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Abstract

This study uses the optical emission spectroscopy (OES) technique to find the
lead(Pb) and sulfur (S) plasma parameters employing a pulse of Nd: YAG laser (Q-
switched 1064nm wavelength) and different laser energies of (400,500,600 and 700
mJ). The electron temperature T, (eV) is calculated using the Boltzmann-Plot
method, and the electron density n, (cm™)is determined by the Stark broadened way.
Moreover, Debye length Ap (cm) and plasma frequency o, (Hz) are studied as a
function of laser energy. An apparent increase was noted in the electron temperature
of lead plasma and a decrease in sulfur plasma. The results also showed that each
increase in the laser intensity causes an increase in the optical emission peaks. This
experiment was carried out under atmospheric pressure.

Keywords: Laser-induced breakdown spectroscopy (LIBS), Nd:YAG Laser, Optical
Emission Spectrometer, Pb Plasma, S plasma.
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1. Introduction

Recently, laser-induced breakdown spectroscopy (LIBS) has become a versatile and one
of the standard techniques for plasma diagnosis[1]. . The importance of this technique lies in
the preliminary analysis of materials (liquid, solid and gaseous), and it can provide
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information about the chemical composition of the sample. Because of this, a lot of different
applications can be used [2]which include thin-film deposition, material identification, and
engineering and environmental monitoring. Understanding the physical phenomena that take
place inside a pulsating plasma, as well as developing new analytical methods, is a major
focus of many scientists and researchers. This technique provides analysis of materials in
solids, gases and liquids in a short period of time, with high accuracy [3]. Plasma is produced
by laser pulses focused on a sample, where a sharp temperature change occurs to overcome
the bonding forces between its nuclei and its electron. The emission spectra produced in most
cases are of different types, ranging from ultraviolet to visible and infrared. The resulting
plasma spectrum is collected by a optic-fibre cable[4]. The plasma formed in this way
contains ions and atoms in various excited states, emitting radiation during the transition to
the lower energy levels which is received by a optic-fibre cable. In plasma diagnosis electron
density, electron temperature, Debye length, and plasma frequency are measured. Plasma
properties are affected by many different factors such as chemical properties of target , laser
wavelength, number of pulses, energy, pulse duration, and atmosphere in which the process
takes place [5]. The elements lead and sulfur has been used in this research to produce the
plasma. Lead is known as a dangerous and toxic metal. It is found in a variety of different
materials, such as food, paint plastic toys, and geological samples [6]. Sulfur is known to have
very high ionization energy, so obtaining emission spectra in laser-induced breakdown
spectroscopy is a problem; in addition, there are few spectral emissions in the sulfur atom that
are suitable to be measured and detected. The best emission lines occur in the ultraviolet
region[7]. The main objective of this article is to find the plasma parameters of the elements
lead and sulfur in air at atmospheric pressure.

2. Experimental Setup

A Q-switched Nd: YAG laser-produced the plasma laser with a wavelength of 1064 nm and a
frequency of 6 Hz, with different laser energies of (400, 500, 600 and 700 mJ). Samples of
sulfur and lead were used. These samples, which served as the targets, were pressed, under a
pressure of 70 MPa with a hydraulic press for 10 minutes, into the shape of circular disks each
with a diameter of 1 cm. This experiment was carried out in atmospheric air, where a laser
beam was focused on the target. An optical emission spectrometer captured the light plasma
emissions by placing a fibre-optic cable at a distance of 1cm from the target, as shown in
Figure 1.The emission results for the spectrum were compared with the NIST data base.
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Figure 1: Laser-Induced Breakdown Spectroscopy (LIBS) System Configuration

3. Results and Discussions
3.1 Plasma Emission Studies:

3.1.1 Sulfur Plasma
The emission spectrum of sulfur plasma at different laser energies in the atmosphere

ranging from 250 nm to 1100 nm was recorded, as shown in Figure 2. Many emission peaks
can be noticed, including the neutral emissions S (1), which are four spectral lines at 450, 745,
922.8, and 1063 nm., and the ionic emissions S (1) of eight spectral lines at 368, 393.9, 414.3,
483.5, 521.2, 546.7, 652.1 and 825.8 nm. As the laser energy increased, the intensity of the
peaks increased. This is due to the increase in the removed electrons during the ionization
process of the element and the increase in the rate of production of ions and atoms[8].
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Figure 2: Emission spectrum of predominantly neutral and ionized sulfur plasma generated
by the 1064 nm laser in region 200-1100 nm.
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3.1.2 Lead Plasma
The emission spectrum of lead plasma in the atmosphere ranging from 200 nm to 570 nm

was recorded, as shown in Figure 3. Many spectral emissions can be noted, including the
ionizing Pb (I1), which has four spectral lines at 220.3, 424.4, 438.6, and 560.8 nm and the
neutral emissions Pb(l), which have eight spectral lines at 223.9, 261.4, 280.1, 357.2, 368.3,
373.9, 405.7 and 500.6 nm, which are more than the ionized spectral lines. Through the
recombination process, the electrons emitted during the ionization process are recombine [9].
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Figure 3: Emission spectrum of predominantly neutral and ionized lead plasma generated by
the 1064 nm laser covering the region 150-650 nm

3.2 Determination of the Electron Temperature

The spectral emissions of lead (Pb) and sulfur (S) plasma are essential for calculating the
plasma parameters, including the electron temperature. Understanding the plasma ionization,
disintegration, and excitation processes can aid in determining the plasma temperature.
Material irritated by an intense laser beam loses many electrons from its outermost atoms as
those bonds are broken, resulting in evaporation. The temperature is found using Boltzmann
plot employing the following equation[10]:

Inidki 1y [N(T)] Eg
Ln[Akigki]_ln [U(T) KeT e @

Where: Ay is the transition wavelength, | ; is the integrated line intensity of the transition
involving a lower level (i) and upper level (K), gk is the statistical weight of level (k), Ay is
the transition probability, U(T) is the partition function, N(T) is the total number density, Eyis
the energy of the upper level, T is the electron temperature, and kg is Boltzmann constant. A
plot of In (I,/Ag) versus the energy Ex gives a straight line with a slope equal to (—1/kgT) as
shown in Figure 4 and Figure 5 . With the lead target, electron temperature varied with
energy, as shown in Table 1 and Figure 6. Electron temperature increased from 0.48eV to
0.58eV as the laser energy increased from 400mJ to 700mJ. This temperature increase is due
to the laser beam absorbing from electrons. These results agree with those of Hanif et al. [11].
As for the element sulfur, the temperature values of (0.44 - 0.40 eV) decreased with the
energy values (400 - 700 mJ), as shown in Table 1 and Figure 7. This decrease in temperature
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is due to the rapid transformation of thermal energy into kinetic energy when the plasma
expands. These results are in agreement with those of Hanif et al.[12].
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Figure 4: The Boltzmann plot for lead Pb in (400, 500, 600, 700mJ)
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Figure 5: The Boltzmann plot for sulfur S in (400, 500, 600, 700mJ)
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3.3 Determination of Electron Number Density

Measuring Stark broadening is one of the most reliable processes for determining the
electron density, calculated for the width of one line of an ion or one atom. This broadening
occurs due to the collision of charged particles with the emitted atoms. The electron density
can be calculated according to the following relation [13]:

ne=(PEM) x 1006 )

where n. is the electron density (cm™3), o is the electron impact parameter and Apwim refers to
the Stark full-width at half-maximum. In both elements, lead (Pb) and sulfur (S), the electron
density values increased with the increase of laser energy. This is due to the absorption of
laser photons in plasma by electron-neutral inverse Bremsstrahlung and the fact that Stark
broadening increases with the increase of the laser intensity. As the laser energy changed
between (400-700 mJ), the ne values for lead ranged between (1.65x10"® -2.4x10"* cm™), and
the values for sulfur ranged between (1.5x10'%-2.4x10" cm™) as shown in Figures 8 for Pb
and 9 for S and Table 1.These results agree with those of Sanghapi et al.[2] and Hanif et
al.[12].
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3.4 Determination of Debye Length
Debye length (Ap) is a measure of the thickness of the sheath or shielding distance which can
be calculated from[14]:

1 1

XD:(S"S—ETB)E = 743 X (M)a .......... 3)

e Ne
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where: kg is Boltzmann constant, &, is the permittivity of free space, e is the electron
charge, Te is the electron temperature, and ne is electron density. The values of Debye length
for lead and sulfur plasma were studied as a function of laser energy, as shown in Table 1 and
Figure 10 for lead and Table 2 and Figure 11 for sulfur. These results agree with those of
Aadim [15].

4-0§ e 42 1
BT BN o
g 304 g
s £ <
L 388 < 36
X 38 % X 3.4
2375 ¢ £
a7 ¥ Rk
3.65 £ 3%
3.6 £ + - s 28 § - - '
50 450 S50 650 750 350 450 550 650 750
Laser pulse energy (mJ) Laser pulse energy (mJ)

Figure 10: Debye length of the Pb plasma Figure 11: Debye length of the S plasma

3.5 Determination of Plasma Frequency
The quantity o, called the plasma frequency can be calculated [14].

2
wp= /fn;i ........... (4)

Where: e is the electron charge, &, is the permittivity of free space, n. is the electron
density and me is the mass of the electron. The change of the plasma frequency with laser
energy is shown in Figure 12 for lead plasma and Figure 13 for sulfur plasma. With
increasing laser pulse energies, the plasma frequency rises, which is due to an increase in
electron concentration as a result of an inverse Bremsstrahlung process leading to an increase
in frequency, as shown in Table 1 for Pb and Table 2 for S. These results agree with those of
Aadim [15].
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Figure 12: Plasma frequency of the Pb plasma Figure 13: Plasma frequency of the S plasma
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Table 1: Plasma parameters for Pb plasma with different laser pulse energy
= (N)) FWHM n, x 108 Apx1076 T,.(eV) w, X 102
(nm) (cm™3) (cm) (H2)

400
500
600
700

Table 2: Plasma parameters for S plasma with different laser pulse energy
E(mJ) FWHM n, x 1018 Apx1076 T (eV) w, X 102
() (cm™) (cm) G2

400
500
600
700

4. Conclusions

As part of the current study, the optical emission spectroscopy method was used to
investigate the effect of different laser energies (400-700 mJ) on the properties of the plasma
and the emission spectra of lead and sulfur plasmas in order to better understanding of their
interactions. The results revealed that the emission spectrum of the lead plasma falls within a
range of 200 nm to 570 nm . The sulfur plasma has a wavelength range of 250 nm to 1100
nm. The parameters of the plasma can be determined through these emissions, the most
important of which is temperature, which increased with the increase in laser energies in lead
plasma from(0.48-0.58 eV). In contrast, it decreased for the sulfur plasma (0.44 - 0.40 eV).
The electron density increased in lead plasma from 1.65x10™ to 2.4x10' cm™ | and it
increased in the sulfur plasma between (1.5x10'%-2.4 x10™ cm?). In addition, the Debye
length and the frequency of the plasma were determined.
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