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Abstract

The present work aims to provide an overview of
magnetic-assisted ablation and subsequent production of
plasma by laser. The paper discusses physical phenomena
involved in magnetic field-assisted ablation, such as laser
ablation efficiency enhancement, improvement in optical
emission, plasma plume confinement, instability, and so
on. It systematically reviews the studies conducted in the
previous seven years on the effect of magnetic field on
material removal using laser, which will help researchers
assess current challenges and uses of magnetised laser
plasma. It describes experimental techniques such as
optical emission spectroscopy and imaging. This paper
aims to help researchers investigating laser plasmas
understand the fundamentals of magnetic field-
assisted laser ablation, specifically focusing on physical
phenomena, major challenges, methodologies, and
applications.

Keywords: Laser ablation, magnetic confinement, enhancement of
optical emission

1. Introduction

Focusing a high-power laser on any type of material, such as gases,
liquids, solids, aerosols, etc., generates laser-produced plasma (LPP).
[1]. Laser-induced heating triggers melting, vaporisation, plasma
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generation, plasma expansion, and particle generation. Fundamental
and applied studies have focused on magnetised LPP in recent years.
Putting LPP in a magnetic field causes a lot of interesting things to
happen, such as the confinement of a plasma plume [2-4], optical
emission enhancement [5-14], instability [15], ion acceleration [16],
adiabatic compression, Joule’s heating, enhancement of ablation
rate, and more. For various reasons, researchers have extensively
investigated magnetic field-assisted ablation of matter by laser
and subsequent LPP dynamics using experimental and numerical
methods [16-26]. The magnetic field-assisted laser ablation (LA)
enhances the mass removal rate of various types of material.
Farrokhi et al. [26] looked at how a magnetic field (0.192 T) affected
the removal of Si material using the UV nanosecond laser. They
discovered an increase in the depth of the crater by 1.3-69 times.
The depth enhancement is due to magneto-absorption effects. In the
provided reference [20,26-32], we find additional research on the laser
ablation magnetic field. Some of them claim that increasing plasma-
target heat flow is the way to increase the ablation rate [17,33-35].
Researchers use laser-induced breakdown spectroscopy (LIBS) for
sample composition analysis. Various fields have employed LIBS,
including remote elemental analysis, artwork diagnostics, online
alloy analysis in industries, radioactive element detection, and soil
analysis [1]. This spectroscopic technique used the emission of LPP.
The material composition of the sample is analysed by recording
the spectra emitted from the LPP. There are many advantages
to LIBS. For example, any type of sample, such as gases, aerosols,
liquids, and solids, can undergo analysis using LIBS. LIBS allows
for simultaneous multielement analysis and in situ measurements,
requiring no preparation of sample or relatively simple preparation.
Despite the aforementioned advantages, its low sensitivity remains
a significant issue, prompting many research groups to investigate
and design various techniques to increase plasma emissions. They
used a number of methods for enhancing the intensity of the LPP
emission, including removing the surrounding gas[36], using double
pulse excitation [7,37-41], oblique laser incidence [11], an external
magnetic field [5,6,11,14,36,42-46], and spatial confinement [9,47].
Recently, studies on magnetised LPP have significantly increased,
as this technique enhances the optical emission intensity. The study
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examines the previous research on optical emission enhancement in
magnetically confined LPP and its current trend. The paper discusses,
analyses and presents the physical phenomena associated with the
magnetised LPP. This review also highlights the potential applications
of magnetised LPP. The literature survey on magnetically confined
plasma was conducted systematically, and the pie chart in Figure 1
shows the percentage distribution of some reports on magnetically
confined plasma documented in the last few years. This suggests
a substantial increase in magnetised LPP studies over the last five
to six years, which continues to this day. Recently, the LIBS signal
enhancement by the application of a magnetic field was observed by
Li et al. and Khan et al. [48-50]
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Fig.1. Percentage distribution of available reports in the literature in recent
years.

However, there is still a considerable lack of understanding of these
phenomena. Consequently, the interest in exploiting LPP in the
magnetic field is growing. This review focuses mainly on plasma
plume confinement and optical emission enhancement. The paper
discusses LA, confinement of LPP plume, instability, and emission
enhancement. It also describes the optical emission spectroscopy
(OES) and imaging techniques used to study LPP. The last part of
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the article concludes the overall review. The documentation of
comparative studies of LPP with and without magnetic fields is
inadequate. This paper will help researchers understand magnetised
LPP’s physical processes, issues, analysis methods, and applications.
Additionally, Table 1 lists some of the recent studies on magnetised
LPP, along with their references, to help researchers understand the
current trends in this research topic.

i. Optical Emission Spectroscopy and Imaging Technique

Various methods have been adopted to investigate LPP in an external
magnetic field. Some important methods are optical emission
spectroscopy[51], imaging method[2], Langmuir probe[13,52], etc. It
is one of the versatile techniques for studying LPP. When a pulsed
laser, such as a nanosecond laser, interacts with a metallic target, free
electrons of the metal absorb the laser pulse energy through inverse
Bremsstrahlung absorption. Both the electron-electron collision and
the electron-atom collision cause thermalisation [1]. If the sample
temperature surpasses the vaporisation temperature, the laser-focused
area of the sample undergoes ablation. The ablated mass undergoes
more ionisation upon further laser absorption, eventually becoming
LPP. The LPP expands and interacts with the surrounding medium
viz gas or liquid [14]. Within the pulse duration, the LPP expansion
is isothermal. The isothermal expansion changes to an adiabatic
process when the pulse ends [2], resulting in a reduction in plasma
density and temperature. At a later delay time of plasma expansion,
the plasma emits spectral lines. It is due to atomic or ionic transitions
from a higher energy level to a lower one, as well as electron-ion
recombination [1]. These spectral lines represent the characteristics of
the sample’s components [53,54]. The optical emission spectroscopic
technique can collect and analyse the radiation emitted by LPP. A
typical experimental setup of OES is shown in Figure 2.
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Table 1. List of studies on magnetic field-assisted laser ablation of
various materials

Year

Objectives Reference

2021

2020

2020

2019

2019

2019

2018

2017

2017

2016

2016

2015

Preparation of photodetector by laser ablation in Mohsin et al.[19]
water in the magnetic field.

Effect of magnetic field on laser-plasma plume Wu et al. [55]
and optical emission.

Lateral interaction of plasma plumes in a Mondal etal. [56]
magnetic field.

Enhancement of LIBS signal of lead plasma by Akhtar et al. [8]
the magnetic field.

Laser fabrication of bioelectrode with surface Zhou etal. [57]
microstructure in the presence of the magnetic

field.

Nanosecond laser ablation enhancement by Farrokhi et al. [27]
the axial magnetic field and its associated

fundamental mechanisms.

Studies on LPP parameters and surface Dawood et al. [58]
characterisation of the laser-ablated copper alloy.

Effect of magnetic field on laser ablation and Singh et al.
LIBS of copper plasma. Surface structuring of [4,10,21,23,32]
laser irradiated copper sample in the presence of

the magnetic field.
Magnetic confinement of LPP by applying a Takahashiet al.
multicusp magnetic field. [16]

The growth of LPP in time and space in the Singh et al.
externally applied magnetic field. Magnetic field- [4,51,59]
assisted laser ablation at different values of the

magnetic field. Effect of lens-sample distance on

LPP in the presence of the magnetic field.

Magnetic field-assisted laser ablation products Musaev etal.,
and LIBS. Enhancement of optical emission Arshad et al., and
intensity by the magnetic field-assisted double Hussain et al.
pulse excitation. [7,24,60]

Effect of pulse width and magnetic field on LPP Pandey et al. and
of Cu. Dynamics of laser ablation in liquid witha Kim et al. [20,22]
magnetic field.
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A suitable pump, such as a rotary pump, turbomolecular pump,
diffusion pump, etc., connects to the vacuum chamber to evacuate it
to low pressure. We maintain the air or ambient gas pressure of the
chamber according to the study’s requirements. A high-power laser
from a source, such as a Nd: YAG Q-switched laser source, focuses on
a sample within the vacuum chamber to create plasma. Many research
groups used the typical setup to study the LPP dynamics without and
with a magnetic field at different ambient conditions [3-5,9,10,14,60-
63]. Figure 3 depicts the arrangement of bar magnets to introduce a
magnetic field to the LPP. The sample, to be ablated, is mounted in
the gap between the poles of an electromagnet or permanent magnet
to allow the LPP expansion in the magnetic field. The chamber
accommodates this whole arrangement. A suitable translation stage
is always employed to reduce sample deterioration. A spectrometer
(with an ICCD detector) coupled with an optical fibre (OF) may be
used to record the atomic and ionic lines of LPP at different locations
of LPP. Using time-resolved optical emission spectroscopy, we can
record and analyse the spectra of LPP systematically at different
delay times with respect to the laser pulse.

| Delay Generator
:

Nd: YAG Q-Switched laser

Fig.2. A typical experimental setup for imaging of LPP and time-integrated
optical emission spectroscopy.
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Fig. 3. Arrangement of the bar magnet and generation of plasma between
two magnetic poles.

To analyse the time-integrated spectra at different times after the
plasma ignition, we can use LIBS software [64]. These spectra show
quantitative and qualitative information about the compositions of
a sample. One can calculate the density of electrons of LPP under
the local thermodynamic equilibrium (LTE) using the FWHM of the
Stark profile of the atomic line. We widely employ the Boltzmann
plot, which uses the atomic lines, to estimate the electron temperature
of LPP [65]. By displacing the OF using a suitable translating stage,
we can record the LPP spectra along the axial and lateral directions.
This is known as spatially-resolved optical emission spectroscopy. An
ICCD camera can also utilise the same setup to image the plasma at
different times with respect to the pulse. The plasma plume dynamics
are examined from the images recorded at different delay times [66].
Figure 4 shows a typical setup to explore the evolution of LPP with
time. Singh etal. and other researchers employed such an experimental
setup[51,59,67]. The monochromator (with a photomultiplier tube)
and an OF collect plasma radiation. They record the changes in time
of a certain type of plasma particle (atom or ion) using an oscilloscope
that is set off by a laser signal going through a photodiode (PD) [59].
Table 2 presents several significant relationships commonly utilised
to characterise plasma.
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2.LPP in a Magnetic Field

We can utilise an external magnetic field to amplify the signal of
LIBS. From the introduction, we understand that LPP in a magnetic
field is associated with many complex phenomena. The phenomena
discussed in the present article are the laser ablation process, plasma
plume confinement, optical emission enhancement, and instability.

i. Laser Ablation Process

The formation of LPP begins with laser ablation. The laser ablation
mechanisms of nanosecond and femtosecond lasers fall into different
regimes. This review examines the mechanisms of nanosecond laser
ablation, highlighting its widespread use in various industries.
The main material removal processes of nanosecond lasers are
vaporisation and mechanical processes (melt ejection, instability, etc.).
A nanosecond laser irradiates a sample, heating its surface. The heat
generated within the time of pulse width diffuses into the sample and
confines itself to a depth equivalent to the diffusion length.

A
3Aie383 §
337 :
- ‘}?n ~ Oscilloscope

&[S

00009,

Nd: YAG Q-Switched laser

Fig. 4. Typical setup for examining the temporal evolution of plasma.

Table 2: List of important relations for Plasma Characterisation

Relations

Boltzmann plot relation for [ oo | 1 [ 1 E,
finding electron temperature. | ™ =i -

[68]

mn g m
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FWHM of Stark broadened K e ZMr["—eJ+3.5A["—e]M A(1-12N, ,l,s)w[niej
line profile.[65] M il ’ 16
FWHM of Stark broadened

line profile after neglecting "

ion-impact term. Electron AA, = 2W(1—O%J

density can be determined
from this relation.[68]

The experimental spectral line " ) 112
width (A4, ,) can be corrected Ak, = ((Wg) +(WLH /2)) +w, /2
using this equation.[69]
Local thermodynamic
equilibrium (LTE):
McWhiter’s criterion.[68]
Quantum mechanically

n, >1.6x10"T(AE, )’

nm

3

n o> 255)_(10” TVZ(AE )

corrected LTE condition.[70] ¢ g o

For plasma to be strictly in ne(t+7,,)-n(t)  and Te(t+7,,)-T.(t)
LTE, these relations should 0] <! Te (1) <1
be satisfied along with

McWhiter’s relation.[59]

Relaxation time.[59] L 630% p (kTe)”z exp(AE, /AT)

rel <g§f n, nm

mn ¢

Excitation rate coefficient.[59] fm(8) -AE, KT, 5
e

(c,,v.) =1.60x 107 — cm’s
AE/HIV (k7:,’ ) ’

Therelationconnectingthethermaldiffusionlength, thermaldiffusivity
of the material (D), and laser pulse width (r) is [71] L, = (2Dr)"*. If the
absorption depth a™ << thermal diffusion length, then the energy
absorbed within the time of pulse-width is utilised to heat the volume
(L rw?), where w is the radius of the laser spot on the surface. The
absorbed laser energy is equal to the 1-R)Iz. R is the wavelength-
dependent reflectivity of the sample, and I is the intensity of the laser.
Therefore, the temperature rise (AT) can be obtained from the relation
(1-R)It = pC,L,AT - However, if the o™ > thermal diffusion length,
then the absorbed laser energy induces a surface temperature profile
along the depth (z) and is given by [72](1-R)ale *t = pC, L, AT .
When the absorbed energy per unit volume exceeds the latent heat
of vaporisation, the mass in the volume (L w?) gets vaporised. The
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vaporisation process causes the material removal, and the vaporisation
i u=—2=2% (P -P
rate is [73] p2aRT]" ( vap ) , P

pressure and surrounding pressure. d s the correction factor for
the backscattered vaporised atoms. The mechanical material removal
process is known as melt ejection. During the nanosecond LA
process, a molten layer forms on the laser-created crater surface. The
LPP’s recoil pressure exerts a thrust on the molten layer, causing the
molten mass to eject. The recoil pressure of the LPP is approximately
equal to half of the vapour pressure, which is given by the Clausius-

Clapeyron equation [74], P, () =P, exp AH (TS—qu

,and P denote the saturated vapour

va

— = | where T, and
sty

AH are, respectively, the vaporisation temperature”and the latent
heat of vaporisation. The fundamental issue of nanosecond LA is the
shielding effect of LPP. Plasma absorbs laser energy, which reduces
the laser-surface coupling. The plasma shielding effect occurs when
the pulse width exceeds the plasma formation time. Plasma absorbs
laser energy, which reduces the laser-target coupling. The plasma
shielding effect occurs if the pulse width is longer than the plasma
formation time. The magnetic field is successfully used to reduce
plasma shielding by reducing the debris in the plasma. Researchers
have investigated the LA in a magnetic field and observed a significant
improvement in LA efficiency [23,26,32,75]. The phenomenon was
ascribed to plasma magnetic confinement, resulting in enhanced
plasma-target interaction and ejection of molten material. A magnetic
field intensifies the recoil pressure of plasma, leading to a higher melt
ejection rate than that without a magnetic field. Another possibility
is the occurrence of magneto-absorption effects. When researchers
applied a magnetic field to laser micromachining, they observed a
high rate of material removal and an improvement in the depth-to-
diameter ratio [18,34].

ii. Plasma Plume Confinement

LIBS is referred to as a flexible method for the elemental analysis of
materials [76]. Ithas many benefits over other spectroscopic techniques,
including application to various sample types (solid, liquid, gas),
multi-element analysis, and the absence of sample preparation
requirements [1,77]. This is an atomic emission spectroscopy, wherein

10
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a high-intensity laser beam concentrates on a substance to generate
LPP. LPP emits radiation of a wide frequency range. The plasma
emission is recorded and analysed to understand the compositions
of the target. The typical LIBS experimental setups are discussed in
section 3. The major issue with this technique is its low sensitivity.
Many research groups studied LIBS [78,79] to improve its sensitivity.
Methods for improving the signal of LIBS include purging ambient
gas, oblique laser radiation incidence, double pulse excitation, and
laser radiation polarisation [5,10,51,59]. In recent years, the magnetic
field has been engaged to increase the optical emission intensity of
LPP. Investigation on LPP showed the improvement of the signal
of LIBS [5,8,9,11,12,32,42] by magnetic confinement of plasma. It
enhanced the emission from plasma irrespective of atomic or ionic
transitions [12,32,80-82]. However, their improvement factors are
varied for different materials. The Lorentz force segregates the
electrons and ions when LPP flows within a magnetic field, resulting
in an electric field ¥ perpendicular to the applied magnetic field .
Consequently, the plasma is subjected to £xB drift in 5. The induced
current density J 40 plasma can be obtained by generalized Ohm’s
(U]
law [83] E + VXB‘-Z,ZJ/GO +(J><B /ne where Vo Oy e and n_ are,
respectively, " plastha expansion velocity, electrical conductivity,
charge and density of the electron. The LPP is decelerated by the force
density Jx B and confined to a smaller volume, leading to a rise in
density. The velocity (V#) of decelerated LPP is given by [5,14,45,84].

Vp = (I—l) Vo
P &)

2n kT
B: 22 e
B*/ ,

(2
where "0 is the plasma velocity withouta magnetic field and # is equal
to the ratio of the thermal pressure of LPP to the magnetic pressure.
Plasma confinement occurs when? is less than 1. The magnetic plasma
confinement increases both its electron temperature and density,
hence enhancing the rate of collisional excitation and recombination.
The amplification in optical emission is caused by the rise in collision-
induced atomic excitation and recombination processes. Plasma,
being a highly conductive medium, exhibits diamagnetism, which

11
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expels magnetic flux. The plasma expands diamagnetically until the
magnetic energy, excluded from its volume, equals the total kinetic
energy of the plasma plume. The plasma slows down considerably at
the diamagnetic cavity radius (the stopping radius). By equating the
work required for the plasma to expel the #from LPP volume with its
total energy, one can calculate this radius [59,85]. Consequently, the
conservation of energy yields this radius and is given by [67,86]

R = (3“OE;L11 jm
where E, _is the laser energy absorbed in the target. However, if the
plasma evolves in a region where the magnetic field and the ambient
gas exist, it experiences both gas and magnetic pressure. To account
for the effect of air pressure, Singh et al. [4] incorporated air pressure

in equation (2) and became

2
E, :lmvz+( 4 JV+ij.,dV
2,

3E 1 1/3
% =[ ix (P, v 12 )]

air lu‘O (4)
The evolution of LPP in an environment of both a magnetic field and
an ambient gas has been examined using fast-gated CCD and ICCD
cameras [2,3,25,87,88]. They showed that the laser plasma significantly
decelerated around the stopping radius. However, the instability of

LPP prevents it from stopping entirely.

iii. Instability of LPP

LPP with a magnetic field generally produces instabilities. The
two types of instabilities, which are often seen in laser plasma, are
Rayleigh-Taylor (RT) and Kelvin-Helmholtz (KH) instabilities
[15,59]. The interface remains stable when the dense fluid pushes the
less dense fluid. Rayleigh-Taylor instability arises at the boundary
between two fluids of different densities when the less dense fluid
pushes the denser fluid. It is a fingering instability of the interface. It
can be illustrated in the water-air interface. The thick layer of water
plastered on the ceiling of a room will fall. It is not because of the

12
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insufficient air pressure to support the water layer. It falls due to
RT instability [89]. When a laser plasma flows in an ambient gas, RT
instability may occur at their interface depending on the experimental
conditions. For a plasma of density () expanding in an ambient gas
of density (") , the generation of RT instability at the plasma-ambient
boundary is determined by [90,91]
wz - _kg (pl _pz) = —kga

(P +p,) (5)
where g is the acceleration of the interface between the twq fluids.
If@>>0 the plasma-ambient boundary is stable and if @ <0the
fingering instability at the boupdary grows exponentially. The
instability growth timeis ¥ = (82" The RT instability of magnetised
plasma occurs when it is supported against the gravitational field by
magnetic pressure [15]. Another instability of magnetohydrodynamics
is KH instability. This instability arises at the contact line of two fluids
of different densities when the velocity of one fluid exceeds the critical

velocity [21]. If o is the fluid’s surface tension, then the critical velocity
[21]is | . (m ]”4 .

L
iv. Enhancement of Laser-Induced Breakdown Spectroscopy
Signal

Researchers have investigated LPP without and with a magnetic field,
demonstrating the enhancement of both atomic and ionic transitions.
Table 3 lists the types of samples, the intensity of the magnetic field,
and the enhancement factors for previous studies. The magnetic
confinement of LPP is responsible for this improvement in atomic
and ionic line intensities. Rai et al. [14] established a model relating
the total plasma emission with the density and volume of LPP.
The model elucidates how the confinement of LPP causes intensity
enhancement. According to Rai et al. [14] , the LPP’s total amount of
radiation is directly proportional to its volume and the square of the
density. Using the following relation [14], one can determine the ratio
of intensities when a magnetic field is switched on or off.

I _ [i)
1, Vly (6)

13
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Table 3 Recent studies on magnetically confined plasma for
emission enhancement

Sample Magnetic | Enhancement of optical Reference
field emission
Al alloy and 05T 2 times enhancement for [14,93,94]
aqueous solution solid sample and 1.5 times
of Mn, Mg, Ti, and for liquid sample.
Cr
Zn 0.1-0.5T |Enhancement was observed [94]
in low laser energy.
Al 05-09T |Both atomic and ionic lines [2,7,11,36,
were enhanced. 95,96]
Co 08T 22 times in emission of Co. [9,11]
Reduction in intensity was
observed in Co lines.
Cr 0.8T |24 times enhancement in the [9]
emission of Cr.
Cu 0.1T- |Enhancement was observed | [4,5,10,11,
0.67T |both in atomic and ionic 32,43,51,
lines. 59,94]
Li 0.04 T -1.1 | Enhancement was observed | [42,97,98]
T both in atomic and ionic
lines.
V.0, 045T |Enhancement was observed [44]
ZrO, Enhancement was observed [99]
Soil sample 0.3 T-0.7 T | 8 times enhancement was [100,101]
observed. Enhancement of
the detection limit of Cu and
PB was observed
W 11T | Atomic and ionic line [55]
intensity were enhanced.
Pd 0.12 Both the atomic and ionic [46]
lines were enhanced by 3-4
times.
Ge 0.45T |Reduction in intensity [81]
Sn 0.6 T |2 timesin atomic and ionic [62]
lines
Graphite 05T |Enhancement was observed. [62]

t, and t, are the emission times without and with a magnetic field,
respectively. Using equation (1), equation (6) can be simplified as

14
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I_B ) (l_lj—s/z [t_oja
I, B Is 7)
Equation (7) shows that the optical emission enhancement mainly
depends on f and the time of emissions. When the f is low, the
improvement of emission is possible. This demonstrates that emission
gets enhanced when the magnetic pressure dominates the plasma
pressure. When the f is low, i.e., plasma is confined, the plasma
emission gets enhanced. It is attributed to the rise in the rate of
radiative recombination and electron impact-atomic transition. This
can be comprehended by examining the rate of atomic transition
resulting from the electron-atom collision, which is given by [92]
R =nn(c v,), where n, o, and v_ are the density of atoms, the
cross-section of electron-atom collision, and velocity of the electron,
respectively. The rate coefficient, N is estimated using the relation
[92]

(c,v,)=1.60x10" SonB) AWK, 3

AE,, (kT,)" , ©)
where (g)is the average Gaunt factor, f,,is the absorption oscillator
strength, andAE,,is the energy difference between the states m and
n, respectively. Confining the plasma increases the electron density,
which raises the electron-atom or electron-ion collisional excitation
rate. After the laser had terminated, the gain in LPP optical emission
intensity from solid and liquid samples was most noticeable. Because
the plasma thermal pressure is much higher than the magnetic
pressure during the early time of plasma expansion, the role of the
magnetic field is not significant., i.e., g>1, during the early time of
plasma expansion, the plasma is not confined by a magnetic field.

At early delay times before 2 Us, when the plasma temperature
was very high, there was no enhancement [5,14]. We found that the
enhancement of line emission significantly increased at gate delay
times 2 us to 30 US, with an enhancement factor of 1.5 [14]. When
plasma magnetic confinement worked well, there was more radiative
recombination, which led to a rise in line emission intensity at a later
time in plasma evolution. The intensity of optical emission of LPP
from solid and liquid samples was found to be increased initially and

15
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then decreased gradually with laser pulse energy. At higher laser
energy, the intensity of optical emission reached saturation. In the
absence of a magnetic field, the onset of optical emission saturation
occurred at laser energy 225 m] [5,14]. The saturation in optical
emission was attributed to self-absorption, which arose due to the
increase in density of the plasma. The onset of saturation was found
to be observed at a comparatively lower energy in the presence of the
magnetic field. The enhancement of optical emission was observed
below 225 m] laser energy, and the intensity in the presence of a
magnetic field was found to be lower than that without a magnetic
field when the laser energy was above 225 m] [93].

v. Electron Density and Temperature

The spectroscopic technique called LIBS is capable of gathering and
examining the radiation emitted by plasma. During the later phase of
plasma expansion, atomic spectral transition lines that represent the
unique characteristics of the sample components are released. These
measurements offer both quantitative and qualitative data regarding
the composition of the material sample [1]. However, if there is
any component of a trace amount in the sample, the transition line
intensities are poor. This may make determining the presence of this
component uncertain. The magnetic field can be used to enhance the
intensity of the LIBS signal [9,11]. When the magnetic field confines
laser plasma, its temperature and density increase significantly
[6,12,80,87]. Increasing temperature and plasma density increases the
recombination and excitation rate and, hence, the intensity [14].

5. Conclusion

LA has a wide range of applications and is studied well by many
research groups for different aspects. The comparative studies on LA
in the absence and presence of magnetic fields are rarely available in
the literature. LA in a magnetic field involves a variety of physical
processes. Understanding these processes can aid in optimising the
laser parameters to improve thin film quality, control nanoparticle
size, achieve precise and smooth material cutting or drilling, perform
laser surgery, and enhance the LIBS signal, among other benefits. It
may also be helpful to design the portable LIBS setup to analyse the
soil and other materials outside the laboratory.

16
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Nomenclature
R, | Stopping radius
f | The ratio of plasma pressure to the magnetic pressure
B | Magnetic field
E, | Absorbed laser energy by the target
v, | Velocity of plasma in the presence of magnetic field.
V,, | Velocity of plasma in the absence of magnetic field.
T, | Target surface temperature
n, | Electron density
T, | Electron temperature
I, | Intensity of optical emission in the presence of magnetic field
I, | Intensity of optical emission in the absence of magnetic field
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