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Abstract: In the manufacturing industry, surface structures and surface topographies present at
functional areas of the mechanical parts play a vital role in various performance characteristics, such
as corrosion resistance, weldability, and wear behaviors, etc. Copper–zinc alloys are extensively
used in the manufacturing industry. Laser ablation has the potential to create a variety of surface
structures on the ablated substrate. The size and geometry of such structures largely depend on the
selection of process parameters and the ablation environment. In the present study, a copper–zinc
alloy (95% Cu and 5% Zn) has been laser ablated under different gaseous and magnetic environments
to realize a variety of micro-structuring at the ablation surfaces. The effect of plasma plume pressure
on the geometry of the structures is deeply investigated through optical emission spectroscopy (OES)
and scanning electron microscopy (SEM). By analytically evaluating thermal beta (βt), directional
beta (βd), and containment radii (Rs) for the plasma of the Cu–Zinc alloy, the validity of magnetic
confinement has been proven. In general, five types of microstructures are produced: micro-sized
spherical cones, mounted ablated networks, cavities, pores, ridges, and ablation channels with
uplifted cones. Moreover, it has been found that, under a magnetic environment, the geometry of the
structures is distinct and well-defined compared to those structures achieved when the ablation is
carried out without applying a magnetic field.

Keywords: LIBS; Cu-alloy; ambient pressures; local thermal equilibrium; ns-LIBS;
surface morphology

1. Introduction

Laser ablation offers a diverse range of uses, including thin-film manufacturing [1,2],
micro fabrication [3,4], and medical applications [5,6], wherein the knowledge of the
amount of mass eliminated as a function of experimental factors (including laser energy,
atmospheric conditions, laser wavelength, and sample type) is essential for controlling
and modelling the process. Laser-produced plasma is transitory in nature, with distinctive
properties that change rapidly and are highly dependent on irradiation circumstances such
as incoming laser intensity and pulse width, laser beam wavelength, irradiation spot size,
and ambient gas composition and pressure [7–10]. The many processes involved in a laser
ablation procedure, including laser absorption, evaporation, transient gas dynamics, radia-
tion transport, condensation, ionization, and recombination, are rather complicated and
require additional research [11]. For analyzing laser-produced plasma, numerous diagnos-
tic methods are available, notably mass spectroscopy [12], Langmuir probe [13], microwave
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and laser interferometry [14,15], laser-induced fluorescence [16], Thomson scattering [17],
photothermal beam deflection [18] and optical emission spectroscopy [8,19,20].

LIBS (laser-induced breakdown spectroscopy) is powerful an optical emission spec-
troscopy (OES) analytical technique capable of sampling solids, liquids, and gases for
research and industrial applications [21–24]. A pulsed laser source is used to vaporize and
excite a sample, resulting in the formation of a transitory plasma or plume that extends
away from the sample surface. The optical emission resulting from the relaxation of excited
species inside plasma provides information on the composition of the substance being
examined. LIBS was initially a qualitative approach, but in recent years, it has evolved into
a pseudo-quantitative micro-analysis tool for solids, liquids, and gases that can determine
their elemental composition [25–27].

This study investigates plasma expansion in TMF to understand plasma dynamics [11],
plume species spectrum intensity, plume refinement [28–30], and plasma instabilities [31].
EUV lithographic sources, debris reduction, thin film-deposition, nanoparticle synthesis,
surface alterations, and LIBS detection-limits enhancement are key applications [32–34].
Externally applied TMF may influence plasma characteristics (optical spectrum intensity,
Te and ne) and micro/nano surface structure.

Laser-produced plasma (LPP) has been proven to be confined in the presence of a
TMF in many papers [28–30,35]. Patel et al. [36] studied brass plasma development in a
non-uniform MF at low ambient pressures and atmospheric air pressures. MF divided the
brass plume and intensified Cu (I) at 510.5 nm at low ambient gas pressures. Raju et al. [37]
examined TMF’s effect on Ba’s LPP. Spectral intensity, Te, and ne were examined at various
fluences (temporal variation). TMF improved LPP features. Rai et al. [38] examined how
laser timespan affects LIBS performance in an external magnetic field and compact cavity.
When laser-induced plasma is decelerated in a narrow cavity or by a continuous magnetic
field, the LIBS signal increases. Magnetic fields doubled the LIBS signal. Theoretical
research of decelerated plasma matched actual results, they said. Plasma confinement
and laser duration affect LIBS signal growth. The plasma plume dynamics, electron–ion
collision frequency, and LIBS signal saturation increase with laser intensity.

Corsi et al. [39] examined how crater depth influences plasma properties and LIBS
emission. Despite plasmas being spatially and temporally resolved, they investigated
plasma generation at the sample surface and at the bottom of the craters of the Cu sample.
They measured plasma electron temperature and number density while studying LIBS
emission. The craters’ confinement effect increased laser-induced plasma LIBS signals. They
also observed that crater walls limit plasmas. This confinement effect significantly affects
laser-induced plasma characteristics and LIBS analysis outcomes. Rai et al. [40] examined
how a transverse magnetic field (TMF) affected the LIBS of Mn, Mg, Cr, and Ti in aqueous
solution. Line emission intensified 1.5-fold in TMF. They also found a significant rise in
plasma emission between gate delays in TMF. After cooling the plasma, magnetic confine-
ment increased plasma density and recombination rate, increasing emission. Magnetic
confinement did not increase optical line emission in hot plasmas with strong background
emission. Mg and Mn had half the LOD in the presence of a TMF.

Neogi et al. [31] examined carbon’s LPP in vacuum and low ambient pressures with
non-uniform TMF. They examined Te and ne under varied temporal and pressure condi-
tions. TMFs raise all LPP properties temporally and at varying ambient pressures. Magnetic
confinement, the J × B effect, Joule heating, and adiabatic compression raise LPP param-
eters. Abbasi et al. [17] used magnetic-field-aided LIBS and found an increase in optical
emission from a palladium (Pd) sample. Plasma emission increased even at low laser
fluence (12.6 J/cm2). The magnetic field also enhanced the LPP parameters Te and ne.

Hussain et al. [41] investigated how an applied TMF affected LIBS emission with dif-
ferent air pressures and time delays of an Al sample. The 0.5 T magnetic field enhanced Al
atomic lines at low pressure and shorter delay periods, whereas the Al (I) 396.1 nm spectral
line signal rose 2-fold at 100 Pa and 100 ns. Electron impact excitation and recombination
increased signal intensity with magnetic confinement. They examined plasma properties,
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including electron temperature and density. TMF increased compared to the field-free
situation. Ping et al. [42] examined Al–Li LIBS at varying pressures and magnetic field
intensity. A steady 1.1 T magnetic field increased Al I and Li I spectrum emission strength
by 1.5–3 times. A fast ICCD camera captured time-resolved images of the laser-produced
plume in their experiment. A magnetic field brightened plasma, persisted, and split the
plume into two lobes. They also found that the magnetic confinement effect may increase
excited atoms and high-energy species. Magnetically limited LIBS increased Te and ne.

Wang et al. [43] examined the use of a laser to generate artificial protrusions on metal
surfaces. Stainless particles were melted using a diode-pumped solid-state laser system
to create micron-sized protrusions on metal surfaces. They found that the strength and
detachability of joints were significantly affected by the manufactured protrusions’ shape
and their adherence to the metal substrate. The joint’s strength is diminished, however, if
the huge protrusion damages the carbon fibers that are implanted in the polymer plate.
They reported that, by manipulating the surface structures designed for that purpose,
they might alter the surface morphology and produce a material surface suitable for the
mechanical interlocking required to reinforce the metal/polymer junction.

Min et al. [44] reviewed the principle of laser ablation and its effect on the physico-
chemical properties of metallic materials. They described the application of purpose-built
surface structures in order to modify their physicochemical properties and improve both the
strength and durability of adhesive-bonded joints. They reported the mechanism account-
ing for the improved bonding strength and corrosion resistance of the adhesive-bonded
joints fabricated from laser-ablated metallic materials. They discovered that the bonding
strength of laser-ablated adhesively bonded joints increased as the roughness and wettabil-
ity of the metallic adherend surface increased and that surface roughness contributed to
improved joint strength only when the adhesive was capable of sufficiently wetting the
laser-ablated surface to form mechanical interlocking at the bonding interfaces. Although
laser-ablated surfaces were more active with lower polarization resistances and higher cor-
rosion current, the increased roughness by laser ablation improved the corrosion resistance
of laser-ablated adhesively bonded joints by retarding corrosive solution diffusion. As a
result of their research, they reported that, among the several surface treatment options,
laser ablation offers the most benefits in terms of efficiency, environmental friendliness,
and ease of industrialization

Cu is a popular metal for plasma creation and laser ablation owing to its strong
electrical conductivity and ductility. Copper plasma generated by a laser is also utilized to
synthesize nanoparticles for usage in solar cells, sensors, LEDs, catalysts, antifungals, and
anti-bacterial [45]. Cu–Zn alloy (Cu: 95% and Zn: 5%) is used for a variety of applications,
including the coatings of slugs, the driving groups on certain artillery rounds, and the
identification of enamelled and other jewels [45]. Typically, the sheet is used to manufacture
metals by hammering. It is also utilized in silversmithing, notably as a low-cost preparation
material [46]. Pure Cu metal has been extensively researched for LIBS, as well as for laser-
induced structures, but little work has been provided on Cu-alloy, which is a very valuable
industrial material [46].

The present work examines the impact of TMF on the plasma properties of laser-
induced Cu-alloy at varying pressures of Ar, Ne, and He, and a link between surface
structuring and plasma parameters is being created to improve their industrial uses. A
0.6 Tesla TMF is created using two permanent magnets. LIBS is utilized in the first series
of experiments to explore the LPP of Cu in diverse ambient environments of Ar, Ne, and
He at pressures ranging from 1 torr to 200 torr with a fixed optimum laser irradiance of
3.8 GW/cm2.

2. Experimentation
2.1. Sample Preparation

We have chosen Cu–Zn alloy (Cu: 95% & Zn: 5%) purchased from Alpha Aesar for
experimentation. Disk shaped samples were cut using CNC wire cutting. All targets were
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ultrasonically polished and cleaned before being mounted on a mechanical motorized
translational stage under ultrahigh vacuum (UHV) conditions.

2.2. Measurements

Figure 1 shows a schematic depiction of the experimental setup. For material ablation
and plasma formation, a Q-switch 1064 nm, 10 ns Nd: YAG laser (CFR200; Big Sky Laser
Technologies, Quantel, France) is used. This laser has a 200 mJ pulse energy and a 10 Hz
repletion rate.
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Figure 1. An experimental setup for studying the effect of TMF on the LIBS of Cu-alloy plasma
generated with a Nd: YAG laser.

To create plasma, a lens with a focal length of 50 cm is used to focus the laser beam.
Demtroder’s formula is used to figure out that the size of the focused spot is 75 µm [47].
ω f =

λf
π ωo

= 1064 nm×50 cm
3.14× 0.452

2 cm
= 75 µm where λ, f, ωo represent the laser wavelength, focal

length of the lens, and the beam radius without focusing, respectively. M2= θ
λ

πωo
= 1.5

(approximately) is the beam quality factor. Therefore ωf = 1.5× 75 µm = 112.5 µm. The spot
area by using the relation A= π ×ω f

2 is 3.97 × 10−4 cm2. The spot area measured by SEM
analysis is 3.94 × 10−3 cm2. The target holder was progressively rotated with the assistance
of a mechanical rotor to expose a fresh surface to each laser pulse. This is necessary to
prevent the uneven pitting and cratering caused by each laser pulse. Targets were mounted
in the vacuum chamber whose inner diameter was 24 cm, while the chamber’s height
was 18 cm. The chamber was evacuated at a rate of 300 L per second. After obtaining the
needed vacuum, the system remained at that level for a minimum of one hour before being
filled with the necessary gas. To examine the impact of the nature and pressure dependency
of shield gases on the LIBS and surface morphology of laser-ablated Cu-alloy, the UHV
chamber was filled with a variety of gases (Ar, Ne, and He). After the first refill, these
ambient gases were flushed out of the chamber. Their pressure is precisely regulated with
mbar accuracy.

The 0.6 Tesla TMF is created by using two disk-shaped (2 cm × 1 cm) permanent
neodymium magnets. A Gauss meter (GM07 HIRST, Magnetic Instruments Ltd., Fal-
mouth, UK) was used to quantify the magnetic field’s intensity. TMF was implemented
by positioning magnets 3 cm apart such that magnetic forces were perpendicular to the
longitudinal plane of the LPP. The targets were then exposed to radiation in a variety of
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environmental conditions. Using a single cleaning shot, the LIBS surface was rendered
contaminant-free. From a window set at 90 degrees to the direction of plasma expansion,
we could see the bright plasma emission. In this case, a LIBS2500 plus spectrometer from
Ocean Optics was used to capture the plasma’s emission spectrum. For an investigation
across a wide range of wavelengths, from 200 to 980 nm, this system uses a LIBS-fiber bun-
dle equipped with seven linear silicon CCD array detectors, yielding an optical resolution
of 0.1 nm.

Data from each spectrometer was collected in real time and saved on a computer using
OOILIBS software (LIBS2500, Ocean Optics, Dunedin, Florida, USA, 200–980 nm, 2.1 ms) so
that a comprehensive spectrum analysis could be generated. For this experiment, LIBS2500
triggered the Nd: YAG laser’s Q-switch, while OOILBS controlled the laser’s power output.
All measurements had the same 1.25 µs delay between laser trigger and data collection.
Plasma created by a single pulse decays or cools and produces light at various wavelengths
for each element. A lens with a 5 cm focal length and a fiber-optic probe were used to
capture the emission. After that, the signal was delivered to the spectrometer system.

Two sets of experiments were conducted.

1. Ar, Ne, and He were employed as background gases in the first set of experiments.
Twenty pressures (1, 2, 3, 4, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160,
180, and 200 torr) of inert gases were supplied for the experiment. These data were
collected by exposing a Cu-alloy target to a single 150 mJ laser pulse at an intensity of
3.8 GW/cm2 for 1.25 µs, then recording the resulting plasma emissions both without
and with TMF.

2. A second series of studies were conducted to establish a relationship between the
LPP parameters and the growth of surface structures. The Cu alloy target in this
set was irradiated by 200 laser shots at 3.8 GW/cm2 in a variety of environments,
including Ar, Ne, and He at 1, 5, 30, and 50 torr pressure. The surface structures of
laser-irradiated Mg alloy have been investigated using SEM examination. A scanning
electron microscope (JEOL JSM 6490-A, Tokyo, Japan) was utilized for this analysis.

The LPP of Cu is defined by two plasma parameters, Te and ne. The Te value is
measured using the Boltzmann plot technique, whereas the ne value is measured using
the Stark broadening method. A second series of experiments was carried out for SEM
analysis. An analytical computation of the plasma confinement characteristics, including
thermal beta, directional beta, and containment radii, was performed in order to confirm
that magnetic confinement works in the presence of 0.6 Tesla TMF.

3. Results
3.1. Effect of a Transverse Magnetic Field on LPP of Cu-Alloy

Figure 2 depicts the emission intensity of Cu (II) lines in the presence of the TMF
(solid) and in the absence of the TMF (dashed) across the spectral range of 300 to 600 nm
at an irradiation of 3.8 GW/cm2 under Ar, Ne, and He at a pressure of 30 torr. In order
to evaluate the LPP parameters, we chose four prominent Cu spectral lines at 324.52 nm,
327.21 nm, 447.99 nm, and 521.54 nm.
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Figure 2. The optical emission spectra of selected Cu lines under 30 torr pressure of Ar, Ne, and He
gas at 3.8 GW/cm2 irradiance with and without TMF in the spectral range from 300 nm to 600 nm.

3.1.1. Investigation of Optical Emission Spectra of LPP of Cu-Alloy

Figure 3a,c,e show the variation in the spectral intensities of selected lines of Cu-alloy
in the absence of TMF, whereas Figure 3b,d,f shows the variation in the spectral intensities
of selected lines of Cu-alloy in the presence of TMF. All of the measurements were obtained
at an intensity of 3.8 GW/cm2 at a range of pressures in different environments with Ar (a
and b), Ne (c and d), and He (e and f). In the field-free case, the spectral intensity increases
until it peaks at 30 torr, drops to 100 torr, and finally saturates at higher pressures. Further,
the presence of TMF significantly reduces the emission intensity compared to the field-free
case. This is true in all cases. Ar has the highest emission intensity, followed by Ne, and
then He. Furthermore, it is discovered that the presence of a TMF significantly reduces
the emission spectrum intensity of Cu-alloy in comparison to the field-free scenario. All
of the gases in the atmosphere behave this way. Several research groups have observed
this, and they ascribe the slowdown to radiation recombination enhancement and/or
deceleration [48–54].
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Figure 3. The spectral intensity variation of laser-induced Cu-alloy plasma under several pressure
levels of the inert gases Ar (a,b), Ne (c,d), and He (e,f) at 3.8 GW/cm2 irradiance.

The drop in spectral intensity is attributable to the decrease in the life time of higher
states, which is a result of strong magnetic confinement effects [52]. Recombination lifetime
is drastically reduced when TMF limits the plasma and prevents it from freely expanding.
Consequently, there is a decrease in the spectrum intensity [53,55]. The decrease in radiative
recombination and the rise in three-body radiative recombination [56] are both major
contributors to the reduction in the Cu lines’ spectral intensity. After the laser pulse
terminates, the rapid fall in Te favors three-body recombination over radiative and/or
dielectronic processes. With TMF present, the spectral intensity drops lower than in the
field-free scenario because the life time for recombination falls dramatically as the plasma
grows [51,55].

3.1.2. Investigation of Electron Temperature of Cu-Alloy Plasma

The Boltzmann plot technique has been used on spectroscopic data to calculate the
Te of Cu plasma [52]. Assuming that the laser-induced plasma (LIP) is in a state of local
thermodynamic equilibrium (LTE), using spectroscopic data, Te was calculated using a
Boltzmann plot (ln

(
λmn Imn
gmAmn

)
= −

(
Em
KTe

)
+ ln

(
N(T)
U(T)

)
), with the parameters λmn, Imn, gm,

Amn describing the wavelength, intensity of the higher energy state, statistical weight,
and transition probability, respectively. Higher-state energy (Em), Boltzmann constant (k),
electron temperature (Te), total number density (N (T), and partition function (U (T)) are
shown on the right. Figure 4 displays the Boltzmann plot of selected Cu-plasma lines.
Table 1 displays the spectroscopic parameters required for Te analysis, which are retrieved
from the NIST database [57] and the atomic line list [58]. Figure 5a without TMF and 5b
with TMF show the change in Te for different ambient gases when the pressure is varied
from 1 to 200 torr while the irradiance is held constant at 3.8 GW/cm2.
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Table 1. Spectroscopic parameters of Cu II lines obtained by NIST database and literature [57,58].

Spectroscopic Data

Wavelength
(nm) Transitions

Energy of Upper
Level

Em (cm−1)

Statistical
Weight gm

Transition
Probabilities

(108S−1)

324.52 3d9.5p–3d9.7d 153,821.94 5 5.95 × 10−3

327.26 3d8.(3F).4s.4p.(3Po)–3d9.(2D<3/2>).7s 146,936.32 5 2.00 × 10−4

447.99 3d9.4d–3d9.6p 138,401.95 7 2.16 × 10−4

521.54 3d10.9p→39.4s.(3D).7s 134,742.85 9 5.41 × 10−4
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Figure 5. The change in Te of laser-induced Cu-alloy plasma at different pressures in Ar, Ne, and He
environments at 3.8 GW/cm2 ns laser irradiance in the absence (a) and presence (b) of TMF.

The Te of the LPP of Cu-alloy ranges from 6513 K to 11,915 K for Ar, 6278 K to 10,605 K
for Ne, and 5449 K to 9404 K for He in the absence of TMF. Ar has Te values between 8653 K
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and 13,864 K, Ne between 7577 K and 12,427 K, and He between 6750 K and 11,760 K when
a TMF is applied. Te increases monotonically up to a maximum at 30 torr, regardless of the
presence or absence of TMF. After that, we see a drop in Texc from 40 to 200 torr. In both
the absence and presence of TMF, the Te value of Cu plasma is greatest when associated
with Ar, compared to Ne and He.

3.1.3. Investigation of Electron Number Density of Cu-Alloy Plasma

Cu LPP’s time-integrated ne is evaluated using the Stark-broadening (∆λ 1
2
= 2ω

(
Ne

1016

)
+

3.5A
(

Ne
1016

) 1
4
[
1− 1.2ND

−1
3

]
×ω

(
Ne

1016

)
) technique [59]. Lorentzian fitting is used on the Cu

(II) spectral line at 327.26 nm to determine the ne of Cu-alloy plasma (Figure 6).
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In Figure 7a,b, we depicted the ne of laser-produced Cu-alloy plasma variation in the
absence (left) and presence (right) of TMF at 3.8 GW/cm2 irradiation and in the Ar, Ne,
and He environments, respectively.
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Figure 7. The variation in ne of laser-induced Cu-alloy plasma at various pressures under Ar, Ne,
and He environments at an irradiance of 3.8 GW/cm2 in the absence (a) and presence (b) of TMF.

Cu plasma’s ne fluctuates from 1.0 × 1018 cm−3 to 1.78 × 1018 cm−3 for Ar,
0.81 × 1018 cm−3 to 1.58 × 1018 cm−3 for Ne, and 0.69 × 1018 cm−3 to 1.41 × 1018 cm−3 for
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He in a field-free scenario. For TMF, the values of ne for Ar are between 1.23 × 1018 cm−3

to 2.19 × 1018 cm−3; for Ne, they range from 1.12 × 1018 cm−3 to 1.85 × 1018 cm−3, and for
He, they vary from 0.82 × 1018 cm−3 to 1.62 × 1018 cm−3. After a linear increase from 1 to
20 torr, the ne of Cu plasma plateaus at 30 torr. As pressure is increased from 40 torr to 200
torr, ne is found to be decreasing. Every single environmental gas follows this pattern (Ar,
Ne, and He). However, Ar has a higher ne of Cu in laser-induced plasma than Ne and He.
Similarly, ne is enhanced in TMF under all environmental conditions.

4. Discussion

It has been reported by a large number of research groups [60] that the characteristics
of LPP are strongly reliant on the type and pressure of the surrounding gases. The findings
obtained from the LIBS demonstrate that the emission intensity, electron temperature, and
density are highly impacted not only by the ambient environment but also by the pressure
change of that atmosphere.

Emission intensity, electron temperature, and electron density are all found to be
greatest for Ar, next for Ne, and finally for He, where they are at their lowest. When
pressure is increased, the temperature and density of the gas’s electrons both rise to a
maximum, whereupon they then begin to fall monotonically with subsequent increases in
pressure. Both the temperature and the electron density are found to be at their highest
at 30 torr, regardless of the surrounding pressure. At pressures up to 30 torr for Ar, Ne,
and He, an increasing trend in Te and ne of Cu plasma was seen (Figures 5 and 7), which
was ascribed to a diminished shielding effect of the ambient gas plasma as a result of a
decreased gas particle density at lower pressures. In a low-pressure environment, plasma
spreads easily into that area, reducing the density of species inside the plasma.

As a consequence, the target surface is less shielded from the laser pulse and experi-
ences less absorption through inverse bremsstrahlung. When the pressure is high enough,
the collision frequencies of plasma particles increase, leading to a greater amount of mo-
mentum transfer [61] and a more rapid expansion of electron cascades. The surrounding
gas plasma also serves as a kind of energy buffer, imparting some of its own heat to the
plasma of the surrounding substance. Therefore, more energy is focused on the surface,
yielding a bigger quantity of ablated material and thus raising the electron density and
temperature [62,63].

Maximum electron density and temperature are seen when pressure is raised up to
30 torr in all ambient circumstances; this is due to the confinement effect of plasmas [64]. In
conclusion, our findings suggest that the spectrochemical features of laser-induced plasmas
may be enhanced by using Ar, Ne, or He as the ambient gas at certain filled pressures.
When the pressure is raised from 40 to 200 torr, the plasma is confined even closer to
the surface of the target, which shields the target surface. A large portion of the pulse is
absorbed by the plasma, leading to significant shielding that lowers the amount of mass
ablated from the target [65]. The plasma (the first ablated material) absorbs more of the
laser pulse energy, yet at that pressure, the measured plasma temperature and electron
density are lower. This may be explained as follows: as the ambient pressure is raised, the
number of times an electron collides with an atom in the background gas rises elastically.
Since the rate of increase in the energy of free electrons through inverse bremsstrahlung is
larger than the rate at which the cascade condition is preferred, the temperature is lower at
greater pressure [64,66].

The reason that Ar has greater Te and ne values than Ne and He is because of cascade

development and elastic collisions, as given by Q∆t =
2me
MB
σeanB

(
5KTe
πme

) 1
2 [62], where nB is

the density of atoms in the background gas, MB is the mass of the background gas, and σea
is the elastic scattering cross section of electron atoms. The relation states that the rate of
cooling of LPP is proportional to the inverse of the mass of MB. Inferred from this is the fact
that gases with a lower density cool more rapidly than those with a higher density. As MB
grows, the efficiency with which particles transmit their energy to one another via collision
decreases, extending the lifetime of LPP. The LPP cools down more quickly, reducing the
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plasma’s lifetime, if the thermal conductivity is high [67]. The presence of TMF reduces the
emission intensity of all ambient gases compared to when TMF is absent.

In light of Rumbsy and Paul’s relation, we may understand why there is a decrease in
emission strength when TMF is present. Their relation 3×1019Te

3.75

Z m−3 shows that three-
body recombination would predominate over radiative recombination if the predicted ne
is larger than 3×1019Te

3.75

Z m−3.
The analytical assessment of Cu-plasma puts its ne in the region of 1019 m−3, whereas

our experimental determination places it in the 1024 m−3 range. These results provide more
evidence for the veracity of three-body recombination and provide credence to the claim
that spectral intensity decreases once TMF is utilized. Te and ne values for Cu-alloy in TMF
are higher than in the field-free scenario in all ambient gases. In TMF, the expansion of
plasma is accompanied by a separation of plasma species due to the Lorentz force operating
perpendicular to the direction of plume growth. This implies that LPP may spread in both
axial and radial directions. The LPP plasma front slows down in both directions, even
though its radial velocity is lower than its axial velocity.

We assessed certain analytical indicators, including thermal beta, directed beta, and
confinement radius, to verify the reliability of the implemented TMF. The thermal βt
is a critical factor when expanding into a magnetic field. βt of the plasma is given as
βt = 8πneKTe

B2 [52], where B is the magnetic field (G), ne is the density in cm−3, k is the
Boltzmann constant, and Te is the temperature in eV. When the LPP pressure is equal to the
plasma pressure, the plume will cease expanding (βt = 1). If βt > 1, magnetic confinement
does not occur, whereas if βt < 1, magnetic confinement does occur. As the plasma’s kinetic
pressure increases relative to the magnetic fields, the LPP will eventually break through
the field’s core. The plume’s internal pressure drops because the magnetic field penetrates
deeper into the plasma and slows its expansion. If the field exerts a pressure equal to that
of the kinetic pressure, then the LPP will be compressed and confined.

In Tables 2–4, we can see how βt shifts in response to varying pressures for Ar, Ne,
and He. Figure 8 is a diagrammatic representation of the aforementioned values, showing
how βt varies with pressure. At a pressure of 30 torr, when the Te and ne of Cu-plasma are
both at their highest, the maximum value of βt is attained.

Expanding plasma has a βd of the order of a few hundred at the outset, indicating
that the LIP of Cu-alloy is in the diamagnetic domain [69]. The diamagnetic cavity of the
LPP becomes larger, and the magnetic energy is equalized with the total energy of the
plasma. This LPP will be slowed by the combined impact of magnetic pressure and the
pressure applied by the surrounding gas. If we assume that the plasma grows spherically,
we may calculate the radius within which the magnetic field is confining the plasma. Using

the relation [45], Rb =

(
3Fla Al

2π
(

B2
2µo +Pair

)
) 1

3

where Fla is the absorbed laser fluence, we may

calculate the confinement radius. When we use a wavelength of 1064 nm and a laser
fluence of 44.4 J/cm2, the resulting Fla is 1.3 J/cm2, and the corresponding value for the
confinement radius is 13 mm. It uses the fact that plasma will be greatly slowed down up
to a distance of 13 mm at a pressure of 30 torr and a laser irradiation of 3.8 GW/cm2.

It is important to note that the nature of the surrounding gases may have a significant
impact on plasma values. Since Iida et al. [66] established the necessary conditions for
cascade growth, this trend may also be understood in that context. According to their
study, the E/M (charge/mass) ratio is the sole factor that matters for calculating the energy
dissipated during cascade growth. The values for Ar, Ne, and He are 0.53, 1.08, and 6.04,
respectively. This proves that Ar is preferable than Ne and He in terms of cascade growth.
Therefore, it is clear why the emission intensity, Te, and ne of Cu-alloy plasma in Ar is
greater than that of Ne and He plasma.
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Table 2. Evaluated Te, ne, βt, and βd values for laser-irradiated Cu-alloy plasma at various Ar
pressures in the presence and absence of TMF.

Argon

Pressure Te (Kelvin) ne (1018) (cm−3) Analytical Parameters

Without
TMF With TMF Without

TMF With TMF Thermal
Beta

Directed
Beta

1 6513 9344 1.19 1.23 0.30 79
2 6864 9515 1.24 1.28 0.32 83
3 7171 9616 1.30 1.36 0.36 93
4 8907 11,737 1.38 1.48 0.43 107
5 9413 12,152 1.42 1.59 0.51 112

10 10,259 12,954 1.52 1.66 0.68 136
20 10,919 13,346 1.61 1.72 0.70 150
30 11,915 13,864 1.78 2.19 0.76 163
40 10,341 13,411 1.72 1.99 0.62 154
50 9922 12,264 1.71 1.94 0.58 135
60 9336 12,075 1.65 1.90 0.56 121
70 9053 11,567 1.62 1.79 0.51 102
80 8715 10,909 1.58 1.75 0.46 95
90 8603 10,767 1.46 1.70 0.40 85
100 8519 10,627 1.39 1.65 0.38 76
120 8218 9922 1.3 1.64 0.35 70
140 8019 9536 1.28 1.60 0.34 65
160 7819 9253 1.24 1.59 0.32 60
180 7681 8953 1.11 1.54 0.31 54
200 7519 8653 1.00 1.50 0.30 50

Table 3. Evaluated Te, ne, βt, and βd values for laser-irradiated Cu-alloy plasma at various Ne
pressures in the presence and absence of TMF.

Neon

Pressure Te (Kelvin) ne (1018) (cm−3) Analytical Parameters

Without
TMF With TMF Without

TMF With TMF Thermal
Beta

Directed
Beta

1 6278 8000 0.98 1.12 0.25 64
2 6496 8139 1.11 1.13 0.27 67
3 6841 8368 1.15 1.19 0.31 75
4 7609 9340 1.19 1.26 0.34 89
5 8491 9616 1.25 1.32 0.45 100

10 9000 10,432 1.28 1.42 0.50 118
20 9810 11,768 1.42 1.60 0.52 129
30 10,605 12,427 1.58 1.85 0.63 148
40 9421 11,440 1.47 1.83 0.60 131
50 9214 10,322 1.41 1.78 0.52 115
60 8820 10,149 1.36 1.73 0.51 102
70 8236 9709 1.31 1.69 0.45 94
80 7855 9595 1.23 1.55 0.41 85
90 7708 9272 1.17 1.48 0.38 74
100 7541 8900 1.08 1.42 0.35 64
120 7320 8477 1.01 1.40 0.31 53
140 7080 8270 0.99 1.30 0.29 50
160 6820 8077 0.91 1.25 0.27 45
180 6520 7777 0.86 1.20 0.25 42
200 6380 7577 0.81 1.19 0.22 40
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Table 4. Evaluated Te, ne, βt, and βd values for laser-irradiated Cu-alloy plasma at various He
pressures in the presence and absence of TMF.

Helium

Pressure Te (Kelvin) ne (1018) (cm−3) Analytical Parameters

Without
TMF With TMF Without

TMF With TMF Thermal
Beta

Directed
Beta

1 5449 6750 0.75 0.90 0.22 53
2 6006 7093 0.89 0.95 0.23 59
3 6213 7476 0.99 1.01 0.24 63
4 7257 7974 1.07 1.24 0.28 75
5 7881 8806 1.12 1.29 0.36 91

10 8271 9827 1.18 1.36 0.42 93
20 8681 10,154 1.28 1.49 0.47 105
30 9404 11,760 1.41 1.62 0.58 129
40 9080 10,555 1.33 1.52 0.45 107
50 8006 10,170 1.22 1.44 0.40 99
60 7913 9727 1.12 1.41 0.37 91
70 7762 9378 1.01 1.23 0.35 78
80 7693 9017 0.99 1.16 0.33 70
90 7490 8827 0.95 1.06 0.32 64
100 7218 8438 0.92 1.00 0.31 58
120 6913 8066 0.87 0.99 0.29 41
140 6713 7866 0.81 0.98 0.26 39
160 6513 7566 0.75 0.91 0.25 35
180 6013 7166 0.71 0.89 0.22 31
200 5093 7066 0.69 0.82 0.20 28
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Figure 8. The variation in thermal beta of laser-induced Cu alloy plasma at various pressures under
Ar, Ne, and He environments at ns laser irradiance of 3.8 GW/cm2.

According to the published research [51], using a magnetic field to slow down a
plume’s progression does not prevent it from progressing at all. Thus, βt is not the sole
relevant parameter; directional βd is also crucial in describing plasma confinement [68].
Once thermal energy has been transformed into directed energy, βd may be calculated
using the relation βd = 4πne(3KBTe)

B2 [68]. We calculate the directed βd for a range of ne and
Te in Cu-alloy plasma at different pressures of different ambient circumstances. Magnetic
confinement is validated by the fact that magnetic pressure is always greater than plasma
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pressure. Tables 2–4 show the resulting changes in βd of Cu plasma when pressure is varied
in Ar, Ne, and He ambient conditions, respectively. Figure 9 provides a visual representation
of these values, showing how βd varies with the pressure of the surrounding gases.
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in Ar, Ne, and He environments at 3.8 GW/cm2 ns laser irradiation.

4.1. Investigation of Surface Analysis of Laser-Irradiated Cu Alloy

SEM analysis is used to investigate how exposure to a magnetic field affects the surface
changes of laser-irradiated Cu-alloy. As such, the Cu targets were subjected to 200 laser
pulses at a fixed laser energy of 150 mJ, equivalent to a laser irradiance of 3.8 GW/cm2, in
three distinct environments of Ar, Ne, and He at varied pressures (1 torr, 5 torr, 30 torr, and
50 torr).

4.1.1. Surface Morphology of Cu-Alloy under Ar Environment without TMF

SEM images of Figure 10a–d exhibit the surface morphology of the laser ablated area
of Cu-metal without a magnetic field under Ar environment at different pressures of 1, 5,
30, and 50 torr.

The diffusive cones, cavities, droplets, and non-uniform melting are prominent fea-
tures of all pressures. For the lowest pressure of 1 torr, the non-uniform spherical-top-
headed cones and cavities are observed in Figure 10a. The number of cones and their size
decrease at 5 torr in Figure 10b. By increasing the pressure, the cones and cavities van-
ished. The molten material and droplets are seen and decrease by increasing the pressure.
Turbulent melt flow is also seen between the periodic ridges. The excessive laser energy
interaction to the target surface material detaches the material in the form of droplets [70].
The temperature gradients and pressure gradients are produced due to the laser-induced
heating and vaporization on the target surface, which is responsible for the expansion of
molten material that can account for droplets formation [52].
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Figure 10. SEM micrographs illustrating surface morphological variations in an Ar ambient environ-
ment at various pressures, respectively (a) 1 torr, (b) 5 torr, (c) 30 torr, and (d) 50 torr, with a laser
irradiation of 3.8 GW/cm2 in the field-free condition.

4.1.2. Surface Morphology of Cu-Alloy under Ar Environment with TMF

SEM micrographs of Figure 11a–d exhibits the modified laser-ablated area of Cu-metal
with a magnetic field under Ar environment after irradiation at different pressure of 1, 5,
30, and 50 torr.

The distinct uplifted micro-sized cones, cavities, ridges, and non-uniform melting
are prominent features for all pressures. For the lowest pressure of 1 torr, the large-scale
melting, micro-sized spherical cones, and cavities are seen in Figure 11a. The micro-sized
conical structures are formed in three steps. In the first step, the precursor sites are formed,
i.e., roughness present on the target surface and surface defects before the laser matter
interaction and laser induced micro/nano structures. In the second step, the laser light
scattering from these precursor sites results in the increased laser energy and excessive
ablation in the valleys between these precursor sites and finally the evolution of these sites
into micro-sized conical structures on the target surface. In the third step, the growth and
merging of cones occur [71,72].
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Another possible reason for the growth of micro-sized spherical cones is that stresses
and depressions are generated on the target surface due to incoming laser light. Relaxation
of these stresses and depressions finally evolves into cones when laser pulse is finished,
also accounted for cone formation [52,73,74].

In the underlying pores, the gases are absorbed due to the rapid volume expansion
and heating of the subsurface layer which is responsible for cavity formation [75]. Under
the superficial layer, the relaxation of mechanical stresses may be another possible reason
for cavity formation [76–78]. The different sizes of cavities are due to the contaminations,
inclusions, and small pits on the target surface [79–81]. Increasing the pressure from 1
torr to 5 torr, the non-uniform melting diffusive cones are ridges formed and visible in
Figure 11b. Ridges are formed due to the abrupt expulsion of molten material towards the
boundary by the recoil pressure of plasma [82].

In Figure 11c, the uplifted micro-sized cones and cavities are seen. The number of
cones increase by increasing the pressure. The non-uniform molten material is seen, and
cones are vanished in Figure 11d at a final pressure of 50 torr.

4.1.3. Surface Morphology of Cu-Alloy under Ne Environment without TMF

SEM micrographs of Figure 12a–d show the laser-ablated area of Cu-metal without a
magnetic field under a Ne ambient gas environment at different pressures of 1, 5, 30, and
50 torr. For all pressures, the irregular cones and splashed molten material are prominent
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features. In Figure 12a, at the lowest pressure of 1 torr, the regular diffusive spherical cones
are seen at the center. At the outer edges, tiny droplets are observed. In Figure 12b, the size
of cones and density of cones is increased, along with the formation of cavities and droplets.
The size and density of cones is decreased in Figure 12c. The droplets are more prominent.
As the pressure increased from 30 torr to 50 torr the flower structure is seen. The cones in
the flower structure are diffusive and irregular. At the outer edges, the large-size cones
are visible.

4.1.4. Surface Morphology of Cu-Alloy under Ne Environment with TMF

SEM micrographs of Figure 13a–d represent the modified laser-irradiated area of
Cu-metal with a magnetic field under Ne environment at different pressures of 1, 5, 30, and
50 torr. For all pressures, the spherical cones, cavities, and droplets are dominant structures.
In Figure 13a, for the lowest pressure, uniform spherical-top-head cones are observed. The
droplets at the top head of the spherical cones are seen.
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laser irradiance of 3.8 GW/cm2 in the field-free case.
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Figure 13. Surface morphological modifications in a Ne ambient environment at different pressures,
(a) 1 torr, (b) 5 torr, (c) 30 torr, and (d) 50 torr, with a laser irradiation of 3.8 GW/cm2 in the TMF.

The non-uniform cavities between the cones are observed. For a pressure of 5 torr, the
uniformity of spherical-top-head cones is decreased. The laser-induced molten material
and groove-like cavities are seen. In Figure 13c, the irregular flower structure can be seen.
The non-uniform cones are observed, and, at the outer edges of the flower, the molten
material is seen. In Figure 13d, the flower structure has vanished and transformed into
irregular cones with an extended top head on the droplets. The irregular cavities are also
prominent at the highest pressure, 50 torr.

4.1.5. Surface Morphology of Cu-Alloy under He Environment without TMF

SEM images of Figure 14a–d reveal the laser-irradiated area of Cu-metal without a
magnetic field under He environment at different pressures of 1, 5, 30, and 50 torr. The
spherical cones, uplifted droplets, and cavities are dominant features at all pressures.
For the lowest pressure of 1 torr, irregular cones with cavities and turbulent melt flow
between the cones are seen in Figure 14a. In Figure 14b, a flower-like structure is seen. The
spherical-top-headed cones of wider bases are the boundary of the flower structure.
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Figure 14. SEM micrographs demonstrating surface morphological changes in a He ambient envi-
ronment at (a) 1 torr, (b) 5 torr, (c) 30 torr, and (d) 50 torr with 3.8 GW/cm2 laser irradiation in the
field-free condition.

At the outer edge of the flower structure, the cones have vanished, and cavities are
observed. By increasing the further pressure from 5 torr to 30 and 50 torr, the uniformity
of the flower structure decreased. A more irregular and non-uniform flower structure is
seen. The density of cones in the flower structure decreased. The cavities’ size and the
non-uniform melting of the material increased by increasing the pressure.

4.1.6. Surface Morphology of Cu-Alloy under He Environment with TMF

The SEM images in Figure 15a–d represent the surface-modified laser-ablated area
of the Cu metal with a magnetic field under He ambient gas environment at different
pressures of 1, 5, 30, and 50 torr. The large uplifted spherical cones, cavities, and droplets
are main features for all pressures. In Figure 15a, irregular micro-sized cones and non-
uniform micro-sized cavities are observed. In Figure 15b, the size of cones is increased, and
density decreased at 5 torr pressure. For a pressure of 30 torr, uniform spherical-top-head
cones are observed in Figure 15c. The size of the cones increased while density decreased.
Large micro-sized cavities between the cones are also observed. For the highest pressure,
50 torr, spherical-top-headed cones have vanished. The non-uniform molten material and
turbulent flow are seen. Few cavities are seen with depth.
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Figure 15. Surface morphological modifications in a He ambient environment at different pressures,
(a) 1 torr, (b) 5 torr, (c) 30 torr, and (d) 50 torr, with a laser irradiation of 3.8 GW/cm2 in the TMF.

The applied TMF strongly influences the laser-induced micro/nano structuring. Dis-
tinct and regular structures are formed in the case of magnetic field, while diffusive and
irregular structures are seen in the absence of a magnetic field. The ambient gas nature
and pressure also play a decisive role for uniform and distinct structure formation. The
ambient environment properties like E/M ratio, atomic mass, ionization potential, cohesive
energy, and thermal conductivity affect the plasma formation on the target surface, which
in turn controls the micro and nano structuring on the target material surface. The graphs of
Figures 5 and 7 revealed that the electron temperature and electron number density follow
the order Ar > He > Ne and reach the maximum at 30 torr pressure. So the applied TMF
and ambient environment with suitable pressure where the highest electron temperature
and electron number density are achieved are highly desirable for distinct and uniform
micro/nano structuring on the target surface.

While comparing the SEM micrographs of Cu-metal without a magnetic field under
all environmental gases of Ar, Ne, and He, it has been observed that more diffusive and
small-scale structures have been formed in the case of Ar than in Ne and He. The diameter
and number density of these cones and cavities are also smallest in the presence of Ar.
Overall, the maximum diameter and number density of these cones and cavities have been
observed in the presence of He compared to Ar and Ne in the field-free case. The averaged
number density of cones and cavities for Ar are (11.21 × 103 cm−2 & 11.59 × 103 cm−2),
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for Ne (21.32 × 103 cm−2 and 19.47 × 103 cm−2), and for He are (22.12 × 103 cm−2 and
24.40 × 103 cm−2), whereas, in the presence of TMF, these conical structures are more
distinct and well-defined, with higher maximum number densities in the case of Ne than
Ar and He. The averaged number density of cones and cavities for Ar are (8.60 × 103 cm−2

and 16.86 × 103 cm−2), for Ne are (57.61 × 103 cm−2 and 40.52 × 103 cm−2), and for He are
(32.40 × 103 cm−2 and 21.41 × 103 cm−2). Averaged cavities and cone densities and their
averaged diameter at different pressures of Ar, Ne, and He in the presence and absence of
TMF is displayed in Table 5.

Table 5. Averaged cavities and cone densities and their averaged diameter at different pressures of
Ar, Ne, and He in the presence and absence of TMF.

Argon

Without TMF With TMF

Pressure Cavities
(103)/cm2

Cones
(103)/cm2

Avg. Cone
Dia. (µm)

Pressure Cavities
(103)/cm2

Cones
(103)/cm2

Avg. Cone
Dia. (µm)

1 21.746 20.757 28.2 1 14.44 8.4 33

5 18.54 12.21 14.7 5 12 3.2 12.1

30 6.1 9.78 17 30 24 13.5 35.4

50 0 2.1 0.9 50 17 9.3 18.7

Average 11.5965 11.21175 15.2 Average 16.86 8.6 24.8

Neon

Without TMF With TMF

Pressure Cavities
(103)/cm2

Cones
(103)/cm2

Avg. Cone
Dia. (µm)

Pressure Cavities
(103)/cm2

Cones
(103)/cm2

Avg. Cone
Dia. (µm)

1 28.65 15.287 25.7 1 37.1 80.3 24.2

5 19.94 28 22.7 5 64.9 76.35 24.2

30 10.2 16.56 22 30 31.2 26.87 18.2

50 19.1 25.47 27 50 28.9 46.93 28.75

Average 19.4725 21.32925 24.35 Average 40.525 57.6125 23.8375

Helium

Without TMF With TMF

Pressure Cavities
(103)/cm2

Cones
(103)/cm2

Avg. Cone
Dia. (µm)

Pressure Cavities
(103)/cm2

Cones
(103)/cm2

Avg. Cone
Dia. (µm)

1 31.2 31.9 30 1 15.89 28.37 25.3

5 21.2 21.9 29.4 5 12.71 55.6 30.4

30 23.1 22.6 25.7 30 45.94 33.35 35.4

50 22.1 12.1 26.6 50 12.3 12.3 23.8

Average 24.4 22.125 27.925 Average 21.71 32.405 28.725

Laser-induced plasma is an excellent tool for developing micro-scale structures that
are well-associated with plasma-induced plasma effects and recoil pressure, and it is also
one of the greatest sources for thin-layer deposition and the surface structuring of materials
in a range of conditions. These structures become purpose-built as their nature, size, and
geometry actually influences the surface properties, like optical, electrical, mechanical,
and frictional, as well as field emissions, and defines their direct applications in different
fields. In present studies, the micro-sized spherical cones are beneficial surface structures
that have been considered favorable [43,44,83] for field convergence and as good field and
thermionic emitters. Similarly, other structures, such as cavities, pores, and ridges, act as
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defects and enhance corrosion resistance, the water-repellent property, and strain relief, as
well as the adhesive properties [84,85] of a surface, by either reducing or increasing the
contact angle between a liquid droplet and the material surface [44]. These features can
also enhance the tribological performance of surfaces due to increased surface roughness.
In this way, by controlling plasma parameters, it is possible to control surface structuring,
coating by plasma, and coating by ion implantation on different materials.

5. Conclusions

In this research, an investigation has been carried out into the impact of a TMF on the
pressure dependence of Cu LPP characteristics in three different atmospheres: Ar, Ne, and
He. The laser intensity has been kept at a constant level. It was discovered that, regardless of
pressure or surrounding conditions, the presence of a magnetic field significantly increases
the values of all Cu plasma parameters compared to the field-free scenario. The rise in LPP
may be attributed to the synergistic effects of magnetic confinement, Joule’s heating, and
adiabatic compression. Based on the results, discussion, scanning electron microscopes,
and other analysis, the following conclusions may be inferred:

i. Cu plasmas are found to be pressure-dependent in terms of emission intensity, Te,
and ne initially; by increasing pressure, all of these parameters increase, and, after
reaching their maximums, the electron temperature and electron number density
values begin to drop or become saturated as pressure continues to rise. This holds
true regardless of the surrounding conditions. Te and ne exhibit the same tendencies
in the presence of TMF as they do in the absence of a field over a wide range of
environmental variables.

ii. The ambient Ar environment has higher Te and ne spectral intensities than the Ne
and He environments under all conditions. Ar has a faster rate of cascade formation
and lower thermal conductivity, E/M ratio, and ionization potentials than Ne and
He, which explains these results. The confinement of Cu plasma under a 0.6 T TMF
is confirmed by analytical assessments, including thermal beta (βt), directional beta
(βd), and containment radii (Rs) for different ambient gas pressures.

iii. In the absence of TMF, the formation of less distinct surface structures, such as
diffusive cones, cavities, droplets, and non-uniform melting and ridges, is observed
on Cu-alloy, whereas, for Cu-alloy in TMF, distinct and well-defined structuring
is observed, viz., the large-scale melting, micro-sized spherical cones and cavities,
pores, and organized ridges.

iv. Improved Te and ne from a plasma that has been magnetically contained may
make it a more useful ion source for ion implantation, thin-film deposition, and
coating applications.
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