II, with higher irradiances proving more effective for both
states and higher laser wavelengths resulting in increased SBR
values.

For the detection of Pb, the optimal SBR was achieved with
a 1064 nm laser using the maximum irradiance and gate delay,
while for a 532 nm laser, optimal results were found with lower
irradiances and higher gate delays. LOD assessments were
conducted for Pb. The 1064 nm laser wavelength produced the
highest SBR and the lowest LOD, with values of 2.57 and
135.20 ppm, respectively. A comparative analysis between Pb I
(atomic state) and Ca II (ionic state) highlighted different trends
in gate delays and irradiances depending on different laser
wavelengths.
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