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Abstract

In this work, the effect of laser energy on the properties of a calcium plasma
generated by a Q-switched Nd: YAG laser at the fundamental wavelength was
studied using spectroscopy. The Boltzmann plot and Stark broadening method were
used to measure the main plasma parameters (electron temperature and electron
density). The electron temperature ranged ( 0.169 -0.172 ) eV, the electron density
ranged ( 2.10 — 2.63 ) x 10*8cm™3 for laser energy range of ( 400 — 700) mJ. Other
basic plasma properties were also measured, including the Debye length, the number
of particles in the Debye sphere, and the plasma frequency. Laser energy affects all
plasma parameters, according to our results.
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1.Introduction

Laser-Induced Breakdown Spectroscopy ( LIBS) is a flexible technology for analyzing
samples in their natural state without changing their chemical composition[1]. LIBS is a
spectroscopic method that uses emission to describe the elements in materials. It has a variety
of applications. When a high-intensity laser pulse is ignited at the sample surface, a plasma
column is formed, as a result of which the sample. The separation mass of a substance is in
the nanogram to microgram range[2]. The basis of LIBS is the study of the spectral lines that
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a plasma generates when a laser irradiates a substance. The sample surface is irradiated with a
focused, high-intensity laser beam, which results in a hot plasma on the surface. When atoms
and ions in different excited states shift to lower energy levels in the resulting plasma, they
emit light which can be analysed using spectral analysis techniques [3]. Optical emission
spectroscopy (OES) is a valuable technology. The properties of the materials that make up the
plasma can be determined; OES is one of the most direct and most widespread methods that
have been used to estimate plasma parameters [4]. There are many experimental publications
in the literature investigating plasma features such as the effect of laser energy, wavelength
dependence, and Spatio-temporal behavior. Sheikh et al.(2006)[5] presented a spectroscopic
study of air-produced zinc plasma by a pulsed at the Nd: YAG laser three wavelengths (1064,
532, and 355 )nm. They note that both the temperature and electron density decrease with
increasing distance from the surface of the target and source. At a specific wavelength of
1064 nm and 532 nm, Wang et al.(2018) [6] studied laser impact energy and wavelength in
detecting secondary elements in alloy steels . Using tin oxide saturated zinc oxide plasma
spectroscopy techniques with different ratios and different laser power, researcher Muna et al
. (2019) [7]performed a spectroscopic plasma examination properties like temperature,
electron density, and Debye length. When the energy increases, it decreases. The primary
objective of this study is to use spectroscopic light emission to investigate the properties of
plasmas using spectral lines emitted by pure (Ca) atoms surrounding the plasma.

2.Experimental part
Optical emission spectra of calcium plasma are measured using a laser-generated
spectrophotometer as seen in Figure 1
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Figure 1: LIBS system schematic diagram

The plasma in this experiment was generated using an Nd: YAG laser with a basic
wavelength of 1064 nm and a pulse duration of 10 nm. Repetition frequency 6 Hz, laser
power from 400 to 700 (mJ). Calcium powder was placed inside a stainless steel metal
cylinder and pressed by a hydraulic press. The powder was then made into a 1 cm thick disc,
and the process was completed at room temperature for 10 min. At atmospheric pressure, a
quartz lens with a focal length of 10 cm focuses the laser beam on the surface of the target
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(Ca). For plasma emission, optical fibers were attached to a Surwit spectrometer (S3000-UV-
NIR) and positioned 1 cm above the sample surface.

3. Results and Discussion
3.1. Spectroscopy diagnostics

Calcium plasma was characterized using optical emission spectrometry. the emission
spectrum of calcium plasma, light emission is formed when excited species decay in the
plasma, and a spectrum is often a number of distinct spectral lines of atoms, ions, or multiple
ions. Calcium plasma has a light emission spectrum ranging from 300 nm to 700 nm. the
optical emission lines measurements of calcium plasma according to the NIST database were
used[8]. The calcium spectrum contains four Call ion lines at 317.93, 373.69, 393.36, and
422.07 nm, as well as six atomic Cal lines at 364.44, 443.56, 526.55, 559.01, 616.64, and

645.56 nm as shown in Figure 2.
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Figure 2: Spectral of plasma emission for Ca target at different laser energies.

Calcium line intensities were measured at 559.012, 616,644 nm, and 645.56 nm using
different laser energies. Figure 2 shows the Ca plasma spectra from which the effect of laser
energy on the intensity of the spectral lines can be studied. It was found that the intensity of
the spectral line emission increases with increasing laser energy. This is due to the plasma
absorption of laser photons, at the same time the plasma is relatively transparent on the laser
beam so that the target ablation is increased. Increased targeted ablation leads to increased
plasma emissions.

3.2 Characterization of plasma

Plasma properties such as electron temperature, electron density, plasma frequency, Debye
length, and Debye sphere can be estimated using spectroscopic lines emitted from the calcium
plasma. Understanding plasma excitation and atomic ionization processes require knowledge

of Te and ne.
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3.3. Electron temperature
The Boltzmann plot method was used to determine the electron temperature of the Ca
plasma, as stated in equation (1)[9], assuming local thermodynamic equilibrium (LTE).

Ln(lﬂlll/g]Aﬂ) = —(E]/kBT) e (l)

Where A i is the laser wavelength (nm), g; is the statistical weight, Aji is the transition
potential, and E; is the upper energy taken from the standard spectrum of the NIST database.
For plasma calcium, three atomic lines were used to apply the Boltzmann Plot method. The

slope of the Ln(/lﬁlﬁ/ ngjl-) versus energy (eV) graph, shown in Figure 3, was used to
calculate the electron temperature; A straight line has an equal slope(—1/kgT).
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Figure 3: Boltzmann plot of calcium plasma was measured using different laser energies.

The temperature of the calcium plasma is calculated depending on the laser energy starting
from 400 to 700 mJ. The value of the T, range is (0.169-0.179) eV as shown in Table 1.

Table 1: Data analysis from the Boltzmann plots with the linear fitting of R?> and electron
temperature at different laser energies
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3.4. Electron density

The laser-induced calcium plasma emission spectra display bold lines. The primary effect
on these emission spectra is Stark broadening, which results from the collision between the
emitted atom and the charged particle. As a result of the collision, the electron density can be
determined using the width of the spectral lines (2)[10]:

_ i
n, (em™3) = (%) x 10 ... (2)

Where n, is the electron density, Agpyyy is the Stark full-Width at half-maximum
(FWHM),and w is the electron impact parameter.

For different laser energies, the electron density was calculated using Call spectral lines at
393.66 nm. As shown in Table 2, the electron density ranged from 0.6 to 1.5 x 108¢m™3.

3.5 Determination and characterization of other plasma parameters

The effect of laser energy on other basic plasma parameters such as Debye length (1p),
Debye sphere (Np) and plasma frequency (f,) was determined using T.and n.for better
characterization of the calcium plasma. We can calculate the length of the Debye from the
following equation [11].

gokpTe 12
e
We can find the Debye number through the following equation [11].
4,
ND =?AD Ne oivcin e (4-)

We can find the value of the plasma frequency by the following equation[11].
1/2

fo= ("e"’z) (5)

gomMe

e is the electron charge, n, is the electron density, m, is the electron mass, where g, is
the permittivity of free space, ky is the Boltzmann constant. The obtained data are listed in
Table 2, revealing that as the laser energy increases, A, and Np decreases. On the other hand,
fp rises when the laser energy goes up.

Table 2: Characteristics of the calcium plasma generated by a 1064 nm laser at different laser
energies.

Electron temperature and electron density (n) are highly dependent on laser energy. can
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be photographed for It is expected in Figure 4. Note that the electron temperature (Te)
increases with increasing laser power and its values in the range 0.169 to 0.179 eV. Electron
density also increases with increasing laser power, values range from 2.10 x10'® to 2.63 x10'®
cm®, With the increase in the laser pulse energy, the electron temperature and electron density
increased cause this increase, the laser highest power has a strong and fundamental effect on
the intensity of the emission lines in as shown in Figure 4. At the high energy it becomes
almost stable because the plasma becomes opaque to the beam The laser that protects the
target. Plasma shielding occurs when the plasma itself reduces the transmission of the laser
highest energy along the beam path[12] .
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Figure 4: Difference between Te and ne versus laser power for calcium at different energy
values.

Figure 5 shows that when the laser power increases, the plasma frequency increases and
the Debye length decreases, and the laser power ranges from 400 to 700 mJ. The frequency
values range from 6.956 to 10.998 x10'?Hz, and according to equation (5), the frequency is
directly proportional to the electron density, and this is normal. When the laser energy
increases, the Debye length decreases. The Debye length values range from 0.153 to
0.255x10 (cm™) which is inversely proportional to the electron density, according to
equation (3) These results are in agreement with Maryam and Kadhim (2021)[13].
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Figure 5: Difference between f, and Ap versus laser power for calcium at different energy
values.

Debye number decreases with increasing laser energy and Np showed similar behavior to
Debye length as a function of laser energy as in Figure 6, and these results are in agreement
with Maryam and Kadhim (2021) [13].
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Figure 6: Debye number of Ca plasma at different laser energy

4. Conclusion

In this paper, A Q-switched Nd: YAG laser with a wavelength of 1064 nm and energy
from 400 to 700 mJ was used to create the calcium plasma. To determine the relationships of
plasma parameters such as electron density and electron temperature, optical emission
spectroscopic measurements were performed. The plasma parameters were calculated based
on their sensitivity to laser energy. The results showed that when the laser energy increases ,
the values of T,, n, and f,, increase, while the values of A, decrease.
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