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Abstract

Laser induced breakdown spectroscopy (LIBS) has been used (o study the laser induced plasma of
Zinc and Aluminium. Five samples of Zinc with varying concentration of Aluminium were
prepared by mixing pure powders and pressing it under great pressures to form pallets. Q-switched
Nd:YAG laser has been used for ablation and Avantes spectrometer was used to record emission
spectrum of ablated plasma covering the range of 250nm to 900nm. In the present work, calibration
curve (CC-LIBS) and calibration free LIBS (CF-LIBS) techniques have been used for
quantitatively analyse the samples. One line calibration curve is used in CF-LIBS. For the
quantitative analysis using LIBS technique, the ablated plasma must be optically thin and fulfil the
condition of local thermodynamic equilibrium condition. Temperature of ablated plasma was
determined by the slope of Boltzmann plots and electron number density was determined by
measuring Stark broadening for Al peak. Quantitative Analysis of the sample was also carried out
using more standard techniques i.e. EDX and XRF for comparison. At the end, it is concluded that

calibration curve method is much accurate than calibration free LIBS technique which still

require more research to be carried out on it.
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Chapter No. 1

Introduction

This chapter includes the fundamentals, types, operations and applications of laser,
introduction and basic techniques of atomic spectroscopy, introduction, applications, basic
parameters of laser induced breakdown spectroscopy (LIBS), methods to calculate the plasma
temperature and electron number density and the factors affecting the plasma temperature. Aim
of our work which is the quantitative analysis by LIBS and its comparison with other

techniques i.e. EDX and XRF, described at the end of this chapter.
1 Laser

1.1 Introduction of Laser

Laser (Light Amplification through Stimulated Emission of Radiation) is a mechanism by
which intense, monochromatic and coherent beam of light can be produced. Its wavelength
ranges from UV down to microwave (often known as MASER) and average power ranges from
I mW to 3000 W. Due to its directionality and mono-chromaticity, it has vast applications in

almost every field. !'-*!

1.2 History of Laser

On the basis of quantum theory of radiation, Albert Einstein, in 1917, presented the theory
of laser and proved that coherent and monochromatic beam of light can be produced by
stimulated emission. After that, Charles Townes and Arthur Schawlow completed the
theoretical work for laser and first laser came into existence in 1960 by Theodore Maiman. It
was a solid state Ruby laser. ' *! Nd:YAG laser is also a solid state laser which came into
existence around 1964. °!
1.3 The Basic Principle

Laser is based on the concept of stimulated emission. A photon of energy equal to the
energy difference of the energy levels causes the excited atom to de-excite instantly and
produce a coherent photon of same energy. So, number of existing photons gets doubled. These
photons triggers more stimulated emission processes. By moving photons to and fro in an
optical resonator, avalanche process occurs and number of photons gets increased many times.
One of the important pre-requisite for the Laser to occur is population inversion. Under normal
conditions, there are more ground state atoms than excited state ones in a cavity. For the Laser

to sustain, population of excited state must be more than that of lower state. This non

equilibrium thermal state is population inversion. To sustain such a state, energy must be



constantly pumped in the system either by optically pumping the atoms with some light source
or electrical pumping by electric discharge. Optical pumping is used in solid state lasers
(Nd:YAG) while electrical pumping is used in gas lasers like He-Ne laser. Pumping ensures
the population inversion to sustain.

In order for laser to function, the active medium must have a metastable state. Metastable
states are those states which cannot decay via spontaneous emission. Lifetime of these states is
many orders of magnitude more than the lifetime of usual excited states. This peculiar nature
of these states is exploited to make laser.

Laser has vast applications in every field which also include spectroscopic techniques. A

mono chromatic, intense beam is capable to produce atomic transitions which are, in turn,
signature of peculiar atoms.
2 Spectroscopy

Spectroscopy is by far only technique by which one can get knowledge about a sample.
Every atom or molecule has its well-defined energy levels for electron to occupy. A photon of
characteristic wavelength and energy is emitted or absorbed whenever an electron makes a
transition from one level to another, Since every atomic or molecular specie has distinct energy
states, they can be used to get composition of any sample. By resolution of spectrum, sample
can be analyzed qualitatively and quantitatively. Different techniques differ in their modes of
exciting electrons e.g. electric discharge, laser or x-rays etc. or detection methods. Three
techniques are usually applied in this field:

2.1 Atomic Emission Spectroscopy (AES)

In AES, energy is given to the sample by either electric discharge or by electromagnetic
radiation. Atoms absorb this energy and its electrons jumps up to higher energy levels. These
excited states cannot remain indefinitely; rather they decay to ground levels emitting photons
of energy equal to energy difference of levels. These excited levels, upon de-excitation, give
off light of characteristic wavelength. By measuring their wavelength and intensity, detection
and concentration of individual elements is obtained.

2.2 Atomic Absorption Spectroscopy (AAS)

In AAS, electromagnetic radiation of mixture of wavelengths is allowed to fall on the

sample. Atoms in the sample only absorb the wavelengths associated with its energy levels. As

the absorption is proportional to the number of atoms in the sample, diminished inténs

used for elemental analysis. -



2.3 Atomic Mass Spectrometry (AMS)

In AMS, atoms are first ionized and then moved by a pre-set electric field. These ions
reach the other electrode at different times owing to their charge to mass ratio and produce tiny
currents. It can also be used to separate ions. Even isotopes of same elements can be separated
and their relative abundances can be calculated.

3 Introduction to Laser Induced Breakdown Spectroscopy (LIBS)

LIBS acronym for Laser Induced Breakdown Spectroscopy is a technique to carry out
elemental analysis of material. It is a type of atomic emission spectroscopy. It is better than
other similar techniques in the sense that it is fast and low cost. Furthermore, it has the ability
to detect virtually all the elements of periodic table and find out their elemental compositions
qualitatively as well as quantitatively. Portable spectroscopic machines are also available. By
using LIBS, qualitative as well as quantitative analysis of sample can be carried out. It has been
widely in use for the analysis of metals, non-metals and other liquid and gaseous samples """
“I, It is also used to check food items like different vegetables ** and dry fruits **,

3.1 Basic Principle of LIBS

When high power pulse of laser is targeted over a sample, breakdown takes place at the
spot making excited states of neutral as well as ionized species. I 7 This ablated plasma
cools down quickly giving photons of characteristic transitions. A spectrometer is installed
which collects the emitted light and with the help of computer, produce a wavelength dispersive
spectrum. The intensities of individual lines help us to identify and carry out the quantitative

analysis of the sample.

3.2 Characteristics of Plasma
Just after the laser strike, matter ablates to form ionized species of each element, usually

referred as plasma with a condition that, any ionized gas can be called as plasma if it ion number
density satisfies: "/
Np = (Ap)"ng = 1 (1.1)
Nb is the number of ions present in the sphere of radius equal to Debye length, which is,
in turn, equal to:

EokaT,
Ap = (_“zﬂ £y1/2 (1.2)

¢Ing
Ny is number density of electrons and ion pairs, Ap is the Debye length which should be

much smaller than plasma dimensions. €gis permittivity of free space, T, is electron

temperature and ky is Boltzmann constant. A plasma shield is formed which resists the pulse



to reach the sample and plasma spreads towards the laser pulse making a shock wave. Degree
of ionization can be measured by dividing the concentration of former with that of latter.

Just after the laser strike, the temperature of plasma reaches to about 20,000 K. This hot
plasma rapidly cools down and emit radiations of characleristic wavelengths. After few
moments of the pulse strike, the plasma temperature is in the range of 5000-6000 K and electron

density in the range of 10" em™.

3.3 Light Emitted from the Plume

Light emitted from the plasma is taken to a spectrometer through optical fibers. Optical
fibers are tiny tubes which can carry light waves by continuously bending or reflecting it from
its inner surface. It can be used to bend a light path with much ease. In the spectrometer,
different special crystals are fitted which helps in resolution of incoming light into its
constituent wavelengths. It works on the principle of dispersion of light through a diffraction
grating. Obtained data is transferred to a computer via USB. Software installed in the computer,
draws a well-defined graph of intensity verses wavelength instantly. The obtained graph is
called a spectrum,

3.4 Spectrum
Analysis of the spectrum suggests that there are three types of spectrum:
» Continuous Spectrum
» Band Spectrum
» Line Spectrum

Continuous spectrum is of constant intensity with respect to wavelengths. Usually,
blackbody spectrum is a type of continuous spectrum. It lies in infrared or visible region. For
instance, continuous spectrum of x-rays obtained by decclerating electrons is a type of
continuous spectrum.

Band spectrum is the series of closely spaced lines which combines to form a band.
Spectrum obtained from molecules is a type of band spectrum. Molecular energy levels consists
of close lying levels, transitions between them produces a band spectrum.

Atomic species give line spectrum. They are in the form of distinct peaks in the spectrum.
It results from transitions between atomic levels of atoms or ions. Line spectrum is used in
present work. When electron drops from higher level of energy Ez to lower level of energy Ei,
a photon is emitted of characteristic wavelength. Thus, obtained peaks have wavelengths

associated with it but are a broadened around it due to other aspects.



3.5 Line Broadening

Quantum theory dictates that the energy of photon is exactly equal to the energy difference
of the levels but actual spectral lines do have some broadening. It is due to different reasons
discussed below:

Natural broadening is due to quantum limitation of Heisenberg uncertainty principle that
any observer is unable to calculate some parameters with absolute certainty. Natural
broadening is usually very negligible in calculations to produce a large error. Furthermore, it
Is inevitable to be present.

Atoms in a sample are in constant motion due to thermal energy. Moving atoms emits
photon a shifted wavelength photon than supposed to be emitted by a stationary atom. This is
called the Doppler Effect, which states that frequency of a wave gets shifted due to the motion
of the observer. This is known as Doppler broadening.

Stark broadening is due to electric fields in plasma. It forces the peaks to have a Lorentzian
profile, more pointed on the top and narrower width than Gaussian one. Stark broadening is

used in present work to calculate electron plasma density.

4 Factors Affecting LIBS

Ablated plasma depends upon laser parameters, environment conditions and sample

material. Some of important parameters of plasma include:

4.1 Ambient Condition

Beside the transition lines of the sample under consideration, transition lines of gases are
also present in the spectrum. It is due to the breakdown of air in front of the sample, it may
interrupt the quantitative analysis of the sample. It also has effect on the analytic performance
of the sample. If the thermal conductivity of gases is more than that of plasma, plasma will
rapidly cool resulting in lower temperature. On the other hand, more hot plasma is produced if
thermal conductivity of ambient gases is relatively small. To overcome this problem, sample
can be placed in vacuum and then irradiated by laser. But usually, it is not much necessary. 27,
28]
4.2 Laser Irradiance

The intensity and width of spectral lines increase with increase in intensity of laser beam.
Energetic beam is sure to cause more electron temperature and electron density. Hence many
spectral lines are observed with elevated intensities and widths. Increase in distance of the

source from the target also diminishes the peaks. It is due to the fact that laser loses its energy

while passing from the air. Musadiq at el *’I observed silver plasma by ND:YAG laser and

5



concluded that laser irradiance is directly proportional to spectral lines and inversely
proportional to distance from the sample. Hanif et al "'l studies the characteristic of ZnO
plasma using first harmonic and second harmonic of Nd: YAG laser. He observed that
temperature of ablated plasma increase with laser irradiance and he also observed that width
and intensity of spectral line increase with laser irradiance. However T, and N attain saturation
on a higher values of power density '*'!
4.3 Spot size of the laser

If spot size of laser is small, it means there will be more density gradient. '/ Plasma will
be localized and we can thus achieve higher temperatures. ' 'l Convex lens is placed in the
path of the laser to focus it on one single point. Lens converge the beam giving it the shape of

the cone with its tip at the sample. Laser spot diameter can be calculated by:
Spot diameter=1.27f*Ax2L- (1.10)
D is diameter of beam before it is focused, f is focal length of lens and M? depends upon

propagation of beam, calculated as under:

M

2__0!'( dn

= (1.11)

2 D
Above relation shows: M« 7

It means that larger diameter beams can be focused to a single point by using lens of small
focal length.
4.4 Sample Surface and Nature

Plasma parameters are also dependent upon nature of target. Several shots on the same
point on the sample make crater which affects laser ablation. Stiffness of target is also a crucial

factor, 115301

4.5 Laser Wavelength

Ablation also depends upon laser wavelength. Laser of shorter wavelength, due to its
penetration power is good for plasma creation than longer ones. I8/ Thus temperature and
electron density varies with the use of different harmonics. Nd:YAG laser is actually 1064nm
wavelength but it is usually frequency doubled for irradiance. Since laser has different modes,

139, 40)

there will be slightly different energy for each shot.



S Pre-requisites for Quantitative Analysis

5.1 Optically Thin Spectral Lines

This is an important prerequisite for be sure to proceed with analysis. If the size of
produced plasma is large, the emitted photons, due to de-excitation or recombination processes,
are reabsorbed by the matter. This leads to inaccurate measurements of concentrations in the
sample. It is due to the fact that the mean free path of radiation is less than plasma dimensions.
This causes the peaks to become flattened at the top and diminish in intensity. Laboratory
plasmas are usually optically thin because plasma dimensions are relatively small and much of
the radiation emitted is not reabsorbed. Below mentioned equation is used to check whether

plasma is optically thin or not:

Iy _ Az Ay 04 [E~—EI]
= & SeS g e 1.3
I; 243402 kpT (1.3)

This equation relates the intensity ratio caleulated experimentally to theoretical values. In
order to minimize the dependence on temperature, ratio of those lines are taken which have
same upper levels or very close to each other.

5.2 Local Thermodynamic Equilibrium (LTE)

Local thermodynamic equilibrium is necessary to have a well-defined temperature for the
system. If energy lost by radiation is smaller than that involved in the other processes involving
material species or if the time between two collisions is small as compared to the time of
subsequent change then plasma is said to be in local thermodynamic equilibrium

Saha—Boltzmann equation and Maxwell distributions are valid only for LTE plasma. If
ablated plasma has a following characteristics than it is in LTE:

» Energy levels follow Boltzmann law distribution.
» lonization, excitation and dissociation occur at a same temperature.
» Intensities of lines emitted should be according to Planck Equation.

Local thermodynamic equilibrium condition is satisfied after 1-2 ms of laser strike.
Maxwell Distribution Criterion and McWhirter criterion % *'! are usually used to check the
LTE condition of plasma. Maxwell Distribution Criterion requires the below mentioned
equation to fulfil:

Ne > 1.6 x 101277 (AE)? (1.4)

Here, T is temperature; AE is difference between energies of upper and lower levels

whereas Ne is Electron number density.



6 Quantitative Analysis
Quantitative analysis involves the estimation of weight percentages of elements present
between them.  Such an analysis is essential in many fields of life especially in pharmacy.

Two methods are usually used:
»  Calibration Curve (CC) Method
~ Calibration Fee (CF) Method

6.1 Calibration Curve Method
Calibration Curve method is a method to get good estimate of concentration. It involves
the drawing of a calibration curve from the data for different samples of a single spectral line.

Intensity of the spectral line of a specie is related to number density via:

I
Ly =Ak|nﬁ135 (1.5)

I is intensity of emitted line, Ay is transition probability between two levels, h is Planck’s
constant, ¢ is speed of light, n;, is number density of upper level. Thus, intensity of line emitted
is proportional to number density of the upper level "7V, The plot is a straight line with
positive slope confirming a direct relationship. To order to calculate the concentration of
specie, intensity of that spectral line is checked in the graph. The corresponding concentration
on the x-axis is the required result. Artificial Neural Network (ANN) and Partial Least Square
(PLS) are the methods in use if cc method fails. *'>*! The major drawback of this method is
that it requires a sample with a known composition similar to unknown sample which is not
possible in each case.

6.1.1 Limit of Detection (LoD)

Limit of detection is the minimum concentration which can be accurately measured using
specified calibration curve technique. It is calculated from the slope of calibration curve and
the standard deviation of noise. It shows the signal to noise ratio. The formula set for limit of
detection measurements is:

LoD =2 (1.6)

Here, b is the slope of the calibration curve while o is standard deviation of noise taken

around the spectral peak.
6.2 Calibration Free LIBS Method

This CF is more widely used for quantitative analysis with LIBS because no reference

sample is required in it. Electron density and temperature are determined from the data and



used in determination of percentage composition. It is compulsory that the plasma must be
optically thin and in Local Thermal Equilibrium (LTE). Optically thin lines are carefully
selected and LTE condition is satisfying by a condition on Ne. This condition is met 1-2 ms
after plasma formation.

In CF-LIBS, electron temperature and electron number density are two most important
parameters to be calculated. Electron temperature of plasma is measured in two different ways
described below:

» Intensity Ratio Method

» Boltzmann Plot Method

6.2.1 Intensity Ratio Method

In intensity ratio method, ratio of two lines of same species is taken, temperature can be
calculated by comparing it with other factors. **' We use the equation (1.3) to get the electron
temperature. If energy of upper levels and other parameters of both lines is known, one can get
the temperature by comparing the intensities of different lines. Furthermore, by taking
measurements of different lines, error can be reduced by averaging the temperature thus
obtained.
6.2.2 Boltzmann Plot Method

While, Boltzmann plot is a graph with energy of upper level on the x-axis and Al/gA on
the y-axis. We have to draw Boltzmann plot for each species. Plot should be straight line with
decreasing slope. Measurements of slope give the temperature while measurement of intercept
gives the concentration of element whose Boltzmann plot is plotted. Boltzmann plot method is
usually employed to get plasma temperature. Only the lines which are optically thin and free
from self-absorption effects are chosen to draw Boltzmann plot to get accurate measurement
of temperature,
6.2.3 Calculation of Electron Number Density (Ne)

Like temperature, electron number density is an important parameter used to estimate the
concentration of each specie. ' ') LTE condition can also be checked by measuring electron
number density. This is calculated by Lorentzian Fitting a peak and calculating the FWHM

(A%1/,). Equation used is: (24]

! 1

Mz = 20 (5) +3.5A (25) (1= 3N, x 0 (%) (1.7)

Stark Broadening parameter o should also be in hand to use above ecquation,

First term is electronic contribution in broadening while second term is the ionic contribution,



lonic contribution is usually small and thus ignored. Here, ND is number of particles present

in Debye Sphere which is calculated by the formulas: 1% ¢!

[} Tglz W
Np = 1.72 x wJT‘,‘z—l (1.8)

e

Ha line is usually best to calculate electron number density by using the relation: 1"/

Ng (cm™3)

Bhyjz = 0549 x (R (1.9)

)0.67965

7 Applications, Merits and Demerits of LIBS
7.1 Applications of LIBS

LIBS is used in many ficlds for elemental analysis of samples including """

» It is used for analysis of stainless stecl which has many elements

» ltis used as a detective tocl for explosive materials and chemical weapons
» Itis used to explore the space

» Itis used to different biological samples of plants ete.

» Itis used to ensure that the food is safe

~ Itis used in as a track in nuclear reaclors

» Nowadays, femtosecond lasers are used in the field of nano science

7.2 Merits of LIBS

» It is fast and requires no sample preparation which could results in sample

contamination,

Samples having any state of matter can be used

Y

It require a very small amount of sample.(about 1mm)

It requires the destruction of very small amount of sample

Y

Procedure is very simple to follow

¥ ¥

It can be used with Raman and LTF to analyze molecules

‘J

With many pulses of light one after the other, in depth profile of the sample can be
achieved.
7.3 Demerits of LIBS

» Accuracy and precision are not yet up to the mark.

» Due to selection of very small portion, in-homogeneity may cause the calculated
concentration to deviate from the original,

» They are costly and they are still a complex system

> Self-absorption and spatial overlap also causes us to reach at wrong results.
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8 Techniques Used for Comparison

8.1 Energy Dispersive X-ray Spectroscopy (EDX)

In this type of technique, an excitation source, usually energetic electrons, are used to
excite the core electrons creating a vacancy. Outer electrons de excite to lower level to fill that
vacancy. These ic-exciting electrons emit characteristic x-rays. A solid state detector is used
to measure the energysof emitted photons. As the energy of emitted photon is related to the
difference betw.::en the upper and lower level, detection and quantification becomes possible.
This is normally used with electron microscope, where electrons are used to study the
morphollog.y of a sample.

There are two important parts of EDX setup. First is excitation and second is X-ray
detector. Excitation source is usually electron microscopes (SEM or STEM), where electrons
are emitted via thermionic emission and further accelerated with step voltages. These speedy
electrons are then focused on the sample by magnetic lenses which are actually anodes with a
hole through. Detector is usually a crystal of Si (Li) detector cooled by liquid nitrogen.
Nowadays, Silicon Drift Detectors (SSD) are also used which are cooled by Peltier cooling

systems. EDX is usually an extension in Scanning Electron Microscopes.

8.2 X-ray Fluorescence Spectroscopy

X ray Fluorescence Spectroscopy (XRF) is a wavelength dispersive spectroscopic
technique, in which x rays are shined on the sample under observation. The impinging photons
excite or ionize the core electrons due to their large energies. Outer electrons jump down to fill
the vacancies thus created and emit photons of characteristic wavelength in x ray region.

For the detection purposes, different detectors are installed to detect different region of
wavelengths. Every detector has its own mono chromator crystal, detector and electronics.
Output radiations are first diffracted by a crystal and resolution of wavelengths is thus obtained.

XRF is considered perhaps the most accurate method to detect and quantify a sample.
Owing to its WDS nature, it is more reliable however lighter elements are difficult to measure
because of the low energy and penetration power of their characteristic x rays. It is widely used

in atomic analysis of metals, ceramics and glasses. Forensic science and palacontology greatly

)

depend upon it. .

-
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9 Aim of the present work

Aim of this work is to compare the results of compositional analysis by LIBS with Energy
dispersive X-ray spectroscopy (EDS) and x-ray fluorescence spectroscopy (XRF). LIBS still
not a standard technique and many research papers have been published on compositional
analysis by LIBS. On the other hand, EDS and XRF are considered as most accurate techniques
for quantification of the samples especially metallic ones. XRF is more accurate and reliable
due to its wavelength dispersive nature.

Zn and Al both are metals with atomic numbers 30 and 13 respectively. Al is a lighter
element as compared to Zn. Mixture of these two elements makes alloys having many uses.
ZA (Zinc Aluminium) alloys are used in the place of bronze, cast iron etc. They are casy to
melt and high cast strength alloys having good bearing properties. There are three famous
alloys (ZA8, ZA12 and ZA27) which are widely used named on the basis of concentration of
Aluminium present in it, (ZA8 is 8% Aluminium). These are important alloys used in

galvanizing and die casting.

12



Chapter No. 2

Experimental Setup

Experimental setup consist of second harmonic Q-switched Nd:YAG laser, a Avantes
spectrometer and data acquisition system. Laser pulse has energy of in hundreds of mJ with
pulse duration of 5 ns and repetition rate of 10 Hz 271, “Avasoft 8" is the software used to set
the parameters of the laser light. Furthermore, nova-quantel is used to measure the pulse
energy. A convex lens is used to focus the beam to a single spot on the sample, mounted upon
a rotating stage. Purpose of rotation is to insure that each pulse of laser gets fresh space of the
sample. Its benefits are twofold. Firstly, non-uniformity of sample does not disturb the result.
Secondly, incorrect measurement of the plasma parameters due to crater in the sample
produced by any previous shot can be avoided.

Optical fibre is used to collect light emitted due to plasma ablation. It guides the light to
four spectrometers, each covering the range of about 200 nm. Total range of these
spectrometers is from 250 nm to 900 nm. The spectrum is recorded and can be viewed on the
computer and at the same time AvaSpec detection system.

The different components of instruments used are listed below

» AvaSpec (HS1024x58)/122TEC) spectrometer
» Nd:YAG laser
» Convex lens
» Fibre optics
» A Computer
» AvaSoft 8 software
1 Laser Source

In this experiment, laser is perhaps the most important part of the apparatus. It produces
breakdown of the sample. In Chapter 1, brief history and working principle of laser is
mentioned. In order to get better understanding of laser, its working with different systems are
briefly discussed. Furthermore, its uses and types are mentioned.

1.1 Working

The lasing material commonly known as active medium is placed between two mirrors.
One of which is partially reflecting and other totally reflects the incoming light. It is then
pumped to higher level from the ground level with either flash lamp or electric discharge. With
pumping in action, the population of excited state continues to increase. After considerable

pumping, population inversion state is achieved. Now a photon from spontaneous emission
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causes the atoms to decay via stimulated emission. With constant circulation between mirrors,
the effective length of active media is increased many times and light is amplified. This light
passes out by the partial reflecting mirror. Laser can be used to work in pulsed mode with high
power output typically in megawatts by the introduction of shutter in the cavity.

The photons moving along the axis are lost as an output or are lost by scattering, absorption
and diffraction at the mirrors. To reduce the diffraction effects, mirrors are usually spherical in
shape.

1.2 Multilevel Laser System

Laser operates between two energy levels of atom, but other close lying levels also play
important role in making laser possible. Different systems to produce laser were proposed and
are in use.

1.2.1 Two level Laser System

In two level system, atom has two energy levels for the photons to oscillate. They are
optically or electrically pumped from the ground level Ej to excited level Ez as shown in fig 1.
Upon de-excitation, one photon is emitted of energy equal to the difference of energies of upper
and lower level i.e. Ez- Ei. Suppose at an instant of time, the upper level population (atoms
present in the upper level) is N2 while lower level has N; atoms, then the condition of
population inversion is achieved when N2>Nj.

We can easily prove that in such a situation it is impossible to have population inversion.
At most one can get to N2 = Ny. Actually there is no metastable state in such a scheme. We

have to move to two or three level laser scheme in order to produce laser.

Ez, Nz
Excited state

emitted photon

Ei,Ni
ground stava

Fig 1 Energy level diagram of two level laser system
1.2.2 Three Level Laser System
In three level laser system, three levels of the atoms of active medium are used in lasing.
Suppose energy levels are Ej, E2 and E; with cross ponding population density Ni, N2 and N3
respectively as shown in fig 1.2. E; is the ground level while Es is upper level. Laser works

between E; and Ea.
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Under normal condition, upper states are not occupied and all atoms lie in their ground

state, i.e.
Ni=N and N2= N3=(0

Atoms are pumped from ground state Iy to upper state Es optically or electrically. If
pumping continues to operate for long, most of the atoms are excited to higher levels. Atoms
decays from Ej to E; almost instantly. But the next decay is not equally probable. Thus, atoms
continue to pile up in state Ez. In this way, population of excited state becomes more than that
of ground state, i.e.

N2-N;=>0

Population inversion is achieved and laser starts. But in three level laser system, it is

necessary to pump the half of population to excited level to achieve population inversion. For

this purpose active medium must be strongly pumped.

Three-level Laser

Short lived

1 Fast decay

Metastable

V>

FPurmp Lasing transition

ground state

Fig 2 Three level laser diagram

1.2.3 Four Level Laser System

In four level laser system an active media have a four energy level Ey, Ez, E; and E4 with
their cross ponding population densities are Ny, Na, N3 and Ny respectively. Atoms are excited
from ground level E; to excited level E4 then from E4 atoms are spontaneously decayed towards
E; state. E; is called metastable state. Life time of E3 is more as compared to excited state so
laser action is achieved in between E3 and E4. Only few atoms are excited towards the upper
level in order to achieve the population inversion so four level laser system is more effective
as compare to three level laser system. Pumping energy is higher than laser energy in both laser

schemes.
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Four-levef Laser

LShorr fived
Fast decay
Metgsrable

Ltasing transition
Shaort fived

s & Fast decoy

around sfate

Fig 3 Four level laser system
1.3 Important Properties

1.3.1 Mono-Chromaticity

Mono-chromaticity means having single color. This is perhaps the very basic and the most
important property of laser. Laser is more monochromatic than other light sources. This is
because of the peculiar nature of stimulated emission which emits photons of same energy
moving in same direction.
1.3.2 Coherence

Two beams of light having no phase difference or phase difference of even multiple of pi
are called as coherent. There are two types of coherence, temporal and spatial one. Temporal
coherence is the time duration for which waves remain coherent while spatial coherence is
related to area on which waves are coherent. Laser beam is more coherent than any other light
source. This is due to stimulated emission rather than spontaneous emission.
1.3.3 Directionality

Laser light is very directional. It can be made to focus on a small target in contrast to other
light sources which diverge in all directions. This peculiar property is very crucial for so many
uses of laser light.
1.3.4 Brightness

Brightness means power emitted per unit solid angle per unit area. Due to the continuous

motion of photons in the cavity, the number of photons is very large thus, laser light is very
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bright than other light sources. It is therefore used in cutting of materials. For example
brightness of ND:YAG laser is in the orders of 10*'Wm™Sr" which is several order of
magnitude more than that of our sun.
1.4 Types of Lasers

Different materials can be used as active medium for laser. Below are the types of laser
systems w.r.t their active media:
1.4.1 Solid State Lasers

[n solid state lasers, the active medium is a crystal doped with transition metals or rare
earth materials. Different wavelengths are achieved by doping of different materials. Optical
pumping is best option to achieve population inversion. Ruby and Nd:Y AG lasers are important
solid state lasers.
1.4.2 Gas Lasers

The active medium of gas lasers is mixture of gases which is pumped by collisions of
electrons in a gas discharge tube. Wavelength of such lasers ranges from ultraviolet to infrared.
Example of gas lasers are helium-neon laser, nitrogen lasers and carbon dioxide lasers.
1.4.3 Dye Lasers

Dye lasers are usually optically pumped with the help of flash lamps or other lasers.
Examples include Rhoda mine 6G.
1.5 Applications of Lasers

From the advent of laser, scientists starting using laser in many areas, Nowadays, it is used
in many areas of life due to these peculiar properties. I *“! Some of them include:

Medical uses

b 74

Warfare

Y

Cutting and welding in industries

Y

v

Separation of isotopes

Telecommunication

Y

Security means

4

Y

Spectroscopy and other laboratory equipment

T

Computer drives

1.6 Nd:YAG Laser
Laser used in the experiment is a Nd:YAG laser. It is a solid state laser which is pumped

by flash lamps. It can be used in continuous mode as well as pulsed mode. In this experiment
pulsed laser is used as it produces more energetic laser. Neodymium (Nd*) acts as an active
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medium. Itis a four level laser scheme. Atoms are pumped from *Ios to *Fsp2 by flash lamps.
They carry out a fast de excitation to *Fsz. *F35 is a meta-stable state and transition to ground
state is only possible by stimulated emission. Now atoms carry out a lasing transition to lower
state 112 with the help of another photon. Atoms again drop out instantaneously to ground
state. It is a 1% efficient laser giving of light with wavelength of 1064nm which can be

shifted to its second harmonic.

AF5p = T - \Qj:cay (ns)

F3p Upper level

\'4

1064 nm

808 nm I

W12

Lower level

L Fastdecay (ns)

Ground state

Fig 4 Energy level diagram of Nd: YAG laser

2 AvaSpec (HS1024x58)/122TEC) spectrometer

The function of a spectrometer is to detect the wavelengths of light emitted from the

cooling plasma and plot a graph w.r.t intensity on the computer. It works on the principle of

dispersion of light when passed through a diffraction grating. Four high resolution

spectrometers (as low as 1.2 nm) are installed covering a range of 200-1160 nm. Details of the

spectrometers is tabulated in Table 1. The diffracted light from the spectrometer is detected by
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ULS 3648 detector. Three thousand six hundred and forty cight detectors are present in the
spectrometer which give high resolution to our system. This whole mechanism is connected to
the computer via a USB port. USB is fast port with 480Mbit/sec speed. With all this electronics,
it only takes 5.24 ms to make a complete scan.

AvaSoft 8 software installed on the computer helps in control and display of the spectrum,
It controls the integration time, averaging and smoothing number. Since the detector can
produce small dark currents even not exposed to light, a rigid smoothing parameter is necessary

to ensure that no information is lost. AvaSoft 8 sets a smoothing parameter as well. The main

components of the spectrometer are labelled in Fig. 5.

Table 1: The properties of spectrometers used

' Spectrometer Serial Ran_gé (n—m) Gl;mEPau;me_te; | Slit Size (jrm)
| No 1. (lines/mm)
1 248-420 1800 10
L 2 | aese2 | 1800 0
Es B B SRS T T | 1800 | MRS >
il &  666-882 1200 i 10

3 Optical Fibre

Optical fibre is a device which allows the light from the plasma to reach the spectrometer.
It is made of quartz crystal and plastic. It is made up of several fibres which allow light to pass
despite the fibre is curved. It is important component without which system is subject to many

limitations.

The working principle of optical fibre is the total internal reflection of light while passing
through the fibre or light can be continuously bent with the use of materials having varying
refractive index. Refractive index goes on changing as one moves from the axis of the fibre to
the edge. In this way light can be made to travel long distances despite the presence of

curvature. It is used to send electronic signals to intercontinental distances.

Parameters of the fibre used by us are:

» Fibre type: HIGH-OH
» Clad/ Core ratio: 1:1.1

» Fibre core diameter: 600pm

» Epoxy used: Epotek 353

19
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»

» Connector type:

» Length:

*

» Numerical aperture:

> Fibre buffer material:

SMA-905
22 inches
0.22

Polyimide
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Chapter No. 3

Quantitative Analysis

Different techniques used for compositional analysis and two techniques are used. First is
calibration curve method and second is calibration free CF LIBS. In our experiment, one line
calibration free LIBS is carried out for quantitative analysis and the results are compared.

Ciucci "* initially developed a calibration method in which composition is acquired from
intercepts of a Boltzmann plot and by using slope of plot temperature is to be determined.
Method developed by Ciucci had been used in different research papers as an quantitative
analysis |*! of different type of materials but this method have a major drawback that is if one
wants to calculate the total concentration or composition of targeted sample then a Boltzmann
plot of each specie is necessary but it is not possible in each case because at least 3 to 4 spectral
lines are required to draw a Boltzmann plot and it is not necessarily true that each species have
a sufficient number of spectral lines.

To surmount a problem faced by a Ciucci another CF-LIBS technique developed by Goma
et al 1% “ that based on algorithm in which theoretically and experimental acquired values are
matched. Theoretical values determined from ratio of number density of neutral species to ratio
of density of ionized species and experimental value based on optically thin spectral lines. The
fundamental requirement is that spectral lines that are used for quantitative analysis should be
optically thin and in LTE.

Before proceeding with analysis, spectral lines are carefully selected in order to get
minimum self-absorption. This is done by selecting spectral lines which follow some
conditions:

» Resonance lines or the lines having lower energy less than 6000 cm™ are usually

ignored.

> Lines having transition probability less than 2x10° are ignored as it is time attributable

to plasma variations.

1 Compositional analysis by Calibration Curve Method

In this technique, calibration curve are drawn for known samples, which differs in
concentration of species. A graph is plotted between concentration and intensity of spectral
lines called calibration curve. Such curve should be straight line. Now, spectral line intensity

is checked in this graph for unknown concentration. In this way concentration of unknown
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sample can be easily measured. This method is subject to limitations as it is impossible to have
a known sample most of the times.
1.2 Limit of Detection (LoD)

Limit of detection is an important quantity which can be measured with calibration curves.
It reflects the precision of the instrument. It is an important check of the instrument to be used

for any purpose. Limit of detection is calculated by the relation (1.6)
2 Quantitative Analysis using CF-LIBS

Usually it is not possible to have reference samples, so that a calibration curve can be
drawn. To overcome this problem, a calibration free LIBS technique is devised. Calibration
free LIBS technique is used in different papers to get the quantity of each element of the sample.

In this method Boltzmann plots are plotted to get temperature and electron density of each
species. These plasma parameters are then used in quantitative analysis of the sample.

2.1 Boltzmann Plot

The population density of excited state is written below: %)

5 ¢ E
n§ =n° P’E;‘,}exp[ ;ﬁ] (3.1)

Here, s denotes the specie and Kk is used to denote the upper level, n is population density
and g is the statistical weight.
Whereas partition function P (T) can be calculated as:

P(T) = Xk 9k EKP[—— (3.2)

Now, the intensity of emission line is:

; he
Iki = Akinil_m {33)
Where h is plank constant and ¢ is speed of light. Re arranging:
lkidki _ s 3 /
Agjhe =3 (- 4)

Compared with above equation (3.1) becomes:

he
l -—Ak,?l Em p[ k;T (3.5)

This measured intensity is also affected by the efficiency of collection system, thus above

equation can be better expressed as:

5 he Gk _Ex
T = FC A 7 piry o kﬂr (3.6)
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Where, I;jrepresent integral line intensity, Cs is the concentration and F is an experimental

factor which takes into account the consideration of efficiency of the collection system. By

taking the logarithm of above equation:

ME] = Bk [.F_Ci
B [hc.ﬂk;gk T kgT +In P(T) (.7)
Compare Eq. with a linear formy = mx + g,
Then,
_ Ailii ] _ - Fc*
y=1In [hmk‘gk i x=E im=———;q; = In ) (3.8)

Each point on a Boltzmann plot represents a speclral line. While plotting the Boltzmann

plot energy of upper level taken along the X-axis and In L ;Z :{:kl taken along the y-axis
i
|
Asm= -—'Jtﬂ_‘f‘ or:
T s (3.9)

kﬂ' m

Reciprocal of slope of plot gives temperature of ablated plasma and concentration or mass
composition of any sample can be calculated by this relation or modified form 3rd part of
equation (3.8):

C* = P(T)e"% (3.10)

If plasma is optically thin and fulfil the LTE condition than slope of plot of each species
will be same or close to each other but intercepts, as they account to concentrations, can be or
should be different.
2.3 Determination of Electron Number Density (/V.)

Electron number density is required plasma parameter which is used in quantification. N,
is calculated by measuring Stark broadening. It can be calculated by any optically thin spectral

' . - . 71-73
line whose value of stark broadening parameter is known. Formula used is: """

Ay
Ne= (—-—'-zuf")xIl')”’cm‘3 (3.14)
Here, .ﬂ?u/z is the full width at half maximum. In this study, following Stark broadening

parameters are used from literature, 7%
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Table 1: Stark Broadening Parameters

Spectral Line Wavelength (nm) Stark Broadening Parameter (nm)
308.2 0.0045
309.27 0.0049
394.4 0.0037
396.15 0.0038

2.4 One line calibration Free Method

We can calculate the composition of an element using it only a single spectral line.
Average is taken of the concentrations calculated from different lines. Using this method,

population of neutral atoms are calculated using equation 3.11

az _ 1P Ex
A e exp [KT‘] (3.11)

By using the temperature calculated by the Boltzmann plot, one can determine the

concentration of neutral species. In order to get number density of ionized species, Saha-

Boltzmann Equation was used: '*”)

"“»z+1' 2rrm,_‘kgT 3/£ ZPa Z4+1 Xtr.z
e paz T ) Pq, i kpT S

“=*/ is the density of atoms in singly ionized state,

Where n, represent electron density »
n“* is the density of atoms in neutral state ¥** is the ionization energy, Puz+1 and Py are the
partition functions of upper and lower charge state. Everything else has usual meanings. If the

constants are put in the equation, it becomes: '*”!

3
aztt  6,04x102'(kgT)Z p
n = ( f# ) @,z+1 exp _ Xaz (3.]3)
n% Ne Po,z kgT

If the concentration of neutral species is known, one can calculate the concentration of
ionized ones by the use of above equation. This equation can also be used to calculate n. if
number density of both types of lines are already known, "7/

Equations 3.11 and 3.13 are multiplied together to get number density of ionized species.
Then both these quantities are added together to obtain total number density. For example, for
z=0 and a=Al, we have:

n® = n%0 4 n®1

Number densities are then converted to weight compositions by multiplication with atomic

weights of each specie:

N = n@ 4 AQ
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Whereas, A4! is atomic weight of Al. Now, percentage composition is calculated by the

relation:

e

S e x 100




Chapter No. 4

Results and Discussions

To study the comparison between LIBS and different other recognized techniques, five

samples of varying concentration of Zn and Al were prepared. Zn was a resin here and Al is
present small quantities (0.5, 1, 2, 5 and 10 Per Hundred Resin). Zn and Al were in fine
powdered form (<10pum). Resin (Zn) is 3g for each pallet and Al is taken accordingly. Fine
powdered mixture is pressed at high pressure for few seconds to form tough metallic pallets.
Each sample is first cleaned with methyl alcohol to remove dust and stains. It is then
mounted in front of the focused laser source. The plasma on the surface of the alloys was
generated by focusing the beam of a Nd:YAG laser at 532 nm, pulse energy 130 mJ and 2 ps
delay between the laser pulse and the detection system. As soon as the plasma is generated,
plasma plume expands perpendicular to the target surface and after a few micro seconds, it
cools down and its emission spectrum contains characteristics spectral lines of the constituent
elements. In Figs. 4.1 (a), (b) the emission spectra are presented covering the wavelength region
from 200 to 700 nm. The major part of the 4.1 (a), (b) consists of the spectral lines of Zinc and

Aluminum. The dominating lines belong to Zinc and Aluminum besides a couple of lines

altached to the singly.
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Fig 1 (a): Optical emission spectrum of the Laser produced Zn-Al alloy plasma of the
“sample D" covering the speciral region 300~ 400 nm. The spectral lines of Al I and Zn I are

assigned
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Fig 1 (b): Optical emission spectrum of the Laser produced Zn-Al alloy plasma of the
“sample D" covering the spectral region 460- 640 nm.

Among the lines in the spectra, optically thin lines are checked by intensity ratio method
discussed further in the chapter. Spectral lines situated on the spectra are 257.5, 308.2, 309.27.
394.4 and 396.15 nm of Al (I), while 328.23, 330.25, 334.5, 636.235, 468.015, 472.215 and
481.053 nm for Zn (I). There were no lines for Al (II) while some lines of Zn (I1) were also

present. The spectral data i.e. statistical weights and transition probabilities are mentioned in

Table 4.1 are taken from NIST database. [* 7]

Table 4.1: Spectral lines used for quantification

Wavelength (3) Statistical Transition Probability Energy of Upper Level
Weight (gi) (Ay) x107 (E)

Al (1)

257.5 6 3.60 38933.97
308.2 4 5.87 32435.45
309.27 6 7.29 32436.8
394.4 2 4.99 25347.76
396.15 2 9.85 253417.76
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Zn (1)

328.23 3 9.00 62768.75
330.25 3 6.70 62768.75

334.5 5 4,00 62772.01
636.235 5 4.65 62458.51
468.015 3 1.55 53672.24
472.215 3 4.58 53672.24
481.053 3 7.00 53672.24

1 Calibration Curve Method

Calibration curve for different spectral lines are drawn. Concentration is plotted along the
x axis while intensities along the y axis. Straight line fit matching with the data points ensures
an accurate calibration curve. Limits of detection were also calculated from these curves.

Curves using different Al peaks along with background noise are shown in Fig 4.2 (a-d).
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Fig 2 (a): Calibration Curve of 308.2 nm line and deviation of noise signal
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Fig 2 (¢): Calibration Curve of 394.4 nm line and deviation of noise signal
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Fig 2 (d): Calibration Curve of 396.15 nn line and deviation of noise signal

Four peaks of Al (308.2, 309.2, 394.4, and 396.15) are used to draw these curves. Slopes
of the curves range from about 50 to 100. Noise signal (shown in small) is taken around the
required peak from the spectrum of pure resin. Standard Deviation of noise is between 10 and
15. Our calculated values range from 0.3 per cent to 0.8 per cent.

Compositional analysis with calibration curve is carried out by comparing the intensity of
spectral line from the unknown sample on the curve. The respective percentage on the x-axis
is the required concentration. If calibration curve of a series of samples is readily available,

calibration curve is good technique to analyse samples.

2 Calibration Free Method

Calibration free method is carried without any reference sample. Due to this reason, it is
widely used nowadays and researches have being carried out. In this method, spectral lines are
carefully selected to draw Boltzmann plots. These plots are a requisite to get the value of
electron temperature for the sample.

Electron numbers density is also required plasma parameter used in compositional analysis
which are calculated by Stark Broadening.

2.1 Electron Temperature Measurement

Electron temperature is estimated by using Boltzmann plots of Al and Zn. Upper level is

plotted along the x axis while In (Al/gA) along y axis. The slope of such a curve is used to

estimate the temperature by the relation (3.9)
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2.1.1 Boltzmann Plots using spectral lines of Al

Boltzmann plots for all samples are given below. Linearity of the curve is a check to be
sure that our plasma is optically thin. Good linear behaviour of the Boltzmann plot serves as a
check to be sure of the optically thin nature of the plasma. Furthermore, this condition is also
checked by taking ratio of intensities and comparing it with theoretical values. Spectral lines

used for analysis are 257.5, 308.2, 309.27, 394.4 and 396.15 nm
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Fig 4 (a): Typical Boltzmann-Plot. Emission lines of neutral Al from sample A are used
Jfor obtaining temperature.
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Fig 4 (b): Typical Boltzmann-Plot. Emission lines from neutral Al of sample B are used for

obtaining temperature.
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Fig 4 (¢): Typical Boltzmann-Plot. Emission lines from neutral Al of sample C are used for

obtaining temperature.
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Fig 4 (d): Typical Boltzmann-Plot. Emission lines of neutral Al from sample A are used for
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Fig 4 (e): Typical Boltzmann-Plot. Emission lines from neutral Al of sample E are used for
obtaining temperature.
Excitation temperature for sample 0.5 PHR is about 17000 K whereas, other samples yield
temperature round 12000 K. The elevated temperature of sample A shows that we are quite

close to LoD of CF-LIBS method. The peaks corresponding to sample A are very diminished,
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thus effects of noise becomes enhanced. All other temperatures are typical for laser ablated
plasmas.
2.1.2 Boltzmann Plots using spectral lines of Zn

Boltzmann plots using spectral lines of Zn are given below. All samples have
approximately same temperature in the range of 11000 K to 12000 K. Lines used to estimate
temperature are 330.25, 334.5, 636.235, 468.015, 472.215 and 481.053 nm. The 328.23 nm

line showed a deviating behaviour from the straight line and thus excluded.
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Fig 5 (a): Typical Boltzmann-Plot. Emission lines of neutral Zn from sample A are used for

oblaining temperature.
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Fig 5 (b): Typical Bolizmann-Plot. Emission lines from neutral Zn of sample B are used for

obtaining temperature.
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Fig 5 (c): Typical Boltzmann-Plot for estimating the plasma Temperature. Emission lines

from neutral Zn of sample C are used for obtaining temperature.
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Temperatures obtained from Al plots and Zn plots vary with each other. To minimize the

statistical errors, average is taken of both temperatures for each sample. Average temperature

is used further in quantitative analysis. All temperatures and averages are tabulated below:

Table 4: Temperatures from Boltzmann Plots and their averages

Samples Temp from Zn lines Temp from Al lines | Mean Temperature
/Temp (K) (K) (K)

Sample A 11352 17079 14215.5

Sample B 10332 12437 11384.5

Sample C 10708 11290 10999

Sample D 12174 12710 12442

Sample E 11455 11940 11698

2.2 Calculation of Electron Number Density (N.)

Electron Number Density is calculated by Stark broadening parameter. We have sclected

different spectral lines for the calculation of N.. FWHM is calculated for each peak by

Lorentzian fit. By using the formula mentioned in Eq. 3.14, N, is calculated. Calculated number

densities and their averages values are tabulated in Table 4.3.

Intensity (a.u)

Fig 3 (a): Lorentzian double fit for Al (I) lines (308.2nm and 309.2 nm) of sample E
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Fig 3 (b): Lorentzian double fit for Al (I) lines (394.4 nm and 396.15 nm) of sample E

Table 3: Electron densities of different peaks and their averages (10'7 em™)

Peaks/ | A (0.5 PHR) B (1 PHR) C(2PHR) D (S PHR) E (10 PHR)
Samples

394.36 0.280338 0.714894 1.29206 1.04734 2.10083

396.11 0.210251 0.964479 1.60834 1.55541 2.92422

308.22 0.979504 1.11384 2.17977 1.17963 2.16604

309.27 0.675627 1.26599 3.19621 1.41758 3.02711
Average 0.53643 1.0148 2.0691 1.29999 2.55455

2.3 Pre-requisites for analysis

2.3.1 Local Thermodynamic Equilibrium:

It is a check to confirm that excitation and de-excitation all occurs at the same temperature.

A criterion is set on the electron number density, which is:

1
Ne = 1.6 x 1012T2(AE)3

(4.1)
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Here AE is the difference of energy of upper and lower levels in ¢V and T is temperature
in Kelvin. We check LTE condition for Al 394.4 nm. For this line,
AE =3,1291 eV
T=14215.5 K (maximum recorded temperature)
Thus, upper bound on the Ne will be:
Ne=5.8x 10" cm?

Our estimated values of Ne are in 10'7 em™ (Table 4.3) which is much greater than value
obtained from the above inequality (10" cm™). Hence, it can be said with surety that the

plasma satisfies this condition.

2.3.2 Validity of Optically Thin Plasma:

This is another required condition. It is checked by comparing intensity ratio of two
spectral lines and comparing it with theoretical values.

Spectral lines tabulated in Table 4.1 fulfil the criteria for optically thin plasma. This is
ensured by comparing theoretical and experimental values close to each other. In order to
minimize the dependence on plasma temperature, ratio is taken for the lines having close upper
energy levels.

Ratios of pairs of spectral lines along with their intensities along with their theoretical and

experimental values are tabulated in Table 4.4. These ratios are comparable for all spectral

lines.
Table 4: Comparison of experimental and theoretical ratios for spectral lines for
sample A
Pairs Wavelength (nm) | Intensity (a.u) Theoretical Experimental
ratio ratio
Al
2315 87.25
; 3.15
: 308.2 229.19 333
2 308.2 229.19
0.66
309.27 274.77 B
394.4 111.27
; 0.75
3 396.15 169.3 451
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330.258 1226.0
2 ) :
334.51 1316.09 L2 0.96
468.015 914.35
4 172215 1700.72 ¢.51 0.72
268.015 91435
4 481.053 3132.02 0.54 0.40

Since the above two conditions have been checked, we can proceed to CF LIBS procedure.
2.4 Compositional Analysis

Concentration are estimated by calculating number density n of excited atoms by neutral
and spectral lines from ions. Number density n of neutral lines is calculated by the relation
3.12. It is possible to plot a Boltzmann plot for neutral lines most of the times. So, by using
plasma parameters (mainly temperature from the plot) one can reach to the concentration.

lonic lines, the spectral lines from ions, are tricky to deal with. If a Boltzmann can be
drawn for ionic lines, we are in a position to define its temperature. In the present case, it was
impossible to plot a reliable Boltzmann plot for these lines due to their fewer number and much
reduced intensities. So, Saha-Boltzmann Equation (Eq. 3.13) was used. This equation is
basically ralio between number densities from neutral as well as lines from ions, so if one is
known, we can get the other.
3 Energy Dispersive X rays Spectroscopic (EDX) Analysis

In EDX, energetic beam of electrons imping on the sample knocking out inner shell
electrons leaving a vacant site. These vacancies are filled by higher level electrons emitting
photons of characteristic energies. Concentration of element is determined by measuring
number of photons thus emitted.

In Fig 4.6, energies of photons (keV) are plotted against the number of photons (arbitrary
units). By measuring heights of the peaks against the characteristic energies, compositional

analysis is carried out. EDX is carried out by the SEM with attached EDX setup.
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Fig 6 (b): EDX Spectrum of Sample B
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spectrum 3

Fig 6 (¢): EDX Spectrum of Sample C

Fig 6 (d): EDX Spectrum of Sample D
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Fig 6 (e): EDX Spectrum of Sample

E

We took five different reading by zooming to different areas on the sample. By this more

confidence is achieved for our readings as statistical errors are minimized. This method is very

suitable for the samples having the chance of inhomogeneity as in this case.

Table §: Compositional analysis with EDX and their averages

& l Percentage Reading Reading Reading Reading Reading | Average
Sample
prepared Al | 2 3 - 5 Result
Alphabet
(%) Al (%) Al (%) Al (%) Al (%) Al (%) Al (%)
A 0.5 0.36 0.20 0.53 - - 0.36
B | 0.77 0.39 0.51 0.40 0.57 0.53
C 2 0.87 0.91 1.10 1.05 1.12 1.01
D 5 1.86 228 3.49 3.00 2.85 2.70
E 10 7.75 9.26 13.09 9.64 9.85 9.92

4 Comparison of LIBS based techniques with EDX and XRF

From Table 4.6, it is evident that the samples are inhomogeneous. Since, powders of both

metals are mixed together, there is a considerable chance of inhomogeneity. Moreover, a small

area is under consideration in EDX as compared to XRF, so its results deviates more from

actual except for the last sample which may be due to some other error.
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As for LIBS, large errors are present for low concentrations. But on increasing the
concentration, it becomes less deviating. Thus, it can be assured that use of CF-LIBS method
is fruitful only for samples having five percent or higher concentration. For low concentration,

CC method is more accurate and reliable.

Table 6: Comparison with EDX and XRF with LIBS

DAL zn AIOH) Zn() Al Zn()| Al Zn
B (%)@ 88 #5(%) () (%)
L049 ?9.51 .'-_ 033 99.67 '0.36 99.@ 177 9823
1099 9901 077 9923 053 9947 3.3 96387
g"l%1 9804 132 9868 101 9899 et iogie0

476 19524 473 95271 2,70 | 19730 | 3.5 9645
'!' = 1 Bl N .
1 9.09 9091 145 855 992 9008 7.62 92.38

5 Conclusion

We have performed quantitative analysis of Zn-Al alloy with varying concentration of Al
and Zn, where Zn is used as a base element. Two LIBS based techniques, namely calibration
free laser induced breakdown spectroscopy and calibration curve method, are employed for
compositional analysis. This study suggests that calibration curve method is a good option but
reference samples are needed for drawing calibration curves between the emission lines
intensities versus known compositions. The composition of the unknown samples can be
estimated by comparing the emission line intensity from the calibration curves. Good linear
behaviour of the calibration curve suggests a good analysis. Any similar sample can be casily
analysed by matching its intensity in the graph. Furthermore, limit of detection can be easily
calculated from the curve.

Calibration Free CF-LIBS method provides good elemental composition for high
concentration samples. This technique gives more accurate results when concentration was

above two percent, but for low concentrations results are not so good.
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