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ABSTRACT

In the present experimental work, laser induced breakdown spectroscopy (LIBS)
techm'qué has been used for the trace level detection of aluminum-alloy and steel alloys
and organic sample (turnip) in closed contact and at a standoff distance. The emission
spectra have been generated using the fundamental harmonic (1064 nm) of the Nd: YAG
laser (Neodymium-doped Aluminum Garnet Nd: Y3Al50,;), and recorded using the LIBS
2500+ broadband (200 - 980 nm) spectrometer having 0.1 nm resolution and equipped
with charged coupled device (CCD) detector. We have selected three aluminum alloys
Al-alloys ALUSUSSE (412, 413 & 415) and two steel alloys AISI (401,405) with lowest
concentration of trace elements. Four trace elements iron, mercury, chromium and zinc
(Fe, Hg, Cr and Zn) have been identified from qualitative analysis of the emission spectra
of Al-alloy, in which chromium has lowest concentration (0.033%). The qualitative
analysis of steel alloys reveals the presence of rich iron emission lines, whereas sulphur,
iron, chromium, molybdenum, and nickel was observed as trace elements, in which the
molybdenum has lowest concentration (0.002 %). Moreover, the trace level detection has
been performed at standoff distance of 2 and 5 m, revealing systematic decrease in signal
intensity.

In addition, the organic sample, turnip (Brassica rapa) has been analyzed qualitatively
using single and double pulse (collinear configuration) LIBS. The trace /heavy elements,
such as Fe, Ca, Hg, Zn and Cr have been detected and significant signal enhancement has
been observed in case of double pulse configuration. The electron temperature and
electron number density were determined using Boltzmann plot method and Stark
broadened line profile of iron emission line respectively. f‘mthennore, the spatial
evolution of the emission spectra reveals that the concentration of trace elements

increases when moving from center to skin of turnip.

vii
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Chapter 1

Introduction

1.1 Laser induced breakdown spectroscopy (LIBS)

The introduction of lasers revolutionized the spectroscopy, particularly the use of pulsed
lasers for plasma generation for material analysis. Therefore, the pulsed lasers are useful
tool for dissociating materials into their elemental composition and qualitative analysis.
Laser Induced Breakdown Spectroscopy (LIBS), is the most important technique used for
rapid material analysis. In brief, LIBS, is an optical emission technique in which a high
energy laser beam is focused onto the target material. The target material may be in any
form such as solid, liquid, gas, and aerosol. As a result of laser matter interaction,
luminous plasma with high temperature and electron number density is created. The
emissions from this plasma is ther analyzc&, and characterized spectroscopically to get
the information about sample composition, concentration, electron number density, and
plasma temperature. Among these paraieters, the qualitative analysis of the constituents
of sample is rapid and more beneficial as it gives us the on line elemental composition of
various samples. In recent years, LIBS has been applied to many areas having particular
applications, including the analysis of metals, glass and its elemental composition,
nuclear samples, liquids, gases and aerosols and alloys. It has the capability to
qualitatively determine the composition of target located at a distance or in extreme
environment like high temperature zone or in contaminated areas. The main advantage of
LIBS over other analytical methods is that nearly every element in the periodic table can
be detected simultaneously with this method. This makes LIBS suitable for rapid on-line
analysis, with minimal sample preparation. It has the capability to qualitatively determine
the composition of target located at a distance or in extreme environment like high
temperature zone or in contaminated areas [1]. During the last decade, LIBS technique

has been employed for trace element detection in food items. This application of LIBS is
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useful for the assessment and control for healthy alimentation in food products, thus
preventing toxic elements from vegetables to be intake by the human body [2].

With the advancement in the field of detectors such as photodiode array (PDA), charge
coupled device (CCD) and intensified- charge coupled device off detector (ICCD) has
revolutionized the LIBS technique for various applications such as standoff detection of
trace elements, remote analysis, plasma parameters studies etc. Now-a-days PDA and
CCD"alrays are used in Echelle and Czemy spectrograph, using PDA and CCD to get
spectral information over a wide range can be recorded and ICCDs are used for time-
resolved imaging. New areas of study include increasing exploration of vacuum
ultraviolet regionof spectrum. Biological applications on human teeth, bones and tissues

are becoming more common.

1.2 Historical background of LIBS

Laser induced breakdown spectroscopy (LIBS) is a relatively new technique developed
after the first operational of lasers in 1960[3].The earliest experiment of laser induced
spark emission was performed in 1960s in which a laser beam produced vapors by
irradiating a solid target and the electric spark kept on exciting. the ablated plume. The
first analytical use of LIBS was reported by Guédon et al. [4] in which the
spectrochemical analysis of different surfaces have been performed. Most of the work
carried out in those days was related about to the determination of the mechanisms
leading to breakdown, measurements of threshold power densities, and investigation of
parameters affecting breakdown rﬁechanisms and on breakdown threshold. These
experiments are considered as the early age experiments on Laser induced breakdown
spectroscopy and after that enormous growth in understanding the physics of the
phenomenon has been reported. The affects of various parameters on breakdown
threshold such as pulse width {5], spot size {6], and wavelength [7, 8]; have been studied
both experimentally and theoretically. Time resolution of the decaying plasma is
important to discriminate between spectral features and the continuum light. Various
detection systems have been used to'obtain temporally resolved spectra, including a
streak camera and rotating mirrors. Schroeder et al. [9] devised a method for

electronically gating and averaging the signals, a preferred method for time resolution.
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Later on gated, intensified cliarge coupled detectors have been introduced in this field as
described in detail in review published by Scott and Strasheim et al. [10]. In early 1980s
LIBS began an analytical technique for atomic detection and molecular identification.
Applications of LIBS to compositional and qualitative analyses of gases [11], aerosols
[12, 13}, liquids [14], have béen reported. Detéction of hazardous gases and vapors in air
were important applications worked out during this decade [15,16]. In 1990s the US and
some groups in other countries continued their research for making advancements in field
of LIBS. Poulain et al. [17] used LIBS to measure the concentration of salt in seawater
aerosol droplets and Aguilera and his group[18]detected carbon contents in molten and
solid steel samples[19,20].Sandia research group [21] studied the analytical applications
of metal emissions from the stacks and developed prototype instrument for monitoring
and measurement of toxic metal concentrations. Sabsabi et al. [22] has performed the
elemental analysis of aluminum alloys. Work continued on improving the analytical
capabilities of the LIBS technique such as Castle et al. [23] studied the factors that
influence the accuracy of the technique and Ciuuciand his group{24] applied this
technique for quantitative elemental analysis. In the last decade, a rapid and successful
application of LIBS has been reported both for qualitative and quantitative analysis in
different areas including environmental monitoring [25,26] industrial monitoring [27,28],
space exploration [29], biological samples [30], ahd agricultural materials [31,32,33].
Beldjilali et al [2] evaluate minor element concentrations in potatoes using LIBS.
Darwiche et al [34] performed trace -detection in solid and molten silicon by using laser
induced breakdown spectroscopy. Beldjilali et al [35]. Investigated plasmas produced by

using single and double pulses for food analysis.

1.3 Literature Survey

A number of researchers studied different elements for the quantitative analysis so
because of some advantages this technique has become more popular in the field of
qualitative and quantitative analysis. Here a simple review quantitative analysis of metal

alloys (aluminum and steel samples) and soil samples with different elements is given.
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1.3.1 Alloys

Sabsabi and Cielo. [22] applied LIBS for the quantitative analysis of trace elements
present.in the aluminum alloy. Gomba et al. [36] have done qualitative analysis for
determination of Al-Li alloys. The experiment was performed in control xenon
atmosphere. Dragoff et al. [37] applied time-resolved space integrated LIBS for
characterization of Al alloys. Kun et al. [38] carried out quantitative analysis of
aluminum alloys in air at atmospheric pressure. Wolfgang et al. [39] determine copper in
A533b steel sample. After comparison with atomic absorption spectroscopy (AAS) it was
shown that LIBS results at low concentration of Cu are more accurate than AAS.
Bassiotis et al. [40] used IR (1064 nm) and UV (355 nm) for production of plasma and
recording spéctra of steel alloys. Lozep-Moreno et al. [41] studied the elemental
composition of low steel alloys using LIBS. Aguilera and his group[18]detected carbon
contents in molten and solid steel samples[19, 20]. Shen, et al. [42] detected trace

phosphorus in steel.

1.3.2 LIBS on Vegetables

Beldjilali et al. [35] investigate plasmas produced by using single and double pulses for
food analysis. During the last decade, LIBS technique has been employed for trace
element detection in food items. This application of LIBS is useful for the assessment and
control for healthy alimentation in food products, thus preventing toxic elements from
vegetables to be intake by the human body[2]. Vincent Juve et al. [43] demonstrated

space resolved analysis on fresh potato and carrot.

1.3.3 Double pulse LIBS

Gautier et al. [44] used collinear beam geometry and observe the effects of double pulse
on the improvement of sensitivity and reduction of self-absorption. Scaffidi J et al. [45]
have used combination of femtosecond and nanosecond laser pulsés in double pulée
arrangement but in most cases two laser pulses of same wavelength were used. Rai et al.
[46] studied emissions through excitation induced by double pulse, experiment performed
on liquid. Optimum energy value for the second laser pulse was in the range of 100 to
200mJ to obtain maximum signal intensity. Another important factor that is to be

considered is inter-pulse delay.
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1.4 Laser Induced plasma

The main properties of laser ie. intensity, directionality, monochromaticity and
coherence distinguish it from any other conventional light source. The laser light emits
radiations in continuous wave as well as in short pulses in nanosecond and femtosecond
duration. When a short laser pulse strikes the solid target its leading edge causes heating,
melting and vaporization into the above layer of the material. The trailing edge of the
laser heats the evaporated material, the interaction of the laser with a target surface is
considerably modified by the presence of material emitted from the surface by ns laser
pulsed irradiation. It exerts a high pressure on the surface and changes the vaporization
characteristics of the surface. Since the laser flux density is very high, the ejected
material can be heated further by absorption of incoming laser radiation. It becomes
thermally ionized and opaque to the incident radiation. The absorbing plasma prévents
light from reaching the target surface, which is effectively cut off from the 'mcomiﬁg
radiation for a large fraction of laser pulse. At the end of the laser pulse, the blow off
material becomes so hot that it begins to radiate thermally and some of this radiation may

reach the surface, causing further vaporization.

The two main mechanisms in the focal volume of lens in which the peak laser irradiance
takes places, predominately occurs i.e.; the multi-photon ionization and the cascade
ionization. In cascade breakdown, an electron impacts a fieutral atom with enough kinetic
energy and ionizes it to eject electron from neutral atom. The energy acquired by initial
electron must exceed the ionization energy of the material. The cascade breakdown
results in exponential increase of thernumber density of electrons with time. Multiphoton
ionization occurs, when an atom simultaneously absorbs a sufficient number of photons

to cause ionization of electron. The rate of photoionization has been expressed as:
W — ol ) : R

Where /™ is the radiation intensity expressed in photon per square centimeter seconds.

n

o™ is the cross-section of the multiphoton ionization process. Multi-photon ionization

takes place at extremely intense laser field with I >10"Wem™ Despite the very small
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cross-section for the multi-photon ionization process, such high laser irradiance is

sufficient to produce multi-photon ionization. The process can be represented as:

M+mhv > M +e : T (1.2)

Where M is metal atom, m is no of photons, h is Planks constant, 6.63x10™Js, v is the
frequency of the photon.Initial electron generation is a problem at higher wavelengths, so
neither of the two ways can furnish sufficient number of electrons. At higher intensities,
the electric field induced by the laser is capable of pulling electrons from outer orbit. This
is what we call initial electron ejection. In the laser field, electron gain energy through
inverse electron-neutral bremsstrahlung collisions. Electrons lose energy through elastic
and inelastic collisions with neutral particles .Meanwhile, some electrons get lost by

attachment, while new electrons are produced through ionization.

1.5 Growth of the laser induced plasma

When short laser pulse strikes the solid target material, it results in its bréakdown
followed by glow and the ionization of atoms in focal region. This produces plasma
consisting of ions and electrons and neutrals, as the number of electrons increases during
the plasma growth the plasma reaches a point of breakdown. This level of breakdown‘is
defined as a measure of the electron density of the plasma. In order to breakdown a gas
free electrons and sufficient ion and electron densities are needed. First, there must be
some initial electrons to “start” the breakdown. These can be géneratéd by the photons in
the initial laser pulse. The second requirement for plasma creation is achieving ion and
electron densities that can sustain ionization of the gas. In order to achieve this, enough
energy must be delivered to the gas. Typical LIBS irradiance is on the order of 10® — 10'°
Wem?. During the growth of the plasma, electron density is in the range of: Ne~1"° ¢,
As the piasma continues to absorb photons from the laser the electron density grows
exponentially. This leads to significant absorption and scattering of the incident laser
resulting in fully developed plasma. The goal of LIBS is to identify the material being
ablated. To do’ this we investigate the plasma during the breakdown stage. Ideally, the
plasma will be optically thin and in thermodynamically equilibrium. Bremsstrahlung and

recombination are free-free and free-bound transitions responsible for a large background
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continuum radiation emission in LIBS. Bremsstrahlung occurs when a photon is emitted
by electrons that are accelerated or decelerated in collisions. In our case the plasma is
heated, and efficiently, via inverse Bremsstrahlung. This means the slow electrons of the
plasma interact with the photons, equation (1.3), to generate fast electrons. Once there is
sufficient kinetic energy in the electrons they collide with other atoms, knocking off more
electrons and creating more ions and more free electrons. This exponential increase in
electrons is called avalanche or cascading, it occurs during the laser pulse. Afterward, as
the plasma cools, the ions start to fall back into neutral atoms. This is the continuum
radiation (free bound). The electrons in the plasma slow down generating bremsstrahlung
radiation. These two sources are the broadband background radiation we see at short

delay times (but after the laser pulse is finished).
& (slow) + I —> e ( fast) (1.3)

"frégne'ntation
melbng
Lt sublimation

element specific
emission

continuum emission

shock wave

sorpbon bremmstrahlung

Figure 1.1 A summary of laser ablation processes and various mechanisms occurring

during each process.
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When an atom absorbs a photon it absorbs its energy and the electrons are pushed to a
higher energy state. The energy of the photon, hu, allows the electron to move from E; to
E,. Ionization of the plasma is a function of time; ionization is higher at early stage
plasma of the plasma formation.
Where,

E,~E=h (14)
Let M be a neutral atom .then cascade breakdown can be described as follows:

M+e > M +2e (1.5)

Where M is metal atom, m is no of photons, h is Planks constant, 6.63x10%s, v is the
frequency of the photon.

1.6 Temporal history of LIBS Plasma

Time resolution of the plasma light in LIBS allows for discrimination in favor of the
region where the signals of interests predominate. It is necessary to temporally gate the
detector because the delay between the continuum emission of radiation and
characteristic radiation is in the order of 10 us. Plasma cools and decays, during these
decay constituents (ions and electrons) give up their energies through recombination
resulting neutral and then molecules. A schematic diagram of temporal history of LIBS
plasma initiated by single laser pulse is shown in Fig. 1.2.

A A
\
plasma continbum \\ \k R \ B

P
2
1] - \
€ Ly E,
=
2 /\td
<) E,
a| / .
® =
9 -
q
© | /i
pulse . X | = .
: } 1
1ns 10ns 100 s tpus 0ps  100ps ‘E!-O ‘

(2)  elapsed time after puise incident on target  (b)

Figure 1.2(a) Schematic overview of temporal history of LIBS plasma. (b) From left to
right bound-bound; free bound; free-free; ionization from ground state; ionization from

an excited state.
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The Fig. 1.2 (a) is an overview of the temporal history of single laser pulse initiated LIBS
plasma, which plots the optical intensity emitted by the plasma as a function of time after
the initiation of laser pulse. Where t4 is the delay from the initiation of the laser to the
opening of the window during which signal will be accepted; and t,, is the length of the
window. There are highly ionized and neutral atoms present in the laser induced plasma.
The highly ionized species are observed close to the plasma plume and lines of lower
ionization are observed close to the outer region of the plasma plume. The neutral atomic
emission dominates after the plasma has expanded. The time variation of spectral line
intensities indicates that highest ionized states are present at early stage of plasma and
lower ionized states appear at later stage. At early stage, plasma is highly ionized, at later
stage, the electron-ion recombination takes place and neutrals atoms and molecules are
formed. All the way during the laser induced plasma, a background and continuum exists
that decays quickly with time. This continuum is usually due to the bremsstrahlung (free-
free transitions) and recombination (free-bond transitions).In bremsstrahlung process
photons are emitted during the acceleration and deceleration of electron. During the
recombination free electron is captured into an ionic and atomic energy level and gives
up its kinetic energy in the form of a photon. Fig. 1.2 (b) shows the typical plasma
radiation processes. Where E is energy in joules, the frequency, wave number and

wavelength of a transition are given by:
v=AE/h, v=c/A (1.6)

AE is the energy level difference. Energy levels are conventionally listed with the ground

state as zero.

1.7 Factors affecting LIBS

Laser parameters, physical, chemical and mechanical properties of the sample and
ambient conditions are the main factors that can affect signal intensities and LIBS

measurements.

1.7.1 Laser parameters
The evolution of plasma is mainly dependent on parameters such as laser intensity,

wavelength and size of focus spot. These parameters can affect LIBS emission spectra to

9



Introduction o . CHAPTER1

a great extent. For the generation of plasma thé laser irradiance must be greater than the
threshold value which is several Wcm’2 for a nanosecond laser pulse. At longer
wavelengths, the dominant ionization mechanism is collision-induced ionization, whereas
at shorter wavelengths photoionization takes over the dominance. Electron temperature is
maximum for the longer wavelengths but minimum value of number density are obtained
at the same irradiance, this results in low value of mass ablation rate for longer
wavelengths but maximum at shorter waveléngths. Pulse width is another prime factor
which influences the LIBS measutements. Dissipation of thermal energy is much less for

shorter pulses, which leads to the enhanced mass ablation.

1.7.2 Physical properties of sample

LIBS can be’ applied to all types of materials without any sampling process. But the
physical properties of the sample which can be influential are reflectivity of the target
material, specific heat, melting and boiling point, and density. The amount of laser
energy absorbed by the target surface is determined by its surface reflectivity. The laser
energy causes heating of the sample, due to which phase change of sample occurs and
hence reduces the reflectivity and increases the material ablation. The quantity of the
material vaporized depends on the properties such as thermal conductivity, specific heat
and boiling point of the sample. When thermal conductivity is high, amount of material

vaporized is low.

1.7.3 Ambient Conditions

The ambient conditions affect the dynamics of the plasma plume and also emission
characteristics and confinement of the plasma. The plasma interacts with the surrounding
gas results in expansion of high-pressure vapor. A shock wave is generated which
transfers the heat to the surroundings. The breakdown threshold valué also depends on

ambient conditions.

1.8 Optical thickness and Self-absorption in LIBS plasma

The main objective of LIBS plasma is to generate optically thin plasma, free from self-
absorption and is in local thermodynamic equilibrium (LTE) and having the same

elemental composition as that of the sample.

10
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1.8.1 Optically thin plasma

The plasma is optically thin when the emitted radiations traverses and escapes from tﬁe
plasma without considerable absorption and scattering. During the entire observation
interval, the LTE conditions are assumied to be true. The intensity of the emitted radiation

is given by;

1(a) =[¢(A) /1 a ()] {1 - ep (-2 (1) L)} | (1.7)

Where ¢ (A) is the emissivity, o (A) is the absorption coefficient (cm), and L is the plasma
length along the line of sight to the observer. When a is so small then the above equation

can be written as .
1A =[e(A)/a@)][a(@)L] ~c(A)L (1.8)

This is condition for plasma to be optically thin, for evaluating the plasma parameters and
extracting qualitative data from the line intensities it is essential to confirm that the
plasma is not optically thick. If plasma is optically thin, self-absorption effects are not
observed in the emission spectra. If plasma density is very high, the plasma itself absorbs
its own radiations and the relative intensities will depart from the intensity rules. The
resonance lines or the most intense lines approach a flat-topped. In extreme cases, a self-

reversal may occur which causes a dip at the central of the line.

1.8.2 Local Thermodynamic Equilibrium (LTE)

The most important thing for plasma studies is that plasma should be in local
thermodynamic equilibrium. The condition for LTE is that the collisional processes must
dominate over the radiative so that there would be no shortage of radiative énergy. If we
become more precise then we can say that in excited state de-excitation through
collisions must be higher as compared to one resulted from spontaneous radiation. This is
the essential condition requiring a high electron density to establish LTE. An elaborated
discussion has been available in “Laser induced breakdown spectroscopy”. The simplest
way to verify the existence of LTE is by using the McWhirter criterion, i.e. the lower

limit of electron number density for which the plasma will be in LTE is expressed as:

1
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N, 21.6x10%T,2(AEY cm™, (1.9)

Where 7T, is temperature in K and AE(el)is the largest energy gap for which the

condition holds.

1.9 Qualitative analysis

One of the most promising applications of LIBS atomic emission spectra is the
identification of elements present in the source of light (plasma emission).Qualitative
analysis reveals the presence of a given element present in the sample or présence of
multi-elements can also be done by the qualitative analysis. For the qualitative or
quantitative analysis the basic requirement of any LIBS measurement is the emission
spectra recorded from a single pulse. The basis of any LIBS measurement is the plasma
spectrum which has information about the elements present in the target samiple. This
information is in the emission lines located at specific wavelengths, the intensity of the
lines arid in the relative intensities of the lines. This information is impdrtart for
analyzing the sample.

The use of this technique for qualitative analysis of samples which emit characteTistic
light (yellow for Na, red for Ca) when subjected to a high energy laser beam, dates back
to Bunsen and Kirchoff in 19" century. Major advancements in astrophysics are the
results from the studies of the spectra of the emissions from the radiating stellar bodies
which have provided information about their chemical composition. Some elements ate
excited easily so that their emission spectra can be observed and recorded, than others.
Non-metal atoms are more difficult to excite as compared to metal atoms because of their
high ionization potential. It is found that presence of easily excited atoms in a sample,
suppress the emission from atoms that are comparably difficult to excite. Thus emiission
from helium would be suppressed in the presence of nitrogen, same with the nitrogen in
presence of mercury and that of mercury is suppressed if the sample contains potassium.
When a sample is placed in an arc or discharge source and atoms present in the sample
get excited, a large number of lines with varying intensities are observed covering a wide
range of the spectrum. As one dilutes the amount of the element present in sample, the

number of observable lines is reduced and ultimately only a few lines of that. element
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remain observable. These lines are termed as persistent lines. It has been found that the
persistént lines are the lines of maximum intensity. From this description of the persistent
lines it is apparent that in the qualitative analysis for a specific element we need to
consider only for the persistent lines of that element.

The plasma spectrum maybe used to identify the constituents and their concentrations, by
a suitable wavelength and intensity calibration methodology. .

The intensity of an emission line in the plasma is given by:

1= f;Aphvipr (1.10)
Where I is the intensity of the emission line, v is the frequency of the transition from state
p—i
Ajp is the Einstein coefficient for spontaneous emission,

N; is the population of the high energy level,

h is the plank’s constant.
& - __g_p o (Eo=EVKT
No & (1.11)
Moreover, the Boltzmann population distribution is given by:
E
N,=N, J: exp (-==)
VAV KT (1.12)

N, is the density of emitted species, g, the degeneracy of the hiéher level, Z the partition
function, E, the energy of the higher level and T the excitation temperature. Thus
replacing the N in eq. (1.10) with the Boltzmann distribution in eq. (1.12), the emission
line intensity is directly proportional to element concentration.

-E,IKT

1 g.e
I=—4 hv N =*—

According to eq. (1.12), one can determine the population density of the relevant species
(atoms or ions) for an element in plasma from a measurement of the absolute intensity of
corresponding transition and knowledge of the excitation temperature and atomic
constants. However, it is not possible to derive a theoretical expression relating N and

concentration of that element in solid sample under investigation. Hefice, in practice, an

13
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empirical relation is sought between the observed line intensity (I) and corresponding
concentration (C) i.e.
| [=F(C) (1.14)

Here F (C) is called analyte calibration function and the graph between the LIBS intensity
of a line of specific element and the concentration is called calibration curve. Such curve
can be drawn by measurement of reference samples of known concentrations termed as
standard samples and can be used to determine the elemental concentration in unknown
sample. -
In search for a definite element, the identification of the persistent lines should be
sufficient to confirm the presence of the element. The identification of unknown elements
requires a more complete identification of all spectral lines in the emission spectrum of
the samp;lze. After this procedure of identification, the remaining unidentified lines are
generally weak and they may be up till théh unobserved lines of the major constituents or
can be lines of the unknown minor constituents or can be described as trace elements.
Tables of persistent lines of many elements are ptesent in a book by Brode and also in a
publication by Meggers[47]. In most cases of qualitative analysis, the major constituents
of the sampleé are mostly determined by inspection of the lines of maximum intensity and
other lines of these constituents can be identified by use of the tabulation of spectral lines
of the elements [47, 48]. After this procedure of identification, left unidentified lines are
generally weak and they may be up till then unobserved lines of the major constituents or
can be lines of the unknown minor constituents or can be described as trace elements. In
the case of trace elements, the lines must be among the stronger lines of these elements.
The unknown element can then be identified by comparison of these lines with the

persistent lines of other major constituents of the sample.
1.10 Factors affecting the Qualitative analysis

1.10.1 Sample Hoimogeneity
This is technique for a direct consequence of no sample preparation and mostly affects
the analysis of solids. Preparation typically produces a homogeneous sample; the lack of

preparation complicates the analysis of non-homogeneous samples with a point detection
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method such as LIBS. The area interrogated is small, typically 0.1 — 1 mm diameter,
involving a very small mass of material. Non-uniformities may be averaged out using a
number of laser plasmas to repetitively interrogate different areas of a sample and the

results are combined to produce an average measurement

1.10.2 Matrix Effects

Chemical composition and surrounding environment of the targeted sample can affect the
emission intensity of a line in an unpredictable manner. The effect of host elements on
the analyte during LIBS plasma reaction is called matrix effect. Matrix effects are
adverse host influence on LIBS resulting in inconsistent line spectrum intensity due to
chemical composition and material properties. With each laser shot on target material, the
analyte changed via reactions with its surroundings. Matrix effects can be divided into
two categories, physical and chemical effects. Differences between specific heat, thermal
conductivity, heat of vaporization, absorption at the laser wavelength, and particle size
contribute to the occurrence of pﬁysical matrix effects. Chemical matrix effects reveal
their occurrence when the presence of one element has an effect on the emission of
another element. For example, easily ionizable species increase the electron density,

therefore reducing the intensity of less ionizable components.

1.10.3 Sampling Geometry

The geometrical shape of the plasma and spatial emission intensity profile are strongly
dependent on the laser power density and on parameters such as optical alignment for
laser focusing and collection of emissions the emission from plasma plume for recording
the spectrum. Therefore, LIBS signal is dependent on the optical alignment and collection
of emitted light for recording the spectrum.

1.10.4 Relative intensities of the emission line from wavelength tables

Qualitative analysis with LIBS begins with the identification of the stronger emission
lines provided by LIBS spectra. In addition, one may also search out a material’s LIBS
spectra for the presence of specific lines associated with elements of prior interest.
Various references for atomic line spectra wavelength and relative intensity can be found

in the ge~neral literature. ARL and the NIST (U. S. National Institute of Standards and
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Technology) provide line spectra public data bases on the World Wide Web [50, 51].
These web sites include reliable LIBS research tools that are informative, easy to access
and utilize. The ARL site includes only the stronger emission lines for 72 elements
referenced from LIBS technical publications. The NIST site is more comprehensive and
includes both weak and strong emission lines for over 100 elements referenced from
various atomic line emission spectroscopy references. Wavelength resolutions of 0.03nm
to 0.2nm are common and often appropriate for identification of a major element by a

strong line emission.

1.10.5 The ionization stage of the element

If two elements are likely to be found in a sample in an equal manner, if their lines
spectrally interfere and one line corresponds to a neutral species and the other one
belongs to a doubly or triply ionized species, it is most likely that the line should be
assigned to the neutral species. Although once-ionized that is neutral species are often
observed in LIBS plasma, the observation of higher ionization stages is unlikely to be
found in air. The lines with ionization potentials of 6 eV or less are more likely to be
observed whereas species having ionization potential to >10eV, their presence is unlikely

to be observed.

1.10.6 Optimization of LIBS working conditions

Working conditions were optimized by considering the net emission line intensity
magnitude and the signal to background ratio as optimization criteria. For the single pulse
mode, the laser energy and the delay time are thé most significant working parameters to
be optimized. For the double pulse mode additional parameters have to be taken into

consideration such as the pulse energy of the second laser and the inter-pulse separation.
1.10.7 Condition of surface

The factor that affects entire LIBS measurements, even the simplest identification of
elements in a target sample, is thé condition of the surface. LIBS is a surface analysis
technique, though repetitive laser shots at the same location can be used to ablate the
surface and reach to underlying layers. Surface detection is a useful in sorme applications,

however, for example, to detect stains on a surface where large mass in present because

16



Introduction o o CHAPTER 1
M

of the underlying substrate. Other analytical methods which are capable of peﬁetrating
through the surface layer (e.g. x-ray fluorescence) to sample a large volume of the
substrate composition would be required to monitor a small signal from a thin layer of
surface, on the top of a large signai from the bulk sample. whereas, repetitive ablation at
the same focus point can be applied to ablate through a thin weathered layet on a rock (

~100um thick) to record changes in composition as the undeérlying butk rock is

approached.
1.11 Identification of emission spectra

The emission spectra have been analyzed using the electric dipole transition selection
rules. For an ¢lectric dipole transition, to take place, the matrix element of the electric

dipole moment operator shall be non-vanishing.
(wlmy |—er|nim) (1.15)
The only transitions between states of opposite parity are allowed for electric dipole

transitions, because the electric dipole matri_x elements of eq. (1.15) will vanish
unlessAl = +1.

AS =0, (1.16)
AL=0£1(L=0»L=0), - (1.17)
AJ =0+£1(J =0 J =0), (1.18)

These rules depend on validity 6f L-S coupling scheme, and AS = 0 does not hold for the
heavier elements in which the inter-combination lines of differént multiplicity can be

quite strong.

1.12 Stand-off detection of LIBS

Stand-off techniques have gained attention as valuable methods for material analysis at
remote distances. This technique is applicable when looking at hazardous contaminants in
the environment or residual explosive material, where it is required for the analyst to

remain at a safe distance from the material being investigated. In the Stand-off techniqué
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the laser beam is directed along an open path (through air, gas or vacuum) towards the
target to generate plasma and then emission is collected at a distance. Open path LIBS
with stand-off arrangements are mainly used with nanosecond laser pulses. The distances
achievable depend on the method of generating plasma (conventional focusing using a
combination of lens or mirror system) and on the method of collection of the plasma
light. Even though robust plasma may be formed, sufficient light must be coliected to
observe a useful spectrum. This method needs optimization of laser, optics and detection

system performance.

1.12.1 Advantages of remote LIBS

e Ability to analyze targets located in environmeénts where access by personnel and/or
non-disposable equipment is confined (e.g. areas contaminatéd by toxic, radioactive
materials or a confined area).

e Ability to process control where analysis must be done rapidly and from a distance
(e.g. molten metals and glasses).

e Applied for analysis of physically inaccessible targets (e.g. geological features on
cliff faces).

e Investigation of targets located in hazardous environments where any physical access
is not possible but optical access is possible (e.g. through a window on a glove box).

e Rapid analysis of distinct widely separated targets from a single point. '

e Screening of large surfaces by scanning laser pulses along a surface.

e There is no possibility of damaging or contamination of equipment by locally harsh.
Environments Among all the remote LIBS techniques, open path LIBS is of particular
interest because measurements can be carried out in a truly ‘stand-off” mode without any

invasion into the sample region. The only condition is line-of-sight optical access.

1.13 Double pulse configuration

The main limitation of the LIBS is its low sensitivity and precision as compared to
several atomic emission spectroscopic techniques. In order to improve the LIBS emission
intensity, several approaches were suggested. One of the approaches is the double pulse

configuration.
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¢ Collinear Configuration: In collinear configuration, the two laser pulses propagate
along the samé axis and are both directed to the target surface. In this configuration, the
first laser beam produces the plasma then the second laser pulse arrives with some inter-
pulse delay causing reheating of the plasma produced by the first laser. This plasma
evolves in a rarified gas atmosphére enclosed by the shock wave produced by the first
laser pulse.

e Orthogonal Configuration: In the orthogonal beam geometry, the first lager beam
irradiates parallel to the target surface generating the plasma above the target surface and
the second pulse (ablative) is directed orthogonal to the target. This approach is also very

effective for the enhancement of emission signal intensity.

<
]
~N

Figure 1.3Commonly used beam geometries for dual-pulse LIBS. (a) Collinear dual-
pulse arrangement, wherein both pulses are focused upon thé same point on the sample.

(b) Orthogonal reheating configuration, for which an air spark is formed after ablation.
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