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Agriculture has been one of the most critical industries since ancient times. How-
ever, severe food shortages are predicted in the near future due to a rapid increase
in population and climate change. One strategy to address this challenge is the
implementation of smart agricultural practices, which involves integrating modern
technology into farming to improve crop yields and efficiency. A key component
of this approach is soil analysis, which involves studying the elemental composition
of field soil to evaluate nutrient availability or detect potential contamination. A
technique gaining attention is laser-induced breakdown spectroscopy (LIBS), which
generates a plasma on the sample surface and analyzes the emitted photons to de-
termine the elemental composition. LIBS is rapid and reliable, yet it still faces
challenges in detecting certain elements with sufficient sensitivity. To address this
limitation, the present work proposes the combination of LIBS with a supercontin-
uum light source to illuminate the plasma and thereby enhance detection rates.

Atomic emission and absorption spectroscopy were performed using two super-
continuum lasers: a self-built nanosecond supercontinuum laser and a commercial
picosecond supercontinuum laser. Sodium and potassium samples on graphite sub-
strates were analyzed through signal-to-noise ratio (SNR) and standard deviation
evaluations.

Picosecond supercontinuum illumination enhanced emission spectra by up to 18
% provided higher SNR, stability, and reproducibility than the nanosecond source.
Potassium showed greater enhancement, yet standard deviation analysis revealed
that averaging hundreds of measurements was necessary due to plasma fluctuations.
Absorption measurements revealed only broadband continuum absorption, likely

caused by high plasma density masking element-specific transitions.

Keywords: Laser-induced breakdown spectroscopy, Supercontinuum laser, Emis-

sion enhancement.
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1 Introduction

Agriculture is one of the fundamental sectors of human society since ancient times.
A sufficient size of agricultural activity to feed the entire village/city/country is
vital for the maintenance and growth of population and development. However,
due to the steep increase in population and drastic climate change in recent years,
humankind is facing or will face a food shortage problem. Moreover, climate change
has a negative multiplier effect on the agricultural environmental impact. [L] We
need to implement efficient and sustainable agricultural farming practices for the
future rising population and the environment.

Smart agriculture is an area of agriculture that integrates technology to monitor
and maintain the environmental properties of the field, ensuring optimal crop pro-
duction. This includes smart irrigation, precision farming, crop and soil monitoring,
and more. [2] A critical factor for both crop productivity and environmental impact
is soil monitoring. An abundance or deficiency of nutrients in the soil can decrease
production efficiency, and excess fertilizer left in the soil will be decomposed by
bacteria, generating nitrous oxide. In terms of its contribution to global warming,
nitrous oxide is 300 times more harmful to the environment than carbon dioxide.
i

The standard method in the industry for soil analysis typically involves an off-
site analysis, where the soil sample is transported to the laboratory. The methods
are typically chemical extraction [3], dry combustion [4], and atomic absorption
spectroscopy [5]. These methods require complex sample preparation and a lengthy
evaluation time, as well as a high risk of contamination during transportation. [6] Al-
though it is the standard practice, it is time-consuming and costly, which prevents
soil analysis and precise farming from being widely practiced. Several investiga-
tions have been conducted to develop a faster and simpler method for soil analysis.
Portable X-ray fluorescence spectrometer [7], plasma-optical emission spectrometry
[8], and atomic fluorescence spectroscopy [9] are some of the methods that are highly
investigated. Some of them are suitable for elemental composition analysis, but can
also provide complementary information on soil, such as the molecular composition,
pH, or moisture levels.

One alternative method is laser-induced breakdown spectroscopy (LIBS), an
atomic emission spectroscopy technique that generates plasma to obtain and ana-
lyze the spectrum. This method has advantages in simple sample preparation, short
detection time, and in-situ measurement, which does not require transportation to
the lab. Consequently, LIBS has been employed in a wide range of applications,

such as space exploration, cultural heritage, and food science. [10] However, like



any other method, this approach has certain limitations. If the element in study
has weak emission or is prone to spectral interference from matrix effect, the spec-
tral sensitivity and accuracy decay. [L1] Moreover, an inert buffer gas or a vacuum
environment is required if the element has a short emission wavelength. [12] To ad-
dress these limitations, selective enhancement using an optical parametric oscillator
(OPO) laser was first introduced by Measures and Kwong. [13] The assistant laser
system is laser induced fluorescence (LIF), and LIBS-LIF combination to study soil
components is studied extensively. Although the research indicates that this method
is effective [[14], it can only enhance one element at a time, and the enhancing laser
wavelength must be precisely aligned.

We propose using a supercontinuum laser instead of an OPO laser to enhance
fluorescence emission. Using a supercontinuum laser, we can enhance the emis-
sion of several elements simultaneously, without the need to carefully calibrate the

enhancement laser.



2 Smart agriculture

Understanding the principles and challenges of modern agriculture is essential to
contextualize the application of advanced analytical techniques such as laser-induced
breakdown spectroscopy (LIBS), which aims to improve soil and nutrient analysis

for sustainable crop management.

2.1 Historical background of agriculture

Agriculture has been a breakthrough in human civilization since its beginning. The
transition from a hunter-gatherer lifestyle to settled farming, often referred to as the
first agricultural revolution, allowed humans to cultivate crops, develop large-scale
societies, and grow a complex culture. Despite its transformative impact, tradi-
tional agriculture has remained heavily dependent on human labor, soil quality, and
weather conditions, with minimal technological advancements for centuries. The
second agricultural revolution (1700-1850) marked a major shift with the mecha-
nization of farming processes. Innovations such as the seed drill and cotton gin
revolutionized efficiency, making production 50 times faster than manual labor.
Furthermore, with the advent of gasoline powered tractors during the second indus-
trial revolution, the labor required to harvest one hectare of wheat was dramatically
reduced from 37 hours to just 6.25 hours. [15] The third agricultural revolution,
beginning in the mid-20th century, was driven by advancements in bioengineering
and genetic modification, significantly increasing crop yields, improving resistance
to diseases, and enhancing nutritional quality. Today, agriculture is undergoing
a fourth agricultural revolution, characterized by the integration of digital tech-
nologies, automation, and precision farming. This modern phase, often referred to
as smart agriculture, relies on advanced data collection methods and analytics to

optimize crop production, minimize waste, and enhance sustainability.
2.2 Emergence of smart agriculture and optical technologies

The origins of smart agriculture can be traced back to 1920, when Robert A. Fisher
conducted research on soil heterogeneity and its impact on crop nutrient manage-
ment. However, it was not until the 1960s that geostatistics emerged, providing
statistical tools to analyze large-scale agricultural data effectively. [16] By the late
1980s, soil heterogeneity analysis had gained significant attention, leading to prac-
tical applications for optimizing fertilizer use and irrigation strategies. One of the
earliest applications of optics in agriculture was LiDAR technology, which was used

to map crop field topography. This technology provided crucial insights into soil



elevation and water movement, directly influencing crop productivity.

Today, smart agriculture combined with optical technologies has advanced to
address multiple challenges in improving agricultural efficiency and ensuring envi-
ronmental sustainability. From the perspective of cost optimization, applications
such as LiDAR-based topographical mapping for precision irrigation design [17],
optical sensors for real-time nutrient management, and multispectral imaging en-
able early detection of pests and diseases [[18], represent key examples. To protect
environmental conditions, optical monitoring tools are widely applied to track cli-
mate variables [19], soil moisture content [20], as well as to perform soil composition
analysis for evaluating nutrient levels and chemical properties. [21]

Among these applications, one of the most critical tasks is the investigation and
optimization of fertilizer levels in soil. As noted in the introduction, both deficiency
and excess of fertilizers impacts negatively on crop growth and soil health. Excessive
leaching of nutrients such as nitrogen and phosphorus can contaminate groundwa-
ter and surface water, leading to eutrophication and reduced water quality in the
surrounding region. Therefore, precise monitoring and management of fertilizer ap-
plication are essential not only for maximizing agricultural productivity but also for

protecting environmental sustainability.

2.3 Smart agriculture application in different countries

Some countries have already begun to adopt smart agriculture practices to further
promote agricultural production. For instance, China has launched a five-year plan
to accelerate the digital transformation of the entire agricultural industry chain.
The plan aims to establish a digital planting technology framework and a compre-
hensive big data platform by 2028. This digital transformation initiative, which
extends across farms, animal husbandry, and fisheries, is expected to lower costs,
increase yields, and enhance overall efficiency. [22] Similarly, Estonia has positioned
itself as a leader in agricultural digitalization within Europe, leveraging its strong
e-governance infrastructure to develop data-driven farming solutions, precision agri-
culture platforms, and national initiatives that integrate smart farming technologies
with environmental sustainability goals. [23]

In Finland, soil analysis is already regulated under the Government Decree on
the Assessment of Soil Contamination and Remediation Needs [24], which estab-
lishes threshold values, monitoring standards, and site-specific risk assessments to
ensure soil safety. However, such practices are not yet uniformly applied across all
EU member states. To address this, the European Parliament has recently pro-
posed a draft law that introduces a coherent framework for soil monitoring and
sustainable management, aiming to improve soil quality and ensure healthy soils by

2050. [25] The key components of this proposed legislation include: (1) establishing



a definition of soil health and creating soil districts, (2) implementing harmonized
soil health monitoring protocols, (3) promoting sustainable soil management prac-
tices, (4) identifying, registering, investigating, and assessing contaminated sites,
and (5) restoring and remediating soils to regenerate their health. These regulatory
developments are expected to drive an increasing demand for soil analysis methods
that are low-cost, easy to operate, and minimize the risk of contamination dur-
ing sampling and measurement. LIBS has been integrated into smart agriculture
frameworks for applications such as soil analysis, nutrient monitoring, and contam-
ination detection. [26] For instance, field-deployable LIBS systems have been used
in Europe for real-time soil nutrient assessment. When combined with data analysis
or machine learning algorithms, LIBS enables precision fertilizer management and

supports sustainable agricultural practices.



3 Optical spectroscopy

Fundamental theoretical background for the comprehension of laser-induced break-
down spectroscopy (LIBS) is presented in this chapter. LIBS is a spectroscopic
method under the umbrella term of emission spectroscopy. Therefore, the princi-
ples of the absorption and emission mechanisms, as well as the basic spectroscopic
procedures, are discussed along with the LIBS mechanism and laser ablation pro-
cess. Additionally, the combination of different spectroscopic methods with LIBS is

also discussed.

3.1 Absorption and emission of photon

The formulation of the theoretical framework for the absorption and emission mech-
anism, as an interaction between atoms, electrons, and photons, was developed by
Albert Einstein. This work introduced the Einstein coefficient, which represents the
quantitative probability of transition between different energy levels. This signifi-
cantly contributed to the advancement of laser technology.

Assume the atom has two energy levels E; and Es, which hold F;< F,. When
the atom is under the laser irradiation with frequency v, such that the photon energy
is hv = Fy — FEy, it will absorb the photon, and the electron at the lower energy
level F; is excited to the higher energy level F,. The constant h is the Planck
constant, and the process is known as induced absorption. When an atom with
electrons in an excited state Ey is exposed to an incoming photon with energy hv,
the electron decays to the lower state Fp, emitting a photon of the same energy,
frequency, phase, and propagation direction as the incident photon. This is called

stimulated emission, and the probability of this emission P is expressed as

d
—P, =B 1
i 21 21P(V) (3 )

Where By, is the Einstein coefficient of the stimulated emission, and p(v) is the
spectral energy density of the laser. The electrons at the excited state can also
decay to the lower state without any stimulation. However, the emitted photon will
not have the same direction vector k£ as in the case of stimulated emission. This
process is called spontaneous emission. Figure El! is a visual representation of the

absorption and emission process.
3.2 Atomic emission spectroscopy

Atomic emission spectroscopy is an analytical technique used to study material com-

position based on the element-specific emission of photons when the sample atoms
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Figure 3.1 Schematic figure of emission and absorption process.

are in an excited state, by flame, discharge, or laser. [27] The working principle
involves atomizing the sample and applying high temperatures to excite its atoms
to higher energy states. As the electrons return to lower energy levels, they emit
photons with element-specific wavelengths, which are consequently detected by the
spectrometer. The instrumentation required for the experiment consists of a source
of excitation, a monochromator, and a detector. The intensity of the spectral line
depends on the number of atoms in the excited state and the probability of the
decay.

Compared to other elemental analysis methods, emission spectroscopy brings ad-
vantages in fast and accurate detection. Since this technique can measure multiple
elements simultaneously, the process is time efficient. Minimal or no sample prepara-
tion also benefits from reducing the required time for a single sample measurement.
The high sensitivity of the measurement is one of its favorable characteristics, as
the high-temperature source can not only dissociate molecules into atoms but also
cause a significant amount of collisional excitation, which increases the detected
emission. [28] However, if the sample has multiple elements, metallic elements are
more easily detected through emission spectra than non-metallic elements. [29] This
is because the nonmetallic elements have a high ionization potential that is difficult
to reach with thermal excitation. The presence of metallic elements in the sample
can hide the existence of a relatively nonmetallic element by overlapping its emission
line. [29] Therefore, the small concentration of an element, or a nonmetallic element
spectrum, is complex to observe. Moreover, a slight fluctuation in the tempera-
ture of the high-energy source can cause variations in the intensity of the emission

spectrum. [30]



3.3 Atomic absorption spectroscopy

Atomic absorption spectroscopy is a complementary method to atomic emission
spectroscopy. In emission spectroscopy, the emitted photon is read, whereas in
absorption spectroscopy, the gap in the continuum spectrum is read. [29] The anal-
ysis of absorption spectroscopy is simpler than that of emission spectroscopy, as
it is based on the Beer—Lambert law, which relates absorbance to concentration,
thus eliminating the effect of plasma instabilities or temperature fluctuations that
complicate emission analysis. Additionally, the technical requirements for the spec-
trometer are low, since the absorption spectra are relatively simple compared to the
emission spectra. Thus, the probability of spectral overlap between different ele-
ments in absorption spectroscopy is significantly reduced. [30] The instrumentation
required for this is the same as that used in atomic emission spectroscopy, together

with a supercontinuum light source that passes through the excited sample.

3.4 Atomic fluorescence spectroscopy

Fluorescence is the process in which an electron absorbs a photon and excites to a
high-energy state, decaying spontaneously to a lower energy state, and emitting a
photon with typically lower energy. It is generally characterized by a longer wave-
length (lower energy) than the absorbed photon, due to a non-radiative relaxation
process. [31] The difference between emission spectroscopy is that excitation is per-
formed with absorbed photons rather than thermal excitation. This method exhibits
high selectivity and is applicable in sensitive chemical speciation, distinguishing be-
tween elemental forms that are crucial for environmental and toxicological studies.
[B2] Figure @ resumes and compares the three presented atomic spectroscopic

methods, with the required equipment.
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Figure 3.2 Schematic figure of atomic spectrometry systems. a) Atomic emission spec-
troscopy, where flame emission is detected. b) Atomic absorption spectroscopy, where
a supercontinuum spectrum source (lamp) passes through the flame and is detected. c)
Atomic fluorescence spectroscopy, where a laser passes through the flame and spontaneous
emission is detected. The purple representation of emission spectra is chosen for better
vistbility. The same applies to the red representation of the supercontinuum lamp beam.
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4 Laser-induced breakdown spectroscopy and

enhancement methods

4.1 Principle of laser-induced breakdown spectroscopy

Laser-induced breakdown spectroscopy (LIBS) was first directly analyzed and con-
ducted by Runge et al. in 1964, [33] followed by the first theoretical model of LIBS
by Zel’dovich and Raizer in 1965. [34] It is an atomic emission spectroscopy tech-
nique that generates plasma by focusing a high-power pulsed laser onto the sample
and analyzing the emission spectrum from a detector positioned next to the plasma,
as shown in the Figure El! The working principle of this can be divided into four
steps. The ablation pulsed laser (denoted as LIBS laser) is focused onto the surface,
where high-energy radiation is locally coupled and the material is evaporated in less
than one nanosecond. The evaporated material will undergo laser irradiation, gener-
ating plasma and heating up the material, which will then emit continuous radiation
spontaneously. This continuum emission is detected as the background emission.
Element-specific radiation (denoted as an atomic line) is also emitted simultane-
ously. These lines can be observed only after a short delay, when the continuum
background intensity decreases. The emission is spectrally resolved and detected by

the spectrometer with different time delays with respect to the LIBS laser.

Laser Spectrograph

Fiber

Lens Computer
Lens /

Plasma & ) ___,-_j"«"ru'...‘.".“__\._d,“l,.M

Sample Result spectrum

Figure 4.1 Schematic figure of laser-induced breakdown spectroscopy.

Since the plasma changes its characteristics over time, the time scheme for ob-
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serving the emission spectra is critical. Figure @ illustrates the detected spec-
trum changes depending on the delay from the LIBS laser. The first stage of the
plasma emits continuous spectral emission, which is referred to as the background.
This occurs due to a change in the acceleration of the electron, which is known as
bremsstrahlung emission. [35] When free electrons with high velocity travel through
a high density of ions in a heated environment, the probability of collision increases
and it changes the speed of the electron, emitting or absorbing a photon corre-
sponding to the difference of acceleration.[36] Since the energy of emitted photons
is random, the emission spectrum is continuous.

Therefore, in order to achieve high contrast between atomic line emission and
bremsstrahlung emission, it is effective to measure after a few hundred nanoseconds
of delay from the plasma ignition. [35] The second stage of plasma occurs when
the plasma has expanded and cooled down, and the contrast between the atomic
line and the background increases. At this time, the atomic line emission has the
strongest intensity, which makes it the best time to perform emission spectroscopy.
However, the density of plasma may still be too high to be analyzed using absorption
spectroscopy, as all the light can be absorbed instead of a specific atomic line. In the

third stage, the atomic line intensity begins to decrease as the temperature continues

to drop.
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Figure 4.2 Comparison figure of emission spectrum depending on the delay with respect
to the LIBS laser. Figure retrieved from [35].
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One of the characteristics of LIBS measurement is its semi-destructive nature.
A small crater will be left in the sample surface since part of the material is ablated.
However, the laser focus is recommended to be formed slightly below the surface.
[87] Therefore, an automated sample or laser movement system is necessary to ensure
a fresh sample surface for the best ablation conditions. The laser translation system
is considerably more challenging to set up than the sample translation system. Yet,
in some applications where the sample cannot be moved with ease due to its weight

or environment, the laser transfer system is employed.
4.2 Laser ablation

One of the critical processes in LIBS measurements is the laser ablation and forma-
tion of the laser induced plasma. The definition of laser ablation is the evaporation
of a portion of a sample by laser light, resulting in melting, fusion, sublimation,
ionization, erosion, and/or explosion. [38] This procedure is a combination of multi-
ple nonlinear mechanisms and has a complicated analytical description of the LIBS
plasma. It also involves a complex interaction of laser parameters, sample prop-
erties, and plasma chemistry. [39] A relatively simple description of the plasma
formation mechanism is presented.

Laser ablation is a crucial step for material analysis, especially in LIBS. Adiabatic
approximation of plasma expansion is convenient when a nanosecond laser pulse or
shorter is used as an ablation laser. This considers laser absorption and induced
phenomena occur much earlier than the expansion of the ablated material. [40] In
such a scenario, four main processes take place: laser radiation and bond breaking,
plasma formation and plasma shielding, plasma expansion and cooling, and particle
ejection and condensation, as illustrated in Figure @ The first process converts the
laser energy into the internal energy of the sample, which is higher than the bonding
energy of the structure, resulting in the destruction of bonds. In the second process,
part of the absorbed laser energy is converted into the kinetic energy of the ablation
plume, resulting in a complex interaction between the expanding plume and the
laser beam. The third process involves plasma expansion, which emits radiation
that is detected by the optical fiber. In the final stage, the plasma temperature
cools down, and nanosized particles form through the condensation of the vapor.

The property of the plasma is initially determined by the laser parameters, es-
pecially the pulse duration. Nanosecond lasers and pico- or femtosecond lasers have
different interactions with the plasma plume. However, only a nanosecond laser is
used for the laser ablation in this thesis.

The first process in the ablation is the evaporation of the material sample. Part
of the absorbed energy on the sample will locally heat the material until the boiling

or decomposition temperature is reached. This process affects both the quantity
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Figure 4.3 Visual representation of plasma evolution. a) Laser radiation and bond
breaking occur during the laser irradiation, on a time scale of less than one nanosecond.
b) Plasma formation and plasma shielding occur at the trailing edge of the laser pulse,
around five nanoseconds after the laser irradiation. c¢) Plasma expansion and cooling
occur after the laser pulse ends, on a time scale of several hundreds to thousands of
nanoseconds. d) Particle ejection and condensation occur after the plasma cools down,
around three microseconds after the laser irradiation.

and type of energy, such as kinetic, ionization, and excitation energy, that atoms
and ions acquire. [38] The heat penetration depth and optical penetration depth
can differ depending on the sample, laser wavelength, and pulse duration.

When a nanosecond laser interacts with a metal sample, several mechanisms
occur, including melting, fusion, sublimation, vaporization, and ionization. If the
energy per pulse is lower than 10® W/em?, the thermal process dominates plasma
formation. This process of absorption is known as surface absorption, since the heat
penetration depth is much wider than the optical penetration depth. The sample
temperature rises during the irradiation, melting the material into a liquid state and
evaporating into a gas state. When a gas-state sample absorbs the laser irradiation,
it ionizes and forms plasma. The absorption of laser radiation in a gaseous state sam-
ple is considered to occur through several processes: photoionization, multiphoton
ionization, and inverse bremsstrahlung absorption. Photoionization is the process in
which a photon removes an electron from an atom, when the photon energy reaches
the ionization threshold, resulting in its ionization. [@] When the laser has suffi-
ciently high intensity, multiphoton ionization of exited or ground state atoms also
occurs, where multiple photons are absorbed simultaneously. These are the primary
process that generates free electrons, whereas the inverse bremsstrahlung process
is the gain of kinetic energy of free electrons during the collision with atoms and
ions, resulting in absorption of photons. Electrons will further increase the ioniza-
tion degree of the gas by collision with excited- and ground-state atoms. [@] The

inverse bremsstrahlung process will have higher efficiency with a longer laser wave-
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length, whereas the photoionization process will be more dominant with a shorter

wavelength laser. [41]

Plasma shielding

A characteristic feature of nanosecond laser ablation is the formation of plasma
shielding, which occurs when the laser pulse is long enough to generate a plasma
plume that reaches the critical density and reabsorbs the laser radiation before it can
interact with the sample surface. This can reduce the ablation rate and the ablated
mass, which may not be sufficient for analysis. [41] Therefore, in some cases, this
phenomenon is viewed as undesirable for emission spectroscopy. However, it can
also increase the emission intensity by raising the plasma temperature.

After the laser pulse ends, the ablated material and plasma from the sample ex-
pand into the surrounding environment. The ablated mass, containing hot electrons
along with atomic and ionic species from the sample, compresses the surrounding
medium during expansion, resulting in the generation of a shockwave. [38] Most of
the LIBS measurements start recording from a few hundred nanoseconds to several

microseconds after the ablation laser pulse.

4.3 Laser induced plasma

The analysis of plasma particles becomes demanding due to their strong dependence
on both spatial and temporal variations, which cause fluctuations in temperature
and density, as well as the presence of matrix effects that complicate the interpre-
tation of the spectral data. To evaluate the plasma parameters, such as electron
density and temperature, the concept of thermodynamic equilibrium is essential.
This provides the theoretical framework that connects spectral characteristics to

the physical conditions of the plasma.

Local thermodynamic equilibrium

When all developments in the plasma are balanced and a single temperature can
describe the system, it is considered to be in complete thermodynamic equilibrium.
On the other hand, if collisions between atoms and electrons dominate over other
processes during the formation of laser induced plasma, and only energy levels above
a certain principal quantum number are considered, then the plasma is said to be
in local thermodynamic equilibrium (LTE). This situation applies to most plasma
sources, and thus, the majority of the analysis has used LTE to simplify the descrip-
tion of laser induced plasma. This assumption allows us to determine a single tem-
perature of plasma under the Maxwell-Boltzmann distribution, and critical plasma

parameters can be directly identified from the line intensities.
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One of the conditions for plasma to be valid for LTE use is that the electron
energy distribution follows a Maxwell-Boltzmann distribution. The requirement
for this condition is that the de Broglie wavelength, \;gz, must be longer than the
average distance between thermal electrons.

In most of the LIBS plasma, this condition is satisfied since the limits of the
electron density are more than 10%! em ™3 for T, =6000 K and less than 6.7-10%* ¢m ™3
for 7,=20,000 K. [39] For the analysis of plasma, the McWhirter criterion has been
widely used to determine the minimum electron density required to ensure local

thermodynamic equilibrium.

ne > 1.6 - 102(T)?(AE)? (4.1)
4.4 Double laser-enhanced LIBS

One method to overcome the low sensitivity of some elements in LIBS spectra is
double laser-enhanced LIBS, which uses an additional laser to re-excite the ablated
material. This can increase the spectrum sensitivity and provide complementary
information from the same sample, depending on the combined technique. The
combined techniques studied are Raman spectroscopy and laser-induced fluorescence
spectroscopy (LIF), and the hybrid design of these methods is shown to be effective

in various studies. [42]

Raman spectroscopy and laser-induced fluorescence spectroscopy

Raman spectroscopy is a spectroscopic method that measures the frequency shift
of inelastic scattering light from the sample. When a photon strikes a molecule, it
produces a scattered photon, and if this has a lower frequency than the incident
photon, it is characterized as Stokes Raman scattering. On the contrary, if the scat-
tered frequency is higher, it is characterized as anti-Stokes Raman scattering. [43]
On the other hand, laser-induced fluorescence (LIF) is a spectroscopic method that
measures the spontaneous emission from atoms excited by laser radiation. When
an atom absorbs a photon with energy hr and transitions to an excited state, it
can spontaneously decay to a different energy level than its initial lower state. This
decay results in the emission of a photon with energy hv that has a different wave-
length, phase, and direction compared to the absorbed photon. [44] Typically, a
tunable optical parametric oscillator (OPO) laser is employed to target the specific
wavelength necessary to excite the atoms and measure the fluorescence. However,
the problems with this method lie in its low efficiency and time-consuming nature,
as tuning the OPO laser to a precise wavelength for each element under study is

required.
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LIBS-Raman

The hybrid LIBS-Raman system was first developed by Shameem et al. [45] to
address the incomplete atomic and molecular structural information obtained when
analyzing samples using individual methods. Since these two methods provide com-
plementary information and can be applied in various environments, such as in situ
or remote analysis, the application has been presented in archeological, biological,
environmental, and security contexts. The experimental setup consists of Nd:YAG
ablation laser, an edge filter for Raman measurement, a photodiode, and an echelle

spectrograph.

LIBS-LIF

Conversely, the LIBS-LIF hybrid system is designed to enhance the accuracy of
multi-elemental detection in LIBS for individual species. The high sensitivity of
LIF measurement complements the wide range accessible, yet the comparatively
low sensitivity of LIBS measurements. [42] Measures and Kwong [13] first proposed
this method in 1979, which involves a tuned dye laser, an ablation laser, a Czerny-
Turner monochromator, and a photodetector to measure the enhancement. The
tunable laser will illuminate the laser-induced plasma with a precise wavelength set
to excite a target specie. The fluorescence emission will be spectrally resolved with a
monochromator and read by a photodetector. This has applications in heavy metal
detection in soil, heritage analysis, and silicon quantification in steel, among other
areas. However, the problems with this method lie in its low efficiency and time-
consuming nature, as adjusting the tunable laser to a precise wavelength for each

element under study is required.

This thesis is inspired by the enhancement of the spectrum with the LIBS-
LIF combination. However, the main challenges are its low efficiency and time-
consuming implementation. Therefore, the supercontinuum laser was introduced
instead of a tunable laser to enable simultaneous excitation of a broader range of
atoms. Additionally, since a supercontinuum laser produces a continuous spectrum
in a coherent laser form, we can perform additional absorption measurements by

adjusting the detection position.

4.5 Supercontinuum absorption spectroscopy

Direct absorption spectroscopy is the umbrella term for several different measure-
ment techniques, which historically used a lamp to generate a supercontinuum spec-

trum source to illuminate the sample. The supercontinuum spectrum of light passing
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through the sample is resolved using a monochromator, and the detector reads the
resultant spectrum. Currently, a broadband LED can replace a lamp to achieve an
equal broadband spectrum, yet its coherence and intensity are less than those of a
laser. [46]

A supercontinuum laser is a recently developed source of supercontinuum spec-
trum that possesses the favorable characteristics of a laser, along with the broad-
band spectrum of a lamp. This source offers advantages in terms of high spectral
coherence, high spectral brightness, and ultra-broadband spectra from the visible to
near- and mid-infrared. These properties are beneficial for spectroscopic analysis,
as they enable sensitive detection over a wide range of spectra with a single source.
It has also proven to provide higher sensitivity and selectivity for the simultaneous
measurement of several compounds. [47] Another important characteristic of using
a supercontinuum laser source is that it enables time-resolved spectroscopy, as the
laser has ultrashort pulse durations typically in the picosecond to nanosecond range.
This allows the probing of ultrafast processes such as laser induced plasma spectral
decay.
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5 Light source and spectral detector for

spectroscopy

5.1 Pulsed laser

Laser parameters are one of the important factors in plasma generation, as they
directly affect the plasma temperature, electron density, and the amount of ablated
mass, thereby influencing sensitivity, reproducibility, and analytical performance
of LIBS measurements. In laser induced plasma generation, a pulsed laser is con-
sistently employed due to its characteristics of high-intensity irradiation, controlled
power, and short irradiation time. This allows efficient material dissociation and ex-
citation of the sample material while minimizing thermal damage to the surrounding
matrix.

In general, a laser consists of three main components: a pumping source that
delivers energy to the gain medium, an optical gain medium that amplifies the elec-
tromagnetic waves through stimulated emission, and an optical resonator consisting
of two highly reflective mirrors. The diversity of lasers comes from the choice of
different amplification medium, such as gas, liquid, or solid-state crystal, as well as
variations in the design of optical resonator systems. In the case of a pulsed laser,
the resonator system is modified to achieve high-intensity radiation with a short
pulse duration.

Nd:YAG laser is a Q-switched solid state laser, which is widely used as an abla-
tion laser for most studies on LIBS, due to the fact that they are reliable, compact,
versatile, and easily manageable light sources. Furthermore, its nanosecond pulse
duration is particularly well-suited for plasma formation and following optical emis-
sion analysis. One of the supercontinuum lasers used in the experiment employs
a mode-lock system to provide a high-intensity pulse with an ultrashort pulse du-
ration, in the order of femtoseconds, along with high stability continuity in each

pulse.
5.1.1 Q-switched laser

A Q-switched laser is a type of pulsed laser where the resonator quality factor Q
rapidly shifts in order to store or release energy in the form of short, high-intensity
pulses. The quality factor QQ is defined as the ratio of the energy stored in the
cavity to the energy losses per cycle. Thus, a high quality factor is a result of
low cavity losses. [48] The working principle of this can be separated into three

parts, as shown in the Figure El] The energy induced by the pumping system is
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stored in the amplifying medium, while the loss in the resonator cavity is maintained
at a high level. The system has a low Q factor, and even though the population
inversion in the amplifying medium is far beyond the threshold, the laser emission is
forbidden. Then, the system switches to a high Q factor, low cavity loss to allow laser
emission. Population inversion will drop drastically, releasing all the stored energy
and creating a short, high-intensity pulse of light. The highest laser intensity will

be reached when the population inversion drops below the threshold.

¢+ Population Population

/ inversion

Emitted giant
laser pulse
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.

Low losses Time
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Figure 5.1 Schematic figure of Q-switched laser pulse generation mechanism. Figure
retrieved from [40].

There are several methods for switching the resonator ) factor, categorized
into passive and active strategies. The former includes mechanical and saturable
absorber methods, which utilize a mechanical rotating/oscillating/translating mirror
or bleachable dyes that are dependent on the pump rate, automatically switching
the Q factor. The latter involves electro-optical and acousto-optical methods, where
the electro-optical modulator becomes birefringent under voltage application, or the
presence of an acoustic wave in transparent optical material causes the laser beam
to deviate by diffraction. The benefits of passive Q-switching are low manufacturing
costs and simple mechanics, which do not require command circuits. However, it
has limited spatial and temporal quality, pulse stability, and lacks control over the
repetition rate. On the other hand, active Q-switching has a high manufacturing cost
and complex system, yet it provides precise timing control and adjustable repetition
rate. [@] Commercial Nd:YAG lasers and other lasers with small gain typically use

an acousto-optical modulator for Q-switching.
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5.1.2 Mode-locked laser

A typical pulse width produced by the Q-switch laser is a few nanoseconds, corre-
sponding to the lifetime of the resonator cavity. The length of the cavity restricts
this, and except for very small laser with extremely short cavity, achieving a shorter
pulse width is difficult. Picosecond to femtosecond regime ultrashort pulses are gen-
erated from a solid-state laser by mode locking. The principle behind this technique
is the phase locking of the laser’s longitudinal modes, where the pulse width is in-
versely related to the gain bandwidth of the medium as shown in the Figure @
fas

In the case of laser emission with no phase restriction, the longitudinal and
transverse modes fluctuate independently over time without any fixed relationship
between their amplitudes and phases. If the present modes are forced to maintain a
fixed phase relative to each other, the laser oscillation will be well defined in time.
1
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Figure 5.2 Two plots of optical field amplitude resulting from phase locking of: a) 5 and
b) 15 laser modes. Figure retrieved from [40].

Similar to a Q-switched laser, a mode-locked laser employs both passive and
active methods to generate a pulsed laser. For the former, it typically employs a
semiconductor saturable absorber mirror (SESAM) or a Kerr lens, producing ab-
sorption bleaching or self-amplitude modulation. The latter consists of inserting a
frequency or amplitude modulator into the laser cavity to generate a train of mode-
locked pulses. Passive mode locking can generate much shorter pulses, while it can
not control the repetition rate. Conversely, active mode locking is more stable and

tunable, yet the pulse widths are typically in the picosecond range. [4§]

5.1.3 Supercontinuum laser

Another laser source employed in this thesis is a supercontinuum laser, which com-

bines high intensity and spatial coherence of a laser with the ultra-broad spectral
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bandwidth typically associated with a lamp. [46] The generation of a supercontin-
uum spectrum is achieved by the propagation of ultrashort intense light through a
nonlinear optical fiber. However, depending on the duration of the pump laser, the
dominant nonlinear process changes.

In the case of long pulses (nano-, picosecond scale), stimulated Raman scattering
is the principal nonlinear phenomenon for spectral broadening. [46] This takes the
form of a cascade process, where the pump wave transfers the energy to the Stokes
wave(longer wavelength), then, when the Stokes wave gains sufficient energy, it will
act as a pump wave for the next Stokes wave. The spectral broadening occurs toward
the longer wavelength, and each Stokes becomes a peak, creating a supercontinuum
spectrum with spikes. Unfortunately, the long-pulse regime sources are inherently
unstable, and each pulse produces a different supercontinuum spectrum. This insta-
bility arises because long pulses allow significant temporal and spatial fluctuations to
accumulate within the nonlinear medium, leading to variations in stimulated Raman
scattering and other nonlinear processes. As a result, small fluctuations in the input
pulse is strongly amplified, producing shot-to-shot differences in the spectral output
and reducing the reproducibility of the supercontinuum spectra. Such instability
is highly undesirable, as the variation between pulses alters the enhancement and
absorption measurements, thereby reducing the accuracy of the results and often
requiring a larger number of experimental repetitions to obtain statistically reliable
data.

When a short pulse (femtosecond scale) interacts with a nonlinear fiber, the
principal nonlinear processes that contributes to the broadening of the spectrum
are self-phase modulation, cross-phase modulation, and four-wave parametric gen-
eration. This effect arises from the capacity of a strong optical field to induce an
intensity-dependent change in the refractive index of the medium. As a result, the
propagating pulse undergoes variations in phase, amplitude, and frequency, with
the induced phase shift leading directly to spectral broadening within the pulse
envelope. [49] Unlike in the long-pulse regime, where spectral broadening occurs
predominantly toward lower frequencies, femtosecond pulses produce broadening
symmetrically on both sides of the spectrum. The extent of this broadening depends
on the input energy, meaning that higher power is required to extend the spectrum
into the deep infrared or ultraviolet regions. In the process, the pulse duration itself
is stretched, typically evolving from a femtosecond-scale input to a picosecond-scale
output. Importantly, supercontinuum generation in the femtosecond regime is sig-
nificantly more stable, with each pulse exhibiting a highly reproducible spectrum,
thereby making it a preferred approach for applications requiring high measurement

accuracy and reliability.
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5.2 Spectrometer

The spectrometer is a critical component of LIBS measurements, as the sensitivity of
the results strongly depends on its performance. In addition, the temporal resolution
of the measurement is essential for observing the different stages of plasma evolu-
tion. The spectrometer must be capable of separating and detecting the spectral
components with high precision while recording the signal.

In most LIBS setups, photomultiplier tubes (PMTs) or photodiodes are used
as detectors. These devices are compact, robust, and extremely sensitive, enabling
the detection of very low photon counts. The working principle of a PMT relies
on electron multiplication. When a light pulse strikes the photocathode material,
electrons are ejected and directed by electrostatic focusing onto a series of dynodes
coated with secondary emissive materials. Each electron impact liberates additional
electrons, creating a cascade effect down the dynode chain. Ultimately, a large
number of electrons are collected at the anode, producing a current signal with
possible amplification factors up to 10°.

In this thesis, an intensified charge-coupled device (iCCD) camera was employed
to analyze the emission data spectrally. A CCD (charge-coupled device) is a two-
dimensional detector capable of recording the x—y spatial distribution of incident
light, making it suitable for imaging and spectroscopy. However, in LIBS, plasma
emission typically follows nanosecond laser excitation and decays on a microsecond
timescale, whereas the readout times of standard CCD arrays are on the order
of milliseconds. To achieve time-resolved detection, fast shutters are required to
capture emission at specific time delays after plasma formation. One of the most
common gating solutions is the microchannel plate (MCP) intensifier. MCPs are
two-dimensional structures similar to CCDs but can be gated on and off extremely
rapidly, from microseconds down to a few nanoseconds.

The operation of an MCP is conceptually similar to a PMT, and its diagram is
shown in Figure @ With an applied voltage, when a photon strikes the photo-
cathode, an electron is released and enters one of the narrow channels of the plate.
The inner walls of these channels are designed to produce secondary electron emis-
sion. As the primary electron accelerates and collides with the walls, it generates
additional electrons, and this multiplication process continues along the channel.
Each channel effectively acts as a continuous dynode, and a single input electron
can yield up to 10% electrons at the output. This electron cascade provides the rapid

gating and high gain necessary for time-resolved plasma spectroscopy. [50]
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Figure 5.3 Diagram of microchannel plate (MCP). PC represents photocathode and P
represents luminescent phosphor screen. Figure retrieved from [50].
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6 Materials and methods

6.1 Instrument

In these experiments, several key equipment are essential for the analysis. The basic
elements include a laser used for the laser ablation (LIBS laser), a supercontinuum
laser for enhancement or absorption measurement (supercontinuum laser), and a
spectrograph for spectral analysis. However, other equipment was just as crucial
as the items on the prior list. A waveform generator for the time-matching con-
troller, a translational stage for the sample movement, and an oscilloscope for the

characterization of waveforms generated.

LIBS laser

A Q-switched Nd:YAG laser (Quantal Ultra 100) was employed as the LIBS exci-
tation source. The laser operated at a fundamental wavelength of 1064 nm, with
a pulse duration of 5 ns (FWHM). The repetition rate was set to 10 Hz, chosen to
match both the nanosecond supercontinuum laser and the velocity of the transla-
tional stage. This laser provides external triggering capabilities for both the flash
lamp and the Q-switch. In this experiment, both triggers were activated by signals
from the waveform generator, which allowed precise synchronization of the output
pulse. Specifically, the Q-switch was delayed by 135 ps relative to the flash lamp ac-
tivation, corresponding to the optimal delay required to maximize the output pulse

energy.

Supercontinuum laser

Two different types of supercontinuum lasers were employed in this project: a self-
built nanosecond pulsed laser and a commercial picosecond pulsed laser. The first
source was constructed by a colleague, Jiaqi Li, by manually coupling a nanosecond
pulsed laser (Ekspla NT340) into a nonlinear fiber. The resulting supercontinuum
pulse covered a spectral range of 500-650 nm with a pulse duration of 6 ns (FWHM),
as shown in Figure El] (a). The input laser determined its repetition rate at 10 Hz,
and the system provided only a single external triggering input. Synchronization
between the LIBS laser and this supercontinuum laser was achieved by adjusting
the delay of the supercontinuum laser. However, a major drawback of this light
source was the instability of the generated spectrum. Because the nanosecond input
pulse belongs to the long-pulse regime, induced Raman scattering was the dominant

nonlinear mechanism in the fiber. This process is inherently unstable, leading to
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significant pulse-to-pulse variations in the generated supercontinuum spectrum.

By contrast, the second supercontinuum source, a commercial picosecond-scale
laser (Fianium, NKT Photonics), demonstrated far greater stability. This laser
produced pulses of 6 ps with a repetition rate of 20 MHz and a spectral range of
400nm to 2400nm at the maximum power. Although the output pulses are relatively
long, the initial seed pulses lie in the femtosecond regime. These ultrashort seed
pulses interact differently with the nonlinear fiber: self-phase modulation and four-
wave mixing dominate the spectral broadening process, resulting in a more stable
output. Consequently, the generated supercontinuum exhibited high reproducibility,
with each pulse displaying nearly identical spectral characteristics. The spectrum
of this laser is presented in Figure @ (b).
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Figure 6.1 Supercontinuum spectra of two lasers employed. (a) Self-build supercon-
tinuum laser spectra and (b) Picosecond supercontinuum laser spectra. The picosecond
supercontinuum laser has supercontinuum spectra beyond 800 nm, yet it is not shown as
it reaches the limit of the spectrograph. The gray area in the Figures represents the limit
of the spectrograph, which shows only the background.

Spectrograph

Another essential instrument in this experiment was the spectrograph. An Andor
Kymera model was employed to spectrally resolve the plasma emission. This spec-
trograph is equipped with four interchangeable gratings, ranging from 300 lines per
mm to 2400 lines per mm. The acquisition process can be externally triggered and
synchronized using a function generator, ensuring precise timing relative to the laser
pulse. Through the Andor software Solis, both the gate delay and gate width can
be defined, which are parameters controlled by the MCP intensifier. Unlike a stan-

dard CCD camera, that can only adjust exposure times down to a few milliseconds,
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the MCP gating allows nanosecond-scale control, making it ideal to study the fast
temporal evolution of plasma. In addition, the MCP gain can be adjusted to in-
crease signal amplification, thereby improving sensitivity and enabling the detection

of even weak emission features.

Waveform generator

As previously mentioned, precise delay-time control is critical in this experiment, and
this was achieved using a waveform generator. The instrument employed was from
Active Technology, operated with the ArbStudio software. Waveforms could either
be created manually or selected from the preset library to generate the required
trigger signals for the two lasers and the spectrometer. A limitation of this device
is that the minimum signal width is fixed at 4 ns, which means that all generated
signals must be multiples of this value. For instance, a 280 ns pulse could be easily
produced, as it corresponds to 70 repetitions of the 4 ns minimum unit. In contrast,
a 250 ns pulse cannot be generated, as it is not an integer multiple of the 4 ns base
unit. This constraint required careful adjustment of the timing scheme to ensure

synchronization between all components.

Oscilloscope

The generated waveforms and their relative delays were verified using a Tektronix
mixed-signal oscilloscope. In addition, this instrument was employed to measure the
pulse width and repetition rate of the lasers. The oscilloscope provides a bandwidth
of up to 1 GHz, corresponding to a temporal resolution of 10~ s. This bandwidth
is sufficient to resolve nanosecond pulses accurately. However, it is not adequate for
resolving picosecond pulses. For instance, although the picosecond supercontinuum
laser produces pulses with a duration of 6 ps, the oscilloscope displayed these as
broadened pulses of approximately 600 ps. Nevertheless, the oscilloscope could
correctly resolve the laser’s repetition rate of 20 MHz, corresponding to a period of
50 ns.

Translational stage

To maintain an optimal ablation environment, a motorized translational stage was
also used to move the sample between laser shots. The samples consisted of thin-film
coatings deposited on graphite substrates and continuous ablation at a single loca-
tion would eventually deplete the surface material, weakening the emission signal.
To avoid this, Thorlabs M30XY /M /M translational stage (controlled by LabVIEW

software) was employed to scan the sample. The maximum translation speed was
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2.4 mm/s, and a zigzag scanning pattern was selected to ensure even ablation across

the sample surface, as illustrated in Figure @ (b).

6.2 Sample preparation

Two different sample elements were prepared to study LIBS plasma emission and
spectral enhancement by supercontinuum light source. Sodium (Na) and potassium
(K) were selected for this purpose and thin-film samples were deposited on graphite
substrates. To prepare the this, a small quantity of sodium/potassium salt (Na-
Cl/KCl) was mixed with twice its volume of water in a flask and heated using a
heating mantle until the salt was fully dissolved. The resulting solution was poured
and spread over the surface of the graphite substrate, and left for a few minutes to
allow the salt molecules to settle and adhere to the surface. The excess liquid was
gently blown off, and the coated substrate was left to dry overnight. The prepared
sample is shown in Figure @ (a).

(a)
(b)

Figure 6.2 Sample of NaCl thin film on graphite substrate. a)Two samples before the
LIBS laser irradiation, b) sample after the LIBS laser irradiation in zigzag route

6.3 Experimental arrangement

This section outlines the experimental setup for selecting the target element, char-
acterizing the lasers, optimizing laser parameters and experimental arrangement,
configuring the LIBS-supercontinuum system, and synchronizing the timing.
Elements such as lead, copper, palladium, aluminum, and platinum were identi-
fied as common targets in previous work. [] [] [@] These elements are predom-
inantly metals that pose significant health risks if ingested, inhaled, or absorbed,

thereby providing strong motivation for their study. Further, alkali metals were also
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considered, given their high fluorescence excitation efficiency. In particular, sodium
and potassium were selected for investigation in this thesis, as their fluorescence
emission is relatively strong and easily detectable, and both elements are of key
importance in soil analysis.

Following the element selection, the LIBS setup was assembled, and the laser
parameters were optimized. The first stage of optimization focused on the optical
arrangement and parameters such as laser power, delay times, and gate width. In
this process, both mechanical and electrical delays of the laser system were measured
in order to determine the necessary adjustments for accurate time-matching. Once
this optimization was completed, the supercontinuum laser was incorporated into
the setup, and its positioning was refined to ensure efficient interaction between the
plasma plume and the supercontinuum beam.

Four types of experiments were carried out using two different supercontinuum
lasers. Specifically, both emission and absorption measurements were performed
with the nanosecond Ekspla laser, and equivalent experiments were repeated with

the commercial picosecond supercontinuum laser.

LIBS setup

LIBS setup was configured to generate plasma on the sample surface. The goal was
to optimize the optical arrangement, system parameters, and fiber positioning for
efficient light collection. The output power of the LIBS laser was evaluated and
adjusted using different output configurations. To direct the LIBS beam onto the
sample, two dielectric mirrors (Thorlabs NB1-K13) were employed in combination
with a 150 mm focal length focusing lens.

The internal delay between the flash lamp and the Q-switch signal of the LIBS
laser was examined. According to the user manual, this delay should be 135 ps. In
the initial approach, the flash lamp was externally triggered to define the starting
point for time synchronization with the spectrograph, while the Q-switch was al-
lowed to trigger internally after 135 us. However, this method proved unreliable, as
the delay between the flash lamp and the Q-switch varied by several nanoseconds.
Even such small variations introduced significant uncertainties, since the plasma
plume evolves drastically within few nanoseconds.

To overcome this limitation, both the flash lamp and the Q-switch were exter-
nally triggered, enabling precise control of their relative delay. This modification
introduced an additional 500 us of activation time for the flash lamp, resulting in a
total effective delay of 635 pus between the triggering pulse for the flash lamp and the
Q-switch. The spectrometer was then triggered simultaneously with the Q-switch,
and its delay was finely adjusted using the spectrometer control software. While

the manual indicated that the laser output should be observed 70 ns after Q-switch
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activation, the actual pulse appeared as early as 10 ns. This discrepancy revealed
an accumulated mechanical and electrical delay of approximately 60 ns within the

LIBS laser and spectrometer system.

Incorporation of supercontinuum laser

The supercontinuum laser was integrated into the LIBS setup, aligned perpendicular
to the LIBS laser to irradiate the plasma plume from the side. Both the emission and
absorption spectroscopy experimental setup is shown in Figure @ and Figure @,
respectively. In this arrangement, the LIBS laser is focused onto the sample to gen-
erate plasma, while the supercontinuum laser traverses the plasma, both enhancing
the emission or undergoing absorption. The resulting light is collected through an
optical fiber and analyzed with a spectrograph. All three main instruments are syn-
chronized and controlled by the waveform generator. The only distinction between

the emission and absorption configurations lies in the position of the detector.
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Figure 6.3 Schematic diagram of emission spectroscopy.

Before synchronization, the mechanical delay and spectral characteristics of the
supercontinuum lasers were measured. These measurements were used both to cal-
culate the required timing offsets for proper time-matching with the LIBS laser and
to characterize the emission properties of each supercontinuum source. The gener-
ated waveforms were also verified using an oscilloscope to ensure that the triggering
functions were correctly implemented.

As previously mentioned, four types of experiments were carried out in this
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Figure 6.4 Schematic diagram of absorption spectroscopy.

study. Both emission and absorption measurements were performed with the nanosec-
ond Ekspla laser, and equivalent experiments were repeated with the commercial
picosecond supercontinuum laser. These two supercontinuum sources differ signifi-
cantly in their repetition rate, spectral coverage, and pulse stability which directly
influence their interaction with the plasma. Consequently, the irradiation scheme
and timing configuration had to be adapted for each laser to ensure proper synchro-

nization and optimal detection conditions.

Atomic spectroscopy with nanosecond supercontinuum laser

Atomic spectroscopy experiments were carried out using the nanosecond supercon-
tinuum laser, which operated at a fixed repetition rate of 10 Hz. The spectrograph
acquisition window was aligned after the maximum intensity of the supercontinuum
laser pulse, while the delay between the LIBS laser and the supercontinuum laser
was systematically varied. To ensure proper synchronization, the waveform gener-
ator frequency was set to 10 Hz, matching the repetition rate of all lasers in the
system. The triggering scheme of nanosecond supercontinuum laser required a 215
s wide pulse: the rising edge of the signal activated the flash lamp, and the falling
edge triggered the Q-switch. A schematic figure of the timing with respect to the
plasma is shown in Figure @

Accounting for the internal delays of the supercontinuum laser, the effective time

offset between the LIBS and supercontinuum pulses was initially 490 ns. However,
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Figure 6.5 Time scheme of experimental process using nanosecond supercontinuum laser.
The plasma peak corresponds to the increase in emission intensity generated by the plasma.
The gate width defines the temporal detection window of the spectrograph, and the gate
delay is the time interval between the onset of the LIBS laser pulse and the start of the
measurement window. Note that the z-axis is on a logarithmic scale.

this delay later shifted to 597 ns after the nonlinear fiber was replaced with the longer
fiber in the course of other projects. The effective delay was defined as the time
difference between the LIBS laser emission and the arrival of the supercontinuum
laser pulse at its peak intensity.

For the proper data analysis, three types of spectra were acquired under iden-
tical conditions. In the case of emission spectroscopy, the measurements included:
(i) background spectrum, (ii) LIBS-only spectrum, and (iii) LIBS—-supercontinuum
spectrum. In contrast, for absorption spectroscopy, the sequence was modified such
that a supercontinuum-only spectrum replaced the LIBS-only measurement, while
the background and LIBS—supercontinuum measurements remained the same. This
systematic approach allowed us to quantify the enhancement effect produced by su-
percontinuum excitation and to distinguish it from the individual contributions of

LIBS and the supercontinuum source.

Atomic spectroscopy with picosecond supercontinuum laser

The picosecond supercontinuum laser was employed to operate at a repetition rate of
20 MHz. Owing to this extremely high repetition rate, the laser could not be exter-

nally triggered by the waveform generator. As a result, the supercontinuum pulses
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were continuously irradiating, including before and during the plasma formation

process. A schematic of the timing sequence is presented in Figure
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Figure 6.6 Time scheme of experimental process using picosecond supercontinuum laser.
Supercontinuum pulses were irradiating even before the start of the LIBS laser irradiation,
and also during the measurement.

Because each supercontinuum pulse illuminated the plasma every 50 ns, multiple
excitation events occurred within a single measurement window. To avoid signal
saturation under these conditions, the detector gain was set to a relatively low value
compared with the nanosecond laser setup. All other experimental parameters were
kept consistent with those used in the emission spectroscopy configuration, enabling

a direct comparison of the results between the two supercontinuum sources.
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7 Results

Spectra obtained under varying experimental conditions and delay settings are an-
alyzed and compared, with the primary objective of identifying the degree of en-
hancement in both emission and absorption. This evaluation provides insight into
the role of the supercontinuum laser in shaping plasma dynamics and spectral fea-
tures. A more detailed discussion of these findings and their broader implications is

presented in the following chapter.
7.1 Nanosecond supercontinuum laser - emission spectroscopy

The emission spectra with the different delay times are presented. The delay times
selected for the measurements were 499 ns, 1003 ns, and 2126 ns. These values
were chosen to maximize the contrast between the atomic emission lines and the
background continuum emission, as well as to probe the enhancement effects at
different plasma states. The slightly off-round values of the delays are influenced
by the practical constraints, including the limitations of the waveform generator
and modifications to the optical fiber, which altered the temporal position of the
nanosecond supercontinuum spectrum within the measurement window. To en-
sure accurate comparison, the background spectra were subtracted from both the
LIBS and LIBS-supercontinuum measurements, thereby normalizing the baseline
to zero. The orange line of Figure @ to Figure @ corresponds to the LIBS-

supercontinuum spectrum, while the blue line represents the LIBS-only spectrum.
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Figure 7.1 Emission spectra of NaCl at delay of 499 ns from the LIBS laser. (a)
Emission Spectra, (b) close up around the peak.

Throughout the experiments performed at different delays, the supercontinuum

laser consistently produced an enhancement of the emission spectra. However, this
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Figure 7.8 Emission spectra of NaCl at delay of 2126 ns from the LIBS laser. (a)
Emission Spectra, (b) close up around the peak.

enhancement diminished as the delay increased. In Figure @, which presents the
emission spectrum at a delay of 499 ns, an additional peak can be observed near
578 nm, corresponding to carbon emission from the graphite substrate. At longer
delays, this peak becomes barely distinguishable, and the overall emission intensity

progressively decreases, reflecting the decay of plasma excitation with time.

7.2 Nanosecond supercontinuum laser - absorption spec-

troscopy

The absorption spectroscopy results obtained with the nanosecond supercontinuum
laser are shown here. As previously illustrated in Figure @ (a), the nanosecond su-
percontinuum pulse exhibits multiple intensity peaks due to the cascading process of

stimulated Raman scattering. For this measurement, the spectrograph was focused
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on the wavelength range between 570 nm and 610 nm, where three distinct peaks
of the supercontinuum spectrum can be clearly observed. Within this range, a dip
in intensity is expected at the sodium atomic line (589 nm), corresponding to the
absorption feature of sodium. The blue line represents the LIBS-supercontinuum

spectrum, and the orange line represents the only supercontinuum spectrum.

—— LUBS-Continuum
—— Continuum

204

15 A

10 4

Intensity (a.u.}

T T T T r r T T T
570 575 580 585 580 585 600 605 610
wavelength (nm)

Figure 7.4 Absorption spectra of NaCl with a delay of 600ns.

—— LIBS-Continuum
20 4 —— Continuum

15 4

10 4

Intensity (a.u.)

T T T T T T T T T
570 575 580 585 590 595 600 605 610
wavelength (nm)

Figure 7.5 Absorption spectra of NaCl with a delay of 1107
ns.

In Figure @, which shows the absorption spectrum at a delay of 600 ns, a
slight decrease in the supercontinuum intensity is observed near 590 nm. However,
a similar reduction occurs at all peaks across the spectrum, including regions with-

out known absorbers, indicating a global intensity decay rather than line-specific
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absorption. Moreover, in Figure @ (delay = 1107 ns), the LIBS—supercontinuum
spectrum shows a slight decrease in intensity at shorter wavelengths, whereas at
longer wavelengths the difference becomes negligible, rendering the spectra indistin-
guishable.

7.3 Picosecond supercontinuum laser - emission spectroscopy

The emission spectra obtained with the picosecond supercontinuum laser are shown.
In this experiment, a gate width of 200 ns was employed to study the effect of ap-
proximately four supercontinuum pulse illuminations on the plasma, while avoiding
detector saturation in the spectrometer. For this purpose, the detector gain was set
to 500, instead of 1000 as in the emission experiments. The delays used were 500 ns,
1000 ns, and 2000 ns. In this case, round delay values could be selected, since the
supercontinuum spectrum could not be synchronized with the waveform generator.

Therefore, no correction for mechanical delay was required.
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Figure 7.6 Emission spectra of Na at delay of 500 ns. (a) Emission spectra, (b) close
up around the peak.

The results show the same trend of decreasing enhancement factor with increas-
ing delay, similar to the case of the nanosecond supercontinuum laser. However, an
interesting feature is observed in Figure @ at a delay of 1000 ns, the enhancement
of the emission spectra does not occur directly at the atomic peak, but rather on
its rising and falling edges. The overall enhancement factor in this case is compa-
rable to that obtained at 500 ns, although the reason why this behavior appears
only at 1000 ns remains unclear. Overall, the enhancement achieved with the pi-
cosecond supercontinuum laser was greater than that obtained with the nanosecond

supercontinuum laser, except at 500 ns.
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Figure 7.8 Emission spectra of NaCl at delay of 2000 ns. (a) Emission spectra, (b)
close up around the peak.

7.4 Picosecond supercontinuum laser - absorption spectroscopy

The results of the absorption spectroscopy with the picosecond supercontinuum laser
are shown in Figure @ Measurements were performed at delays of 500 ns, 1000
ns, and 2000 ns, using a gate width of 3000 ns and a detector gain of 100. With
this gate width, approximately 60 supercontinuum pulses were recorded. Because
the measurements directly captured the supercontinuum spectrum of the laser, the
detector gain was reduced to the minimum value. The use of a long gate width was
intended to capture a larger number of sample pulses traversing the plasma, thereby
increasing the likelihood of collecting meaningful information about the sample.
Unfortunately, no measurable difference was observed between the supercon-
tinuum and LIBS-supercontinuum spectra. Likewise, no significant variations were

detected among the different delays. As a result, none of the measurements provided
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additional information about either the sample or the plasma.
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Figure 7.9 Absorption spectra of NaCl with gate width of 3000 ns. (a) Delay of 500 ns,
(b) delay of 1000 ns, and (c) delay of 2000 ns.

7.5 Potassium emission spectroscopy with picosecond su-

percontinuum laser

Emission spectroscopy of the potassium sample was also performed to compare the
enhancement factor between sodium and potassium. This study was conducted using
only the picosecond supercontinuum laser with a gate width of 1000 ns, correspond-
ing to approximately 20 supercontinuum pulses interacting with the plasma during
each measurement. The characteristic atomic emission wavelengths of potassium
are 766 nm and 769 nm. The enhancement trend observed in potassium emission
was consistent with that obtained in sodium emission spectroscopy. The absorption
measurement was not performed for potassium, as resolving atomic absorption with
the picosecond supercontinuum laser is challenging, and the limited timeframe of
this thesis further restricted such measurements.
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Figure 7.10 Emission spectra of KCl at delay of 500 ns. (a) Emission spectra, (b) close
up around the peak.
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Figure 7.11 Emission spectra of KCI at delay of 1000 ns. (a) Emission spectra, (b)
close up around the peak.
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8 Analysis and discussion

This chapter presents the analysis of the results introduced in the previous sections
and discusses the main findings. The analyses performed include delay optimiza-
tion, signal-to-noise ratio evaluation, and standard deviation analysis over 400 data
points.

The enhancement factor as a function of delay is revisited and presented in Figure
Ell. For the emission spectroscopy results, the enhancement factor was calculated by
dividing the difference between the LIBS and LIBS—supercontinuum spectra by the
LIBS spectrum, and expressing the result as a percentage. In the case of absorption
measurements, the LIBS spectrum was replaced with the supercontinuum spectrum
for this calculation. As shown in the previous chapter, the enhancement factor
decreases as the delay increases. The blue line represents the enhancement obtained
with the picosecond supercontinuum laser, while the orange line corresponds to the

enhancement achieved with the nanosecond supercontinuum laser.
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Figure 8.1 Enhancement factor analysis. (a) Emission spectroscopy, and (b) absorption
spectrosocpy.

From Figure Ell (a), it can be observed that the picosecond supercontinuum
laser produces higher enhancement, except at a delay of 500 ns. The enhancements
induced by the nanosecond supercontinuum laser decay more rapidly than those of
the picosecond supercontinuum laser. However, at longer delays, the slopes of the
two measurements become similar. On the other hand, Figure @ (b) shows the
absorption rate as a function of delay. With the nanosecond laser, a decrease in
absorption is clearly observable, whereas no such trend is evident with the picosec-
ond supercontinuum laser. However, the absorption observed with the nanosecond

laser is not specific to atomic transitions. Rather, it corresponds to a broadband
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continuum absorption across all wavelengths, indicating that it is not caused by
sodium atoms. It is suspected that this continuum absorption arises from the high
density of the plasma, having an average distance between ions shorter than the
wavelength, which leads to absorption across the entire spectrum rather than atom-
specific absorption.

A continuation of the study is presented in Figure @, where the potassium
emission enhancement factor is shown. At the shorter delay of 500 ns, the enhance-
ment factor is recorded at a high value, but it decreases sharply at 1000 ns and
then remains nearly constant up to 2000 ns. The enhancement factor of potassium
at 500 ns is higher than that of sodium. The stronger enhancement observed for
potassium compared to sodium can be explained by its lower first ionization en-
ergy which is 4.34 eV for K versus 5.14 eV for Na. This makes potassium atoms
easier to excite and ionize under the same plasma conditions, resulting in a higher
emission enhancement. The nanosecond supercontinuum laser was not employed in
this case, since its spectral range barely extends to the potassium emission wave-
lengths at approximately 770 nm, and its power is insufficient to properly observe
the enhancement, as illustrated in Figure Ell (a).
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Figure 8.2 Enhancement factor analysis of potassium using picosecond supercontinuum,
laser.

The contrast between the atomic peak and the background was examined in
order to determine the optimal delay time for maximizing the visibility of the spec-
tral peak. As described in Chapter 4, during the initial stage of the plasma, the
continuum background emission dominates, making it impossible to clearly resolve

the atomic emission lines. At later delays, however, the continuum decreases while
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the atomic emission becomes more pronounced, allowing an optimal delay to be
identified.

The corresponding results are shown in Figure @ The x-axis represents the
delay with respect to the initiation of the LIBS laser, while the y-axis corresponds
to intensity in arbitrary units. The purple dotted line shows the ratio between the
background intensity and the atomic line intensity. This ratio reaches its maximum
at a delay of 600 ns, indicating the optimal timing for observing the atomic emission.
Beyond this point, the ratio decreases as the delay increases. In this study, delays of
500 ns, 1000 ns, and 2000 ns were selected to investigate whether the enhancement

exhibits a trend distinct from that of the atomic line emission.
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Figure 8.3 Atomic line vs continuum background intensity. Note that the background
emission intensity is multiplied by a factor of 12 to have a visual comparison with the
atomic line intensity.

Signal-to-noise ratio (SNR) analysis of the peak was performed. This parameter
indicates how well the signal is defined relative to the noise of the measurement,
which determines the visibility of the peak and, consequently, the enhancement.
The SNR analysis was conducted only for the emission spectra, since it couldn’t be
defined for absorption measurements. This is because the absorption peak, which
represents the complementary feature of the emission peak, could not be identified
and therefore could not be quantified. Figure @ shows the SNR of the emis-
sion spectra obtained with the nanosecond supercontinuum laser, while Figure @
presents the SNR obtained with the picosecond supercontinuum laser. The orange
bar represents the SNR of the first sodium peak at 589 nm, while the blue bar

represents the second peak at 589.6 nm.
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Figure 8.4 Signal to noise ratio bar chart with respect to the
delay with nanosecond supercontinuum laser. The figure on the
left represents the LIBS measurement, and the figure on the
right represents the LIBS-supercontinuum spectrum.
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Figure 8.5 Signal to noise ratio bar chart with respect to the
delay with picosecond supercontinuum laser. The figure on the
left represents the LIBS measurement, and the figure on the
right represents the LIBS-supercontinuum spectrum.

In both cases, the SNR decreases as the delay increases, and the difference be-
tween the first and second peaks becomes smaller. The SNR values are similar for
both LIBS and LIBS—supercontinuum, however, contrary to the initial expectation

that the higher emission intensity in LIBS—supercontinuum would yield a higher
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SNR, the SNR is actually lower than in the LIBS-only measurement. This indi-
cates that the noise level increases when the supercontinuum laser interacts with
the plasma. In the case of the picosecond supercontinuum laser, the absolute SNR
values are significantly higher than those obtained with the nanosecond continuum
laser, although the relative trend between LIBS and LIBS—continuum remains the
same as in the nanosecond laser case.

Two different types of standard deviation analysis were conducted. The first was
the study of the standard deviation across 400 measurements. This was performed
because all results presented so far represent an average of 400 individual plasmas
generated on the same sample. One of the limitations of emission spectroscopy
is the non-reproducibility of the plasma state, which can vary significantly due to
differences in the initial ignition temperature and surrounding environment. As a
result, a single LIBS measurement cannot reliably represent the emission spectrum.
For this reason, it is essential to acquire several hundred measurements and use their
average.

Figure @ illustrates this effect visually, the grey-shaded area represents the
overlapping standard deviation of the LIBS and LIBS—supercontinuum measure-
ments. When focusing on the peak region, it can be observed that the maximum
value of the standard deviation reaches approximately twice the mean intensity.

This highlights the importance of averaging several hundred measurements for reli-
able LIBS analysis.
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Figure 8.6 Mean of LIBS and LIBS-supercontinuum mea-
surements with overlapped standard deviation.

On the other hand, Figure @ shows the evolution of the standard deviation as
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eraged sample.

a function of the average number of samples. In this analysis, the standard devia-
tion was recalculated using different numbers of measurements, with an increasing
number of averages. Since the total dataset consists of 400 measurements, the point
at the far right of the x-axis corresponds to averaging over all 400 samples. For
example, in the case of N = 10, every 10 measurements were averaged, and the
standard deviation was calculated using 40 averaged values. The y-axis shows the
relative standard deviation with respect to the averaged peak value. The line repre-
sents the fitted function 1/v/N for each dataset, which models the expected behavior
under white-noise conditions, and the standard deviation evolution should follow.
However, the experimental data deviate from this trend, suggesting that additional

sources of fluctuation or systematic effects are present.
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9 Conclusions

In conclusion, emission enhancement was observed with both types of supercontin-
uum light sources. The enhancement factor was strongest at shorter delays relative
to the LIBS laser irradiation and decreased as the delay increased, a trend consis-
tently observed across all experimental conditions. The maximum emission enhance-
ment of 18% was recorded at a 500 ns delay with the nanosecond supercontinuum
laser, while the picosecond supercontinuum laser achieved a maximum of 16%. At
longer delays, however, the picosecond supercontinuum laser provided higher en-
hancement than the nanosecond laser. For the potassium sample, the enhancement
reached 25% at short delays but rapidly decayed to 8-9% at longer delays.

In contrast, the absorption measurements were not sufficiently sensitive for
element-specific detection. For both the ns and picosecond supercontinuum lasers,
no clear absorption dip was observed. With the nanosecond laser at a 500 ns de-
lay, an absorption-like phenomenon was visible, yet, it occurred across the entire
wavelength range, including regions without atomic transitions. This effect is likely
attributable to the high density of the plasma, leading to broadband continuum
absorption rather than atom-specific absorption.

Finally, the signal-to-noise ratio (SNR) analysis revealed that the picosecond su-
percontinuum laser consistently achieved higher SNR values for both sodium peaks,
even at longer delays, compared to the nanosecond supercontinuum laser, which is
likely due to longer gate width.

Overall, the picosecond supercontinuum laser demonstrated a higher enhance-
ment factor and SNR within a distinct delay range. In addition, this laser exhibited
superior stability and reproducibility in the spectral output of each pulse. These
characteristics improve the reliability of the results and reduce the required mea-
surement time. However, because the pulses continuously interact with the plasma
and have higher power than those of the nanosecond supercontinuum laser, careful
adjustment of both the detector gain and gate width is required. Furthermore, since
the supercontinuum spectrum extends into the infrared region, which is not utilized
in the present experiment, an external filtering system is necessary to remove the
unwanted spectral components.

For the future development of this project, a practical method must be estab-
lished to optimize the spatial alignment between the plasma and the supercontinuum
laser. A key concern raised by the direct supervisor, as well as during the presen-
tation, was that the delays used in the experiment were relatively short. Based on
previous studies, the enhancement factor is expected to increase at longer delays.

One possible reason this trend was not observed in the present work is that the su-
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percontinuum light source did not strike the central region of the plasma. Currently,
there is no mechanism in place to directly monitor the position of the supercontin-
uum beam on the plasma, nor to ensure its optimal alignment. Implementing such
a system is essential in order to achieve stronger enhancement factors.

In addition, to align with the original motivation of improving the detection rate
in soil analysis, it will be necessary to test the enhancement effect with elements
other than sodium and potassium. Expanding the study to a wider range of el-
ements will provide a more comprehensive understanding of the applicability and

effectiveness of supercontinuum-assisted LIBS in practical analytical scenarios.
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