O Q
Journal of Physical Science o) ?
Vol. 36(3), 75-87, 2025 o

Spectroscopic Investigation of Plasma Parameters in an CdO
Target Using Laser-Induced Breakdown Spectroscopy

Saeed N. Turki AlRashid,’ Sabah N. Mazhir?* and Nagham M. Hamid’

'Department of Physics, College of Education for Pure Science, University Anbar,
Ramadi, Iraq

2Department of Physics, College of Sciences for Women, University of Baghdad,
10072 Baghdad, Iraq

*Corresponding author: sabahnm_phys@csw.uobaghdad.edu.iq

Published online: 28 November 2025

To cite this article: AlRashid, S. N. T. et al. (2025). Spectroscopic investigation of plasma
parameters in an CdO target using laser-induced breakdown spectroscopy. J. Phys. Sci.,
36(3), 75-87. https://doi.org/10.21315/jps2025.36.3.6

To link this article: https://doi.org/10.21315/jps2025.36.3.6

ABSTRACT: This study investigates the plasma parameters of a cadmium oxide (CdO) target
using laser-induced breakdown spectroscopy (LIBS). The plasma spectra of CdO were observed
after preparation using a pulsed laser with energies of (300, 500 and 700) m]. The experiment
used a high-power laser to ablate the cadmium (Cd) target, generating a plasma plume that
emitted characteristic spectral lines. We extracted valuable information about the plasma
parameters by analysing the emitted light, including electron temperature, electron density and
ionisation degrees. The LIBS setup was carefully calibrated and optimised to ensure accurate
and reliable measurements. The evaluation of electron density was achieved by employing Stark
broadening analysis, plasma density and plasma frequency. Additionally, it is worth noting
that the Debye length decreases as energy increases. The electron temperature values range
from 0.770 ¢V-0.788 V. While the electron density ranged from (4.167-4.688) x 10" cm™.
The remaining plasma properties were determined by the utilisation of mathematical formulae
and the Boltzmann plot approach. This study provides the first systematic correlation between
laser energy 300 mJ—700 m] and plasma parameters, the temperature and density of electrons,
and other fundamental plasma properties in CdO targets, demonstrating a linear increase in
electron density with energy. These findings optimise LIBS for Cd detection in environmental
monitoring or thin-film diagnostics, utilising emission spectroscopy-based characterisation
techniques. This is the first study to quantify Cd plasma parameters across a laser energy range
300 mJ-700 m] using combined Stark broadening and Boltzmann plot methods.
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1. INTRODUCTION

Laser-induced breakdown spectroscopy (LIBS) is used for quantitative and qualitative
elemental analysis of liquids, gases and solids. A method of atomic emission
spectroscopy called LIBS employs heated vaporisation, dissolution and excitation
from laser-generated plasma." The approach has various advantages, the most
significant of which is the ability to interrogate material in situ and remotely without
any pretreatment since focused optical light forms plasma.? A laser-plasma is shaped
onto or into the sample, light is collected from the plasma, and then it is analysed
spectroscopically to accomplish LIBS measurement.’ Plasmas generated via laser-solid
interactions exhibited with solid objects have a great deal of potential for research in
both the theoretical and practical realms. A great number of factors that define the
characteristics of the target affect the characteristics of these plasmas. These factors
include the properties of the medium in the environment, the pulse duration, the laser
wavelength and many others.” It can also be employed for LIBS. After the above laser
focusing, a plasma plume is produced. The release band for the plasma plume created
by the laser can be used to identify the target substance.” Plasma spectroscopy is a
diagnostic technique widely used in fundamental scientific fields like astrophysics and
plasma physics, as well as in the processing and technology of plasma. Two primary
types of plasmas can be distinguished: low-temperature plasmas, called gas discharge
plasmas and high-temperature plasmas, which are fusion plasmas. Additionally,
it is relevant to basic science domains such as plasma physics and astrophysics.®
The measurement of the spectral lines emitted by the hot, dense plasma created at
a sample’s surface upon exposure to a high-intensity focused laser beam forms the
basis of LIBS.” LIBS measurements encompass spectrum and time-resolved analyses
of the atomic and ionic emission lines produced at a sample’s surface following the
application of an intense laser pulse. Since the initial use of LIBS for diagnostic
applications, numerous systems have been created for both laboratory and field
utilisation, capitalising on its distinctive attributes like as rapidity, absence of sample
preparation and minimal sample consumption.® The data obtained from the plasma
spectrum allowed for the calculation of the plasma’s properties, which ultimately
resulted in the synthesis of cadmium (Cd) -rich material during the manufacturing
process. These values were shown to have a strong correlation with the material’s
structure, which was made up of atoms, ions and electrons.” Laser plasma can be
produced from any material, including gases, liquids, solids and aerosols, depending
on many factors, including sample properties and detector settings (such as gain
and linearity of response).’ The field of laser-produced plasma emerged with the
introduction of powerful lasers. A sample that is exposed to pulsed laser absorbs the
energy, heats up, melts and evaporates. Because of the laser’s high peak intensity,
temperatures can rise to thousands of degrees. The sample ionises at that point,
creating plasma.'" The formation of plasma can occur when an abrupt shift in
temperature disrupts the electrostatic connections that hold the electrons and nuclei
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of an item together. This may occur in the event of a sudden temperature rise. Both
the electrons and the nuclei are free to move around in the state of matter known
as plasma. The components of a hot gas are, therefore, a composition made up of
neutral atoms, electrons and ions in various combinations.!> The features of the
various isolated radiation types as well as the local environment surrounding the
radiator define the parameters of plasma radiation.* Cadmium oxide (CdO) plasmas
are critical for applications in optoelectronics, biological and environmental sensing,
yet the energy-dependent dynamics of Cd plasma parameters remain understudied."
This work bridges this gap by using emission spectroscopy characterisation techniques
to assess the influence of laser energy on LIBS emissions, as well as electron
temperature, density and other fundamental plasma parameters defined by electron
density (n,) and electron temperature (T..) This work examined the spectra of the
major and trace elemental compositions of CdO thin films. The electron temperature
and density of the detected plasma were analysed. Time-resolved spectroscopy aids
in comprehending the temporal dynamics of the influence of nanostructures on the
material matrix.

2. METHODOLOGY

The studied material is Cd from DH Scientific (Erftstsdt, Germany). A Q-switched
pulsed laser Nd: YAG with a wavelength of 1,064 nm and a frequency of 6 Hz is
used to create the plasma for the experiment, which tests solid targets made of CdO.
The plasma was generated this way, an optical fibre with a core diameter of 50 pm was
placed 1 cm away from the CdO target surface. to collect the light emission produced
by the surface plasma created by the laser. The National Institute of Standards and
Technology (NIST) database programme was utilised to allocate the optical emission
line to particular elements to ascertain the parameters of the plasma.' A charge-
coupled device (CCD) spectrometer (model X, resolution Y nm) captured spectra
averaged over 50 laser pulses, with a gate delay of 1 pis and an integration time of 100
used to analyse the radiated spectra that had been sent from the samples’ surfaces over
an optical connection. We did this to find out how different laser intensities affected
the plasma’s properties setup as depicted in Figure 1.
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Figure 1: Schematic diagram of the experimental setup for LIBS.

3. RESULTS AND DISCUSSION

3.1 X-ray Diffraction of Simple

X-ray diffraction is a proficient technique for characterising crystalline structure. X-ray
diffraction studies provide extensive information regarding orientation and crystal
structure, phase, preferential orientation, lattice constants, lattice strain and average
crystalline size. If the path difference between two rays diffracted from succeeded
atomic layers (with dyy separation) is a multiple of X-ray wavelength (A), constructive
interference occurs.”

n7\ =2 dhkl sin 9 (1)

Where n is an integer number, d is the interlayer distance, A is the wavelength of the
X-ray beam and 0 is Bragg’s angle.

Scherrer’s formula used in crystallite size calculation utilises the broadening of

diffraction peaks.'®"

kA

5= B.cos (0) )

For the CuKa transition, A is the X-ray wavelength employed equivalent to
1.5406 nm, and the full width at half maximum is denoted by B. The shapes factor,
k, has a numerical value of 0.90. X-ray diffraction patterns of nanostructured CdO
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thin films coated on glass substrates in the range of 20-80 are displayed in Figure 2.
Clearly, the film has a cubic structure and is polycrystalline in nature. Also, the five
diffraction peaks can be observed and located at 30.9°, 38.99°, 44.49°, 56.42° and
69.99°, corresponding to (311), (200), (422), (531) and (222), crystal planes verify
the creation of CdO (JCPDS: 01-104) and (00-5-0640), in that order. Furthermore,
the trace of CdO, in cubic phase JCPDS is indicated by high peaks at 33.74°,
which correspond to (200) planes (CARD NO 39-1221). The small peak at 36.99
corresponds to (031), confirming the formation of Cd(OH), monoclinic JCPDS
(CARD NO. 71-2137). The robust apex at 66.64 corresponding to (004) confirm
the formation of Cd (JCPDS: 05-0674).'%"
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Figure 2: Shows the pure CdO XRD patterns.

This research reviews how laser energy affects the plasma spectra of CdO in the laser
ablation process. The main points mentioned in the research can be summarised
as follows; The target substance evaporates during the process of transforming
the material from a solid or liquid state to a gaseous state due to laser heat. Cloud
interaction with the laser beam: The laser beam interacts with the cloud, resulting in
its evaporation, heating and plasma formation. Plasma expansion and cooling: The
resulting plasma expands and cools over time, which affects the emission spectra that
can be measured.

Figure 3 shows the emission spectra of Cd plasma obtained using different laser
energies (300 mJ, 500 mJ and 700 m]). The range of spectral values displayed
from 200 nm to 800 nm is the range in which plasma spectra can be measured.
The more laser energy there is, at 700 m], the Cd I line at 508.58 nm exhibits 2.5x
higher intensity than at 300 m], indicating enhanced ablation and ionisation. This
is due to the increased absorption of the laser by the plasma.? This results from the
increased laser absorption by the target.”!
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Figure 3: Displays the emission plasma spectra of CdO generated at different laser energies.

Boltzmann plot method for spectral measurements was used to understand ionisation
and excitation processes of atoms in plasma; it is essential to know the temperature
and species density.”” Estimating. For one line of the same element, the relative
density is required. However, the Boltzmann method cannot determine the excitation
temperature until local thermal equilibrium (LTE) is achieved. Equation 3 illustrates
how electron temperature values are computed by use of the Boltzmann plot technique.
This technique needs four peaks from the same ionisation process and atomic species,
selected at wavelengths of (325.23, 340.37, 361.05, 479.99, 508,58 and 643.85) nm,
with Cd I line as the Cd target.”

I\ __E
Ln = +C (3)
Aﬁgf kg,

Figure 4 shows the Boltzmann plots of In [(A_ji I_ji )/(hcA_ji g_j )] as a function of
the upper-level energy E_j for the different laser pulse energies. The slope of each
linear fit is equal to (-1)/(K_B T_e), from which the electron temperature T_e is
obtained. Plasma temperature can be calculated by measuring multiple emission lines
simultaneously.” Fitting formulae and R? values for all pertinent lines are shown in
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Figure 4. (where R? is used to indicate linearity strength). In the upper graph, the
R? value is closer to 1. According to Table 1, the T. ranges between 0.770 ¢V and
0.788 eV. As laser energy increases, the mass ablation rate also increases, which raises
the T.. The material’s temperature increases with higher laser energy, resulting in
enhanced plasma emission and increased kinetic energy, ultimately leading to a higher
electron temperature as the plasma absorbs more laser energy.?*? Electron density can
be determined using the linear density, as well as from the line broadening resulting
from the Stark effect.?® According to the Stark effect method outlined in Equation 4,
electron density can be calculated.?

n, = [M N, (4)

2w

The sharp broadening parameter ® is found to have a full-width theoretical line.
Charged species collisions in plasmas produce sharp spectral line widening, which is
associated with electron density.

Table 1: The table shows the plasma parameters for Cd at various laser energies

300 0.770 4.167 5.797 1.010 1799.84
500 0.788 4.557 6.062 0.977 1781.53
700 0.788 4.688 6.148 0.963 1755.47
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Figure 4: Boltzmann curve illustrating plasma emission from a
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The full width at half maximum (FWHM) of the Cd II emission lines’ Stark-
broadened profile is shown in Figure 5. Charged particles employ a mechanism called
“Debye shielding” to mitigate the impact of nearby electric fields, which gives the
plasma its quasi-neutrality. This process allows for formulating the concept of the

Debye length (Ap).”
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The shielding effect can only occur when a substantial number of Debye sphere
electrons. The density of electrons and temperature, denoted as N, define the number

of particles in the Debye sphere, the presence of plasma is further necessitated by
ND > 1.19

N, = 47

n.A\) ©6)

We can assume that electrons provide shielding due to the exponential decay of the
potential.?’
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Figure 5: Show Stark broadening effect in CdO plasma at different laser energies.

Figure 6 illustrates the immediate connection between the energy of the laser pulse
and the density of electrons (n.) and the temperature of electrons (T.). Furthermore,
it has been observed that an escalation in laser pulse energy is correlated with an
elevation in both (T.) and (n.). By reducing the transmission of high-intensity laser
energy along the laser beam’s path, plasma shielding is a technique. This might
explain the increase in plasma temperature. Additionally, the plasma may block the
laser beam’s path when it strikes the target resulting in opacity.?
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Figure 6: [llustrates how (T,) and (n,) change in relation to laser energy.

It has been observed that when the energy of the laser pulse grows, the Debye length
(Ap) diminishes. This occurs because lasers have varying effects on plasma based
on their frequency and intensity. Usually, increasing the laser pulse’s energy raises
the material’s temperature (T,) enough to separate the outermost electron from the
atom, which leads to a large rise in electron density. Therefore, the Ap has an inverse
relationship with the (n.)"?. This means that as n. goes down, so does the Ap, and
so does the (Np) in the Debye sphere. In addition, uncertainties in T, (+ 0.02 ¢V)
and ne (+ 0.3 x 10'7 cm™3) arise from laser energy fluctuations (+ 5%) and spectral
fitting error. The observed phenomena can be attributed to the fluctuations in mass-
ablation rates and photoionisation relative to the examined pulse energy. The results
gained investigate the potential to regulate certain plasma parameters, applicable in
several domains of material science, spectroscopic research and plasma interaction
dynamics control.

4. CONCLUSION

In conclusion, this work conducted an extensive examination of plasma properties
in a CdO target using LIBS, specifically emphasising the influence of different laser
intensities. Through systematic experimentation and meticulous data analysis, we
have gained valuable insights into the intricate relationship between laser energy and
the resulting plasma characteristics. Through a precise analysis of the data, we were
able to interpret the relationship between changes in laser energy and its effects on
plasma parameters such as electron temperature and density. We observed numerous
Cd emission lines in the plasma spectra. The results indicated that increasing the
amount of laser energy used in sample production leads to an increase in plasma
intensity. Additionally, exploring a wider range of laser energies and conducting
in-depth computational simulations could offer a more comprehensive picture of
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the underlying mechanisms governing the laser-plasma interaction. This discrepancy
results from variations in the components. The linear rise in T, and n. with laser
energy (300 mJ—700 m]) enables precise tuning of Cd plasma conditions for
LIBS-based quantification in industrial Cd waste analysis. The inverse relationship
between Ap and n, confirms Debye shielding dominance at higher energies. Findings
directly apply to LIBS optimisation for cadmium detection in environmental
pollutants or CdO thin-film quality control. The results of this work have substantial
practical ramifications for domains such as surface alteration, LIBS and material
investigation. Additionally, they contribute to our fundamental understanding of
plasma dynamics.
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