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Abstract

This study investigated the effect of applying an external magnetic field on
the characteristics of laser-induced plasma, such as its parameters plasma,
magnetization properties, emission line intensities, and plasma coefficients, for
plasma induced from zinc oxide: aluminum composite (AZO) at an atomic ratio of
0.3 wt%. Plasma properties include magnetization and emission line intensities.
The excitation was done by a pulsed laser of Nd:YAG with 400 mJ energy at
atmospheric pressure. Both the electron temperature and number density were
determined with the help of the Stark effect principle and the Boltzmann-Plot
method. There was a rise in the amount of (n.) and (T.) that was produced by
applying a magnetic field and, on the other hand, using the 532 nm wavelength
rather than the fundamental wavelength of a laser. The emission lines in the
atmosphere's plasma have an appearance of Lorentzian shape. The 532 nm laser
exhibited a decrease in both the Larmor radius and the confinement factor
compared with the 1064 nm laser. By applying the magnetic field, the Laser
Induced Breakdown Spectroscopy (LIBS) intensities increased by 1.44 times when
compared to the emissions before applying the field. In addition, the spectral line
intensities improved with the fundamental wavelength compared to the second
harmonic frequency as a result of the increase in the extracted materials. This is
due to the increase in the absorbance of the laser by the target, as some of these
materials are excited, so they act as emission sources, which makes them more
detectable.

1. Introduction
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Laser-induced breakdown spectroscopy (LIBS) is an analytical method that
employs the emitted spectra from plasma induced by a pulsed laser from a sample
surface [1]. Recently, LIBS has become increasingly in use in numerous fields and in a
variety of applications [2, 3]. This can be attributed to its capacity for use to analyze
small specimens, real-time detection, ease of use, and remote detection [4, 5]. LIBS has
become increasingly popular in recent years and has found widespread application in a
variety of fields [6]. It is also attached to devices that are simple to handle and relatively
inexpensive [7, 8]. Utilizing lasers with varied targets can perform an analysis of the
sample's constituents in real-time, which is referred to as online analysis [9].
Applications of LIBS have now spread to numerous fields for elemental composition
determination of products [10], biomedical applications [11], environmental
applications [12], geological studies [13], and mineral mining process control [14].

In LIBS, the plasma processes are highly related to the surrounding media [15,
16], in addition to the laser parameters [17]. LIBS is also affected by many factors, such
as the pressure of the surrounding media [18], and laser wavelength [19]. The
interaction capability of the used laser to induce plasma as well as the confinement
effect can lead to an increase in both plasma density and the emission signal
detectability [20].

The average temperature of the electrons, denoted by Te, and the plasma density,
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denoted by ne, are the two most important parameters that determine the properties of
plasma [21-23]. The intensity of electronic transition changes obeys the Boltzmann
distribution principle according to the plasma temperature (Te), the transition probability
(A;i) of the detected line, and the statistical weight (g;) of its upper level, as presented by
the formula [24].

I

ji= mngl'ihUjie_Ej/k‘3 Te (1)

where Ej is the upper-level energy, kg is the Boltzmann constant, and U(T) represents
the partition function. This relationship can be rewritten in the form of a Boltzmann-Plot
[25], which is utilized in the calculations of electron temperature [26, 27]:
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where ;i is the wavelength of emitted line, and N;j is the number density. A linear plot of
In[ iiil‘—lg] versus (E;) has a slope equals to the inverse of plasma temperature [28].
Jid]
The relationship can be employed to determine the electron number density in
accordance with the Stark broadening effect [29, 30].

AA
ne = (<o) x N, 3)

where AApwpm is the instrument broadening subtracted from the emitted line width, ®
Is the electron impact factor, and N, is the reference electron density [31].

If any external fields were applied, the plasma insulated itself for a brief distance
corresponding to the plasma's size. The Debye-length (Ap) is the sheath
thickness beyond which the electric field is shielded [32, 33].
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where e represents the charge carried by an electron and gy represents the permittivity of
an empty space. The first criterion for plasma is L >> Ap that its geometrical size,
denoted by L, must be much greater than Ap.
The second criterion for plasma is the existence of large number

of electrons inside the "Debye sphere™ in order to satisfy the collective behaviour [34,
35]:

Mend » 1 (5)
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According to the third criterion, the electromagnetic forces that dominate the
movements of the particles must be stronger than their collisional actions. The plasma
frequency, often known as the electron oscillation frequency, is equal to [36]:

n, e?

wp = 21f, = —— (6)

Laser-induced plasma can be confined by different techniques to enhance the plasma
breakdown, such as magnetic confinement by applying an external field [37, 38],
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changing the surrounding gas or working pressures, and inertial confinement using dual
laser pulses [39].

Atif et al. (2018) [40] investigated what happened to LIBS when they applied an
external field at various working pressures using nano-pulsed of Nd: YAG laser while
the chamber was filled with helium and argon gases. It was noted that the external field
and the conditions of the ambient gas have a significant impact on the emission line
intensities as well as the plasma parameters. When the magnetic confinement was
increased to higher levels, there was a corresponding increase in the electron number
density at all of the different pressures.

During the process of preparing AZO thin films using PLD, Reason et al. (2020)
[41] investigated the effect of the presence of various kinds of gas backgrounds at
varying pressures on the formation of plasma by a 355 nm laser. The findings of the
OES measurements revealed that the intensities of the emitted lines of the species in O,
and Ar first experience a slight decrease and then go on to experience an exponential
increase above a pressure of -5 Pa.

In this study, a full description of the influence of an external magnetic field and
laser wavelength on the laser-induced breakdown characteristics was presented.

2. Methodology

A mixture of zinc oxide (ZnO) and aluminum (Al) with atomic ratios of 0.3 wt%
is compressed in a mold made of stainless steel at a pressure of 5 torr for 15 min in
order to create a target for LIBS. This process occurred in a stainless-steel mold to
produce capsules with a diameter of 1 cm. In order to successfully finish the process, a
pulsed Nd: YAG laser at two different wavelengths (1064 and 532 nm) was utilized.
The laser works with a spot diameter of 2 mm, pulse duration of 9 ns, pulse energy of
400 mJ, and falls perpendicularly on the target. The optical fiber was set to make 45°
with the target surface at a distance of 5 cm from the laser spot. The breakdown was
helped in its progression by a permanent magnet that was positioned behind the target
of a magnetic field that was 77.2 mT. The emissions of the plasma plume were analyzed
using a wide-range spectrometer (Thorlabs- CCS 100/M) with a spectral resolution of
0.1 nm and a wavelength range of 300-800 nm. All of the tests were performed at the
standard atmosphere pressure (Fig. 1).
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Figure 1: The schematic diagram of the LIBS configuration.

3. Results and Discussion

Figs. 2 and 3 display a comparison between the spectroscopic patterns of LIBS in
atmosphere from the AZO composite without and with applying the magnetic field,
using the fundamental and second-order frequencies of laser, respectively. According to
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the information that was provided by the National Institute of Standards and
Technology (NIST), the lines of the appeared emission peak were matched with the
emission lines of atomic and ionic zinc and aluminium species (Zn-1, Al-1, Zn-1l, and
Al-11) [42]. This finding is possible because of the fact that zinc and aluminium are both
elements that can exist in both atomic and ionic forms. Different wavelengths showed
different patterns which have varied intensities due to the fact that the probabilities of
the various transitions, as well as the statistical weight that is assigned to each
transition, are responsible for these variations. Because plasma has a low ionization
degree, the intensity of emitted lines from atomic species is significantly higher than
that ionic ones indicated on low degree of ionization [43]. The Zn emission lines in the
spectrum appeared to have a higher intensity than the Al emission lines, which can be
attributed to the different amounts of these elements that were present in the target.
Because of the magnetic confinement effect, the intensity of the emission lines which
were observed by LIBS increased when an external magnetic field was present. This is
because the magnetic confinement both inhibits and slows the expansion of plasma.
After the removal of excitation from the atoms that were excited by the laser, the
species that were confined to a limited space that had a high temperature and density
acted as emission sources [44]. Applying the magnetic field caused a significant
broadening of the spectral lines observed in the atmospheric air, and the lines continued
to become more diffuse as the magnetic field was used. According to Stark's
phenomena, the emission lines broaden as the electron density rises, which indicates
that the magnetic confinement has a significant effect [45].
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Figure 2: LIBS for AZO target in atmospheric air without and with magnetic field using 1064
nm Laser.
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Figure 3: LIBS for AZO target in atmosphere air without and with the presence of magnetic
field using 532 nm laser.

Emission lines which were produced by lasers with a wavelength of 1064 nm
appeared higher than 532 nm for the same power. The interaction between the 532 nm
wavelength and the target less due to less absorption of the surface. A higher photon
energy that has the same laser power contains fewer photons that produce a lower
amount of ablated materials that act as emission sources [46].

In addition, there is a neglected region in which the direct reflection of green laser
light appears with high intensity. This range of wavelengths cannot be used in the
analysis of the LIBS spectra.

Table 1 displays the difference in LIBS intensity of the Zn-1 (481 nm) emission
line in the air using the two different laser wavelengths. This comparison was
performed without and with the magnetic field. It was noted that the line intensity for
plasma that was induced by the magnetic field from the AZO target was approximately
1.44 times higher than that observed when there was no magnetic field. This
observation is due to the intricate interplay between the magnetic field and the plasma
dynamics. When the magnetic field is applied, it exerts a confining influence on the
plasma plume generated during the laser ablation process [47]. The length of the plasma
plume is inhibited by the magnetic field leading to a shorter and more focused plume.
This confinement leads to a more concentrated and structured expansion of the plasma,
resulting in an increased density of excited plasma species within a confined volume.
Furthermore, the presence of the magnetic field enhances collisional processes within
the plasma, promoting more efficient excitation of atoms and ions to higher energy
states [48]. As a consequence, a greater population of excited species is available to
emit characteristic wavelengths of light during the return to lower energy states. The
interactions between the magnetic field and the charged particles within the plasma
likely lead to altered trajectories and energy distributions [49]. These effects can affect
the spatial distribution of the emitting species and modify the kinetics of the emission
process [50]. As a result, the characteristic emission lines became more pronounced and
exhibited higher intensities in the presence of the magnetic field. Additionally, the LIBS
intensity significantly increased in its emission intensity at the 1064 nm laser associated
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with the 532 nm as a result of more ablated matter using the fundamental wavelength
[51]. This was a result of the fact that the fundamental wavelength was used.

Table 1: Zn-1 (481 nm) emission line intensity in arbitrary units for the two laser wavelength
(1064 and 532 nm) without and with magnetic field.
Magnetic field Laser wavelength (nm)

1064 532
Without magnetic field 0.55 0.36
With magnetic field 0.80 0.52

Fig. 4 illustrates the Zn-1 481 nm emission line profiles with the best Lorentzian
fit in the two cases without and with the external field for the two laser wavelengths.
The line broadening increased after applying the external field. This is accomplished by
limiting the expansion of the plasma plume, which in turn causes the ne to increase,
giving the appearance that the line profile is broadening [52]. The n, was determined

according to Stark broadening effect (Eq. (1)).
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Figure 4: Zn-1 481 nm line profiles and its Lorentzian fitting in air before and after applying
external field using 1064 nm (a), and 532 nm (b) laser wavelengths.

Fig. 5 and 6, show how the Boltzmann-Plot (Eq. (2)) was employed to calculate
the electron temperature (Te) for the two wavelengths of laser. This was done with Al-I
standard lines from NIST, which are listed in Table 2. This was done with and without
magnetic field.

Table 3 provides a comparison of the values of T, and ne without and with the
external field, and their variation with the change in laser wavelength. Because of the
magnetic confinement effect of the plasma generated after breakdown on the target
surface, it is abundantly clear that both T, and ne increased when there is an external
field. Active electrons and other types are able to travel further distances before their
energy is depleted as a result of inelastic collisions [53]. The magnetic field exerts a
constraining force on the expansion of the plasma column, which results in an increase
in ne. Because less energy was transferred from the laser beam to the plasma plume
when using the 532 nm laser instead of the 1064 nm one, both T, and ne were slightly
reduced when the breakdown was produced. This is in contrast to the results obtained
when using the 1064 nm laser [54, 55].
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Figure 5: Boltzmann-plot for Al-I lines for the LIBS using 1064 nm laser without and with
external field.
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Figure 6: Boltzmann-plot for Al-1 lines for the LIBS using 532 nm laser without and with
magnetic field.

Table 2: The NIST data for the selected Al-1 lines that used in Boltzmann-Plot.

A (nm) A;i.gix10’ Lower level (V) Upper level (eV)
394.40 9.98 0.00 3.14
396.15 19.70 0.01 3.14
669.60 0.40 3.14 4.99
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Table 3: plasma parameters for plasma induced in air using 1064 and 532 nm laser
wavelengths without and with external field.

Laser

T. | FWHM n.x10" f,x10"% | 4px10°
Wa‘(‘r*]'r‘;r;gth EMY) | ev) | (m) cm?) (H2) cm) | Ne
1064 Without | 0.762 |  1.50 0.455 6.054 9.619 | 1694
With | 0941 | 1.70 0.515 6.445 | 10.044 | 2186
532 Without | 0.621 | 1.30 0.394 5.636 9.325 | 1338
With | 0789 | 150 0.455 6.054 9.788 | 1786

Significant variations in plasma characteristics with the magnetic effect were
observed in atmosphere with increasing plasma frequency, Debye length, and Debye
number, especially with 1064 nm wavelength. This region also has the highest electron
number density and the lowest electron temperature [56]. The significant effect that an
external magnetic field has on the plasma number density and the relation that this
effect has with the other parameters, the plasma frequency values have a tendency to
behave in the same manner as n,, which is to say that they were increased in the
magnetic field. This is due to the plasma number density's obvious confinement impact
by the external field, which is connected to other plasma properties [57]. These two
components had a direct impact on the considerable increase in Te, D, and ND, which
both rose T, [58].

Larmor radius for electron gyration is determined by

\% mev

= —= 7
Iy we  qB (7)

where v represents the thermal velocity and w,. is the cyclotron frequency.

Table 4 provides Larmur radius and B factor for the two-laser wavelength the
electrons' gyration. The application of the magnetic field using the two different
wavelengths has resulted in the formation of this radius. Because the radius of Larmor
in a magnetic field that is held constant is directly related to the velocity of electrons
(which is related to their temperature), the use of a laser with a wavelength of 532 nm
results in a slight increase in r.. One way to determine whether or not the concept of
magnetic confinement holds water is to calculate the magnetic confinement factor . In
this case, thermal beta is understood to be the ratio of plasma pressure to magnetic
pressure. The plasma induced by both laser wavelengths of f < 1, which indicates that
magnetic confinement is functioning effectively [59]. The [ value less than one is due to
the fact that the magnetic pressure is greater than the plasma pressure. Plasma that was
produced by a laser with a wavelength of 532 nm experienced an increase in § value,
which can be interpreted as a decrease in the efficiency of magnetic confinement. The
efficiency of the confinement at 532 nm decreases as a direct result of the high number
of collisions that are occurring in the system. It would seem that changing the laser's
wavelength would be a useful way to affect the values that atmospheric LIBS measures
in the desired way. The observed decrease in both the Larmor radius and the
confinement factor for the 532 nm laser, when compared with the 1064 nm laser, is a
consequence of the higher photon energy and momentum associated with the shorter
wavelength. This leads to more pronounced interactions between the laser light and the
plasma particles, resulting in altered plasma dynamics and reduced confinement effects
within the magnetic field [60].
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Table 4: Larmur radius and f factor for the two-laser wavelength.
Laser wavelength (nm) | r, (mm) | B

1064 0.040 |0.29
532 0.038 |0.24

4. Conclusions

In this study, we examined the impact of magnetic confinement, facilitated by a
simple magnet configuration, and the influence of laser wavelength on the plasma
generated from Al doped ZnO (AZO) target, with a focus on its applicability for LIBS.
The investigation yielded several noteworthy findings. First of all, employing a
permanent magnet resulted in a discernible enhancement of LIBS performance.
Specifically, the electron number density (ne) exhibited an increase attributed to
heightened inelastic collisions, stemming from the constraint imposed on plasma
expansion by the magnetic field. Simultaneously, the electron temperature (Te)
experienced an elevation under the influence of the magnetic field, attributed to the
delay in energy dissipation resulting from controlled plume expansion. From analysing
the spatial characteristics of the plasma, it was observed that the Larmor radius, which
signifies the gyration radius of charged particles in the magnetic field along with the
confinement factor P, displayed a reduction when employing a laser with a second
harmonic wavelength (532 nm). This decrease in Larmor radius and confinement factor
indicates a relatively diminished effect of magnetic confinement compared to the
fundamental wavelength (1064 nm) of the laser. This investigation elucidated the
beneficial impact of magnetic confinement through a simple magnet configuration on
the plasma generated from an AZO target for LIBS applications. The utilization of a
magnetic field resulted in improved electron number density, elevated electron
temperature, and intensified emission line intensities. Furthermore, the intricate
interplay between laser wavelength and magnetic field revealed nuanced effects on
plasma spatial characteristics, offering valuable insights for advancing LIBS techniques
and enhancing their analytical capabilities.
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