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AbstractThe creation and characterization of laser-induced plasma (LIP), a significant phenomenon in several applications, are influenced bythe sample’s physical qualities as well as the laser’s parameters. In this research, we created Cu plasma in the atmosphere using an Nd:YAG laser operating at a wavelength of 532 nm with a laser irradiance energy range (400-800) mJ. The effect of the laser’s irradianceenergy on the plasma characteristics was investigated using optical emission spectroscopy (OES). Using the two ratio and Starkbroadening methods, we successfully measured the two most important plasma properties (electron temperature and electrondensity). The electron’s plasma temperature value ranged from 2.3 to 3 eV. The value of electron plasma density is in the range from6.75×1017 to 15×1017 cm−3. Also, we found that other plasma parameters like plasma frequency ( fp), particles in the Debye sphere(ND), and Debye length (𝜆D) are affected by laser energy. Where plasma frequency ranged from 7.378 to 10.998×1012 Hz, theDebye sphere ranged from 7.294 to 7.022×103, and the range of Debye length from 1.372 to 1.038×10−5 cm.
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1. INTRODUCTION

Using a pulsed-intensity laser to cause a controlled chemical
reaction is the basis of laser-induced breakdown spectroscopy
(LIBS), an analytical method. This laser can be focused on
the surface of the sample, ablating and exciting a very small
amount of material (Li et al., 2019; Botto et al., 2019). While
in the state of plasma, the ablated material produces a spectrum
that is unique to it. The chemical components of the sample
are revealed in both qualitative and quantitative detail by this
spectrum (Botto et al., 2019; Keerthi et al., 2022). Plasma con-
tains excited atoms and ions that produce radiation when they
relax to the ground energy level (Radziemski, 2002). Recent
studies have examined optical emission from laser-generated
plasmas and calculated atomic and ionic line emission utilizing
laser interaction with the sample target (Bulajic et al., 2002).

Analyzing plasma emissions using a spectrometer reveals el-
ement identities and concentrations. Estimating plasma proper-
ties like electron temperature and density may diagnose plasma
(Mohammed et al., 2022b). One of the past century’s most
rapidly expanding analytical methods is laser-induced break-
down spectroscopy (LIBS) due to its speed, mobility, the ca-
pacity of in situ remote analysis without sample treatment,

and simplicity of use (Botto et al., 2019). LIBS technique has
been used effectively in a wide variety of domains, including
bio-medicine (Corsi et al., 2003; Sancey et al., 2014; Pyun
et al., 2023), environmental protection (Yamamoto et al., 1996;
Kasem et al., 2011; Tavares et al., 2022), industrial diagnostics
(Lorenzetti et al., 2015), forensic investigation (Gupta et al.,
2017), etc. LIBS technique characteristics depend on laser
parameters (energy, pulse duration, and wavelength), sample
characteristics (optical absorption coefficient, thermal conduc-
tivity, melting and boiling point thermal diffusivity, surface
reflectivity), ablated material amount, and atmospheric envi-
ronmental composition (Shaikh et al., 2008).

Many experimental investigations have examined the in-
fluence of the factors above on LIBS analytical performance.
Afgan et al. (2018) used an Nd: YAG laser set to 1064 nm
to do a spectroscopic analysis of thallium plasma. They re-
ported that laser irradiance had been used to measure plasma
temperature and electron density. The influence of Nd: YAG
laser intensity and wavelength on the plasma characteristics of
emission Magnesium lines is investigated by (Mohammed et al.,
2022a). When comparing the fundamental laser (1064 nm)
and the second harmonic (532 nm) cases, plasma temperatures
are greater in the former. This research aimed to examine
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Table 1. Cu Plasma Spectral Line Emission Spectroscopy Pa-
rameters Related to the NIST Database (NIST)

Spectral lines 𝜆 (nm) giAi j (s−1) E j (eV)

Cu I 570 9.60×105 3.816
Cu II 593.76 7×107 17.21

Figure 1. LIBS System Diagram Experiential to Generate Cu
Plasma

how changing the laser energy affected the spectral lines and
characteristics of Cu plasma at the visible spectrum range.

2. EXPERIMENTAL SECTION

Figure 1 depicts the experimental setup for laser-induced break-
down spectroscopy (LIBS). In this experiment, a nanosecond
Q-switched Nd: YAG laser set to 532 nm wavelength, 6 Hz in
repetition frequency, 10 ns in pulse duration, and laser energy
from 400 to 800 mJ is used to generate plasma. The Cu pow-
der was compressed using a hydraulic press at 80 MPa for 10
minutes. At atmospheric pressure, a 10 cm quartz lens focussed
the laser beam on the target’s surface. A 50 mm diameter opti-
cal wire was used to collect the Cu target surface’s plasma light.
The fiber was elevated 1 cm above the sample and connected
to a Surwit (S3000-UV-NIR) spectrometer that was used to
study plasma emissions. To analyze the Cu plasma features,
the lines spectral emission of Cu plasma were compared with
NIST database software (NIST), as shown in Table (1).

3. RESULTS AND DISCUSSION

3.1 Diagnostics of Spectral Lines Emission
Optical emission spectroscopy was used to study the Nd: YAG
laser-produced Cu plasma within the visible spectrum range.
As laser energy is a factor in plasma emission intensity, its
impact on plasma properties was investigated. The ionic and
atomic emission spectra of the Cu plasma demonstrate that
optical emissions are generated as a result of the decay of ex-
cited species in the plasma. The Cu plasma spectra ranged
from 550 to 700 nm, with the emission of 7 spectral lines
following excitation by the 532 nm wavelength at various laser
irradiance energies ranging from 400 to 800 mJ. The spectral

Figure 2. Spectral Lines Emission of Cu Plasma Generated by
532 nm Laser at Various Laser Irradiation Energies

lines emission includes two atomic spectral lines for Zn I at
570 nm and 578.2 nm and five ionic spectral lines for Cu II at
557.8 nm, 593.7 nm, 625.7 nm, 654.4 nm, and 675.8 nm, as
shown in Figure 2.

Figure 3. The Electron Plasma Temperature at Different Laser
Energy

The intensity of the ionic and atomic emission spectra of
Cu plasma increased as the laser irradiance energy increased
from 400 mJ to 800 mJ, as shown in Figure 2. Increased laser
irradiance energy causes an increase in the plasma’s ability to
absorb laser light, which in response causes an increase in the
ablation rate and an increase in the spectral line intensity (Wang
et al., 2018; Ahmed et al., 2021).
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Table 2. Cu Plasma Parameters with Diffrent Laser Energy

Laser energy (mJ) Te (eV) × 1017 ne (cm−3) fp×1012(Hz) ND×103(cm−3) 𝜆×10−5 (cm)

400 2.30 6.75 7.378 7.294 1.372
500 2.60 8.25 8.156 7.835 1.314
600 2.80 11.25 9.525 7.498 1.167
700 2.91 12.75 10.140 7.462 1.118
800 3 15.00 10.998 7.022 1.038

Figure 4. Cu Plasma Electron Density at Various Laser
Energies

3.2 Fundamental Parameters of Cu Plasma
Laser-induced Cu plasma emits ionic and atomic spectral lines
that may be used to measure properties of the plasma such as
electron temperature (Te) and electron density (ne). The inten-
sity ratio method of two spectral lines can be used to measure
the temperature of the electrons in a plasma. The intensity
ratio method uses two spectral lines that come from differ-
ent upper levels of the same product and ionization level to
measure the temperature of the plasma. Equation (1) repre-
sents the formula of the intensity two ratio method to measure
electron temperature (Wainwright et al., 2020; Aadim et al.,
2021):

I1
I2

=
g1A1𝜆2
g2A2𝜆1

exp
[
−
(
E1 − E2
KTe

)]
(1)

Where: I1, I2, g1, g2, A1, A2, 𝜆1, 𝜆2, E1, and E2 repre-
sent the spectral lines’ intensity, wavelength, statistical weight,
transition probability, and energy for Cu spectral lines, re-
spectively. Te is the electron temperature, and K is the Boltz-
mann constant. Table (1) displays the relevant spectroscopic
parameters for evaluating laser-produced Cu plasma transi-
tions taken from the NIST atomic spectra database (Source:
http://www.nist.gov/pml/data/asd.cfm).

Figure 5. Plasma Frequency of Cu Plasma at Different Laser
Energy

Using the atomic spectral line (Cu I) at 570 nm and the
ionic spectral line (Cu II) at 593.76 nm upon excitation at a
wavelength of 532 nm, we were able to calculate the tempera-
ture of the plasma under the postulated local thermodynamic
equilibrium (LTE) conditions. The Cu plasma electron tem-
perature was determined depending on laser energy, ranging
from 400 to 800 mJ. The value of the Te range was (2.30-
3) eV, as listed in Table (2). Figure 3 appear that the elec-
tron’s temperature behavior increases as laser pulse energy
increases. Due to plasma reflection and laser photon absorp-
tion, the plasma plume’s electron temperatures rise when laser
power is increased (Fikry et al., 2020; Ahmed et al., 2021).

The laser-produced Cu plasma’s emission spectra showed
broadened lines. Stark broadening, the primary effect on these
emission spectra lines, is the result of collisions between the
released charged particles and atoms; hence, the electron den-
sity may be determined from the spectral line widths and the
Relation (2) (Suchoňová et al., 2017):

ne (cm−3) =
(
𝜆FWHM

2𝜔

)
× 1016 (2)

where: ne is the electron density, 𝜆FWHM is the Stark full-
width at half-maximum (FHWM), and 𝜔 is the electron impact
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Figure 6. Cu Plasma Debye Length at Various Laser Energies

Figure 7. Cu Plasma Debye Number at Various Laser Energies

parameter.
Utilizing the spectral lines of Cu I at 570 nm, the electron

density was calculated for different laser irradiation energies.
The electron density value ranged from 6.75 to 15×1017 cm−3,
as reported in Table (2). Figure 4 indicates that when laser in-
tensity increases, electron density increases, which is consistent
with (Ahmed et al., 2021).

The findings demonstrated that electron density (ne) and
temperature (Te) vary slowly or reach saturation. The observed
phenomena may be explained by the plasma reflection of laser
light, also known as the plasma shielding effect. When experi-
ments are conducted at room temperature and pressure, the
air acts as a barrier against the ionization process, reducing the
available laser intensity for mass ablation.

3.3 Characterization of Other Basic Cu Plasma Parameters
To get a complete profile of the Cu plasma, we used electron
temperature (Te) and electron density (ne) to measure the effect
of laser energy on other basic plasma characteristics such as
plasma frequency ( fp), particles in the Debye sphere (ND), and
Debye length (𝜆D)

The equations representing these basic parameters ( fp),
(ND), and (𝜆D) are given by Formulas (3), (4), and (5), re-
spectively (Piel, 2010).

fp =
(
nee2

𝜀0me

) 1
2

(3)

𝜆D =

(
𝜀0kBTe
nee2

) 1
2

(4)

ND =
4𝜋
3
𝜆 3Dne (5)

where: 𝜀0, kB, e, ne, and me are the permittivity of free space,
Boltzmann constant, charge of the electron, electron density,
and mass of the electron, respectively.

The findings are summarized in Table (2), where it can be
seen that when the laser energy was increased, fp also increased.
In contrast, both 𝜆D and ND decreased when the laser energy
was raised.

From Figure 5, we notice that the plasma frequency ( fp)
increases with increasing laser energy. This behavior is due
to more ablated material created with greater irradiation (Mo-
hammed et al., 2022a).

It can be seen in Figure 6 that when the laser energy is raised,
the Debye length (𝜆D) decreases because the material absorbs
more light. This finding is consistent with that of Aadim et al.
(2021) .

Figure 7 shows the number of particles in Debye’s sphere
(ND) at a range of laser energies from 400 to 800 mJ. The
findings correspond with those of (Mohammed et al., 2022a),
who found that both ND and 𝜆D exhibit comparable behavior
as a function of laser energy because of their direct relationship.

4. CONCLUSION

Cu plasma characteristics were studied in relation to laser inten-
sity. The optical emission spectrum, electron density, electron
temperature, and other fundamental plasma parameters have
been significantly impacted by varying the laser intensity. As
the laser energy increased, there was a linear increase in the
temperature of the electrons in the Cu plasma. Collisions be-
tween freed atoms and charged particles result in spectral line
broadening proportional to the electron density. The mass
ablation rate increased. linearly with laser intensity, resulting
in a larger electron density.
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