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Abstract

In the present work, laser induced breakdown spectroscopy (LIBS) technique has been used to find
out the limit of detection and improvement in limit of detection using double pulse configuration.
The reference samples were prepared by mixing known concentration solution of sliver nitrate
{AgNQ;) in polymer polymethyt methacrylate (PMMA). In the polymer PMMA | the concentration
of AgNO: has been varied from 1000 pg/ml to 0.24 pg/ml using solvent casting method and the
plasma of thin film has been produced using fundamental harmonic (1064 nm) of Nd: YAG laser
at energy 120 mJ, at atmospheric pressure in air using single pulse. The emission spectra of all the
samples were recorded through LIBS 2500+ spectrometer (Ocean Optics Inc.) having spectral
range 200-980 nm and spectral resolution 0.1 nm. The emission spectra have been analyzed and
two emission lines of silver at 328.06 nm and 546.55 nm have been selected to find the limit of
detection. For that purpose, calibration curves were constructed using line emission intensities
from reference samples. The slope of the calibration curves and the standard deviation of the blank

sample has been used which yield the limit of detection as 10 and 19 pg/ml for single pulse LIBS.

Similarly the emission spectra of reference sample have been recorded using double pulse LIBS
in collinear configuration. The spectra were recorded under optimized experimental condition by
fixing inter-pulse delay to Sps and energy ratio of both lasers equal to 1:1. The recorded emission
spectra have been analyzed and four silver lines have been used for the construction of calibration
curves, The slope from the calibration curves and standard deviation from blank samples yield the
limit of detection as approximately 6 pg/ml. The limit of detection is almost two times improved

as compared to single pulse LIBS,

In addition, plasma temperature has been extracted using intensity ratio method and the electron
number density has been estimated from the Stark broadening of silver line profile. At 120 mJ per
pulse laser energy, the electron temperature is extracted as 10,000 = 100 K and number density

as 13.5 x 104 ¢em~3.
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Introduction

1.1 Laser Induced Breakdown Spectroscopy (LIBS)

Laser induced breakdown spectroscopy (LIBS) is an atomic emission spectroscopy which uses an
intense laser pulse to produce optical sample excitation {1]. Laser irradiance must have greater
than target threshold value typically 10°-10' Wern, for generation of plasma consists of ionized
matter [2]. Plasma consists of free electrons ionic and neutral species but as a whole it is clectrically
neutral. The plasma spread in each direction but its expansion towards laser beam is more than
other directions. As a result plasma cools down and the excited and ionized species de-excite or
recombine and release their energy. The excited species emit radiations which is used for the
measurement of plasma parameters and for analytical applications. After that plasma light allow
talling on spectrometer through fiber, to capture the emission which gives a spectrum for analysis.
The emission spectra can be analyzed using references such as Army Research Laboratory (ARL)
and National Institute of Standards and Technology (NIST) of atomic spectra database [3, 4]. LIBS
gives both qualitative and quantitative analysis. Qualitative analysis gives information about the
existence of elements in the sample and quantitative analysis gives information about the amount
of element present in the samplc. LIBS can detect trace element in parts per million (ppm). Sample
may be solid, liquid or aerosol. LIBS is an easy setup and has an advantage of little or no sample
preparation. Using Nd: YAG laser with Q-switching operation, make it valuable. LIBS is used to
study the pollution in environment, compositional analysis of different metals, and its use in
nuclear industry is of worth importance. It has also industrial applications in defense field to detect

trace element of explosives.

1.2 Historical Background of LIBS

In 1960, with the invention of laser, history of laser matter interaction starts. Work on laser
induced breakdown spectroscopy starts after the invention of pulsed Ruby laser [2]. After that
Brech and Cross [5), using laser for atomic excitation and create plasma in solid, liquid and in air.
Gue’don and Liodee 6] reported the analytical use of LIBS for the spectrochermical analysis of
surface. Maker et al. [7] observed optically induced breakdown in gases. In the same year Runge

et al. [8] observed the use of pulsed Q- switch ruby laser for direct spark excitation on metals. The
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comparison between Q switched and continues lasers for ablation of material reported by Scot and
Strashiem [9]. The breakdown in gases was studied by physicists in 1971 [10] to understand the
phenomena. The work in air can be found in 1980s [11, 12]. Laser spark spectrochemical analysis
of liquids was done by generating plasma on the surface or inside of liquid [13]. Wachter et al.
[14] analyzed the emission spectra of uranium in the form of solution in nitric acid. In 1980s for
analyzing soil contamination and lead in paint Alamos et al. [15] constructed a beryltium monitor.
The analysis of salt concentration in sea water was reported by Alexander {16]. Second harmonic
of a pulsed Nd: YAG laser was used by Milan and Lagerna [17] for the ablation of silicon sample
in air at atmospheric pressure. Ismail et al. [18] studied the plasma parameter and LOD of some
elements present in two different metallic matrices. Shaikh et al. [19] studied the visible emission
spectroscopy from a tin sample in vacuum using a CO; laser. In the same year Emily and Almirall
[20] studied the unprocessed cotton for determination of the elemental profile major, minor and
trace element present in the unprocessed cotton. In the year 2000, many advancement was made
in LIBS in instrumentation and like photodiode array (PDA), charged couple device (CCD) and
intensified charged coupte device (ICCD) and their applications.

1.3 Literature survey about limit of detection

Laser induced breakdown spectroscopy (LIBS) technique is used for qualitative, quantitative
analysis and to find limit of detection (LOD) using samples with known concentration
of specics. Qualitative analysis tells the presence of an element in the samnple and limit of detection
gives the least concentration that the system can detect. LOD also depends on spectral resolution
of spectrometer. With single pulse, limit of detection is poor and its sensitivity can be improved
by using double pulse configuration with optimized parameters. Aguilera et al. [21] determined
catbon contents in steel by focusing laser pulse of 200 mJ in nitrogen atmosphere and obtained the
limit of detection 65 ppm with 1.6 % uncertainty. Improvement in limit of detection and
enhancement in signal intensities is possible by the use of double pulse configuration {22, 23].
Detection limit for different element in steel were less than 10 pg/g with collinear double pulse
[24]. Marva et al. [25] investigate limit of detection for different elements in aluminum and steel
alloy at atmospheric pressure at 120 mJ per pulse energy in single and double pulse. Marva et al.
[26] study matrix effect in limit of detection and limit of detection of Mg, Si, Mn and Cu as trace

element was found in aluminum standard samples alloys using single pulse by focusing 70mJ of

3
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laser pulse at 1064 nm with 7 ns duration and compare it with the values of same elements in steel
alloys. Jurak et al. [27] performed experiment in vacuum ultraviolet range (UVU, A < 200 nm) for
detection of trace element in polyethylene (PE), at energy 50 mJ and pulse repetition rate of 10
Hz and obtain limit of detection 50 pg/g for sulphur and 215 pg/g for zinc. Schechter et al, [2]
reported limit of detection 1 pg/g for the analysis of plant material in the vacuum ultraviolet range
(VUV). They reported maximum enhancement at inter-pulse delay at 5 ps, whereas Angel et al.
[28] observed maximum signal enhancement at 10 ps. Jiang et al. (29] investigate limit of detection
of sulphur and carbon in steel using double pulse LIBS. Hong-Kun et al. [30] studied the
quantitative analysis of aluminum alloys at atmospheric pressure, calibration curves of five
elements have been extracted and carried out LOD. Lozep-Moreno et al, [31] carried out
quantification of elemental composite of low steel alloys using LIBS, calibration curves have been
contrasted and LOD is below 100 ppm. Thiem et al. [32] generate plasma using second harmonic
in an ultra-high vacuum and LOD was estimated in the range of 20-200 pg/g.

1.4 Plasma

Plasma is an ionized gas or other medium in which charged particle interactions are predominantly
collected. Plasma is the fourth form of matter that can be obtained when heating a substance to a
point where a major fraction of the atoms are separated and form an ionized gas which consists of
negatively charged electrons (free electrons) and positive charged ions in addition to neutral atoms
and molecules present in the gas. Plasma can be converted from neutral state of matter in many
ways, but generally includes absorption of energy from source and generates number of ions and

electrons, as whole plasma is neutral.

1.5 Laser matter interaction

Laser has its main characteristics such as monochromaticity, directionality, coherence and its
intensity which distinguish it from conventional light. Laser emits radiation in continuous form as
well as short pulses of duration nanosecond, picosecond and femtosecond. Laser source of
irradiance of the order 107 — 10° Wem™2 or greater can be used to generate plasma. When 4 high
intense laser pulse focused on a solid target, plasma is generated by the melting and vaporization
of the surface of the target. At the same time, there is no further removal of material from target

surface and radiations are absorbed by target surface which results it to expand and increase in its

4
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internal energy. Shock waves produce into the target when expanding layer pressurizes the

neighboring layer. Plasma plume has its maximum velocity perpendicular to target surface,

Tine emission

Figure 1.1 Schematic diagram of laser induced plasma

Plasma emits light by following three processes.

Recombination:
Xt4+e > X+hy 11D
De-excitation of ions:
X" > X+ he (1.2)
De-excitation of atoms:
X*->X+h (1.3)
? a
A& at b
Ly—Y CE
s lhv
) X E>
3 . 4
Ey E L
b [P th
i | ]
A ] A I

Figure 1.2 (a) shows broadband emission due to bremsstrahlung and free bound transition, (b)
shows line emission due to bound-bound transition.

5



i

Inoducn

_Chapter 1

1.7 Temporal evolution of LIBS plasma

Time resolution of the plasma light in LIBS allows for discrimination in favor of the region where
the signals of interest predominate. Figure 1.3 shows observed spectra at different stages and
normal transition in atom and ion. The symbol tq represents the delay from the initiation of the
laser to the opening of the window during which signals are recorded; to represents the length of
time window. LIBS plasma can be produced using double pulse mode, where tweo laser pulses

from the same or different lasers are incident on the target.

l'Io‘m‘- ..l

Neuaals
j

I Mole ci |

ins 10ns 100ns lpus 10us 100us
Time elapsed after firing

Figure 1.3 A schematic diagram of the temporal history of a LIBS plasma

LIBS plasma typically weak ionized plasma. Weakly ionized plasma in which ratio of electron to
other species is less than 10%. While in highly ionized plasma has hi gh electron to atom / ion ratio.
[nittally, the ionization is high. Background continuum aiso present there that decays more quickly,

These continuum is basically due to bremsstrahlung and recombination. Where E is energy in
Joules, the frequency, wave number and wavelength of transitions is givenbywv = %. Basically

LIBS technique must have to create an optically thin plasma which is in focal thermodynamic

equilibrium (LTE) and whose elemental composition is the same as that of the sample.
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1.8 Conventional techniques

Cenventional methods for quantitative analysis are inductively coupled plasma mass spectroscopy
(ICP-MS), inductively coupled plasma atomic emission spectroscopy (ICP-AES) and x-ray
fluorescence. These techniques are still in use but having expensive apparatus, time consuming
etc. so that LIBS is preferred over that all.

Inductively coupled plasma mass spectroscopy (ICP-MS) is one of the quantitative analysis
technique of metals and non-metals with atomic mass ranges from 7 to 250, it can detect
concentration as one part in 10" ppm. By continuous scanning by mass spectrometer, data
collected in the form of signal intensities. It is also known as inductively coupled plasma optical
emission spectroscopy (ICP-OES). In this technique, inductively coupled plasma is used to detect
tracc metals present in the sample and excited atoms and ions present in the plasma emit
electromagnet radiation of specific wavelength of particular sample. The intensity of this light
shows the concentration of element in the sample. X-ray fluorescence technique i1s a non-
destructive and elemental analysis technique for solid, powder and liquid sample_ This technique
is used to identify and accurately finds the concentration of element in the sample. This method is
used for analysis of rocks and metals with an accuracy of approximately 0.1 % of major element
present in the sample. In this technique, high energy x-ray is injected to samplc and energy is
absorbed by atoms. Electrons from low energy level ejected and outer shell electron fill the orbit
and this transition emits x-ray. It is difficult to analyze element lighter than sodium havingz=11,

but beryllium z = 4 also analyzed.
1.9 Broadening of spectral lines

[n spectroscopic studies, emission of spectral lines in spectrum have definite width rather than
sharp line which plays significant role and contains information such that plasma parameters can
be determined from it. Line broadening process can be divided into homogeneous and
inhomogeneous broadening. Pressure broadening is inhomogeneous and has variation in resonance
frequency or line shape for the same transition. All other broadening processes are homogenous in
which all atoms have similar transition frequency also resonance line shape. Line shape of spectral

lines depends on some broadening process as discussed below.
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1.9.1 Natural broadening

When electrons are excited to higher energy states, it stays there for some finite time, which is
called the life time of that particular state. This life time causes broadening in the line profile,
which is termed as a natural broadening. Life time can be measured by using the following

uncertainty principle. Here AE is the energy of the state.

h
AEBt ~ — (L.6)

And the frequency can be extracted from the life time nsing following expresston.

Av=— (1.7

1.9.2 Dopplier broadening

Dopplet’s effect occurs duc to the relative motion between source and observer. Doppler
broadening occurs due to relative motion of the emitted species and resuits line broadening, This
broadening mechanism is prominent in expanding and low density plasma. The Doppler broadened
line show best with when fitted with the Gaussian function. The Doppler width can be determined
by the following expression [33].

1/2

T
Alp=7.2%1077 (H) A (1.8)

Here the M is the atomic mass of the clement and T is the temperature.

1.9.3 Stark Broadening

Splitting and shifting of energy level as a result of perturbation caused by electric field is known
as stark effect. Stark broadening is a special case of pressure broadening in which interaction of
atoms with charged particles such as ions and electrons, will slightly changes the energy levels
leading to broadening of spectral lines. The magnitude of perturbing electric field (F) created by
slow moving ions and fast moving electrons at a certain distance is given by

1 el

T 4me, 7 (1.9)

9
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Stark effect is dependent on field strength, is either linear or quadratic. Linear stark effect (F), is
only for hydrogen atom where splitting is proportional to electric field strength F. Linear stark
effect shifts the energy level symmetrically broaden but un-shifted line. Stark broadening of

isolated lines used to calculate electron number density,

1.10 Determination of electron number density

The number of free electrons per unit volume known as electron density or plasma density. The
electron number density (N) can be calculated from stark broadening and it is the main parameter
for showing plasma induced by the laser. Other mechanisms which are Doppler broadening and
natural broadening also takes place when in a low density and high temperature plasma. The
FWHM A2 12 of a Stark broadened line is given as [34].

N
-1/
by = 20(55 016)+35A( 016) [1—- N2 (75%) (1.10)

Here, N, (cm™) is the electron number density, A (nm) is the ion broadening contribution, ¢ (nm)
is the electron impact parameter and the number of particles in a Debye sphere is represented by
Np. The following expression determines the Np the Debye sphere [3 5].

3/e2

Np =172 x10°% (1.11)

Ne 1/2

The first part of Eq. (1.10) represents the broadening due to electrons, whereas the part is ionic
contribution in line broadening. The ions are heavier, therefore their contributions is negligibly

small and the approximate expression is as follows,

Ne
By = 20 (355) (L12)

The number 10'® in the denominator of above equation has the unit of cm™? to make it
dimensionally correct.

1.11 Determination of plasma temperature
The electron temperature of laser induced plasma is the fundamental parameters for the
understanding and characterization of laser induced plasma. The method of electron temperature

determination is described below.

10
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1.11.1 Beltzmann plet technique

For the determination of electron temperature, Boltzmann plot technique is mostly used because
of improved accuracy. This method uses multiple emission lines for the estimation of electron

temperature. The population distribution between two energy levels is as follows [33].

Apilni NN\ E
—— = pl—=}=-ZL 13
fn (hcApf %) "7 )Tkt (1.13)
The plot of left side of Eq. (1.13) as a function of upper state energy Ep gives linear fit with

slope —%, which yield electron temperature. For reliable temperature, the spectroscopic data

should be accurate and well-spaced transition should be used.

1.11.2 Plasma temperature using Intensity Ratio methed

Plasma temperature cab be calculated from intensity ratio method in which ratio of intensities of
intensities of spectral lines of same ionization level of the same element. The relative intensity of
transition lines whose de-excited state is same, cab be given as,

I G112, [ (Ez - 51)]
a o _ S 1.14)
1, 92424, o KTy (

Where subscripts 1, 2 are used two spectral lines of same element and I, g A A, E are hine

intensities, statistical weight, wavelength, transition probability and energy of excited state.

1.12 Local thermal equilibrium (LTE)

Methods for determination of electron temperature as discussed are applicable when the plasma is
in local thermal equilibrium (LTE) i.e. the collisions must be dominant over radiative processes.
In other words, in excited state, de-excitation through collisions muyst be higher as compare to
spontaneous emissions. This condition must be applicable to get high electron number density to
attain LTE. Detailed analysis is available in “Laser induced breakdown speciroscopy” [2]. The
following Mc Whirter’s relation is used for LTE to fulfill [36).

N, =N
N, = 1.6 x 10V TV2(AEY3 cm™3 (1.15)

11
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Where, N. is the measured number density, AE (eV) is the transition energy and Te (K) is the

electron temperature.

1.13 Plasma opacity and self-absorption

When the radiation emitted does not reabsorbed, the plasma is optically thin and the phenomenon
is called plasma opacity. The emission intensities are used to infer whether the plasma is thick or
thin. The plasma is optically thin after the intensities follow the intensity selection rules. But, if
the line intensity deviating and plasma density is high, plasma reabsorb the emitted light, and
intense emission lines saturated or flat-topped profile, the plasma is optically thick. In addition to
self-absorption, there may be a dip at center of emission line, which is known as self-reversal due

to the reason that emitted photons passes through the cold part of the plume.
1.14 Quantitative analysis using calibration curve

For both qualitative and quantitative analysis, main requirement is emission spectra. Main methods

for quantitative analysis are calibration and calibration free methods are explained.

60 [ ) L 1 1
Calibration curve
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concentration (ug/ml)

Figure 1.4 Calibration curve concentration vs signal intensiny
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In LIBS, calibration curve is the most common method. Calibration curve is constructed between
intensity and concentration (%). In this method, standard sample having known concentration of
element is added and in this way we can find concentration of an unknown sample by fitting
emission intensity on standard calibration curve, Firstly, the emission spectra of standard samples
arc taken and are analyzed and graph is constructed between emission intensity and concentration.
Secondly, take the emission spectra of unknown sample, by comparing the intensity of this
unknown sample, we can estimate the concentration of unknown sample. To detect the trace
element in the sample in parts per million (ppm), calibration curve is constructed between LIBS

signal intensity and concentration of element present in different sample as shown in figure 1 4.

1.15 Limit of detection
The linit of detection (LOD) is the smallest amount of the analyte that can be detected and be

determined experimentally. It is usually expressed as the minimum concentration, Cr or the
quantity, qc, which can be detected with good accuracy.

Xy = Xpi + ks, (1.16)
Here Xpi is the mean of blank measure, Si; is the standard deviation of the blank measure and k is

a constant related to the confidence tevel. The slope of the calibration curve is given by m =

iXTL ,» Cvi is usually zero that tell us that no analytic concentration in the blank sample. Limit of
L
detection can be found by using relation

(L =—2 (1.17)

Ideally, using k = 3 for determination of LOD. This value will give correspond to a confidence
level of 90, m be the slop of calibration curve. In this experiment we are interested for quantitative
analysis of silver in polymer.

The limit of detection (LOD) is the term used to describe the smallest concentration that can be
measured with sufficient accuracy. The requirement, importance and application of the knowledge
of LOD is uscful in each area, where reliable measurements are critical. In analytical
measurements, such as LIBS, first we have to decide, whether the particular specie is present or
not, To decide reliable, we have to measure the LOD, which makes LOD the basis of all the

analytical measurements. Moreover, the evaluation of L.OD is necessary because some elements

13
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are harmful and dangerous for health as reported by Godwal et al. [37] and their detection and

quantification is very much necessary.
1.16 Polymer and sample description

Word polymer is Greek word in which ‘polus’ mean ‘many’ and ‘meros’ mean ‘parts’. Polymer
is a large molecule or macro molecule composed of many repeated units in three dimension.
Polymer are of two types, both types of polymers are formed through polymerization of many
small molecules called monomers.

s Natural polymer which includes wool, silk and rubber.

* Synthetic polymer includes synthetic rubber, polyvinyl chloride (PVC), polystyrene,

polyethylene, polypropylene, polymethyl methacrylate (PMMA) and many more.

Polymethyl methacrylate (PMMA)
In the present work, thin film of commonly available polymer polymethyl methacrylate (PMMA)
are prepared using the known concentration of silver nitrate (AgNQs). Sample preparation is
describe in chapter 2. Mostly it is called acrylic glass or simply acrylic and it is in crystalline form.
The chemical formula of PMMA is (Cs02Hg) » and molecular mass 100 g/mol. Its melting point
is 130 °C. Solvent for PMMA is acctone which is colorless liquid its chemical formula is C; Hs O

and 1ts melting point is -95.35°C.
Silver nitrate (AgNO>)

[ts chemical formula is AgNOs and molecular mass 169.87 g/mole, having orthorhombic structure.
Its melting point is 209.7 °C and is odotless. Solvent for silver nitrate is ethanol. Its chemical

formula is C> Hs O and its melting point is -/ /4 °C

1.17 Double pulse LIBS

Main limitation of LIBS is its low sensitivity, to overcome this, double pulse with different
configuration are used to enhance signal intensity and signal to noise ratio. Different configuration
involve collincar, orthogonal, cross orthogonal are mainly used. We in our practical collinear is

used as it is simple and easy configuration.
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Figure 1.5 Schematic representation of different double —pulse configuration (a) shows
collinear, (b) orthogonal reheating

In collinear configuration, two laser pulses, with inter pulse delay from picosecond to microsecond
to generate plasma. Two pulses propagate in the same direction and both directed to target. First
laser produce plasma and second laser reached with some inter-pulse delay, reheating the plasma
produced by first laser. Plasma changes in rectified gas air enclosed by shock wave created by the
first laser pulse. In orthogonal configuration, first laser move parallel hits the target and generate
plasma on the surface and second pulse propagate orthogonal to target. Double pulse gives
flexibility in wavelength, pulse width and pulse sequence. Experimentally, collinear double pulse

is easy for double pulse LIBS.

1.18 LIBS Applications

LIBS is a simple technique having little or no sample preparation. It can be used for real time
analysis. Some major advantages of LIBS technique make it more valuable. The study of soils and

minerals which are useful in mining and geology.

Analysis of planets to recognize the elemental structure of Mars and Venus etc.
Analysis of hair tissues, cancer and teeth, and DNA types of study.

Detection of explosives for security reasons in defense system.

Checking the quality of metals and alloys in metallic industry.

Detection of radioactive elements in nuclear industry.

AN ATE I A

LIBS has capability to determine elemental composition of different materials, whether the
sample may be solid, liquid gas or aerosol.

7. LIBS is also used for remote analysis.
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Experimental Setup and Procedure

This chapter represents a brief description of the experimental setup and he instrumentation used
in our experimental setup. The description of the instrumentation includes laser system, sample
preparation, beam delivery and data collection and analysis. The experimental procedure for the

plasma generation using single and double pulse is described in this chapter,
2.1 Sample preparation

The reference samples of polymers of known concentration of silver were prepared by solvent
casting method. The silver nitrate solution was prepared by mixing 10 mg stlver nitrate to 10 ml
ethanol and stirrer it for approximately 30 minutes as shown in figure 2.1. This stock solution say
A of which 1 ml having 1 mg of AgNO; say B is mixed with 1 ml ethanol and thus made serial
dilutions by adding 1 m! ethanol each time. In this way, we made solution with concentration of

AgNOsup to 0.24 ug.

Figure 2.1 Magnetic stirrer used for solution mixing

In the next step, we made a solution of PMMA by adding acctone in it and the solution of AgNQO;
have been doped in as follows. We took 3 ml acetone and 0.94 g of PMMA in a beaker and put it
in magnetic stirrer hotplate for 2-3 hours. Similarly five more solutions of 3 ml acetone and
0.94 g PMMA separately. Finally, 3 ml of acetone was mixed with PMMA solution to the silver
nitrate sohution and placed on magnetic stirrer hotplate for 20 minutes. The mixed solution was

put into individual patri dish and placed these patri dishes into a leveled place for 16-20 hours

16
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(Solvent Casting Method). The acetone and ethanol got evaporated and 40 pm thin films prepared
as shown in figures 2.2 and 2.3. Figure 2.2 shows blank sample (without doping) having 2 *

diameter and 40 pm thickness, whereas doped samples of different concentration of AgNO are

shown in Figure 2.3.

Figure 2.3 Thin film sample of PMMA doped with different concentration of AgNO;

2.2 LIBS Instrumentation

[n LIBS, the intense beam is shine on sample to generate plasma. The plasma are collected and
directed on the detector through optical fiber. In the present experiment, LIBS setup consists of

three main parts,

i.  Nd: YAG laser system for plasma generation,
ii. LIBS 2500+ spectrometer fitted with charged coupled device,
iti.  Sample chamber.

17
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2.2.1 Laser system

Laser 1s used to generate plasma plume on the sample surface. A variety of laser systems are used
for this purpose ranging from IR to UV and from nancsecond to femtosecond. Commonly used
laser system includes Excimer lasers XeCl (308 nm), KrF (248 nm), AtF (194 nm), CO: laser
(10.6 pm), ruby laser (693 nm), Nd: YAG laser (1064 nm, 532 nm, 355 nm) and femtosecond laser
system. Among these lasers Nd: YAG laser is widely used in LIBS experiment due to casy

handling and operating.

Nd: YAG laser

Nd: YAG laser system, Yttrium Aluminum Garet (Y3Als0,2) crystal is used as host medium in
which 1% of Y*?, are replaced by Nd*? (triply ionized neodymium) ions which serves as an active
medium. Nd: YAG laser system is a four level system in which pump source is flash lamp. The
Nd: YAG laser operates at 1064 nm as a fundamental wavelength, whereas 532 nm and 355 nm
wavelengths can be obtained as a 2* and 3™ harmonics. These harmonics are produced by using
nonlinear crystals. These are two main pump bands at 730 nm and 800 nm which are coupled by
a fast non-radiative decay to the *F 3 level from where decay to the lower level I 112 as shown in
figure 2.4. The rate of decay is much slower (t = 0.23 ms), but this transition is prohibited
permitting to electric dipole transition rules (A = 0, £1, 0 # 0), however becomes weakly allowed
due to crystal field interaction. The transition from *F 3 to *T 112 is the most strong and intense
transition out of various possible transitions from *F 1n to lower levels. The *1 /2 level has short

life time and atoms quickly decay non- radiative to the # I o2 ground level.

In the present work, we have used two Nd: YAG Lasers (Brilliant B, Quantel). The specifications

of these systems are listed in table 2.1.

Table 2.1 Specifications of Nd: YAG laser

] 1064 mm } 2nm

S 355 nm
A 5 185 W
B o o e
I o S ns
] < 0.5mrad
R 1.0cm™ at 1064 nm
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Figure 2.4 Energy level diagram of the trivalent neodvmium ion.

Nature of Gaussian Beam

The laser beam used in the present work is of Gaussian nature, but in order to confirm its Gaussian

nature we recorded laser beam profile.
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Figure 2.5 Laser beam profile, showing an intensity profile
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The 2™ harmonic (532 nm) from the Nd: YAG laser is shinc on a diverging lens and get expanded
laser beam. We fixed the optical fiber probe of HR4000 spectrometer on a sliding stage and placed
this assembly in front of the expanded laser beam, The fiber probe was moved in small steps across
the laser beam and signal intensity was recorded. The recorded signal intensity was plotted as a
function of distance across the beam as shown in Fig.2.5. The best fit over these data points was

the Gaussian function, which confirmed that the laser beam is of Gaussian nature.

2,.2.3 Beam focusing and collection system

The beam focusing part of the setup consists of beam delivery and focusing laser beam on the
target surface. Mirrors were used to direct laser beam on the target and focusing lens focused the
laser beam. Focusing is necessary in order to achieve the minimum laset irradiance required for
plasma generation. The focusing arrangement is shown in Fig. 2.6, The emissions associated with
plasma is collected via collection lens and directed on the fiber, which transmitted this light to the
spectrometer. Spectrometer received the light, dispersed it and displayed in a readable format.

Laser Beam
|

Focusing
Lens

Plasma

Sample\x / Plume

Figure 2.6 Formation of plasma plume

2.2.4 Sample stage

Sample stage consists of rotating stage placed inside sample chamber. The rotating sample holder
is used place thin film sample on it and the laser shots hits the fresh surface each time. The sample
was placed in such way that laser beam falls on it vertically. Fig. 2.7 shows the photographic view
of the chamber used in the present work. In addition to sample sitting arrangements, this chamber

has fiber holder, which is located near the sample surface and is used for plasma light collection
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Figure 2.7 Sample placed inside the sample chamber
2.2.5 LIBS-Spectrometer

In the present work, we have used seven channel LIBS 2500+ spectrometer from ocean optics.
Each channel has one small HR2000 spectrometer, which are lumped together in one assembly as
shown in Fig, 2.8. This spectrometer is designed for LIBS experiments having spectral range from
200-980 nm and resolution of 0.1 nm. Spectrometer is connected to PC through USB port. The
OOILIBS software 15 used to control the laser firing and recording the emission spectra.

Figure 2.8 Seven channel LIBS 2500+ spectrometer
HR 2090 Spectrometer

The light emitted from plasma enters through slit and falls on collimating mirror which transmits
it to grating. Light falls on another mirror on different wavelength . After reflecting through this
mirror, light falls on CCD detector which converts light into digital signal and we collect its output
through OOI LIBS software. All the components are built together in one housing as shown in Fig,

2.9. The component wise detail is as follows:
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e SMA Connector

Emission produced by plasma plume enters the optical bench through SMA connector. It is labeled
in figure 2.9,

s Slit

It is rectangular aperture, mounted on the back of SMA connector. This part is the entrance of light

to spectrometer. It control the amount of light entering the spectrometer and its width is linked

with spectrometer resolution.

L2 Detector Collection Lens

Collimating
Mirvor

<
L

Focusing

: Mirror

¥ o A u

SMA Connector

Figure 2.9 LIBS spectrometer with components.

¢ Filter

Filters are used to limit the emission to a specific wavelength, before it enters into optical bench.

Band pass and long pass filters are used to limit the emission.
e Collimating Mirror

After passing through filters, light falls on broadband collimating mirror that diffract light to
grating.
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¢ Grating

Grating is one of the key component of a spectrometer. The Purpose of the grating in spectrometer
is to diffract light onto the focusing mirror. Gratings allow specific wavelength selection and its

resolution depends on the wavelength range. Light from grating dispersed on focusing mirror.
¢ Focusing Mirror

Light from grating directs on focusing mirror and is detected by CCD detector.
¢ Detector collection lens

Detector collection lens having large diameter slits is used to focus light onto the CCD detector

elements, which is received from focusing mirror,
o CCD Detector

It is the most imported component of the spectrometer which convert electronic signal nto digital

signal which is then send to QOI LIBS software through which we collect spectrum.
Working of CCD

Charged coupled device (CCD) is silicon substrate, divided into number of small sections. Each
section is known as pixel (potential well) as in figure 2.10. Photons of light when falls on these
pixels, it converted into electrons and collected in potential well. In this way, more and more
electrons are collecting in potential well. A point reached when no further electron will be
collecting in potential well, this point is known as saturation. To avoid saturating condition, shutter

is used.

Figure 2.10 shows silicon based Charged Couple Device (CCD) consists of pixels which
converts photons of light into electrons.
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Each pixel consists of three electrodes, one of which is at high potential create potential well and
the other two electrodes (low potential) transfer charges out of CCD. In this way charges will be
clocking out either by down the column or across the row, depending on the orientation of
electrodes as shown in figure 2.11. Resolution of CCD depends on size of pixel i-e, number of

rows and number of columns and pixel pitch.

1024 elements Pixel (e.g. 26
N ;/" TiCTOn square)
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Figure 2,11 Clocking out of charges row wise.

2.2.6 LIBS software

Emissions from plasma are collected through fiber from detector and spectrum can be taken using

OQOI LIBS software in the display screen of computer, installed windows XP,

2.2.7 Spectral Resolution

One of the main features of spectrometer is its spectral resolution. Spectral resolution resolves the
minimum spaced peaks. It depends on slit, grating and CCD. Slit defines minimum image size that
the optical bench can form in the detector level. The diffraction grating limits the total wavelength
range of spectrometer. The detector defines the maximum number and size of understated points
in which spectrum can be digitized. Spectral resolution of spectrometer that we use in our

experiment is 0.1 nm, having range 200-980 nm.
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2.3 Experimental Procedure

The experimental setup for the determination of limit of detection and estimation of plasma

parameters is shown in figure 2.12.

Nd: YAG laser
brilliant b

33— Lens

LIBS 2500 +

W

Computer

Sample
chamber

oo -

Figure 2,12 Experimental setup of LIBS.

We used Q-switched Nd: YAG laser (Quantel Brilliant b) having pulsc duration 6 ns, rep. rate per
pulse 10 hertz and capable of delivering 850 mJ at 1064 nm, 400 mJ at 532 nm and 185 mJ at
355 nm. The energy of laser pulse was conirolled from the remote control of laser by varying Q-
switch Flash-Lamp delay and was monitored by energy meter (TOP MAX III, Coherent, USA).
The laser pulse was focused on the sample through lens of 5 cm focal length. The a ready prepared
thin film samples in circular shape of diameter 2" and thickness 40 Jim have been placed on rotating
stage to provide fresh surface every time to laser pulse. The focused laser beam thus produced
plasma on its surface and the plasma emissions were collected by an optical fiber with collimating
lens 0-45 degrees field of view. The fiber was placed at right angle to the direction of laser beam
and its output was coupled to 10 um wide entrance slit of LIBS 2500+ spectrometer (Ocean Optics,
USA). The LIBS 2500+ system, equipped with seven spectrometers covering the range between
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200-980 nm having resolution of 0.1 nm and 2.1 ms integration time. To get better si gnal-to-noise
ratio, the gate delay was set 2 psec after laser firing. The output signal of the CCD was processed
and analyzed using OOI LIBS software and displayed in the form of a spectrum The LIBS system
triggered the Q-switch of Nd: YAG laser and were synchronized through lamp synchronization.

Each spectrum was recorded using a single laser shot and such ten data sets were averaged to
overcome the fluctuations in the spectra. The recorded spectra were analyzed using wavelength
and energy data of NIST database. The emission lines were assi gned and confirmed by comparing
the observed intensity ratio to that reported in NIST database. We have also considered the

transition probabilities in assigning the emission lines

Since double technique enhances the signal intensity and improve the limit of detection, therefore,
in the present work this configuration has been applied. According to the schematic diagram in
Fig. 2.13, the laser pulses from two lasers with variable delay were used in collinear configuration.
An Nd: YAG, laser (Brilliant B, Quantel) operating at its fundamental wavelength of 1064 nm was
used as a first laser to ablate the sample, whereas the second pulse of the same wavelength from

Nd: YAG laser (Brilliant B, Quantel) was irradiated which reheat the plasma.
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Figure 2.13 Collincar double pulse LIBS sctup
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Both the lasers were synchronized using flash lamp synchronization and delay between pulses was
adjusted using delay generators. In double pulse LIBS, the inter-pulse delay and ratie of laser
energy pulses has important role in signal enhancement, sensitivity and improvement in limit of
detection. In the present work, the inter pulse delay and the energy ratio of the first and second
laser were optimized to get better signal to noise ratio. The signal intensity of 308.24 nm,
358.7 nm and 393.4 nm emission lines were plotted as a function of inter-pulse delay and energy
ratio. The plot yield that signal is higher at 5 us inter-pulse delay and 60/60 mJ energy ratio. These
optimized parameters have been used and the mission spectra have been recorded. The detection
system triggered the Q-switch of first laser and the Q-switch out of this laser was used to trigger
the delay generator (SRS, DG 535), which subsequently triggered the Q-switch of second laser.
The delay generator was used to insert delay between two laser pulses. The flash lamps of both the

lasers and the detection system were synchronized to each other.
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Experimental Results and Discussion

3.1 Emission spectra of Silver Nitrate doped Polymer

The emission spectra of sliver nitrate doped polymer have been recorded for the detection of trace
element present in polymer. The plasma of polymer has been produced at atmospheric pressure
using 1064 nm wavelength of Nd: YAG laser in a single and double pulse mode. Fig.3.1 shows
portion of the emission spectra acquired using single pulse at 120 mJ energy. This spectrum was
recorded at a time delay of 2 microseconds with respect to laser pulse to avoid strong background
emissions present in the carly stage plasma. This later stage plasma emissions show a dominating
features of atomic emission lines in a good signal to noise ratio. The spectrum covers the spectral
range from 320 to 600 nm, having number of neutral and singly ionized emission lines of silver.
A number of spectral lines of calcium (Ca), sodium (Na), and molecular bands CN and C; swan
bands are also detected with fairly good emission intensity. The transitions are assigned according
to LS coupling selection rules (AL =+ [, AT= 0, £1 where ] = 0 # 0 is not allowed), and NIST
atomic spectral database. As shown in figure 3.2and 3.3 respectively, the emission lines at
328.06 nm, 338.28 nm, 521.91 nm and 546.55 om identificd and designated as the 44'% 5p ?p;,
— 4d" 55 2815, 4d'°5p 2Py ~ 4d'%5p 28,5, 4d'°5d D3y — 4d'° 5p 2Py, and the 4d'° 5d 2D s,
— 4d'"Sp ?P 3 transitions of silver. The line at 422.6 nm is assigned as 3p°4sdp 'P; — 3pf 4¢2
1Sy transition of neutral calcium, whereas at 393.3 nm and 396.8 am a singly ionized lines of
calcium are detected and assigned as 3p®4p *P 32— 3p®4s %S 15 and 3p®4p 2P v, — 3pS4s S 4,

transitions.
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Figure 3.1 Portion of emission spectrum of silver nitrate doped polymer using single pulse LIBS at

120 mJ per pulse energy. The emission lines of Ag, Na, Ca. CN and Caare evident in the spectrum.

An intense emission line at 588.99 nm is assigned as 2p® 3p — 2p® 3s transition of sodium. The
emisston lines of silver and calcium are evident in figure 3.2 and 3.3. The molecular bands CN
and C; are also detected in the spectra of polymer. The CN Violet band at 359.0 nm and 3883 nm
is assigned as B? £* — X?Z*. At  516.5 nm C2 swan band are assigned as (DI — 2’ Il,). The
dominant emission lines of silver, appeared in the spectra are due to the doping of silver nitrate in
polymer. Whereas the clements like calcium (Ca), sodium (Na), CN and C; molecular bands
belong to the polymer.
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emission lines of sodium, calcium together with molecular bands (C2 swan band and CN violet
band) Sattmann et al. [39] worked out polymer emission spectra in the UV and visible region and
used for the identification of different polymers like high-density polyethylene (HDPE), low
density polyethylene (LDPE), polyvinyl chloride (PVC), polyethylene terephthalate (PET), and
polypropylenc (PP). Jurak et al. [27] used F: laser (A = 157 nm) having 20 ns laser pulse width,
50 mJ pulse energy and 10 Hz repetition rate for plasma generation on the surface of polyethylene
(PE). They extracted the limit of detection (LOD) 50 pg/g and 215 pg/g for sulphur and zine

respectively.

The spectra recorded in the present work are in good agreement to carlier work with respect to
clement identification and the presence of CN and C> molecuiar bands. We have used these
analyzed spectra for the building of calibration curves, for finding limit of detection and for the
measurement of plasma parameters. In this work, we have to study the effects of double pulse
LIBS on the emission intensities, calibration curves and particularly on the limit of detection.
Therefore, we apply double pulse LIBS in collinear configuration and recorded the emission

spectra as described in the following section.

3.1.1 Double pulse LIBS

In order to have more enhanced emission spectra of the silver nitrate doped polymer, we applied
double pulse laser induced breakdown spectroscopy. The aim of this study was to detect the
emission lines of silver which are present as a trace or ultra-trace and to investigate the
improvement in the limit of detection (LOD) due to double pulse LIBS. It is well known that
clemental concentration is directly proportional to the emission intensity of the lines of that
element. Therefore, in order to compare with single pulse data, sample of same concentration was
atomized. In double pulse arrangement, two delayed laser pulses from two lasers were used in
collinear configuration. Nd: YAG, laser (Brilliant B, Quantel) operating at its fundamental
wavelength of 1064 nm was used as a first laser to ablate the sample, whereas the second pulse of
the same wavelength from another Nd: YAG laser (Brilliant B, Quantel) was irradiated on the
plasma which reheat the plasma. The inter pulse delay and energy ratio of the laser pulses have
important role in signal enhancement, sensitivity and improvement in limit of detection. The

optimization of inert pulse delay and energy ration is described below.
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Effect of Inter-Pulse Delay

As mentioned earlier, the delay between two laser pulses significantly affect the signal intensity in
terms laser matter interaction and plasma coupling. In the present work, the inter pulse delay was
increases up to 10 ps and the emission spectrum has been acquired. The signal intensities of
308.24 nm, 358.7 nm, 393.4 nm emission lines have been plotted as a function of inter pulse delay.
Figure 3.4 show that initially the signal intensity is low, which increased to maximum at 5
microseconds inters pulse delay and thereafter a decrease is observed up to 10 microseconds. The
maximum enhancement in signal intensity at 5 microseconds inter pulse delay show that at this
delay the coupling of laser light with target material and with the plasma produced by the first laser
is optimum. The variation of signal intensity with inter pulse delay has also been reported by
Rizwan and Baig [40] as an optimization step in double pulsc experiments. They reported
maximum enhancement at Sps inter-pulse delay, whereas Angel et al. [41] observed maximum

signal enhancement at 10 ps.
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Figure 3.4 Variation in signal intensities of three lines at 308.24 nm, 358.7 nm, 394.4 nm with
inter pulse delay.
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Effect of laser pulses energy ratio
In double pulse LIBS, the encrgy ratio of the two laser pulses has important role in signal
enhancement. Setting the inter pulse delay at 5 microseconds, the energies of the laser pulses has

been varied in a way that total energy remained fixed.
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Figure 3.5 Variation in signal intensity as a function of energy ratio.

The emission spectra of polymer wete recorded at different energy ratio ranging from 0.6 to 2.0.
Fig. 3.5 shows the variation in signal intensities of three emission lines with respect to change in
energy ratio of the laser pulses. Tt is evident from the figure that signal intensities are low at energy
ratio 0.8, which increases to maximum at 1:1 energy ratio and thereafter again decreases Thus the
maximum enhancement in the emission spectra of polymer is observed at 5 microseconds inter-

pulse delay and 1:1 energy ratio of the two laser pulses.

Under these optimized parameters, the emission spectra have been recorded in collinear geometry
as shown in Fig. 3.6. This figure shows enhanced emission spectra as compared to single pulse
spectra with same total energy. All the emission lines were observed as was detected in single

pulse but with higher intensities.
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Figure 3.6 Double pulse emission spectra of polymer.

The comparison of single and double pulse LIBS spectra of silver doped polymer show that the
emission lines of silver and calcium enhanced many times but the emission intensities of sodium
lines is lower than the single pulse. This kind of behavior is reported by Gautier et al [42] in neutral
lines of Mn (403.30 nm) and Al (306.43 nm). They observed that that this behavior is independent
of the gate delay, Narayanan et al [43] also reported 30 times emission enhancement in silicon
lines and 100 times in aluminum in double pulse LIBS with same total energy of single pulse. The
possible reasons for this behavior include different excitation encrgies for different elements and
lines and binding with other species in a sample [44].

Figure 3.7 shows the enhancement in peak intensity by comparing single and double pulse spectra
in the range 332-342 nm. The silver emission line at 338.28 nm shows five times enhancement in
double pulse signal intensity, which may be attributed to more plasma generation and cnhanced
material ablation. Expanded plasma size and increased material exclusion also causes
enhancement in signal intensity as indicated by Noll et al. [45]. The cnhancement in signal
intensity due to double pulse is described by several groups {46.47]. Forsman et al. [48] explained

34



Experimental Results and Discussion

the enhancement mechanism, firstly, the energy of second pulse is absorbed by ejecta from first
pulse and target surface is affected by heated ejecta. Second pulse is the heat source which contacts
through heating of ¢jecta. So that material removal progress efficiently. Furthermore, double pulse
enhancement factors include ion yield, ion Kinetic energy, plasma temperature, electron density,

size and shape of plasma plume, lifetime of plasma, particles or nanoparticles generation.
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Figure 3.7 Comparison of signal intensity on using single and double pulse.

3.2 Calibration Curves

Calibration curve is the plot of signal intensity of the emission line of an element versus elemental
concentration present in a sample. The linear fitting over the data points gives slope and intercept
which can be used for the quantitative analysis and for the determination of limit of detection. The
slope of the calibration curve is the measure of sensitivity of LIBS instrument. The sharp slope of
the curve means that the calibration curve is more sensitive, whereas the nonlinearity is generally

appears due to the saturation in line intensity and this portion is least sensitive in terms of
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quantitative measurements. It is therefore recommended that use the linear portion of the

calibration curve to get reliable data for the unknown analyte.

In the present work, in order to construct calibration curve, polymers samples of different
concentration of silver nitrate have been prepared. The detail of sample preparation is described in
chapter 2. Briefly, twelve samples of known concentration of silver nitrate doped polymer, ranging
from 1000 to 0.24 pg as listed in table 3.1 were irradiated with intense laser pulse. The plasma has
been generated on the surface of each sample under identical experimental conditions and the
assoclated emission spectra have been analyzed. The emission intensities of silver lines at 328.06

nm, 338.28 nm, 520.91 nm, and 546.55 nm have been plotted as a function of concentration.

Table 3.1 composite and percentage concentration of reference samples is given below.
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Calibration curves have been constructed using above samples from 1000 to 0.30 pg/ml using

single and double pulse as shown in figure 3.8.
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Figure 3.8 Calibration curve showing all data poinits from 1000-0.30 pg/ml concentration of
transition of Ag in polymer
Figure 3.8 shows the calibration curve between the concentration of Ag and intensity of the silver
peak at 520.91 nm. It is clear from the graph that for the lower concentration region points are so
close that they overlap. We cannot determine the correct stope from this graph. As to find the limit
of detection, the lower concentration region is important so we have drawn the calibration curve

for the low concentration region in figures 3.9 (a) and (b) for SP.

Fig. 3.9 (a and b) are the graphs of calibration curve using emission intensitics of silver lines at
328.06 nm and 546.55 nm. Figure 3.9 (a) shows an increasing intensity (solid squares) with
concentration of silver in polymer as indicated by linear curve fitting (solid red line). The good
correlation factor close to unity shows that linear fit is a good representative of the experimental

data,
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Figure 3.9 (a and b) show calibration curves of Ag transition (328.06 nm and 546.55 nm) in
polymer using single pulse
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W

The error bars represents deviation of data points from the linear fit, which is 5 % at maximum.
Similarly, the emission intensities of silver line at 546.55 nm have been used for the construction
of calibration curve, Figure 3.9 (b) represents the calibration curve with linear fitting which yield
slope 1.30 and adjusted R? value 0.90. Correlation coefficient, although not very close to unity but
still fairly represent the data with 5 % uncertainty in fitting. The slope extracted from both the
calibration curves is used for the extraction of limit of detection, which is a measure of sensitivity

of the system,

The experiments were performed using double pulse arrangement in collinear geometry. The
experimental conditions were kept same as that for single pulse LIBS. LIBS system was externally
triggered and optimized for double pulse. Inter-pulse delay was fixed at 5ps and encrgy ratio was
setat 1:1. Under these arrangements, the emission spectra have been recorded for different samples
of silver doped polymer. In this configuration, it was observed that signal intensity get enhanced
many times as compared to single pulse LIBS. These enhanced emission intensities have been
used for the calibration curves. In figure 3.10(a) calibration curves of silver transition at
328.06 nm was constructed by plotting signal intensity as a function of concentration of diffcrent
polymer samples. Applying linear fitting on all data points which gives the value of correlation
coefficient and slop. Correlation coefficient value must be close to unity which shows all data
points lie on the lincar fitting. Deviation of data points from the linear fit, which is 5% at maximum.
Similarly, calibration curves for 328.06 nm, 520.91 nm and 546.55 nm were constructed as shown
in figure 3.10 (b), (c) and (d) respectively. The slopes from these calibration curves as listed in

table 3.3 were used for the detenmination of limit of detection,
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Figure 3.10 (a-d) shows calibration curve of silver transition at 328.06 nm, 338.28 nm, 520.91
nm and 546.55 nm respectively, acquired using double pulse LIBS.
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3.3 Limit of detection

Limit of detection (LOD) is a measure of the minirnum quantity of any specie in a sample that can
be detected by the experimental setup used. It is a measure of the analytical sensitivity by which
extant the system capable to detect the trace or ultra-trace species. The LOD becomes more
important when dealing with trace and ultra-trace quantification of the species. In spectroscopy,

the limit of detection can be determined as follows,
LoD == (3.1)

Where s is the standard deviation of background, taken from blank sample for each transition and
b is the slope of the calibration curve. The slope is already extracted from the calibration curve,
whereas the standard deviation is determined from the emission spectra of blank sample. The blank
sample has been irradiated by an intense laser beam and the plasma has been generated on the
surface of un-doped polymer. This experiment has been repeated many times and each time the
emission spectra were collected and analyzed. We could not detect any emission lines of silver in
the spectra. In order to get the standard deviation of blank sample, we used the signal intensity at
a spectral position where silver lines would lie if it was present in a sample. Thus the signal
intensity obtained from each spectra have been plotted as a function of number of observation in

figure 3.11.
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Figure 3.11 Plot of signal intensities of the blank sample acquired at a spectral position of silver
fines.
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Measuring the standard deviation of blank and slope of the calibration curve built from silver
emission lines, we used these values in Eq. (3.1) and extracted the limit of detection for two silver
lines 328.06 nm and 546.55 nm. The values of limit of detection together with slope of the

calibration curves, standard deviation of blank and adjusted R? are listed in table 3.2.

Table 3.2 Values of limit of detection using single pulse LIBS and parameters extracted from

calibration curves.

108 19.50+]

0.92

546.55 0.94 6 1.78  10.10+£0.5

The limit of detection extracted using single pulse LIBS is 10 and 19 pg/ml, which means that in
single pulse LIBS set up we can detect the elements having 10 and 19 pg/m} or more concentration
in a sample. Aguilera et al. [21] determine carbon contents in steel by focusing laser pulse of
200 mJ in nitrogen atmosphere, obtained limit of detection 65 ppm with precision of 1.6 %. Marva
et al. [25] investigate limit of detection for different element in aluminum and steel alloy at
atmospheric pressure at energy 120 mJ using single pulse. Marva et al. [26] study matrix effect in
limit of detection and limit of detection of Mg, Si, Mn and Cu as trace element was found in
aluminum standard samples alloys using single pulse by focusing 70 mJ of laser pulse at 1064 nm
with 7 os duration and compare it with the values of same elements in steel alloys. Jurak et al, [27]
performed experiment in vacuum ultraviolet range (UVU, A < 200 nm) for detection of trace
clement in polyethylene (PE), at energy 50 mJ and pulse repetition rate of 10 Hz and obtain limit
of detection 50 ug/g for sulphur and 215 pg/g for zinc.

The LOD values determined using single pulse LIBS is not very good and with this sctup we
cannot detect ultra-trace species in a sample. Therefore, to improve the limit of detection, double
pulse LIBS is used [49]. The application of double LIBS, improve the system sensitivity many
times as compared to single pulse LIBS and subsequently the limit of detection.
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Improvement in limit of detection using double pulses

The double pulse LIBS has been applied to detect and quantify the trace and ultra-trace
species in a sample. The double pulse LIBS is the best choice for this purpose. Double pulses
from two different laser system were utilized and the inter pulse delay and encrgy ratio were
optimized as described previously. Under these optimized conditions the emission spectra of
reference samples (silver doped polymer) and blank polymer have been recorded. The
recorded spectra of silver doped polymer is shown in figure 3.6 and that of blank sample is
shown in figure 3.12. The emission spectra of blank show that there is no emission lines of
silver at a spectral position where it should be if the silver was present in a sample.

Thus this spectra has been used for the determination of standard deviation of blank.
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Figure 3.12 Emission spectra of blank sample showing no transition line at 328.06. 338.28,
520.91 and 546.55 nm (Ag lines).

The recorded spectra were analyzed and the calibration curves were built using silver emission
lines (see Fig 3.10). The emission spectra of blank (un-doped) polymer were used for the
determination of standard deviation of blank sample in a way describe earlier. The slope of
calibration curve and standard deviation of blank sample have been used in equation 3.1 and limit

of detection (.LOD) have been extracted as listed in table 3.3, This time we have used four emission

43



erimental Results and Discussion

lines of sitver and extracted LOD values approximately 6 pg/ml. These values are significantly
lower than single pulse case. This improvement in LOD may be attributed to better laser plasma
coupling and increased interaction volume which made the system more sensitive than single pulse
LIBS. Marva et al. [25] investigated limit of detection of different elements in standard aluminum
and steel sample using single and double pulse collinear configuration at atmospheric pressure.
They reported up to ten times improvement in limit of detection for Ti, which is much higher than
the present work. In the present work we improved limit of detection about two times using silver
emission lines. Jiang et al. [50] investigated limit of detection using sulphur and carbon lines in
steel sample using double pulse technique. The ratio of limit of detection of single and double

pulse can be expressed as follows:

_ LODp

a

The value of a signifies the improvement factor due to double pulse and the higher ratio means
improved sensitivity. It is observed that the LOD obtained in double pulse arrangement is

approximately double than single pulse LIBS.

Table 3.3 Chosen emission lines and their spectroscopic data for various elements is
given for double pulse.

5.3x0.3

'328.06 0.98

338.28 0.93 2 1.25 4.8+0.24
320.91 0.90 4 24 50025
346.55 0.95 5 2.3 6.55+0.3

3.4 Study of plasma parameters

The radiations emitted from the laser induced plasma can be used to get knowledge of plasma
through plasma parameters such as electron temperature and electron mumber density. These
parameters help us to study plasma condition in time and space, which is helpful in fundamental
understanding of the plasma. The commonly used optical emission spectroscopic methods for the

determination of plasma temperature are the intensity ratio method, Boltzmann plot method and
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Saha-Boltzmann plot method, whereas ¢lectron number density is extracted using Stark

broadening 1n line profile using equation 1.12.

3.4.1 Plasma temperature

In the present work, intensiti¢s ratio method has been used by assuming that plasma is optically
thin and in local thermodynamic equilibrium. The integrated intensities ratio of emission lines
which are well spaced, free from spectral interference and belong to same ionization stage have
been used for the determination of electron temperature. The following expression is used for the

estimation of plasma temperature.

Where 1, g, A, E are the intensity, statistical weight, wavelength and energy of transition line
respectively. In the present work, two silver lines at 328.06 nm and 546.55 nm have been sclected
for the measurement of plasma temperature. The relevant spectroscopic data of these two lines are

listed in table 3.4.

Table 3.4 Spectroscopic data required for the determination of plasma temperature.

Wavelength Tranxition Statistical weight Transition Upper Energy

A of upper state Probability Level
(nm) A(10°s7) fem)

4d°5p%p3/2 >4d"°55%S 1.2 30472.66

449502 Ds /7> 4d95p2Ps 6 8.6 2907.96

The integrated emission intensities from the specira and their data from literature have been used
in equation 3.3 and the plasma temperature has been extracted as 10,000 K with 10 % uncertainty.
This includes the uncertainty in transition probabilities and signal intensities. These findings are
consistent with the reported work of Mussadiq et al. [51] They reported the electron temperature
of silver by Boltzmann plot method to be in the range of 17895 K to 10593 K as a function of
energy of second harmonic of Nd: YAG laser.
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3.4.2 Electron Number Density

The electron number density in polymer plasma has been determined using stark broadened line
profile of silver tine (4d"® 5p *P1, — 4d'% 55 2S12) at 328.06 nm. The FWHM of the line profile
was extracted by fitting the following Lorentzian function over the line profile.

=y, + 2 ud 3.4
Y=Yt 4 4(x — x2 +w? G4)

Where

w = full width half maximum (FWHM),

X, = central width,

Yo = background emission

A = Integrated area of emission line.
Figure 3.13 shows the Lorentzian fitting (red solid curve) over the data points. The FWHM of Ag
(328.06 nm) line and the stark impact parameter from the list has been used in eguation 3.5 and

extracted the electron number density.

iy
N, = (2_:,3/2’( 1015) (3.5)

Where
N, = electron number density,
wy = electron impact parameter

Ay = FWHM of stark broadening line profile.
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Figure 3.13 Typical Silver emission line (328.06 nm), fitted with Lorentzian function.

In the present work, this technique has been used for the estimation of electron number density of
silver doped polymer plasma. A typical line profile of Ag (328.06 nm), recorded at 1064 nm laser
wavelength is shown in figure 3.13. The emission line has been fitted using Lorentzian function
which yields its FWHM as 0.45 nm. Whereas the electron impact parameter was obtained from
literature [52]. Using these parameters in equation 3.5, the electron number density has been
estimated as 4.87x 10" cm ™3, The uncertainty in the electron number density measurement is
~15%, which include the uncertainties in the electron impact parameter, FWHM measurement and

in the de-convolution of the line width to the instrumental width.

Similarly, electron number density using another silver line at 338.28 nm has been extracted as
4.93x 10 em™. Our measurement of electron number density are in good agreement
with Jurak et al. [27). They reported electron number density as a function of time ranging
from 400 ns- 2ps as 15% 10'® cm™to 3% 10'® cm™3 . Mussadiq et al [51] also reported
electron number density using 827.35 nm transition of silver as 2229 x 1015 to

6.44 x 10'* cm™ at 17.6 mJ and 1.76 x 10%° to 1.893 x 10*S cm™3 for 88.6 mJ energy.
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Conclusion and Future Recommendation

Conclusion

Laser induced breakdown spectroscopy (LIBS) technique has been used for analysis of emission
spectra from the plasma generated by the fundamental harmonic (1064 nm) in air at atmospheric
pressure using single and double pulse. Calibration curves have been plotted and limit of detection
(LOD) has been determined of trace element (silver), which is in known concentrations, in
polymer. With single pulse at 120 m], calibrations curves have been constructed and LOD
determined as 10 and 19 pg/ml. To improve sensitivity, double pulse configuration was used with
inter-pulse delay at 5 ps and energy ratio fixed at 1:1 and the LOD extracted as "6 pg/ml. In
addition, plasma parameters have been determined. Plasma temperature determined from intensity
ratio method using transitions 328.06 and 546.55 nm as 10 000 K with uncertainty of 10 %.
Electron number density has been observed from stark broadening using transitions 328.06 and
338.28 nm to be 4.87x 106 cm™3 and 4.93% 10'® cm™3 respectively.

Future Recommendations

In future, we will extend this work to investigate the limit of detection (LOD) using double pulse
in orthogonal configuration. In this configuration first laser with low energy ablate the material

and second laser re heat the plasma. This arrangement is considered as almost nondestructive.
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