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Abstract

In this paper, spectroscopic analysis (OES) for copper (Cu) plasma was achieved at atmospheric pressure. Q-switched Nd: YAG pulsed
laser with a fundamental wavelength (1064 nm), energy range (500-800) m), frequency (6 Hz), and laser pulses (10-30 pulses) was
applied to induce copper plasma. Based on the spectroscopic analysis, plasma parameters like electron temperature (T,), electron
density (n,), Debye length (1p), and plasma frequency (f,) have been calculated. The results demonstrated that the laser energy
affects all plasma parameters, with an electron temperature (T,) range of (0.6820-0.8949) eV and electron number density (n,)
range of (13.667-17.235)x1017 cm3. Also, the image of the place of laser bombardment of copper (Cu) metal shows three diameters
or circles, each circle bears a different color from the other. It can be described as a crater, and the interaction of the laser with copper
metal is obvious by laser ablation, and here the effect of the increased energy of the laser appears during the spectroscopic diagnosis

and the process of metal bombardment.
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1. INTRODUCTION

Laser Induced Breakdown Spectroscopy (LIBS) (Garcimuno
et al., 2018), is a type of atomic emission spectroscopy that
uses high-energy laser pulses as the driving force behind the
excitation of optical materials (Fikry et al., 2020Db). In certain
communities, individuals also refer to it as laser-induced plasma
spectroscopy (LIPS). The plasma that is produced as a result
of the contact of high-intensity laser pulses with metal surfaces
may be used, as is well knowledge, to generate very pure metal
spectral lines (Caneve et al., 2006; Maurya et al., 2020). This
can be accomplished by using the plasma created as a result of
the interaction (Chaudhary et al., 2016).

In a nutshell, the laser pulse has a high intensity and is tar-
geted on a small area of the sample surface in order to cause
excitation of the optical sample, which is then evaluated (Yuan
et al.,, 2020). This is done in to assess the sample’s optical
properties (Alberti et al., 2019). After that, procedures such as
heating, evaporation, atomization, and ionization are carried
out on a relatively small quantity of the material (Singh and
Thakur, 2020). Following these processes will result in the gen-
eration of laser-induced plasma, often known as LIP (Pathak
et al., 2012; Singh and Thakur, 2020).

LIP is an ionized substance that provides a source of metal

spectra that are exceptionally free of impurities (Fernandes An-
drade et al., 2021). After being brought back down to room
temperature, the sample is remelted in the subsequent phase
(Chaudhary et al., 2016). Wang et al. (2021b) focused on the
importance of the electron-ion recombination and free-free
interaction in plasma optical emissions (OES) produce spectral
lines that are typical of the constituent species. (Chaudhary
et al., 2016; Radziemski, 2020) In plasma processing and
technology, as well as in fundamental scientific fields such as
astrophysics and plasma physics, plasma spectroscopy is a cru-
cial diagnostic approach; therefore, this research focuses on
metals diagnostic, such as copper. Alberti et al. (2019) indi-
cate the temperature of a plasma may be used to divide it into
two primary categories, known as the high-temperature or fu-
sion plasma and the low-temperature or gas discharge plasma,
which focuses on the measurement of the electron temperature
(OES) in laser-induced plasms. These are the classifications
that are most helpful for describing plasmas by characteristics
of plasma, including wavelength, energy, and pulse duration,
which are considered essential (Shah et al., 2020).
Simultaneously, the level of plasma emissions are affected
by the constituents of the surrounding atmosphere, as well as
other factors that include temperature, pressure, and electric


https://crossmark.crossref.org/dialog/?doi=10.26554/sti.2022.7.4.508-513&amp;domain=pdf
https://doi.org/10.26554/sti.2022.7.4.508-513

Abbas

field (Fikry et al., 2020a). In addition, the physical and chemical
characteristics of the sample are considered important in this
process (Wang et al., 2021a; Radziemski, 2020). In general,
plasma has three essential properties, which are temperature,
density, and quantity of emissions (Benedikt et al., 2021).

It is abundantly obvious that Nd:YAG has the capability
of detecting copper spectrum (Akhtar et al., 2019). On the
other hand, with the LIBS approach, as shown in the Figure
1, the pressure that was maintained around the sample was
identical to that of the surrounding atmosphere (Singh and
Thakur, 2020). This work aims to apply the spectroscopic
analysis of the plasma produced from the copper element after
the laser ablation by the Nd: YAG laser, where the resulting
emission spectral lines are studied and the plasma parameters
of the copper element are measured at different laser energies,
including the electron temperature and the electron density in
the produced plasma.

e . .
e Emitted Light
E, E
E =3 ' Ch v
o S av /
(.
1

Figure 1. A Metal Surface is Laser-Ablated, and Light is Emit-
ted in Continuous Lines as Plasma is Formed (Singh and
Thakur, 2020)

2. EXPERIMENTAL SECTION

2.1 Preparation of Copper Plate to Laser Bombing Process
In the current experiment, the copper plate (Cu) sample has a
purity is 99.99% obtained from E. Merck company, a diameter
of 1 em?, and a thickness of 0.8 mm is square-shaped. (Cu)
sample plate was placed under the laser lens and prepared for
the laser bombing process.

2.2 Setup of Spectroscopic and LIBS System
Nd-YAG laser was used at a fundamental wavelength of 1064
nm and laser energy ranging from (500-800) m] and a fre-
quency of 6 Hz. An experiment was achieved at atmospheric
pressure. The copper plate was positioned 10 cm away from
the laser head to expose it to the bombardment process that
would be carried out by various laser pulses (10-30 pulses).
The purpose of carrying out these procedures was to achieve
the objective of collecting the optical plasma emissions of the
spectrum emitted by the copper sample via the spectrometer
instrument’s optical cable.

The angle at which the plasma emissions were captured by
the spectrometer was 45°, and the distance between it and the
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copper plate was quite close-approximately one cm as shown
in Figure 2 and accordingly, spectrum data were collected for
each laser energy in a period not later than (30 sec), there was
no delay after each laser energy. However, once the data is
collected for this energy, directly transfers to collect data of
laser energy that follows, and so on. The gate width of the OES
diagnostic for the purpose of collecting data for the spectrum is
10 ns. The database provided by the National Institute of Stan-
dards and Technology (NIST), this database gives access and
search capability for critically evaluated data on atomic energy
levels, wavelengths, and transition probabilities in spectrum
lines. In addition to this, the parameters of the laser-induced
copper plasma were determined by utilizing spectroscopic data.
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Figure 2. Configuration Setup of Spectroscopic Device and

LIBS System for Diagnosing Copper Plasma Spectral

3. RESULT AND DISCUSSION

The image taken of the place of laser bombardment of cop-
per metal shows three diameters or circles, each circle bears a
different color from the other. As it appears in Figure 3: The
outer diameter of the large circle is black, while the second
diameter of the circle is as close to gray as possible, while the
small central inner diameter of the place of bombing is close to
brown. It is subjected to the strongest heating by the laser, as
the image can be described as a crater and the interaction of the
laser with copper metal is obvious, and the reason for this is that
laser ablation is thermal, as the recoil pressure generated from
the surface of the metal during its interaction with the laser
beam causes the formation of a radial structure corresponding
to the ejection of the dissolved material from the central region
of the place of bombardment due to the expanding plasma,
and here the effect of the increased energy of the laser appears
during the spectroscopic diagnosis and the process of metal
bombardment (Fikry et al., 2020b).

Figure 4 depicts the emission spectrum of copper metal
plasma that was diagnosed by (S8000-UV-NIR) spectrometer
at different laser energy, ranging from 500 to 800 m], where
the figure shows that the spectrum was recorded from wave-
lengths ranging from 200 nm to 650 nm, where the results
showed the emergence of many spectral copper peaks of these
emissions, including several spectral lines for the atomic copper
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Figure 3. Magnification Image of Laser Bombardment Place in
Copper Metal at 1064 nm for Different Laser Energies
(500-800) mJ

Cu(I), which begin from the weak intensity 311.83 nm and
324.58, 346.62, 360.20 to the strongest intensity 521.32 nm,
in addition, there were five ionic emission lines in the spectrum
emissions lines Cu(Il) starting from weak line 212.54 nm and
219.60, 237.82, 261.97 to the strongest line at 529.42 nm of
the laser energy utilized (500-800) m]. In situations where the
intensity of these emission spectral peaks rises as a result of an
increase in laser energy as a result of an increase in plasma ab-
sorption, copper emission spectral lines are the most useful for
estimating plasma temperature, and thus plasma temperature
estimations are greatly affected by resonant emission spectral
lines, and agreement with prior findings (Ahmed and Yousef,
2021; Fikry et al., 2020a; Safeen et al., 2019).
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Figure 4. The Emission Spectrum of Copper Metal Plasma by
LIBS Technique at (200-650) nm Generated by 1064 nm for
Different Laser Energies (500-800) m]

Plasma temperature has long been recognized as one of
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the most important characteristics in plasma physics, with also
plasma parameters (Haberberger et al., 2019). To fully com-
prehend other plasma features, such as energy concentrations
and particle velocities, it is necessary to know the plasma tem-
perature. To determine the electron temperature values, the
Boltzmann method was used, which is a common and widely
used method to decide the spectroscopic parameters as in Equa-
tion (1) (Akatsuka, 2019).
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where g: statistical weight, 1: wavelength, E excited-state
energy in eV, I;;: intensity, Aj;: transition probability, N: densi-
ties of the state’s total population and K: Boltzmann constant.
So, the electron density can be given by the following formula
and introduced as Equation (2) (Akatsuka, 2019):

AA
2wy

n, =

] N, (em™®) 2)

where A1 is the FWHM nm of the line, and ws is the
Stark broadening parameter that can be found in the stan-
dard tables, Nr is the reference electron density. On the other
hand, it is known, that the laser-induced plasma information
about the electron temperature and electron number density
is critical due to clarifying the process of plasma production
through laser bombardment, as well as LIBS, which are im-
proved through the process of atomization, dissociation, and
excitation at various-laser energies (Alberti et al., 2019). The

frequency of plasma is determined from the following Equation
(3) (Benedikt et al., 2021):

= 8.98ym, (Hz) 3)

One of the most fundamental features of plasma is its fre-
quency (f,), which is solely dependent on density. Because
electrons have such a small mass, plasma has a high frequency.
Debye shielding A p is a charged particle response that reduces
the impact of electricity on local fields, giving the plasma its
quasi-neutrality. To refer to the length of Debye A p, we can
use the abbreviation A p and calculate from Equation (4) (Wu
etal.,, 2021):

[e0K5T, T,
Ap = | 2B = 748 x|~ (4)
nee Ne

Figure 5 illustrates the values of electron temperature in eV
and Kelvin, the proportional rise with laser energy (500-800)
mJ. The values start at 0.682 eV when the laser energy is 500 m]
and reach 0.894 eV when the laser energy is 800 m]. Therefore,
the findings revealed that the electron temperature, as well as
the electron number density, rose with the increased energy of
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the focused laser on a copper plate, with values corresponding
to energies ranging from (18.667-17.235)x10'7 cm™3. As a
consequence of this, the frequency of the plasma has a direct
connection to and is proportionate to the electron density. As
a result, we see what appears to be an increase in the frequency
of the plasma, which is produced by an increase in the number
of collisions that take place at high energies.

These subsequent equations represent the most important
basic properties through which to describe the plasma gener-
ated from the laser bombardment process in metal, where Ta-
bles 1 indicated measured values of electron temperature (T,),
electron density (n,), Debye length (1p), and plasma frequency
(fy), where plasma parameters measured using Boltzmann’s
theory of spectral lines of atom or ion of same ionization stage
(Akatsuka, 2019).

Figure 5 illustrates the values of electron temperature in eV
and Kelvin, the proportional rise with laser energy (5600-800)
mJ. The values start at 0.682 eV when the laser energy is 500 m]
and reach 0.894 eV when the laser energy is 800 m]. Therefore,
the findings revealed that the electron temperature, as well as
the electron number density, rose with the increased energy of
the focused laser on a copper plate, with values corresponding
to energies ranging from (18.667-17.235)x10'7 em™2. As a
consequence of this, the frequency of the plasma has a direct
connection to and is proportionate to the electron density. As
a result, we see what appears to be an increase in the frequency
of the plasma, which is produced by an increase in the number
of collisions that take place at high energies.
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Figure 5. Variation Values of Electron Temperature and
Proportional Increased with Laser Energy (500-800) m]

It has been noticed that the temperature of the electrons
at the surface of the target is higher than the temperature at
the front end of the system. This occurs as a result of the
continual absorption of radiation that takes place during the
interaction of a laser pulse with an electron through the inverse
bremsstrahlung absorption process (Kurniawan et al., 2018).
So the energy of the laser is raised, a greater number of ions
and free electrons are generated. The observed stark broad-

© 2022 The Authors.

Science and Technology Indonesia, 7 (2022) 508-513

ened line profile of an isolated line of either neutral atom or
single charge ion is one of the most dependable ways for de-
termining the electron number density. The electron number
density (n,) of the Stark broadening lines in relation to their
full width at half maximum (FWHM) is shown in Figure 6.
Consequently, through the values data obtained for the highest
peaks for the copper plate target and when represented and
plotted In (4 j;1;;/heA jigji) with E;, we can calculate the electron
temperature from the slope of the linear fitting of the resulting
curve in Figure 8 and using Equation (1); in addition, it is also
indispensable to determine the electron density and calculate
it through Equation (2) as in Figure 7.
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Table 1. Laser-Induced Plasma Parameters for Copper Metal at Different Laser Energy (500-800) m]

E (m]) Ap (cm) f, (Hz) n, (cm™3) FWHM (nm) T, (K) T, (eV)
500 0.524x107%  10.498x10'2  18.667x10'7 4.000 7914.75  0.6820
600 0.532x107%  10.826x10'2  14.584x1017 4.500 8423.95  0.7259
700 0.575x10°%  11.644x10'2  16.814x10'7 5.100 998383 0.8603
800 0.568x107%  11.789x10'2  17.285x10'7 5.200 10,385.01 0.8949
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Figure 8. Boltzmann Plot for Various Laser Energy (5600-800)
m] Values for a Copper Plate (Cu) Target in Laser-Induced
Plasma

‘When the laser bombardment begins, the generated ions
and neutral particles will have a temperature near the surround-
ing temperature due to a progressive increase in energy from
500 m] to a maximum of 800 mJ. However, the temperature of
electrons rises significantly faster than that of neutral particles.
Thus, the temperature of the electrons governs the extent of
ionization in the created plasma (Onishi et al., 2021; Yaseen,
2016). This is especially significant since plasma ionization
is controlled by electron temperature, which is related to ion-
ization energy (Fikry et al., 2020a; Garcimuno et al., 2013).
The results obtained indicated a perfect agreement between the
electron temperature and the electron density with the grad-
ual increase in the laser energy values during diagnosis, as the
electron temperature values were 0.6820 eV at the laser energy
500 m] until it reached 0.8949 eV at the energy 800 mJ, and
this indicates a gradual rise in the measured electron tempera-
ture values, in addition, the measured electrode density values
ranged from (18.667-17.235)x10'7 cm™3, where the results
showed a direct proportion between the laser energy falling
on the copper metal with the increase in the electron density
values as shown in Figure 9 below.

According to the findings, the density and temperature of
electrons increased proportionally with the increase in laser en-
ergy (5600-800) m]. Due to the significant effect of the increase

© 2022 The Authors.

Figure 9. Relation of Electron Temperature (T,) and Electron
Density (n,) with Increased Laser Energy (500-800) m] for
Copper Metal in Laser-Induced Plasma

in laser peak energy, both the intensity of the spectral lines and
the target’s mass ablation rate increased (Wu et al., 2021). By
exposing the plasma to laser light for a longer duration, more
ablation is produced, which increases the number of excited
atoms and, consequently, the peak intensity values of the spec-
tral lines of the plasma emission, as depicted in the pervious
figure.

4. CONCLUSION

The results of this investigation, which involved detecting and
analyzing copper plasma parameters, revealed a notable dis-
parity between plasma electron temperature (T,) and electron
number density (n,) as laser energy increased (500-800) m]
for pulses laser (10-30 pulses). The effect of the increased
energy of the laser appears during the spectroscopic diagnosis
and the process of metal bombardment shows three diameters
or circles that can be described as the shape of a crater, the
inner circle is close to brown and subjected to the strongest
heating by the laser. Furthermore, the spectrum was recorded
in the range of wavelengths from 200 nm to 650 nm, and there
were numerous emission lines, including Cu(I), which were ob-
served and began from weak intensity 311.83 nm and 324.58,
846.62, 360.20 nm to the most vigorous intensity 521.32 nm,
as well as five ionic emission lines Cu(II), which started from
weak line 212.54, 219.60, 237.82 nm, 261.97 to the strong
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line at 529.42 nm of the energies (500-800) m]J. As a conse-
quence of this research, the temperature and number density
of electrons ranged from 0.6820 eV at 500 m] and 0.8949 eV
at 800 mJ, and (18.667-17.285)x10'7 cm™3, respectively, for

the different laser energies.
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