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Abstract

In this study, the effect of environment gas and working pressure of laser-induced break-
down spectroscopy from ZnO: Al composite target (AZO) enhanced by an external mag-
netic field on the magnetized characteristics and emission spectra of plasma were investi-
gated. The plasma was induced by a Q-switched nanosecond Nd: YAG laser at a constant
pulse laser energy of 300 mJ at different pressures of 0.08, 0.2, 0.4, and 760 Torr in air
and argon gas. The atomic and ionic emission lines increased in intensity directly with
the working pressure. The plasma temperature (7,) and electron number density (n,) were
determined at the different environmental conditions according to the intensity-ration
method, and Stark broadening effect, respectively. Both n, and T, increased with increas-
ing pressure and with the presence of magnetic field as a result of confining effect. The
line profile appeared with high broadening at atmospheric pressure compared with vacu-
umed plasma. The Larmur radius and confinement factor § increased with working pres-
sure. From another hand, using Ar instead of air caused slightly reduced n, at low pressure,
while T, has the opposite behavior.

Keywords Laser-induced breakdown spectroscopy (LIBS) - Ambient gas pressure
influence - Ar - Air - Plasma diagnostics - ZnO: Al target - Magnetized plasma

1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is a powerful spectral analysis technique
based on analyzing the emission from plasma-induced on the surface of a sample by a
laser source. Recently, LIBS has gained high attention in numerous fields due to its capa-
bility for the analysis of small elements, simultaneous multi-element detection, simplicity
of sample preparation, remote detection, and in situ real-time analysis (Peng et al. 2016).
LIBS also can be conducted with easily-handled and inexpensive devices. It is used for
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the online determination of elemental composition and utilizes a high-intensity laser beam
from different types of targets (Rithlmann et al. 2018; Abbas and Adnan 2020).

LIBS applications now spread to additional fields including the diagnostics of atmos-
pheric plasmas in the field of biomedicine (Li et al. 2023) and environmental applica-
tions (Zhang et al. 2021). It is also used as an analytical method for steel, alloy, metal,
and ceramic industries’ geological studies (Panya Panya et al. 2021). It is also used for
on-site analyses such as controlling the metallurgical mining processes (Myakalwar et al.
2021). The LIBS technique also allows for the efficient determine the elemental composi-
tion (Ahmed et al. 2019), or to assess the final properties of the deposited thin films, and
diagnosis of the plasma to see its effect on the deposition process (Depablos-Rivera et al.
2021) or synthesis of nanoparticles (Lu et al. 2023).

LIBS can be applied under atmospheric air or under vacuum. In addition to laser param-
eters the plasma processes in LIBS are extremely reliant on the surrounding media, and
pressure during laser mater interaction (Abbas 2019). LIBS can be enhanced by different
techniques such as by applying an external magnetic field, using different working pres-
sures, and using dual pulses inertial confinement (2021).

Atif et al. (2018) studied the effect of an external magnetic field on LIBS as a func-
tion of pressures using Nd: YAG (1064 nm, 8 ns) under helium and argon gases at differ-
ent working pressures (1-80 kPa). It is exposed that emission line intensities and plasma
parameters are highly affected by the magnetic field and ambient gas conditions. The stark
broadening confirms increasing electron density by the magnetic field at different pres-
sures. Reeson et al. (2020) studied the effects of O,, He, and Ar Background gases at differ-
ent pressures used on plasma formation by 355 nm laser in the deposition of AZO by PLD.
The OES measurement results show that the emission intensity of the species in O, and Ar
decreases slightly and then increases exponentially above ~5 Pa.

In the present work, the influence of the magnetic field, pressure, and gas type on the
LIBS characteristics will study in more detail.

2 Experimental setup

Zinc oxide -aluminum mixture at 0.3 wt.% atomic ratios formed into a capsule of 1 cm
diameter by pressing into a stainless-steel mold under 5 tons press for 15 min which was
used as a target for Laser-induced breakdown spectroscopy (LIBS). The process was done
using a Q-switched Nd: YAG laser of the fundamental wavelength of 9 ns pulse duration,
300 mJ pulse energy, and 2 mm spot diameter perpendicular to the target. The LIBS tech-
nique was enhanced without and with a permanent magnet behind the target of a 77 mT
magnetic field. A previously calibrated wide-range spectrometer (Thorlabs- CCS 100/M)
was used to analyze the emissions plasma plume at a wavelength range of 320-740 nm
with a spectral resolution of 0.1 nm. The analyses were done in atmospheric air and a vacu-
umed chamber in air and Ar at 0.08, 0.2, and 0.4 Torr vacuumed using a double-stage
rotary pump. The emissions were taken at a 5 cm distance and 45° angle with the target
surface through a quartz window using an optical fiber. A Perini gauge (Edward) was used
to control the vacuum pressure of the chamber. Figure 1 shows a schematic of the LIBS
system.

The electron temperature was determined at different conditions using the inten-
sity ratio method employing the atomic lines of zinc, while the electron number den-
sity was determined using the stark broadening effect using the 481 nm, Zn I line. The
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Fig. 1 A schematic of the LIBS system

instrumental line width was determined by fitting the profile of a low-pressure Hg
atomic emission line of 435.7 nm using a Hg lamp. The calculated instrumental broad-
ening was 0.248 nm for the used spectrometer. Then the Stark broadening for an experi-
mental emission line which is fitted by a Lorentzian profile is the difference between
total line width and instrumental width.

3 Results and discussions

Figures 2, 3, 4 and 5 show the spectroscopic patterns of plasma emission by LIBS in air
and argon gases under different vacuum pressures from AZO targets, and another time
with the presence of a magnetic field for the two cases, respectively. The appeared emis-
sion peak lines were matched with the atomic and ionic standard lines of zinc and alu-
minum elements (Zn-1, Zn-II, Al-I, and Al-II) according to data from the National Insti-
tute of Standards and Technology (NIST) (NIST Chemistry WebBook, U.S. xxxx). The
variation of intensities for each pattern at different wavelengths is due to the different
transition probabilities and statistical weight of each transition. The intensity of emitted
lines for atomic species is higher than that for ionic ones due to the low ionized degree
within plasma. On the other hand, the emissions of Zn lines are higher than those of
Al lines due to their difference in content in the target. The LIBS emission intensity
lines increased in intensity directly with working pressure due to the enhancement of
breakdown due to the spatial confinement effect of the surrounded gas molecules. The
species confined within a limited space with high-density act as emitted sources dur-
ing the de-excitation of the excited atoms by the laser (Bredice et al. 2015). According
to Stark’s principle, the lines become more breadth with increasing the working pres-
sure from 0.08 to 0.4 Torr, which suggests an increase in plasma density. A significant
broadening in atmospheric pressure has appeared in the air (Ahmed et al. 2022). The
electron number density was determined according to Stark broadening effect by the
relation (Palleschi 2021).
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Fig.3 Emitted spectra induced from AZO target under different pressure in argon
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where A Apy,, is the line emission broadening subtract the instrument broadening, o is the
electron impact factor, N, is the electron density obtained from the reference data (Dimitri-
jevic and Sahal 1999).
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Fig.4 Emitted spectra induced from AZO target under different pressure in air with the presence of the
magnetic field
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Fig.5 Emitted spectra induced from AZO target under different pressure in argon with the presence of the
magnetic field

Figure 6 illustrates the Lorentzian fitting for the Zn-I 481 nm emission line at differ-
ent working pressure in air and Argon gas, in the two cases of absence and presence of
the external magnetic field. The line broadening increased with increasing the working
pressure, especially at atmospheric pressure. When increasing pressure, the high density
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Fig.6 Lorentzian fitting for Zn-1 481 nm emission lines at different pressures in the air without magnetic
field (a), in Air with the magnetic field (b), in Ar without magnetic field (¢), and in Ar with the magnetic

field (d)

of surrounding gas molecules restricted the plasma expansion cause to reflect the shock
wave and effectively compress the plasma plume by limiting the plasma plume expansion
causing an inertial spatial confinement effect, thereby causing the n, to increase (Hao et al.
2022). Zinc spectral lines intensity (334.5 and 636.2 nm) were chosen to determine the
plasma temperature. The comparison between 7, and n, values with the absence and pres-
ence of the magnetic field and their variation with the working pressure in air and Argon

was shown in Figs. 7 and 8.
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Fig.8 Electron number density and plasma temperature against working pressure in Argon without the
presence of the magnetic field

The electron temperature and its number density increased with increasing surround-
ing pressure in both gases at a pressure range of 0.08-760 Torr. At the lowest pressure
levels, the energetic electrons and other species can travel longer distances before losing
some of their energy in different collision types (Weng et al. 2021). Limiting the plasma
plume expansion by the surrounded gas (in the air and Ar) with increasing pressure
cause to confinement effect, thereby causing the need to increase. T, in Ar is slightly
lower than in air due to the higher cross-section of excitation collision for mono-atomic
gases than the domain molecular gases in the air, which give a high probability of loss
of energy and causes less dispersion of the plasma energy through fewer interactions
with fast electrons (Glumac and Elliott 2007). All values of T, and n, are higher with the
presence of a magnetic field due to the magnetic confinement effect (Rai et al. 2003).
Table 1 listed the plasma parameters of LIBS for the AZO target in the air and argon
environments at different vacuum pressure using 300 mJ pulse laser energy. The 7, and
n, increased with increasing the pressure from 0.08 to 760 Torr due to increasing the
confinement effect by the surrounding gas pressure (Abbas and Abbas 2021). In addi-
tion, the two parameters increased with the presence of a magnetic field indicating the
effective magnetic confinement of the plasma induced by a permanent magnet behind
the target.

Table 1 Plasma parameters for LIBS from AZO targets in air and Ar at different vacuum pressure without
the presence of the magnetic field

Gas P (Torr) T, (eV) n,x10"7 (cm™3)
Without With Mag. Field Without With Mag. field

Air 760 0.319 0.467 0.758 1.364

0.40 0.373 0.559 0.909 1.455

0.20 0.456 0.707 1.061 1.515

0.08 0.844 1.389 4,091 4.394
Ar 0.40 0.114 0.240 0.606 1.061

0.20 0413 0.844 0.758 1.364

0.08 0.527 2.038 1.061 1.970
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Fig. 10 Variation of emission intensity of Zn-I (481 nm) with working pressures with and without magnetic
field in the air (a) and argon gas (b)

Figure 9 shows the variation of Larmur radius (r;) of electrons gyration caused by the
applied external field with working pressure in air and argon. The Larmur radius in a con-
stant magnetic field is directly related to electron velocity (which is related to their tem-
perature), so r; is increased with increasing working pressure. The validity of magnetic
confinement is confirmed by evaluating the magnetic confinement factor (f), where f is
defined as the ratio of plasma pressure to magnetic pressure. Laser-induced plasma under
vacuum has p < 1, indicating the efficiency of magnetic confinement especially at low vac-
uum, where the magnetic pressure is higher as compared to plasma pressure (Khan et al.
2023). p increased with increasing pressure i.e. reducing the magnetic confinement effi-
ciency, especially at atmospheric pressure with f=0.412. Small variation in r; and § with
fewer values in Ar than air. Reducing the confinement efficiency at atmospheric pressure
due to the high number of collisions. The vacuum level variation seems more effective on 3
values in Ar than in Air.

Figure 10 shows the variation of emission intensity of Zn-I (481 nm) with working pres-
sures in air and Argon with and without the magnetic field. The LIBS intensities increase
with increasing vacuum pressures from 0.08 to 0.4 Torr in the two types of gases and sig-
nificantly increased in atmospheric air. The results indicate that the optimum pressure for
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the LIBS technique is at 0.4 Torr vacuum pressure from the AZO target. Despite the high
increase in the emission intensity of the spectral lines at atmospheric pressure, it is not
preferred because of the large broadening in the spectral lines, which leads to a decrease
in the ability to distinguish between adjacent lines. The use of pure Argon gas which has
distinctive spectral lines (especially if the wavelength range of the spectral study area does
not contain lines of high intensities for the gas used) is better than using air, which contains
different types of gases and impurities that affect the detection process using LIBS tech-
nology. On the other hand, the LIBS intensity significantly enhanced the LIBS emission
intensity (while it is not affected at atmospheric pressure) as a result of more excitation col-
lisions due to the long bath gyration motion of electrons and increasing the plasma density
(Rai et al. 2003).

4 Conclusions

In this study, the effect of environment gas (air and Argon) and working pressure in laser-
induced breakdown spectroscopy (LIBS) from an AZO target with an external magnetic
field shows the following aspects. The LIBS investigation was enhanced by an external
magnetic field on the plasma characteristics and emission. Both 7, and 7, increased with
increasing pressure as a result of confining effect. The Larmur radius and confinement
factor f increased with working pressure indicating the less effectiveness of the external
field on plasma confinement at high working pressure compared with the low vacuum
pressure. From another hand, using Ar instead of air caused to slightly reduced in n, at
low pressure. While the 7, has the opposite behavior. The atomic and ionic emission lines
increased in intensity directly with the working pressure from 0.08 to 0.4 Torr, enhanc-
ing the LIBS detectability but limiting vacuum pressure. Despite the significant enhance-
ment of emission intensity in atmospheric air, it is not preferred for LIBS because of the
considerable broadening in the spectral lines, which leads to a decrease in the detection
ability of adjacent lines. On the other hand, using pure Argon gas with distinctive spectral
lines (especially if the wavelength range of the spectral study area does not contain lines of
high intensities for the gas used) is better than using air, which may contain impurities that
affect the detection process. Alternative gases can be used to study the spectral emission
from different targets with spectral emission at other ranges.
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