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Abstract 

The objective of the present thesis is to investigate the laser ablation and laser 

produced plasma of copper in the absence and presence of magnetic field in air 

atmosphere. The optical emission spectroscopy is used to optimize the laser fluence 

and magnetic field for subsequent studies. The temporal evolution of copper 

transitions (neutral) studied showed multi-component structures. Without magnetic 

field and at 0.1 T the temporal profile of copper consists of two components and at 

higher magnetic field of 0.3 and 0.5 T, a third component is observed. The sample-to-

focus distance of laser focusing lens affects the dynamical behavior of plasma in the 

presence of magnetic field. The optical emission enhancement is found to be 

maximum when the focus-to-sample distance is 5 mm. The increase in the ablated 

volume of laser induced craters in the presence of magnetic field is due to the 

increase in melt ejection as a result of increase in recoil pressure on the melted layer. 

The other possibility is the increase in plasma-target heat transfer which leads to 

further ablation. Therefore, to understand the dependence of laser ablation 

enhancement on the thermo-physical properties of the material, studies are reported 

on copper and aluminum. The increase in ablation is more pronounced in aluminum 

having low melting/vaporization temperature and high absorption coefficient of laser 

radiation.  The investigation of the deposited particles on copper target shows the 

presence of Cu/CuO/Cu2O crystal nanoparticles. The transformation of Cu2O to CuO 

in the presence of magnetic field is in good agreement with X-ray diffraction, Raman, 

and photoluminescence studies. The laser ablation is further studied by creating the 

craters with higher number of laser shots in the presence of uniform and non-uniform   

magnetic field. The minimum size of droplets is estimated to be 0.68 μm. The droplet 

size increased (> 0.68 μm) in the presence of magnetic field as compared to without 

magnetic field.  The percentage of large sized droplets increased in the presence of 

non-uniform magnetic field due to melt ejection and instability of liquid layer formed 

in the crater surface. It is attributed to an additional drift between the liquid layer and 

plasma which enhances Kelvin-Helmholtz instability. Finite element method is used to 

simulate laser heating in copper and aluminum targets using 2 dimensional heat 

conduction equation. The vapor pressure in the presence of magnetic field is 

estimated by adding magnetic pressure in the Clausius-Clayperon equation and 

results from this modified equation are found to be in close agreement with that 

obtained from the experiment. The dependence of laser ablation on thermo-physical 

parameters is also in good agreement with the experimental results. The ablated 

volume estimated experimentally is very close to the volume estimated from 

simulation signifying the validity of modelling used in present thesis. Therefore the 

reported work will be very useful to better understand the nanosecond laser ablation 

and laser plasma in the presence of magnetic field in air. The laser plasma with 

magnetic field can be used as a controllable atom source. It will be useful to improve 

the sensitivity in LIBS in the presence of magnetic field by increasing signal-to-noise 

ratio. An external magnetic field can be used to improve laser ablation and to 

transform the phase of copper oxide. The modeling introduced would be beneficial to 

understand the laser drilling and welding processes during the interaction of laser 

with the material.    
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B magnetic field Pmag magnetic pressure 

C specific heat Pvap vapor pressure 

Cf focused laser diameter R universal gas constant 

Cd crater diameter Rb stopping radius 

Dth thermal diffusivity Rref reflectivity  
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RL radius of laser spot 

rRT size of particle generated due to RT instability   

rKH size of particle generated due to KH instability   

S0 target position at d = 0   

S1 target position at d = 5 mm   

S2 target position at d = 10 mm   

S-1 target position at d = -5 mm   

S-2 target position at d = -10 mm   

Te electron temperature   

Ts surface temperature   

Ti ion temperature   

Tm melting temperature   

Tv vaporization temperature   

Prec recoil pressure   

v plasma expansion velocity   

vc critical velocity   

ve velocity  of electron   

vt tangential velocity   

V volume of plasma plume   

Vd plasma  drift velocity   

w electron impact parameter   

wg width of Gaussian function   

wL width of Lorentzian function   

Y Young’s modulus   

Z partition function   

Z(shock) shock impedance   

g  Gaunt factor averaged over a Maxwellian 

velocity distribution 

  

p  pressure gradient   

≈ approximately   
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Chapter 1  

                                                                                                                     

Introduction 

 
When a high power pulsed laser radiation is focused on a target, it may 

dissociate, excite, and/or ionize the constituent atoms of the target and eventually it is 

converted into plasma on further ionization by absorbing the incident laser radiation. 

As a result of laser-matter interaction, many kinds of processes such as emission of 

radiation from visible range to X-ray depending on the intensity of laser, high energy 

particle emission, excitation of instabilities, ablation of material, target acceleration 

may occur.1 Laser ablation has been of great interest for fundamental studies and its 

application in pulsed laser deposition (PLD)2–5, inverse pulsed laser deposition 

(IPLD)6–8, welding and drilling9–12, synthesis of nanoparticles (NPs)13–19, laser 

cleaning,20,21 and laser-induced breakdown spectroscopy (LIBS).22–25 Laser ablation 

can change the surface morphology of a target and can bring about changes in its 

electrical, optical, and mechanical properties.26 The micro- and nanostructured laser 

ablated surface has a wide-range of applications in industry, research, and medical 

science.27  

Dynamical behaviour of laser-produced plasma (LPP) depends on the laser 

parameters like laser intensity, wavelength, pulse duration, repetition rate, size and 

shape of laser spot, and ambient gas which in turn strongly affects its application in 

PLD, IPLD, LIBS, synthesis of nanoparticles, etc.28–32 Some of the frequently used 

techniques to study LPP plume dynamics are fast imaging method, optical emission 
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spectroscopy (OES), Thomson scattering, Langmuir probe, and numerical method,  to 

name a few.33–37  

Spectroscopic study of optical emission from LPP is known as LIBS. It was 

started around 1965 soon after the invention of high power laser and is still growing.1 

This spectroscopic technique has many advantages as it can be used in any type of 

sample (solid, liquid, and gas) and it does not require any sample preparation. It also 

has high spatial resolution due to small focal spot size and it can be used to analyse 

the sample in hostile environment and for remote detection. The sensitivity of the 

LIBS is dependent on the dynamical behaviour of the plasma. The condition of 

ambient atmosphere also affects the optical emission and plasma target interaction.38 

Owing to the dependence of LPP dynamics on ambient conditions, LPP in different 

ambient conditions like air, liquid, inert gas, etc. has been extensively investigated 

using time resolved OES.15,39,40 The spectra of LPP at atmospheric air pressure are 

characterized mainly by discrete and intense peaks resulting in an increase in signal-

to-noise ratio.41   

In recent years, the studies on LPP in the presence of an external magnetic field 

(B) has attracted more attention as it gives rise to various interesting phenomena such 

as optical emission enhancement42, plasma instabilities43, astrophysical processes of 

stellar interiors44, Joule’s heating and plasma plume confinement.45 It also has 

potential applications such as in thin film deposition46, debris mitigation47, 

nanoparticle synthesis48, surface modification49, etc. The increase in laser ablation and 

confinement of plasma in the presence of magnetic field in turn affects the 

characteristics of optical emission and plasma plume dynamics.50 A few studies on the 
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effect of magnetic field on LPP for the practical application of LIBS are available in 

the literature. Rai et al. studied the LPP of solid/liquid sample in air in the presence of 

0.5 T magnetic field and showed that the optical emission enhancement depends on 

the target material properties and laser energy.42 The optical emission enhancement is 

mainly due to the confinement of plasma. It was also observed that the enhancement 

factor (EF) (i.e. EF is defined as the ratio of emission intensity with magnetic field to 

that without magnetic field) initially increased when the laser energy was increased 

from 10 to 50 mJ and then saturated when the laser energy increased beyond 50 mJ.42 

The saturation in line emission at higher laser energy was caused by reflection of laser 

radiation from the plasma, self-absorption, instability, and diffusion of particles. The 

enhancement was pronounced at moderate laser energy and the EF of 1.5 – 2 was 

achieved.  Li et al. also observed improvement in EF of atomic/ionic transitions of Cu 

plasma in air at moderate laser energy of 30 mJ when the laser energy was increased 

from 13 to 85 mJ in the presence of magnetic field.51 When the plasma is confined 

into a small region, the rate of collisional excitation and recombination gets larger and 

hence the emission intensity is increased. The optical emission from magnetically and 

spatially confined LPP has shown more intensity enhancement.52 In the presence of 

magnetic field, Shen et al. studied the LPP of Al, Cu, and Co in air at different laser 

fluences. It was observed that the intensity EF for atomic lines of Al and Cu was in 

the range of 2-8 whereas Co atomic line showed a decrease in EF. The change in 

intensity is due to the change in effective density of the plasma in the presence of 

magnetic field and it depends on the material as well as its excitation properties.53  

Kim et al. investigated the effect of variation of laser energy on LPP of Cu  in air and 
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demonstrated that the enhancement of LIBS signal of Cu plasma with magnetic field 

occured at 30 mJ.54 

The behavior of LPP of different materials in the presence of magnetic field in 

different ambient gases (helium and argon)/vacuum has been studied in terms of 

plume confinement, diamagnetic effect, intensity enhancement, increase in electron 

temperature, and density.17–19 The influence of the magnetic field (0.45 T) on LPP in 

vacuum has been investigated using time-of-flight OES and results showed 

temporally broadened atomic lines while ionic line showed more confinement in the 

presence of magnetic field at laser fluence higher than/equal to 24 Jcm-2.55 Owing to 

diamagnetic behavior of LPP in the presence of magnetic field, the temporal profiles 

of plasma species at 6 mm from the target were found to be independent of ambient 

(argon gas at low pressure ) conditions.57 The dynamics of the laser-produced Cu 

plasma with non-uniform magnetic field (NU) in gas ambient has been studied using 

fast imaging and OES and showed cluster formation, stagnation, and oscillatory 

rotation of the plasma plume.43,58,59 The investigation of LPP in the presence of NU 

magnetic field at low air pressure (0.1 mTorr) ambient has also been reported 

earlier.60 The rotating Cu plasmoid in helium and argon gases has been studied using 

OES and fast photography. The experiments showed the Rayleigh-Taylor (RT) 

instability at the interface between the plasma and NU magnetic field (0.5 T at poles 

and 0.35 T in the middle of the poles of  magnet).43 RT instability was also observed 

in laser-produced carbon plasma at low air pressure (5 mTorr and 100 mTorr) and 

vacuum in the presence of NU magnetic field.44,60 Patel et al. investigated the 

behavior of brass plasmoid in the NU magnetic field at different air pressures (10-4 
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mbar, 10-1 mbar, and 1 atm.) and observed the splitting of the plume at lower pressure 

of 10-1 mbar.59 Mostovych et al. reported the collimation and instability of LPP in the 

presence of variable transverse magnetic field (0 – 1T).61 However, limited studies on 

LLP in the presence of magnetic field and air at atmospheric pressure are available in 

the literature.   

Since LPP is highly transient, the temporal evolution of plasma has been 

investigated using time-resolved OES.62–65 However, the effect of variation of 

magnetic field on temporal evolution is not well documented. Joshi et al. studied the 

temporal evolution of LPP in vacuum as a function of transverse magnetic field using 

temporal spectroscopic technique and observed that as the magnetic field was 

increased from 0 to 0.08 T, the intensity of atomic Li line initially increased and 

subsequently decreased at higher magnetic field of 0.3 T.66 The effect of the external 

transverse variable magnetic field (0 - 0.2 T) on the laser-blow-off plasma plume 

emission at low air pressure as well as ambient gas condition has been studied. The 

intensity enhancement of atomic lines which varies with the magnetic field was 

discussed by invoking various atomic processes like electron-impact excitation, 

recombination, and diffusion of the ambient gas in the plasma plume in collisional 

and hydrodynamic regime.67,68 It also reported the observation of different multi-

component structures in the temporal atomic line profile with magnetic field. Using 

fast imaging technique the expansion and confinement of the LPP of Al, Cu, and brass 

in air was investigated by varying the magnetic field from 0 to 0.8 T. The recorded 

plasma images showed that the expansion of plasma plume along the magnetic field 

increased with magnetic field.69 Similar phenomenon was also observed in LPP of 

glass in the presence of transverse variable magnetic field.70  
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Since the plasma evolves with space, the spatially-resolved optical emission 

spectroscopic study is employed to extract the quantitative information of plasma 

parameters of the localized region of LPP.71 The optical emission of LPP in the 

presence of an external magnetic field investigated using optical fiber showed the 

intensity enhancement which is attributed to an increase in effective plasma density 

due to the magnetic confinement of plasma.22 This spectroscopic study is useful to 

optimize the distance from target to get better sensitivity in LIBS for elemental 

composition analysis.22 In the literature, several authors reported spatially-resolved 

optical emission spectroscopic study using optical fiber 24, 37, 72–74, and observed a 

decrease in spectral line intensity, electron density, and temperature with distance 

from the target. This is attributed to the adiabatic expansion of plasma. Aguilera et al. 

studied LPP by spatially-resolved spectroscopy of atomic and ionic emissions and 

observed that the electron temperature determined locally was found to be identical to 

ionic temperature. However, in the case of integrated emission measurement they 

observed difference between the electronic and ionic temperatures which is due to the 

population-averages of the local electronic temperature.76 Chen et al. studied the 

spatial evolution of laser induced SiC plasma in vacuum and estimated the dimension 

of the core and tail of the plasma.77 The study on spatial evolution also helps to 

determine target-substrate distance in PLD to reduce debris or splashing.78 Hermann 

et al. reported on PLD of TiN using spatially-resolved optical emission spectra 

collected with fiber and made various conclusions concerning vaporization, plasma 

formation and propagation, and the creation of reactive species leading to TiN 

formation.4 
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Laser ablation, laser material processing, and optical emission from LPP is also 

dependent on the geometrical factor like lens-to-sample distance (LTSD). The effect 

of LTSD on LPP of metals in air has been studied using spherical and cylindrical 

lenses indicating that the atomic emission intensity, electron temperature, and ablation 

mass depends on LTSD.79 Aguilera et al. studied the effect of focusing distance on 

LPP in air and observed quadratic dependence of line intensities on laser energy.80 

The effect of LTSD on LPP during laser processing has shown that the reduction in 

intensity at laser tight focusing condition is due to saturation effect.81 The spatial 

behavior of laser-produced iron plasma in air and argon ambient with different LTSD 

has been investigated and observed the change in intensity with LTSD attributed to 

the plasma shielding effect.82 Chen et al. investigated the role of LTSD on laser 

induced damage on zinc target and observed a significant decrease in the damaged 

region when LTSD increased. It was also reported that the electron temperature 

follows the exponential growth with LTSD.83 However, these studies are in the 

absence of magnetic field.  

In recent years, laser ablation has been widely used in material science especially 

for depositing thin film/synthesis of nanoparticles using PLD/IPLD.84 LPP parameters 

affect the quality of thin film deposited via PLD.3,4,78,85,86 The synthesis and 

characterization of Cu oxide nanoparticles thin film using PLD (in air ambient/other 

gas/vacuum) have been studied extensively.2,5,87 Brailovsky et al. showed that the 

formation of melt droplets is mainly due to the melt ejection. The other possibilities 

are RT and Kelvin-Helmholtz (KH) instabilities.88 In IPLD, the backward motion of 

the ablated mass is utilized to deposit thin films on the target itself or substrate 
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mounted on the target and it solely depends on the condition of the ambient 

atmosphere.48 The thin films deposited using IPLD contain less micron-sized 

particulates and exhibited dense structure compared with that deposited by PLD, 

especially, at high ambient pressure.89 Pereira et al. studied the characterization of 

plasma dynamics and surface nanostructuring of target in air at atmospheric pressure 

and showed that the kinetic energy and density of plasma are the two key factors 

which control the nanoparticle formation on the target.90  

The external magnetic field has been used to improve the quality of PLD thin 

film 91 and to control the nanoparticle size IPLD as well.48 The magnetic field is also 

used to mitigate debris in PLD and extreme ultra violet lithography.46,92 Musaev et al. 

investigated the laser ablation of gold in liquid ambient and observed the formation of 

short nanowires in the presence of magnetic field. It is attributed to the formation of 

aggregates of dispersed nanoparticles due to confinement of plasma.93 The study on 

IPLD of Cu cluster in the presence of NU magnetic field and ambient gas 

(argon/helium) showed the dependence of nanoparticles shape on the ambient gas. It 

is due to the difference in backscattering of particles as a result of increase in 

collisions, temperature, and confinement of plasma in the presence of magnetic field 

and argon/helium ambient.18 The effect of ambient gas pressure on the surface 

morphology of the deposited material has also been studied extensively18,85 but the 

effect of magnetic field on IPLD of Cu in atmospheric air is not well documented. 

Since the IPLD depends on kinetic energy and plasma density, the understanding of 

plasma parameters in LPP is essential. The magnetic field can also control the quality 

and efficiency of welding and drilling.49,94  The increase in depth and relatively less 
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residual in magnetic field assisted laser drilling is more likely due to an increase in the 

heat transfer from the magnetically confined plasma to the target.49  By applying an 

external magnetic field, the aspect ratio of micromachining can be enhanced. The 

reason is that the magnetic field squeezes LPP and brings it closer to the target 

resulting in deeper drilling depth and hence the aspect ratio.95 It is attributed to the 

magnetic confinement of the plasma.96 Recent investigations showed that the presence 

of electromagnetic field results in small diameter, smooth surface, and less defects in 

the nanosecond laser drilling. Multi-shock effect which causes drilling defect can be 

minimized by the application of an external electromagnetic field.97 In the presence of 

magnetic field the penetration depth was found to increase during CO2 laser drilling. 

However, the drilling depth decreased at higher magnetic field.94 Chao et al.98 studied 

the magnetic field assisted laser percussion drilling and showed that the penetration 

depth can be increased by 87.7 %. The static magnetic field can improve the drilling 

efficiency of highly reflective metals.99  It therefore emerges from these discussions 

that the morphological and spectroscopic characterization of laser-ablated Cu in air at 

atmospheric pressure in the presence of uniform/NU magnetic field is not reported in 

the literature. 

 The physical processes involved in laser ablation remain quite unclear though its 

application geared up in different fields. To get an exact solution using an analytical 

method of this phenomenon with the complex boundary condition is quite difficult. 

Finite element method (FEM) is a numerical method which is useful to solve a 

problem with the complex boundary conditions. The finite element simulation based 

on 2D heat conduction was investigated to predict the evolution of surface 
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temperature and the depth of the laser irradiated target like TiC, Si, Al2O3.
100,101 It was 

also observed that the simulated results based on temperature dependent thermo-

physical parameters are very close to the experimentally measured ablation depth. In 

the light of above discussions, it is understood that similar studies for Cu and Al are 

not well documented so far. Also the finite element modeling to simulate laser 

ablation in the presence of magnetic field is not reported in the literature. 

Laser ablation several of metals has been investigated for various applications. 

Amongst the various targets investigated in LPP, copper is one of the most exploited 

elements in various fields of industry and technology. Therefore, diagnostic 

techniques for this element are of particular interest in industrial laboratories. In 

recent years, the usage of drilled Cu foil is favored to design multi-level printed 

circuit boards (PCB) in which the connection of PCB between conducting layers is 

made by drilled holes or microvias.11,102 Al is also used as electrodes in microsystems 

technology for biotechnology applications.9 Al with micro-holes created by pulsed 

laser ablation enhances the light absorption that can be used in solar cell.103 The 

micro-hole drilling by laser has many advantages including smaller size, faster 

drilling rate and high aspect ratio. The oxygen in air gets oxidized to form copper 

oxide nanoparticles/microparticles of different size. The copper oxide 

nanoparticles/microparticles of different size and shapes are used as sensors, catalysts, 

light emitting diode, anti-fungal and bacterial activities, and solar cells.104,105 

The present thesis deals with the effect of static magnetic field on laser 

ablation of Cu and its LPP in air at atmospheric pressure. The LPP of Cu was studied 

experimentally using OES. The LPP of Cu plasma was investigated using time-
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integrated OES by varying the laser fluence and magnetic field to obtain optimized 

laser fluence and the magnetic field for subsequent studies.  Since the plasma is 

highly transient the temporal evolution of plasma was also studied by varying the 

magnetic field to better understand the dynamical behaviour of LPP in the magnetic 

field. It evolves not only with time but it also changes with space. Therefore, the 

spatially-resolved OES was employed to study the spatial evolution of plasma in the 

absence and presence of magnetic field. The lens focusing distance was also varied 

with respect to the target to study the dependence of LPP on LTSD in the presence of 

magnetic field. The effect of uniform magnetic field on laser ablation and the particles 

deposited on the Cu target was investigated. The craters were generated on Cu and Al 

targets in the presence and absence of magnetic field to study the dependence of laser 

ablation on thermo-physical parameters. The effect of magnetic field on laser ablation 

of Cu and its plasma was also extended by the application of NU magnetic field. The 

numerical method is a useful tool to model a complex process. Based on heat 2D 

conduction, the laser ablation was simulated using FEM to estimate the ablation depth 

generated due to vaporization/melt ejection. The simulation with the temperature 

dependent parameters of Cu/Al in the absence and presence of magnetic field leads to 

more realistic depth/volume which is not well documented. In the present thesis, the 

temperature dependent enthalpy is used to take into account the effect of phase 

transition during the laser ablation. The vaporization rate was estimated from the 

vapour pressure and target surface temperature. The melt ejection rate was calculated 

from the piston effect caused due to the recoil pressure of the ablated mass. The 

temporal evolution of vapour pressure is given by Clausius-Clapeyron equation. In the 

present thesis, the Clausius-Clapeyron equation was modified by introducing a 
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magnetic pressure term to calculate the vapour pressure in the presence of magnetic 

field. The ablation rate due to vaporization/melt ejection was compared with the 

experimentally measured values. The plasma is decelerated significantly in the 

presence of magnetic field and ideally it stops at a distance called stopping radius. 

The stopping radius was estimated by taking into account the effect of air pressure at 

different focusing distances. 

The entire thesis is planned into seven chapters as follows. Chapter 1 gives a 

brief general introduction on laser matter-interaction and literature survey on the LPP 

in magnetic field. For studies on laser ablation and its subsequent generation of LPP, a 

better understanding of the basic physical process in plasma is one of the main 

requisites. In the present work, the OES was employed to diagnose the LPP in the 

absence and presence of magnetic field. Since the plasma involves various complex 

processes, the numerical method is widely used to model plasma processes. FEM is 

one of the numerical methods which can be used to solve the problem even in a 

complex geometry. Therefore, the ANSYS software based on FEM has been used to 

simulate laser ablation and physical processes in the plasma. The FEM (ANSYS) was 

employed to simulate laser ablation in this present thesis. The basic physical 

processes in LPP in the presence of magnetic field, experimental setup, and FEM are 

discussed in chapter 2. In the light of earlier discussions, it is understood that most of 

the previous studies on effect of magnetic field on plasma are mainly at a fixed laser 

fluence and magnetic field. In the present thesis, laser produced Cu plasma was 

studied by varying the laser fluence and magnetic field. The laser fluence and 

magnetic field at which the intensity of optical emission was maximum were fixed for 
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subsequent studies. Chapter 3 discusses the effect of variation of laser fluence and 

magnetic field on laser produced Cu plasma. Since, the plasma evolves with time and 

space, the temporal and spatial evolution of LPP was studied in the absence and 

presence of magnetic field. LPP is also significantly affected by LTSD and, therefore, 

the effect of LTSD on LPP in the presence of magnetic field was also investigated. 

The detailed results and discussion on studies on temporal and spatial evolution and 

the effect of lens focusing distance on Cu plasma in the presence of magnetic field is 

presented in chapter 4. The laser ablation is used to synthesize nanoparticles using 

PLD/IPLD technique for various applications. Both techniques are solely dependent 

on ambient condition. The presence of high pressure air ambient and magnetic field 

affects the dynamical behavior and eventually the deposited particles on the target 

surface. In order to study the effect of magnetic field on laser ablation and deposited 

particles on Cu target, the laser ablated target was characterized using surface 

characterization techniques discussed in chapter 2. The results and interpretation on 

the effect of magnetic field on laser ablation and deposited particles are described in 

chapter 5. FEM was used to simulate the evolution of surface temperature and the 

estimation of vapor pressure in the present thesis. The enhancement in laser ablation 

in the presence of magnetic field observed experimentally was justified by invoking 

the role of recoil pressure in melt ejection in the numerical studies. Chapter 6 deals 

with the numerical studies on the effect of magnetic field on laser ablation. The thesis 

is concluded in chapter 7. 
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Chapter 2 

                                                                                                                    

Basic Physical Processes, Experimental Setup, and Finite 

Element Method  

 
Chapter 1 presented a brief account of the generation of LPP in the absence and 

presence of magnetic field. In this chapter, the basic physical processes and 

parameters used in plasma diagnostics are discussed. The experimental setup used for 

the experiments is discussed in detail. The basic FEM and its procedure to simulate 

laser heating are also presented at the end of this chapter.  

2.1. Basic physical processes in plasma 

2.1.1. Laser-matter interaction and plasma formation 

 

The removal of a portion of material by focusing a high power laser beam with 

the laser fluence greater than the ablation threshold is called laser ablation. The laser 

energy is absorbed by free electrons of the metal through inverse Bremsstrahlung (IB) 

process. The electron-electron and electron-phonon interaction time84, respectively, 

can be estimated from  15
10 F

ee
F


  


  and e e

eL ep

T
g


  , where ε is laser photon 

energy (2.3 eV for 532 nm laser wavelength), εF is the Fermi level (7 eV for Cu), γe is 

the electron specific heat constant (96.6 Jm-3K-2), Te is the electron temperature, and 

gep is the electron-phonon coupling constant (1017 W/m3K for Cu). Therefore, the 

electron-electron interaction time inside the metal is around 2.2 fs while that of the 

electron-phonon interaction is 3.9 ps. The laser pulse width is comparatively longer as 

compared with the time scale of interaction taking place inside the material. For 

nanosecond (ns) pulse laser-metal interaction, thermalization occurs within the pulse 
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duration through electron-electron collision and electron-lattice collision and 

subsequently their dynamics coincides (i.e. Te = TL = T, TL is temperature of lattice).84 

The thermal diffusion length of target is related to the thermal diffusivity by17 

                                              
1
22( )th thL D                                                     (2.1)        

                               
 

where Dth is the thermal diffusivity of the target and τ is the laser pulse duration. The 

heat generated on the target surface during laser pulse is confined within the thermal 

diffusion length (Lth). If the temperature T is higher than the vaporization temperature, 

a part of the target gets vaporized. The free electrons present in the target vapour 

absorb incoming laser radiation through IB process when they collide with heavy 

particles, atoms and ions. The IB absorption coefficient is given by1 
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             (2.2) 

where σ is the photon absorption cross section by an electron during the collision with 

atoms, c is the speed of light, h is Planck’s constant, kB is Boltzmann constant, and Z 

is the charge on ion. ne, n0,  and ni are the density of electrons, atoms, and ions, 

respectively. The electrons with sufficient energy collide with atoms or molecules and 

further ionization occurs. As a result of this cascade breakdown, the electron 

concentration increases exponentially with time. The other possibility is multi-photon 

ionization in which an atom absorbs a sufficient number of photons simultaneously 

and causes its ionization. Eventually the generation of plasma occurs if the laser 

intensity is higher than the threshold intensity (≈108 W/cm-2).  
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2.1.2. Expansion of plasma 

The plasma expands isothermally during the laser pulse followed by adiabatic 

expansion after the termination of the laser pulse. At a supersonic velocity, the plasma 

expands normal to the target surface in an ambient gas or vacuum. The interaction 

between the hot expanding plasma and ambient is mainly due to two mechanisms: (i) 

the high pressure expanding plasma compresses the surrounding ambient gas and 

generates shock wave and (ii) the transfer of energy to ambient by the combination of 

thermal conduction, radiative transfer, and heating by shock wave. The laser ablation 

and its subsequent plasma evolution is a very complex process. It depends on the laser 

parameters like laser intensity, wavelength, pulse duration, repetition rate, and laser 

spot size. It is also dependent on the thermo-physical properties of the target and the 

nature of the ambient gas. The extensively used ambient gases include helium, argon, 

air, oxygen, nitrogen, etc.58,106,107 

During the initial fraction of ns laser pulse, the vaporization and ionization 

occurs. The rest of the laser pulse is absorbed by vapour and expanding plasma 

plume. This absorption of laser in the plasma induces three different types of waves1 

due to different mechanisms of propagation of the absorbing plasma plume front into 

the ambient gas.  These waves are strongly dependent on the laser intensity. These 

waves are (i) laser-supported combustion (LSC) wave (ii) laser-supported detonation 

(LSD) wave, and (iii) laser-supported radiation (LSR) wave. LSC is produced at low 

laser intensity and it comprises of a precursor shock which is separated from the 

absorption zone and the plasma. The shock wave leads to an increase in ambient gas 

density, temperature, and pressure. However, the shock edges are transparent to the 
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incident laser radiation. The front edge of the plasma expanding in an ambient and the 

laser absorption region propagates into the shocked gas resulting in LSC. The heat 

conduction and radiative transfer are the primary propagation mechanisms from hot 

plasma to the high pressure gas in the shock wave. The precursor shock is sufficiently 

strong at the intermediate laser intensity resulting in shocked gas hot enough to 

initiate the absorption of laser radiation. It does not require the additional heating by 

energy transport from the plasma. The laser absorption zone follows behind the shock 

wave and propagates at the same velocity. The propagation of this wave is entirely 

due to the absorption of laser energy and this regime is the LSD. At high laser 

intensity, since the plasma is so hot, the ambient gas is heated to a temperature at 

which the absorption of laser begins. The laser absorption occurs before the arrival of 

the shock wave. If this regime is considered in the ideal gas, laser absorption begins 

without any change in the density, and the pressure profile is mainly generated from 

the strong local heating of the gas rather than a propagating shock wave. The LSR 

wave velocity increases much more rapidly with laser intensity compared with the 

LSC and LSD waves. 

When the plasma is generated by focusing a high power laser, it induces shock 

wave in the target as well as in the surrounding medium. It has been reported that the 

impulse of shock wave of plasma on the irradiated target in the presence of confined 

geometry (i.e. spatial confinement by transparent medium) is higher and the duration 

of shock impulse is longer.108 The plasma pressure generated in air ambient can be 

calculated using Hugoniot relation108 

                                      
1/2

0( ) 0.1 ( )1
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P kbar Z shock I 
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where Z (shock) is the shock-impedance of the target-ambient system in (g/cm2 s) and 

I0 (GW/cm2 ) is the incident laser intensity. The shock impedance of the target 

ambient-system is given by 2 1
( ) iZZ shock i

   , where Zi(shock), i = 1, 2  is the shock 

impedance of each material (target and confining layer). The shock impedance 

Zi(shock) is equal to the shock velocity times the density of the material. 

2.1.3. Spectral emission from plasma 

The emission spectrum of LPP is mostly composed of continuum emission 

near the target surface where the electron density and temperature is very high. The 

continuum radiation is emitted by the LPP as a result of free-free and free-bound 

transitions. Free-free transitions are Bremsstrahlung emissions caused due to the 

interaction of free electrons with ions. In free-bound transition, a free electron is 

combined with an ion. As the plasma expands from the target, the electron 

temperature and density decreases and eventually the emission is dominated by the 

atomic lines. The line emission is due to the transitions of atom from an excited 

energy state to a lower excited state/ground state. Study of optical emission from the 

LPP gives the characteristic information of LPP and target. Various atomic processes 

that take place in the plasma are shown in Fig. 2.1. The optical emission strongly 

depends on these processes. The electron-impact excitation rate of the metals is not 

easily available in the literature. The electron impact excitation rate of atomic 

transition can be obtained from the collisional cross-section using the 

relation109
e enm nm

R n v   , where  σnm and ve are semi-empirical relation of electron 

impact excitation cross section for optically allowed transitions, and electron velocity, 

respectively. The excitation rate co-efficient <σnmve> is given by110 
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                         (2.4) 

where  fnm is the absorption oscillator strength and where g is the Gaunt factor 

averaged over a Maxwellian velocity distribution.  

 

                       Fig. 2.1. Simplified representation of atomic processes in LPP.29  

 

The size, expansion speed, stability, and emission properties of the plasma 

strongly depend on the ambient surrounding the plasma. In vacuum/low pressure 

ambient condition the plasma expands linearly.111 At high ambient pressure, the 

plasma expansion follows the drag model whereas at moderate pressure its expansion 

follows the shock model.34 The ambient gas attenuates laser energy reaching the 

target due to the breakdown of ambient gas. However, if the laser intensity is less than 
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the breakdown threshold of the ambient gas, it increases the intensity of plasma 

emission by confining the expanding plasma plume resulting in signal-to-noise ratio. 

In the presence of ambient gas the collisional excitation of an atom or ion increases as 

a result of confinement of the plasma by an ambient gas. The properties of surface 

morphology of the target generated due to the laser ablation also depend on the 

amount of mass backscattered which in turn depends on the ambient conditions.58  

2.1.4. Particle formation by ablation 

The particle formation occurs from direct laser ablation, condensed vapour, 

and melted layer ejection. The total ablated mass is not excited vapour and a 

significant quantity of the ablated mass is in the form of particles. The ablated 

particles do not contribute in LIBS signal unless these can be re-atomized and excited 

by LPP plume itself. 1 As the plasma expands, the temperature of plasma is reduced 

resulting in ion-electron recombination. When the ablated plasma plume cools down 

to the boiling point of ablated target, the atoms begin to condense and generate 

nanoparticles. The particles are also generated from the ejection of molten layer due 

to the recoil pressure of ablated mass exerted on the liquid layer. The melt ejection 

and instability of molten layer generates the micro-sized particles/droplets.112 

Depending on ambient conditions, a significant amount of ablated mass gets back-

scattered and deposits on the target itself. This phenomenon is known as IPLD. The 

thin film deposited using IPLD shows less content of large micron-sized particulates 

and exhibits dense structure especially at high ambient pressure.58 

 The particles/droplets formed can be analyzed on the basis of the discussion by 

Kelly and Rothenberg113 and the vapor pressure relation discussed in section 2.3.3.114 
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The surface droplets are formed when the laser pulse interacts with the target. These 

droplets are accelerated from the liquid layer during each laser pulse due to the 

volume change in melting, subsequent thermal expansion of the liquid and radial 

motion of the melted liquid. The separation of the droplets from the melted liquid 

surface is opposed by a force fs = 8r, where r is the droplet (spherical shape) radius 

and  the liquid surface energy.113 Therefore, the droplets are expelled out after a 

sufficient number of laser pulses when the total momentum taken away by the droplet 

from the liquid surface is greater than fsΔt i.e.   34
3 l

Lr
t

  


>  8 r t   , where 

 2 2 / 3s l sL r T r        , ρs is the density of the solid, ρl is the density of liquid, ΔT 

is the difference between melting temperature and maximum surface temperature, and 

Δt  is the difference between pulse duration and time at which surface temperature 

reaches the melting point. From the above relation, the minimum droplet size that can 

be expelled out is given by  

                       r >     
1/3

2
3 / 3/ th s sl l l

t T          
 

                      (2.5)    

As mentioned above, instability of melted layer is also a process which 

generates large size of particles/droplets. KH instability is excited when the two 

different density fluids have relative tangential velocity.115 In laser ablation, it is 

excited mainly by the lateral expansion of plasma and the motion of liquid layer due 

to recoil pressure. The recoil pressure of ablated mass destabilizes the liquid layer 

while the surface tension, viscosity, and gravity tend to stabilize the same layer. 

Therefore, unstable perturbation grows in the liquid layer if the tangential velocity (vt) 

exceeds some critical velocity (vc)
116,  
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                                  (2.6)
 

where σs is the surface tension, ρl is the density of liquid, ρv is the density of vapor, 

and g is the acceleration due to gravity. Here the mass density of the liquid is higher 

than that of vapor. The tangential velocity of the liquid can be determined by 

considering piston effect,117 

                                                        
1/2

2
t

l

Pv 
                                       (2.7)

 

where ΔP = Pvap – P0,  Pvap = vapour pressure and P0 = ambient pressure. The droplet 

or particle size produced by KH instability is approximately given by116  

                                                      

3
KH rec

sr
P


                                              (2.8)

 

where Prec is recoil pressure equal to 0.54Pvap. RT instability which assists in the 

formation of droplets in laser ablation arises at the interfaces between fluids (liquids 

or gases) of different densities that are superimposed over one another and which are 

in an external field (gravity, centrifugal forces, etc.). The external force is directed 

from the high density fluid towards the fluid of low density. RT instability at the 

crater boundary produces large sized particles.118 The size of particle generated by RT 

instability is given by116  

                                               
 

1 2
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                                       (2.9) 
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where gRT is the acceleration due to RT instability which gives rise by recoil pressure, 

thermal expansion, and different densities between vapor and liquid layer. The 

instability growth rate gRT  due to vapor pressure is given by116  

                                              2
t v

RT
lv

kv T
g

R H
L




                                      (2.10) 

where k is thermal conductivity, Tv is the vaporization temperature, RL is the laser spot 

radius, and ΔHlv is the latent heat of vaporization. 

2.1.5. Local thermodynamic equilibrium 

In local thermodynamic equilibrium (LTE) the collision processes determines 

the distribution of electron population densities among the energy states. The 

collisional processes occur in a very short time and the distribution responds 

instantaneously to any change in the plasma condition. Each forward process is 

followed by its inverse process and occurs at equal rate by detailed balance. 

Therefore, the distribution of electron population densities of energy states is the same 

as it would be in a system in complete equilibrium. In this condition, it is considered 

that the plasma has a single temperature Ti = Te. However, the plasma density and 

temperature vary in time and space, therefore, the distribution of population densities 

at any instant of time and space entirely depends on the local values of density and 

temperature of the plasma. The equilibrium condition is possible locally and for 

specific time segment. In order to justify plasma in  LTE using McWhiter’s 

criterion119  

                                          
1

12 321.6 10 ( )
e e mnn T E                                (2.11)    
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where Te is in kelvin and ΔEmn in eV is the difference in energy between the states 

which are expected in LTE, the lower limit of the electron density (ne) is calculated. 

To validate the LTE condition strictly, the transition with largest ΔEmn must satisfy 

the above relation and the upper level of the transition should be close to ground state. 

The more precise condition obtained with quantum mechanical correction is given by 

the relation109 ne >
11 1/2 32.55 10 ( )

e mn
T E

g
  . The McWhiter’s condition is necessary but 

not sufficient. Since the plasma is transient, the electron density varies with time and 

evolves spatially as discussed above. If the variation of electron density is sufficiently 

slow, the above conditions are safely applicable to verify the LTE of plasma. 

However, if the evolution of plasma is too fast, the atoms and electrons would be 

unable to get time to attain LTE. The plasma is strictly in LTE if the above two 

conditions are satisfied and the relaxation time τrel is shorter than the time of variation 

of plasma parameters120 i.e.  

                    
( ) ( )

( )
e erel

e

n t n t

n t

 
< 1;

( ) ( )

( )
e erel

e

T t T t

T t

 
<1                              (2.12) 

where the τrel of the plasma is given by121 4 1/26.3 10 ( ) exp( / )
rel mn e mn e

emn
B B

E k T E k T
g f n

    .  

2.1.6. Plasma diagnostics 

 

The factors which mainly influence the light emission by plasma are the 

temperature of plasma, density of the radiating species (i.e. atoms and ions), and 

electron density. The density of the radiating species depends on the total ablated 

mass, plasma temperature, and degree of the excitation and/or ionization of LPP. The 

ablated mass depends on the absorption of laser by the target, laser fluence, and the 
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shielding of plasma which in turn depends on the electron density of LPP. Therefore, 

for the better understanding of the atomic processes such as dissociation-atomization, 

excitation, and ionization occurring in LPP, the knowledge of plasma temperature and 

density is vital. This is also equally important to optimize the experimental parameters 

for the quantitative use of LIBS. The optical emission spectroscopic method generally 

known as LIBS can be employed to determine the electron temperature and density of 

LPP. LIBS is one of the widely used plasma diagnostic techniques. It has many 

advantages. The main advantage is that it can be used with the sample in any state of 

matter (solid, liquid, gas), no sample preparation is required, and the quantity of 

sample is also not restricted. One of the important limitations of LIBS is the 

sensitivity of the signal. Some methods frequently employed to enhance the 

sensitivity of LIBS are purging the ambient gas, oblique incidence of laser, double 

pulse excitation, and the application of magnetic field.42,79,122,123  

(i) Electron temperature 

If LPP is in LTE, the intensity of the spectral line is related to the population 

in the excited level by the relation37  exp
4

m mn m

mn

n

mn B e

n g A EhcI
Z k T

 
  

 
, where λmn, Amn, 

gm, and Em are, respectively, wavelength, the transition probability, statistical weight 

factor, and the energy of the excited state; nn, and Z are total number density and the 

partition function, respectively. These parameters are available in the literature.124 

Thus, the two main factors influencing the intensity of the emitted spectral line are 

number density and the plasma temperature. After rearranging above equation,  

                              ln lnmn mn n m

mn mn B e

I n hc E
ZA g k T

  
  

 
                             (2.13) 
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if  ln mn mn

mn mn

I
A g
  is plotted against Em, we get a straight line whose slope is -1/kBTe. 

which gives the electron temperature. In the present work, the electron temperature is 

estimated from the measurement of same kind of transitions (i.e. either atomic or 

ionic lines).  

(ii) Line broadening and electron density 

The electron density of LPP can be estimated from the width of line 

broadening of spectral line profile. The broadening usually considered in the plasma 

are Stark broadening, resonance, and van der Waal’s interactions. Stark broadening in 

LPP is due to the collisions of the radiating atom with electrons or ions. The charged 

species can perturb the energy levels of the radiating atom, which results in 

broadening the spectral line. The electron density can be determined from the Stark 

broadening of the well isolated spectral line. The full-width at half maximum 

(FWHM) of the Stark broadened spectral line profile consist of two terms (electron-

impact and ion-impact) which is given by an empirical relation119                    

             1/3

16 16 16

1/4

1/2 2 3.5
10 10 10

1 1.2 D

n n ne e ew A wN
     

     
     

                      (2.14) 

where w is the electron impact parameter, A is the ion broadening parameter and ne is 

in cm-3. Both the parameters w and A are the weak functions of temperature and their 

values are available in the literature.125 ND is the number of particles in the Debye 

sphere, given by  
3/2

9 3

1/2

( )
1.72 10

3( )
D

T eVe
N cm

n cme



 
  

 


. The above eqn. (2.14) is applicable 

only when the following criteria are satisfied (i) 1
D

N  and (ii)
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The electrons mainly contribute to the collisions with neutral atom.126 Therefore, the 

second term (ion impact term) can be safely neglected.35 After neglecting the second 

term, eqn. (2.14) becomes    

                                               1/2 16
2

10
en

w
 
 
 

                                           (2.15) 

In the present work, the experimental line profiles are fitted with Voigt profile 

(convolution of Lorentzian and Gaussian functions). The Lorentzian profile is due to 

Stark broadening whereas Gaussian profile is due to instrumental broadening and 

Doppler broadening. The width of the experimental spectral line (Δλ1/2) is corrected 

using the relation127  

                            
        

1/2
2

2

1/2 / 2 / 2g L Lw w w                         (2.16) 

where wg and wL are widths of Gaussian and Lorentzian function, respectively.  The 

Doppler broadening arises due to thermal motion of the radiating atom. The Doppler 

width depends on the temperature of the plasma and it is given by128 

 
1/2

7
7.16 10

D mn m
T 


   , where, m is the atomic mass of the radiating atom, λmn is in 

nm and T is in kelvin (K).  

The other important mechanisms contributing to the spectral line broadening 

are self-absorption, resonance process, Van der Waal’s interaction, Zeeman effect, 

and natural broadening129 (≈10-5 nm). Self-absorption is a phenomenon in which a 

photon emitted by a radiative atom at one point in a LPP is absorbed by a different 

atom before it escapes from the plasma. It affects the line profile and intensity of 

atomic and ionic transition. The fastest and straightforward method involves the ratio 
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calculation of the observed strongest to the weakest transition intensity and to 

compare with the theoretical value. The theoretical line ratio is calculated using the 

equation130  
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                                       (2.17) 

where the subscript 1, 2 denotes the two lines, respectively. The interaction of atom 

with same kind results in resonance broadening if either upper or lower energy level 

of the emission line is connected to ground state by allowed dipole transition. The 

resonance broadening is directly proportional to ground state number density and 

oscillator strength. The interaction of radiating atom with unlike atom is Van der 

Waal’s interaction. The ratio of the Stark effect due to mean electric micro field to the 

Zeeman effect due to an external magnetic field is given by the relation37,  

                                                       
0

3
2Zeeman nA                                            (2.18) 

where
0

7 2/3 33.43 10 ( )

( )

n cme
B gauss

A
 

 and n is upper principal quantum number. If τZeeman is 

greater than one, the contribution of Zeeman effect on the line broadening is 

negligible. 

2.1.7. Plasma in the presence of magnetic field 

When the plasma expands in a transverse magnetic field, the electrons and 

ions experience the Lorentz force. As a result, the electrons and ions are gyrated in 

opposite direction and confined about the magnetic field. The gyro-radius or Larmor 

radius (rL) of the charged particles is inversely proportional to magnetic field and is 

given by  
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                                                    (2.19) 

where q is charge, mq is mass of charged particle, and v⊥ is the velocity of charged 

particle perpendicular to magnetic field. As the gyro-radius of ion is much larger than 

that of electron, the ions overshoot the electrons and the positive charged layer is 

formed at the boundary of the plasma plume. The electrons tend to pull ions back and 

eventually the radially inward electric field is generated. Consequently, it induces the 

inward diamagnetic current which decelerates the plasma. This diamagnetic current 

generates magnetic field which expels out the external magnetic field and diamagnetic 

cavity is produced. The diamagnetism first increases with time and reaches a peak 

value (at cavity radius). The electron density and temperature decreases rapidly with 

time in the expanding plasma resulting in a decrease in diamagnetic current (i.e. 

amount of magnetic field displaced). The external magnetic field begins to penetrate 

the plasma.45  

  The stopping radius or cavity radius is the distance at which the plasma is 

considered to be decelerated (confinement occurs) considerably and it stops in the 

ideal case. In other words, the plasma thermal pressure is equal to the magnetic 

pressure (Pmag = B2/2µ0 where µ0 is the absolute permeability of air) at the stopping 

radius. It can be estimated from the conservation of energy.  The confinement of 

plasma is indicated by a dimensionless quantity called β-parameter which is the ratio 

of thermal and magnetic pressure131   
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The consideration of ambient pressure in β-parameter is not discussed in most of the 

earlier studies. In the present thesis, the correction is made in eqn. (2.20) by adding 

the magnetic pressure as (B2/2µ0 + P0). When β is equal to one the plasma stops at 

stopping radius i.e. it stops when the magnetic energy is approximately equal to 

kinetic energy of plasma expansion.43,58,59 The stopping radius (Rb) was also 

calculated from the conservation of energy by introducing the contribution of ambient 

air pressure and is given by 132 

                                   22

0

1
2 2L air

BE Mv V P dV


    ,                             (2.21)  

where EL is the laser energy absorbed in the target, V is the volume of the plasma, v is 

the velocity, Pair is air pressure, and M is the total mass of plasma plume. By 

assuming v = 0 at stopping radius and plasma as hemi-spherical in shape, Rb is given 

by 
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                                    (2.22)  

The estimation of stopping radius of plasma by considering the ambient air pressure is 

not documented. The stopping radius estimated from eqn. (2.22) in the present thesis 

is found to be in good agreement with spectroscopic results discussed in chapter 4. 

When the plasma is confined by magnetic field and air ambient, the electron density 

of plasma becomes higher.  The electron temperature of plasma is also increased due 

to Joule’s heating and adiabatic compression.66 The other possibility is the gain of 

energy by electrons from collisional de-excitation and recombination process. As a 

result, the collisional processes (excitation, ionization, and electron-ion 
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recombination) of plasma get enhanced leading to more excitation/ionization of atoms 

are excited/ionized which in turn improves the intensity of atomic or ionic transitions.  

The presence of an external magnetic field during laser ablation causes significant 

changes in plasma-target interaction. In the presence of magnetic field, more particles 

in plasma plume get backscattered towards target and deposit on the target. The heat 

transfer from plasma to target is also improved by frequent collisions of electrons/ions 

with the target which enhances the laser ablation.133 

2.2. Experimental setup  

2.2.1. Optical emission spectroscopy and characterization of magnetic field 

Fig. 2.2(a) shows the schematic of experimental setup for OES. A Q-switched 

Nd:YAG (Quanta: HYL 101) laser pulse was focused onto a Cu target (99.99 %) 

using a convex lens (Len 1, f = 15 cm) to generate Cu plasma in air in the absence and 

presence of magnetic field. The pulse duration and repetition rate of the laser pulse 

are, respectively, 10 ns and 10 Hz. The laser is capable of producing pulses of 

maximum energy 200 mJ per pulse when it is operated at second harmonic (λ = 532 

nm). All measurements in this work are reported at this laser wavelength. An energy 

meter (Coherent FieldMAX II) was used to measure the pulse energy. A 

monochromator (SPEX 750M) coupled with photomultiplier (PMT) was used to 

record the spectra of LPP optical emission. The exit slit is coupled with PMT which 

detects optical radiation collected from the plasma through entrance slit. The incident 

radiation is dispersed using reflective grating. The resolution and dispersion of the 

monochromator are 0.01 nm and 1.1 nm/mm, focal length 0.75 m, and grating of 1200 

grooves/mm, respectively. The size of entrance and exit slit of the monochromator 

was fixed at 50 µm each.  
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Fig. 2.2. (a) Schematic of experimental setup of optical emission spectroscopy. (b) 

Geometry of magnetic field with respect to plasma expansion. 

 

An electromagnet was used to generate an external magnetic field in plasma. 

The magnetic field profiles of the electromagnet along the Y- and Z-axes (origin of the 

co-ordinate system is taken at the center of the gap), were recorded by gaussmeter. 

Fig. 2.2(b) shows geometrical arrangement of the electromagnet with respect to LPP 

expansion. The gap between the poles of the electromagnet was maintained at 15 mm. 

The magnetic field profiles along Y- and Z-axes, and calibration curve fitted with 

linear function are, respectively, shown in Fig. 2.3. The magnetic field along X-axis 

was similar to that in Z-axis. The uniformity of magnetic field spans up to 4 cm along 

Z-axis. The magnetic field along Y-axis is constant. The magnetic field was varied by 
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changing the current in the coils. The LPP was allowed to expand in this region of 

uniform transverse static magnetic field.  

 

Fig. 2.3. Magnetic field profiles along (a) Z, (b) Y-axes, and (c) calibration curve with 

linear fit. 

To record the temporal profile of atomic/ionic transitions, an oscilloscope 

(Tektronix DPO 3040) was used. The output of the PMT was fed to the oscilloscope 

through the scanner. The oscilloscope was triggered with laser signal using a 

photodiode.  

For spatially-resolved spectroscopy, an optical fiber was coupled with the 

entrance slit of the monochromator (SPEX 750M) and the output was fed to PMT 

(photomultiplier tube) (Fig. 2.4(a)). The spatial resolution of the measurement along 

the plasma expansion direction (i.e. z direction) was 0.4 mm. The PMT output was 

connected to the computer to analyze the data.  The emission from plasma was 
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collected using a convex lens (Lens 2) of 10 cm focal length in 1:1 optical geometry 

and it was imaged on the optical fiber of 400 µm diameter. By displacing the position 

of the optical fiber head (mounted on translation stage) along the plasma expansion 

direction (z), the emission spectra of the copper plasma were collected in the absence 

and presence of magnetic field. Each spectrum was averaged over three scans. 

 

Fig. 2.4. (a) Schematic of experimental setup with fiber for spatially-resolved 

spectroscopy. (b) Position of targets at different lens focusing conditions. 

 

In order to study the effect of lens focusing distance in the presence of 

magnetic field, the target was kept at different distances from the laser focusing lens 
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(Lens 1) as shown in Fig. 2.4(b). The five locations from S2 to S-2 through S0 

correspond to d = 10, 5, 0 -5, and -10 mm, respectively. Here d is the separation 

between the focal point of focusing lens and target surface. The negative sign signifies 

that the location of target was below the focus of the lens (Lens 1).  

2.2.2. Characterization of post-laser ablated target 

The laser beam profile was extracted from the laser burn pattern image 

recorded using surface profilometer (Taylor Hobson). A single shot laser burn pattern 

on photo-paper (inset in Fig. 2.5) was recorded to measure the dimension of laser spot 

and to extract the beam profile.  

 

Fig.2.5. Laser beam profile and laser burn pattern (inset). 

 

The corresponding beam profile of the laser spot was extracted by selecting 

the laser burn spot (red circle) and is shown in Fig. 2.5. This spatial profile of the laser 
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beam is Gaussian in nature. By assuming the profile of the laser beam as Gaussian, 

the width of the crater formed on the target by laser ablation can be estimated from 

the relation13 

                                                
1/2

2 ln
th

d f
F
F

C C  
  

                           (2.23)          

where F, Fth , Cd , and Cf are laser fluence, threshold fluence, crater diameter, and 

diameter of laser focused on the target, respectively. 

The laser ablated copper target was characterized to discuss the effect of 

magnetic field on the surface morphology, crystallographic structures, optical 

properties of deposited particles and depth, diameter, and ablated volume of the crater 

formed on the target by various techniques: Field emission scanning electron 

microscope (FESEM), X-ray diffraction (XRD), energy-dispersive X-ray (EDX) 

spectroscopy, Raman and photoluminescence (PL) spectroscopy, surface 

profilometer, and optical microscopy. 

XRD (Seifert 3003TT) patterns of deposited particles on target in the absence 

and presence of magnetic field were recorded using CuKα radiation of 1.54 Å.  The 

mean crystallite size (a) was also calculated using Debye-Scherrer formula134  

                                              

1/2

0.9

cos
a



 
                                             (2.24)                           

                                                 

 

where λ is the wavelength of X-ray radiation, θ is the Bragg’s angle and β1/2 is the 

FWHM of the X-ray diffraction. The strain within a material was also estimated by 

measuring the d-spacing between the planes using X-ray diffraction 
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                                           (2.25)                

where dn and d0 are measured and strain free d-spacing, respectively.   

The surface morphology of the laser ablated target was analyzed using 

FESEM (Sigma, Zeiss) and optical microscopy (Sigma, Zeiss). The volume, depth, 

and diameter of laser ablated crater were determined using non-contact high 

resolution surface profilometer. The size of droplets generated during laser ablation 

was also estimated from FESEM images using ImageJ 1.14. The elemental 

compositions of the deposited mass on target were identified by EDX equipped with 

the FESEM.   

The post irradiated Cu target was also characterized by micro laser Raman 

spectroscopy (Horiba Jobin Yvon, LabRam HR800). Ar-ion laser of 514 nm 

wavelength was used as an excitation source to record Raman spectra of the deposited 

particles on Cu target.  In Raman spectroscopy, a photon from an excitation source of 

light excites the molecule from a ground state to a virtual state. The excited molecule 

relaxes from the virtual state to a vibrational/rotational state emitting a photon. The 

difference in photon energy between the excitation photon and emitted photon results 

in Raman shift which provides the information of the sample. PL spectroscopy 

(Horiba, Fluoromax-4) with an excitation source of 405 nm wavelength was carried 

out to study the optical emission of the particles deposited on copper in the absence 

and presence of magnetic field.  
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2.3. Finite element method  

2.3.1. Numerical method 

Numerical method is employed to obtain the approximate solution for the 

physical problem whose analytical solution is quite complex. The inability to obtain 

an analytical solution of such problem is attributed to either the complex nature of 

differential equation (DE) representing the problem or the difficulties in handling the 

boundary or initial conditions. An analytical solution is true at any point in the 

domain of the problem whereas the numerical solution approximates exact solution 

only at discrete points called nodes. Numerical methods are broadly grouped into two 

classes: (i) finite difference method (FDM) and (ii) finite element method (FEM). The 

Finite Element Analysis (FEA) method was originally introduced by Turner et al. in 

1956. In FDM, the DE of the problem is written for each node and the derivatives are 

replaced by difference equations. It uses the difference equation formulation. This 

method is easy to understand and it is useful for simple problems. However, it is 

difficult to employ it in a problem with complex geometry or complex boundary 

conditions. The situation is also true for the problems with non-isotropic material 

properties. FEM is based on the integral formulation and it is useful in dealing with 

complex geometries and complex boundaries.135 A continuous function representing 

the approximate solution for each element in FEM is known as shape function. The 

complete solution of the physical problem is obtained by assembling the individual 

solutions allowing for continuity at the inter-elemental boundaries.    ANSYS (13) is a 

finite element based software package containing more than 100,000 lines of 

computer program code. It is a very powerful tool which may be used to solve a 
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variety of problems in physics and engineering like heat transfer, fluid flow, 

electromagnetism, stress and strain analysis, etc. 

2.3.2. Procedures of finite element analysis 

(a) Preprocessing regime: (i) Create and discretize the solution domain into a 

number of small sub-regions (elements) i.e. subdivide the solution domain into 

nodes and elements. (ii) Assumption of a continuous function to represent an 

approximate solution of an element is the second step of finite element 

analysis. (iii) Develop equations representing desired problem for an element. 

(iv) Assemble the elements to present the entire problem and construct the 

global stiffness matrix. (iv) Provide boundary, initial conditions, and loading.  

(b) Solution regime: Solve a set of simultaneous linear or nonlinear algebraic 

equations to obtain nodal solution such as temperature in heat transfer 

problem. 

(c) Post processing regime: Extraction of other important information such as 

heat flux, principal stresses, etc.  

The discretized target model and the flowchart of step by step procedures of the FEM 

analysis are shown in Fig. 2.6(a) and 2.6(b), respectively. Fig. 2.7 shows the 

discretized target model generated by Ansys. The enlarged view of more refined 

region of the target is shown in the figure bounded by red color rectangular region. 
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Fig. 2.6. (a) Schematic of discretized target model. (b) Flowchart of finite element 

analysis. 

 

Fig. 2.7. Discretized target model generated by ANSYS software and enlarged view 

of more refined region where the laser radiation focused. 
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2.3.3. Modeling of laser ablation 

In order to model the laser ablation, the FEM was employed using Ansys 

code. The mathematical formulation is based on the 2D heat conduction equation100 

                 
 

   2, ,
, , ,

T x z t
C k T x z t Q z t

t



  


                                       (2.26)  

where ρ is the density, C is the specific heat, T is the temperature, and Q(z, t) is the 

heat source, respectively. The heat source term Q(z, t) is provided by the absorbed 

laser intensity given by 
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         (2.27) 

where Rref is the reflectivity, αab is the absorption coefficient of target, τ is the pulse 

duration, and t0 is the time at which laser intensity is maximum. In order to take into 

account the effect of energy loss due to the evaporation of the target material, the heat 

conduction equation along with the energy balance136 (
lvv

dT
H k

dz
u    ), where u is 

the rate of vaporization, was solved in this model. The vaporization rate was 

calculated using the relation137  
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                           (2.28) 

where α is the correction for the backscattering of evaporated atoms (i.e. 1 for metals) 

and R is the universal gas constant. The vapour temperature (Tvap) is approximately 

related to surface temperature (Ts) by the relation138 Tvap = 0.65 Ts. The ablation depth 

due to vaporization during a pulse is given by hvap= uτ.   In this model, the vapor 

pressure of the evaporating surface acts as a piston, exerting pressure on melted layer 

at the bottom of the crater, causes the liquid to move in radial direction out of the 
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pressure zone.139 From the surface temperature, the vapor pressure was determined 

using Clausius-Clapeyron equation138 in the absence of magnetic field 

                                        
 

0 exp
v

s vlv
vap

s

H T T
P T Ps RT T

 


 
 
 

                      (2.29) 

where Tv is the vaporization temperature of the material.  

Laser ablation has been studied extensively using experimental and numerical 

methods as discussed in chapter 1. However, the simulation on laser ablation in the 

presence of magnetic field is not documented. In the present thesis, the magnetic 

pressure was considered and accordingly the Clausius-Clapeyron equation was 

modified as discussed in the next paragraph. An attempt was also made to explain the 

experimentally observed ablation rate in the magnetic field on the basis of modified 

Clausius-Clapeyron equation114 as discussed in chapter 6, as per our knowledge for 

the first time.  

In the presence of magnetic field, the ambient pressure is assumed to be 

contributed by combined effect of air and magnetic pressure. The change in pressure 

with respect to temperature ( dP
dT

) in phase transformation is given by Clausius-

Clapeyron equation, lvHdP
dT TdV


 where dV (Vvap - Vl, where Vvap and Vl are the 

volumes of vapour and liquid, respectively) is the change in volume. Normally since 

the volume of vapour is much higher than the volume of liquid, dV ≈ Vvap = RT/P. 

Therefore, the above equation can be expressed as 2
lvHdP

dT RT
dT


 .  For vaporization 

in air, at T = Tv the vapour pressure is P = P0 (atmospheric pressure). The vapour 

pressure at any temperature other than Tv is obtained by integrating above equation 

from T = Tv to T = Ts (say) and P = P0 to P = Pvap. In the presence of magnetic field at 
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T = Tv, the target material vaporizes and the vapour particles experience the 

atmospheric pressure and magnetic pressure as well i.e. at T = Tv, P = (P0 + Pmag). 

Because, the vaporized mass contain ions and electrons which interact with magnetic 

field. Therefore, the plasma experiences both magnetic and air pressure. The vapour 

pressure at any temperature (Ts) is given by integrating the above equation140 from T = 

Tv to Ts and P = (P0 + Pmag) to Pvap i.e. 

      0

2

vap s

lv

P Pmag

P T

Tv

HdP dT
P R T
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        (2.30) 

Therefore, P0 is replaced by P0 + Pmag. The melted layer of the target experiences the 

recoil forces exerted by the vaporized mass. The recoil pressure is close to the half of 

the vapour pressure138 i.e. Precoil = 0.54Pvap. The total force on the irradiated target is 

given by 
2

Lrecoil recoilP ds P R , where ds is the area element. The melt ejection rate 

was estimated using piston effect using eqn. (2.7). Here, the pressure profile is 

approximated as a “top hat” with constant pressure (Pvap (max)). The melted expulsion 

depth (hmelt), during the laser pulse, is given by the relation139  
1/2

2
melt

Ph v 
  . 

The assumptions made in the simulation are (i) energy loss due to radiation and 

convective transport phenomenon is neglected as the heating process is very fast and 

(ii) for simplicity, the effect of target surface roughness on laser absorption is 

neglected. It has been reported that the solution of the heat conduction equation with 

temperature dependent thermo-physical properties is more accurate as compared with 

temperature independent properties.141,142 The temperature dependent thermo-physical 

properties of the material (i.e. enthalpy, H (T)) were also considered in the present 

work to estimate the surface temperature which is not well documented, especially, 
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for Cu and Al. The temperature dependent thermo-physical properties of the material 

takes into account the latent heat required during phase transformation.143 By 

assuming the crater as paraboloid with radius equal to spot radius and height (≈ total 

ablation rate times pulse duration), the ablated volume of crater was estimated both in 

the absence and presence of magnetic field. 
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Chapter 3  

                                                                                                               

Effect of Variation of Laser Fluence and Magnetic Field on 

Laser-Produced Copper Plasma  

 
The presence of magnetic field affects the electron density and temperature of 

LPP which in turn changes the optical emission intensity of LPP. This change in the 

intensity is affectively used to investigate the sensitivity of LIBS.42,52,53 The optical 

emission of LPP depends on various laser parameters. Laser fluence is one of them 

which strongly affects the dynamical properties of plasma. However, most of the 

previous studies on effect of magnetic field on laser-produced Cu plasma in air are at 

a fixed magnetic field and laser fluence.50–52,59 Therefore, the optimized laser fluence 

and magnetic field are required for systematic studies on the effect of magnetic field 

on LPP. In this chapter, the laser fluence and magnetic field are optimized which are 

then kept fixed for subsequent studies. These optimized parameters may be useful as 

prerequisite for further investigations on the effect of magnetic field on LPP 

especially at high pressure air ambient.  

3.1.  Experimental details  

The detailed experimental setup used in this study is discussed in chapter 2. To 

generate Cu plasma in air, a high power second harmonic pulsed laser of 10 ns pulse 

duration and 10 Hz repetition rate was focused onto a Cu target. The optical emission 

spectra of Cu plasma were recorded at different laser fluences and magnetic fields, 

respectively.  In the first part of the study (section 3.2.), the laser fluence was varied 

from 7 to 21 Jcm-2 and the magnetic field was kept constant at 0.5 T. The magnetic 
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field was fixed at maximum value of 0.5 T as it improved the intensity of LPP 

significantly.42 It was observed that the intensity of spectral lines, electron density and 

temperature achieved were relatively more pronounced at 14 Jcm-2. Therefore, with 

the laser fluence fixed at 14 Jcm-2, the effect of variation of magnetic field was 

investigated by varying the magnetic field from 0 to 0.5 T and is discussed in section 

3.3. The knowledge of the electron temperature and density is vital for better 

understanding of atomic processes like excitation and recombination which in turn 

affects the emission in LPP. Therefore, the electron temperature and density were 

estimated at each experimental condition. 

3.2. Effect of variation of laser fluence on Cu plasma at a fixed magnetic field 

3.2.1. Intensity variation of spectral line with laser fluence 

 The time integrated spectra of laser-induced Cu plasma in air at different laser 

fluence (7, 11, 14, 18, and 21 Jcm-2) were recorded in the absence and presence of 

magnetic field (0.5 T). Fig. 3.1 shows the simplified energy level diagram of the 

prominent Cu I transitions which are Cu I (510.5 nm): 4p 2P3/2→ 4s2 2D5/2, Cu I (515.3 

nm): 4d 2D3/2 → 4p 2P1/2, Cu I (521.8 nm): 4d 2D5/2 → 4p 2P3/2.  Cu I (570.0 nm): 4p 

2P3/2 → 3d9 2D3/2, and Cu I (578.2 nm): 4p 2P3/2 →3d9 2D5/2. Table 1 lists the atomic 

transition parameters 124,144 which are used to estimate the plasma parameters. The 

spectra of Cu plasma recorded at different laser fluences in the absence and presence 

of magnetic field are shown in Fig. 3.2. In the absence of magnetic field, as the laser 

fluence increased from 7 to 21 Jcm-2, the integrated intensity of all Cu atomic spectral 

lines increased. It is attributed to an increase in ablation which in turn increases the 

electron temperature and density. In the presence of magnetic field also, it followed 

the same trend. 
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Fig. 3.1. Energy level diagram of Cu I transitions. 

 

Table 3.1. Atomic Cu transition parameters. 

 

 

 

 

 

 

 

 

Fig. 3.2. Spectra of Cu plasma at (a) B = 0 T and (b) 0.5 T at laser fluences (7, 11, 14, 

18, and 21 Jcm-2).  

Wavelength 
(nm) 

gm gn Amn 

(108 s-1) 

Em 

(eV) 

En 

(eV) 

510.5 

515.3 

521.8 

570.0 

578.2 

4 

4 

6 

4 

2 

6 

2 

4 

4 

4 

2.0 × 10-2 

6.0 × 10-1 

7.5 × 10-1 

2.4 × 10-3 

1.6 × 10-2 

3.817 

6.191 

6.192 

3.816 

3.786 

1.389 

3.786 

3.817 

1.642 

1.642 
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Fig. 3.3. (a) Enhancement factor. Intensity variation of Cu I lines with laser fluence at 

(b) B = 0.5 T and (c) B = 0 T. 

 

However, the intensity was more pronounced than that without magnetic field. 

It is due to the generation of large number of charged particles at higher laser fluence 

which resulted in an increase in the plasma-magnetic field interaction. Consequently, 

the magnetic field confinement of the plasma increased. As a result of an increase in 

magnetic confinement, the plasma density is higher at higher fluence which in turn 

leads to an increase in the excitation rate. However, the decrease in intensity of atomic 

spectral lines at the laser fluence of 21 Jcm-2 in the presence of magnetic field is more 

likely due to an increase in the collisional ionization of Cu atom. Fig. 3.3(b) and (c) 

shows the variation of the Cu I line intensity as a function of laser fluence at B = 0.5  
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and B = 0 T, respectively. The enhancement in the intensity can also be looked at 

from EF point of view. The EF was maximum at 14 Jcm-2 irrespective of the nature of 

spectral lines. The maximum EF of atomic Cu transitions at 14 Jcm-2 varied from 1.8 

to 2.5 (Fig. 3.3(a)). A relatively weaker ionic line Cu II at 507.2 nm was also 

observed in the spectra (Fig. 3.2). The intensity of Cu II (507.2 nm) increased as laser 

fluence was increased. 

At the lower laser fluence viz. 7 and 11 Jcm-2 at B = 0 T, the intensity of Cu II 

(507.2 nm) is quite low. However, the intensity increased with an increase in the laser 

fluence from 11 to 21 Jcm-2. In the presence of magnetic field, this ionic line appeared 

with higher intensity even at lower fluence of 7 Jcm-2. It is due to an increase in the 

collisional ionization of plasma as the temperature and density of the plasma is 

increased in the presence of magnetic field. Here, the lowering of ionization is 

discussed as follows. The ionization of the atom is significantly lowered by the 

presence of micro-electric field created in the plasma.145 The lowering of ionization 

(Δχ) can be obtained from the relation37 7 1/3( ) 6.9 10 eeV n    where ne is in cm-3. 

This relation is valid in the first ionization state dominated plasma. The first 

ionization energy (7.7 eV) is lowered as the electron density is increased. Since the 

electron density is higher in the presence of magnetic field, the ionization energy is 

lower than that without magnetic field.  Therefore, the ionization rate of atom is more 

pronounced at higher laser fluence in the presence of magnetic field. Accordingly, the 

population of atom in the excited state is decreased and hence the intensity of Cu I 

transition is lower at higher laser fluence (beyond 14 Jcm-2) in the presence of 

magnetic field.  Fig. 3.4 shows the intensity variation of ionic line Cu II (507.2 nm).  
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Fig. 3.4. Intensity variation of Cu II (507.2 nm) as a function laser fluence in the 

absence and presence of magnetic field. 

 

  Fig 3.5. Multiple fitted spectral line Cu I (521.8 nm) at (a) B = 0 T and (b) B = 0.5 T. 

 

In the case of ionic transition Cu II (507.2 nm) also, the EF  initially increased 

as the laser fluence increased up to 14 Jcm-2, however, it is also observed that it 

decreased significantly beyond 14 Jcm-2. It may be due to the excitation of ion to the 

higher excited energy state. EF of Cu II (507.2 nm) is 1.45. More interestingly, the 

spectral lines Cu I (515.3 nm) and Cu I (521.8 nm) at higher laser fluence (21 Jcm-2) 

were significantly broad. The spectral line profile structure was different in the 

presence of magnetic field. The Cu I (521.8 nm) consists of only one peak at 7 to 18 
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Jcm-2 but at the laser fluence of 21 Jcm-2 the peak consists of three transitions at Cu I 

(520.0 nm), Cu II (521.6 nm), and Cu I (521.8 nm) (Fig. 3.5). The appearance of 

broadened peak at higher laser fluence of 21 Jcm-2 is due to the convolution of these 

peaks. The intensity of Cu II (521.6 nm) is considerably increased in the presence of 

magnetic field. It is attributed to more collisional excitation of ion to the excited state 

i.e. Cu II (521.6 nm) whose upper energy state is higher than that of Cu II (507.2 nm). 

This could have resulted in a decrease in the intensity of Cu II (507.2 nm) in the 

presence of magnetic field at higher laser fluence. At the same time, the intensity of 

Cu I at 520.0 and 521.8 nm was decreased in the presence of magnetic field at higher 

laser fluence which resulted in the decrease in EF of the atomic line. At 21 Jcm-2, Δχ = 

0.64 eV, therefore, the ionization potential (7.7 eV) is lowered by 0.64 eV i.e. the 

effective ionization state is 7.06 eV. The electron temperature at this laser fluence is 

0.94 eV. The upper energy state of Cu I (521.8 nm) is 6.2 eV. Therefore, the Cu 

atoms in the excited state of Cu I (521.8 nm) can be ionized on collisions with the 

electrons. 

3.2.2. Determination of electron density and temperature 

 

To characterize the plasma, the electron density and temperature were 

determined. The electron density was calculated from spectral line profile width of Cu 

I (510.5 nm) using eqn. (2.15). The line width was obtained from the fitted Voigt 

profile (i.e. convolution of Lorentz and Gaussian functions). With the measured 

values of electron temperature (0.96 eV), density (6.63×1017 cm-3), and ion impact 

parameter125 (A = 0.0204), the value of ND is 2 (>1) and 
1/4 4

10
e

An 
 is 0.06 which 

lies between 0.05 and 0.5. Therefore, the applicability of the eqn. (2.15) to measure 
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electron density is justified. The Doppler broadening arises due to the thermal motion 

of radiating atom. The Doppler broadening width 128 and natural broadening width of 

Cu I(510.5 nm) are, respectively, in the order of 10-3 nm and 10-5 nm.129 These are 

very small in comparison with the experimentally measured line widths. The ratio (τ) 

of Stark and Zeeman broadening is given by eqn. (2.18). For the experimental 

parameters (B = 5000 G) and the measured value of electron density (ne = 8.65 × 1017 

cm-3), the value of τ is greater than one, therefore the contribution of Zeeman effect on 

the line broadening is negligible. The contribution of self-absorption is also 

insignificant which can be understood using eqn. (2.17) as follows. For instance, at B 

= 0 T, the observed ratios, Cu I (510.5 nm)/Cu I (515.3 nm) and Cu I (510.5 nm)/Cu I 

(521.8 nm) at highest laser fluence in the present study (i.e. 21 Jcm-2) are, 

respectively, 0.32 and 0.24. The corresponding theoretical ratios are 0.32 and 0.17, 

respectively. In the presence of 0.5 T magnetic field, the observed ratios are 0.37 and 

0.25, respectively. The observed ratios are very close to the theoretical ratios which 

justifies that the contribution of self-absorption is insignificant in the present work. 

Further, the indication of self-absorption is the dip at the center of the spectral line 

profile which was not observed in the recorded spectra. The upper level of Cu I (510.5 

nm) transition is connected to the ground state. The plasma was generated from pure 

copper (99.99 %), therefore the presence of atoms of other elements is negligible. 

Therefore, the Van der Waal’s interaction in the present work is negligible. The 

resonance broadening is directly proportional to ground state number density and 

oscillator strength. The oscillator strength of this transition line is 5.2 × 10-3 s-1 and 

therefore the pressure broadening is safely neglected. The instrumental line width was 

determined by measuring FWHM of the Hg emission line (435.8 nm) from mercury 
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vapor lamp. It was found to be Δλ instrumental = 0.04 nm when the size of entrance and 

exit slit of the monochromator was kept at 50 μm each. The experimentally recorded 

Cu I (510.5 nm) was fitted with Voigt function (Fig. 3.6).  

 

Fig. 3.6.  Voigt fitted line profile of Cu I (510.5 nm) at 14 Jcm-2 and 0.5 T. 

 

The width of the experimental spectral line (Δλ1/2) was corrected using eqn. 

(2.16). Fig. 3.7(a) shows the variation of electron density with the laser fluence, 

respectively. In the absence of magnetic field, the electron density increased linearly 

from (0.28 ± 0.09) × 1017 to (1.32 ± 0.41) × 1017 cm-3 when the laser fluence 

increased from 7 to 18 Jcm-2. It increased abruptly to (3.08 ± 0.33) × 1017 cm-3 when 

the laser fluence was further increased from 18 to 21 Jcm-2. In the presence of 

magnetic field, the electron density varied from (1.09 ± 0.29) ×1017 to (4.85 ± 0.48) 

×1017 cm-3 when the laser fluence was increased from 7 to 18 Jcm-2. However, the 

electron density decreased slightly when the laser fluence was further increased from 

18 to 21 Jcm-2. The density is maximum at 14 Jcm-2 and it was 3.5 times higher than 

the electron density in the absence of magnetic field. This is due to the fact that the 
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plasma is confined to the smaller region near the target surface in the presence of 

transverse magnetic field. The magnetic field interacts with charged particles through 

Lorentz force. At lower laser fluence the ablation rate is small generating less number 

of free electrons in the plasma by direct ablation. As a result, the magnetic field 

weakly interacts with the plasma. More charged species (electrons and ions) are 

produced at a higher laser fluence by direct ablation and these charged species 

strongly interact with the magnetic field and the confinement of plasma is enhanced. 

It is also reported that the electron density of laser produced Cu plasma in air is found 

to increase in the presence of magnetic field at 0.8 T.146 The other possible reason is 

more heat transfer from plasma to the target in the presence of the magnetic field 

since the plasma is confined near the target surface. Because of this, more mass of 

copper was ablated and eventually led to an increase in the plasma density. It has been 

already shown that more material mass is removed from the silicon target via laser 

ablation in the presence of the magnetic field.49  

 

Fig. 3.7. Variation of (a) electron density and (b) electron temperature at B = 0 and 

0.5 T with laser fluence. 
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The LPP was assumed to be in LTE (discussed in section 4.4).  Boltzmann 

plot (eqn. 2.13) was obtained using three prominent atomic transitions Cu I (510.5 

nm), Cu I (515.3 nm), and Cu I (521.8 nm). Fig. 3.7(b) depicts the variation of 

electron temperature with the laser fluence. As the laser fluence was increased from 7 

to 11 Jcm-2, the electron temperature increased from (0.87 ± 0.02) to (0.91 ± 0.01) eV 

in the absence of magnetic field. Further increase in laser fluence from 11 to 18 Jcm-2, 

the electron temperature remained at around (0.92 ± 0.02) eV.  It was again 

marginally increased to (0.93 ± 0.01) at 21 Jcm-2 laser fluence. Though the electron 

temperature in the presence of magnetic field followed nearly the same trend but has a 

higher value than without magnetic field. The higher electron temperature in the 

presence of the magnetic field could be due to two possible reasons: (i) Joule’s 

Heating and (ii) adiabatic compression of the plasma.68 The induced current in the 

plasma in the presence of magnetic field gives rise to Joule’s heating. This energy 

comes at the expense of the magnetic field energy.The other possibility is the gain in 

energy by the electrons through collisional de-excitation and recombination of ions.147 

However, the electron temperature was found to decrease when the laser fluence was 

further increased from 18 to 21 Jcm-2 in the presence of the magnetic field. During 

electron-neutral atom collision, the energy is transferred to atom, which reduces 

electron temperature at higher laser fluence. Raju et al.55 also showed that decrease in 

electron temperature is due to an increase in collisions in the magnetically confined 

plasma. 

If the frequency of the incident laser is less than the plasma frequency, the 

laser is reflected. The plasma frequency (νp) is given by 71 
3 38.9 10 ( )p en cm   , 
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where ne is the electron density. In the present experiment, the maximum electron 

density of LPP occurs at 14 Jcm-2 in the presence of the magnetic field. The electron 

density of the LPP in the presence of the magnetic field is 8.7 × 1017 cm-3. Therefore, 

the plasma frequency is 8.3 × 1012 Hz whereas the incident laser frequency is 5.63 × 

1014 Hz, which is greater than the plasma frequency. This shows that the laser energy 

loss due to reflection from plasma is insignificant. Further, as discussed in chapter 5 

on the laser ablation in the presence of the magnetic field, the rate of melt ejection and 

splashing of droplet increased in the presence of magnetic field. At higher laser 

intensity the ejection of droplets is high.148 Therefore, at higher laser fluence and in 

the presence of magnetic field, the plasma is more likely to contain a large number of 

droplets or mass ejected in plasma which may cause scattering of laser radiation. This 

in turn reduces the laser-target coupling. As a result, the plasma density and 

temperature was slightly lowered at higher laser fluence in the presence of magnetic 

field. 

3.3. Effect of variation of magnetic field on Cu plasma at a fixed laser fluence 

3.3.1. Intensity variation of spectral line with magnetic field 

 The Cu emission spectra were recorded by varying magnetic field from B = 0 

to 0.5 T. In this study, the laser fluence was fixed at 14 Jcm-2. The laser-induced 

breakdown Cu plasma spectra recorded at B = 0, 0.1, 0.3, and 0.5 T are shown in Fig. 

3.8.   Fig. 3.9 shows the variation of the intensity of Cu I lines as a function of B. 

When B is applied, the electron density and temperature undergoes a change which in 

turn affects the intensity of these transitions. As B was increased, the intensity of all 

the five Cu I lines increased initially up to 0.3 T and then decreased slightly at 0.5 T. 

The intensity of the spectral lines depends on the density of electrons, atoms, ions, 
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coefficient of electron impact excitation, and radiative recombination. The radiative 

recombination rate depends on the temperature and is given by68 

 19 2 3/4
3 12.7 10

r e i e
n n Z T m sR

 
   . 

 

           Fig. 3.8. Cu optical emission spectra at B = 0, 0.1 0.3, and 0.5 T. 

 

Fig. 3.9. Intensity variation of Cu I (510.5), Cu I (515.3), and Cu I (521.8) lines as a 

function of magnetic field. 

 

Since the electron temperature is higher in the presence of B, the radiative 

recombination decreased whereas the electron impact excitation rate increased. The 

enhancement in the intensity of Cu atomic lines in the presence of B is attributed to 
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the increase in electron impact excitation rate of Cu I due to the increase in the 

effective plasma density and temperature as a result of magnetic confinement of the 

plasma. At higher B the enhancement decreased due to an increase in the ionization of 

atom. The intensity EF is different for the different lines which is attributed to the 

difference in electron impact excitation rate.126 The ionic line was more intense due to 

the increase in ionization as a result of increase in the electron temperature and 

collisional process. 

3.3.2. Determination of electron density and temperature 

Using the same approach as discussed in section 3.2.2., the electron density 

was calculated based on line broadening of spectral line. Fig. 3.11(a) shows the 

electron density variation as a function of magnetic field. The electron density varied 

from (3.6 ± 0.1) × 1017 to (6.1 ± 0.3) × 1017 cm-3with the increase in B from 0 to 0.5 

T. It was found to be maximum i.e. (6.2 ± 0.10) × 1017 cm-3 at 0.3 T magnetic field 

but reduced slightly at higher B = 0.5 T. When the laser-induced Cu plasma expands 

in the transverse magnetic field, due to magnetic Lorentz force, the plasma gets 

confined to a smaller region near the target. As a result, the electron density of Cu 

plasma increased. Since, the Lorentz force interacts with charged particle, the Cu 

atoms in the magnetically confined plasma gets decelerated due to increase in 

collisions with other plasma particles. The confinement of plasma by magnetic field is 

determined by the β-parameter. By taking the experimental parameters and results, the 

plasma thermal pressure was found to be 5.3 × 104 Nm-2 and magnetic pressure at B = 

0.3 T is 3.6 × 104 Nm-2. Therefore, the β-parameter obtained by considering the effect 

of air pressure is 0.4 which signifies the confinement of plasma. At the laser fluence 
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of 5.5 Jcm-2 the calculated stopping radius at B = 0.3 T is 4 mm. Therefore, the 

electron density increased with magnetic field due to an increase in the confinement.  

The gyro-radius of charged species is inversely proportional to the magnetic field as 

given by eqn. (2.19). The increase in magnetic field decreases gyro-radius and 

eventually the confinement of plasma is enhanced. The increase in electron-neutral 

collisions decelerates the plasma considerably. However, a slight decrease in the 

electron density i.e. (6.1 ± 0.1) × 1017 cm-3 at B = 0.5 T was observed.  It could be due 

to an increase in the radial expansion along the field at higher magnetic field. It has 

been reported earlier that the radial expansion (along the magnetic field) of LPP in air 

increases with the increase in the magnetic field 69 and showed that it may be due to 

the spiral motion of the charge particles around the field lines. The other possibility is 

the increase in recombination which reduces the electron density. The electron 

temperature was determined using Boltzmann plot (Fig. 3.10). Fig. 3.11(b) shows the 

variation of electron temperature of the plasma as a function of magnetic field.  

 

                                          Fig. 3.10. Boltzmann plot at B = 0.3 T. 
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Fig. 3.11. Variation of (a) electron density and (b) electron temperature with magnetic 

field. 

The electron temperature increased from (0.92 ± 0.07) eV up to (1.32 ± 0.04) 

eV with the increase in magnetic field from 0 to 0.3 T, respectively and then 

decreased to (1.22 ± 0.04) eV at higher value of B = 0.5 T. The Joule’s heating is 

directly proportional to the square of magnetic field.149 As the magnetic field 

increased the Joule’s heating also increased which in turn increased the electron 

temperature. The decrease in electron temperature at higher B is due to an increase in 

the radial expansion along the field as well as more energy dissipation of electrons as 

a result of increased collisions with the atoms due to an increase in the plasma 

density.55 The validity LTE of plasma is given by Mc Whirter’s criterion (eqn. 2.11). 

In the present case, the value of ΔEmn for Cu I (510.5 nm) is 2.43 eV and temperature 

is 15312 K at B = 0.3 T. The lower limit of the plasma density satisfying the LTE 

condition is 2.84 × 1015 cm-3. The experimentally observed electron density of Cu 

plasma is of the order of 1017 cm-3 which is greater than the lower limit of the validity 

condition of LTE.  However, it is necessary condition but not sufficient. The validity 
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of LTE of copper plasma by considering the temporal and spatial evolution of plasma 

(sufficient conditions) is discussed in chapter 4.4  

3.4. Conclusion 

The time integrated OES of Cu plasma was investigated to estimate the 

optimized laser fluence and magnetic field. The laser fluence was varied from 7 to 21 

Jcm-2 at fixed 0.5 T magnetic field. The intensity of Cu I was enhanced in the 

presence of magnetic field. The enhancement is maximum at 14 Jcm-2 at which the 

electron density and temperature is maximum. The intensity of Cu I decreased at 

higher laser fluence. The increase in electron temperature and density in the presence 

of magnetic field resulted in more ionization and hence the ion intensity. The 

magnetic field was then varied from 0 to 0.5 T at a fixed laser fluence of 14 Jcm-2. 

The intensity enhancement of Cu I was also more pronounced at 0.3 T. The increase 

in electron density is attributed to the magnetic confinement of plasma. From this 

investigation, it is observed that the laser fluence and magnetic field play a key role in 

controlling the electron density and temperature of LPP in air. The intensity of 

spectral lines, irrespective of their nature, gets enhanced in the presence of magnetic 

field due to an increase in the collisional processes. Therefore, the laser fluence at 14 

Jcm-2 and magnetic field at 0.3 T were taken as optimized parameters which are also 

in good agreement with the results obtained from the studies on temporal evolution of 

plasma and laser ablation as discussed in chapter 4 and 5.  
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Chapter 4  

                                                                                                                     

Studies on Temporal Evolution, Spatial Evolution, and Effect 

of Lens Focusing Distance on Cu Plasma in the Presence of 

Magnetic Field 

 
The dynamical behaviour of plasma studied by time integrated OES in chapter 

3 was averaged over duration of one second.  LPP is highly transient and it also 

evolves spatially. Most of the earlier studies on temporal evolution of plasma are in 

the vacuum or low pressure gas ambient and the temporal evolution of Cu plasma in 

the presence of magnetic field in air is not well documented. Therefore, the temporal 

evolution of Cu plasma produced was investigated by varying the strength of 

magnetic field. This method may be useful to make LPP as a controllable neutral 

beam source. The spatially-resolved OES of Cu plasma along the direction 

perpendicular to the target surface in the presence of both magnetic field and air is not 

available in the literature. It may be employed to improve the sensitivity of OES 

signal by optimizing the distance from target to reduce the continuum radiation in 

LIBS in air at atmospheric pressure. The continuum radiation generally occurs in the 

core region of plasma and it should be minimized to increase signal-to-noise ratio. 

The change in lens focusing distance leads to different behavior of plasma which in 

turn may change optical emission, PLD, drilling, and welding in the presence of the 

magnetic field. It is therefore imperative to study the effect of LTSD on LPP in the 

presence of magnetic field. This study may help in detailed understanding of the 
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effect of LTSD on emission of LPP and laser ablation in the presence of magnetic 

field in air at atmospheric pressure. 

4.1. Experimental details 

The detailed experimental setup was discussed in chapter 2. The laser fluence 

was fixed at 14 Jcm-2 (optimized) to generate Cu plasma in air. The strength of 

magnetic field was varied from 0 to 0.5 T to study the temporal evolution of Cu I 

transitions and observed the maximum enhancement at 0.3 T. Therefore, further 

studies on the spatial evolution of plasma along the plasma expansion direction and 

the effect of lens focusing distance on plasma were done at a fixed magnetic field of 

0.3 T and laser fluence of 14 Jcm-2.  For investigation of spatially-resolved plasma, 

the optical fibre was used to collect the radiation from plasma. With the help of 

translation stage the position of fibre was displaced from target surface along the 

plasma expansion direction at a step size of 1 mm to collect the radiation from 

different part of the plasma. The laser focusing lens was kept at different distances d = 

-10, -5, 0, 5, and 10 mm, where d is the distance between the target surface and the 

focal point of the lens.  

4.2. Temporal evolution of Cu I transitions 

4.2.1. Determination of electron density and temperature 

The electron temperature was calculated from the Fourier transformed profile 

(wavelength domain) of the Cu I temporal profile using eqn. (2.13). The electron 

density was also calculated using FWHM of the Fourier transformed profile via line 

broadening method (eqn.2.15). The variation of electron density and temperature with 

magnetic field are shown in Fig. 4.1(a) and (b).  
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Fig. 4.1. Variation of (a) electron density and (b) electron temperature with magnetic 

field. 

The electron density of LPP at 0, 0.1, 0.3, and 0.5 T are respectively, (9.1, 

11.0, 13.0, and 12.0) × 1016 cm-3. The corresponding electron temperatures are 0.61, 

0.63, 0.69, and 0.68 eV, respectively. The increase in electron density and 

temperature can be understood as follows. The effective value of β at lowest magnetic 

field of 0.1 T is 0.11 which indicates the confinement of plasma. However, it has been 

observed earlier that the plasma is considerably slowed down but it is not fully 

stopped by the magnetic field. It is attributed to incomplete exclusion of magnetic 

field from the plasma.43,59 The confinement of plasma results in an increase in the 

plasma density. As mentioned in chapter 3, the increase in electron temperature in the 

presence of the magnetic field is due to adiabatic compression and Joule’s heating. 

The increase in electron temperature is more likely due to increase in Joule’s heating 

with magnetic field as it is directly proportional to the square of magnetic field.149  

4.2.2. Multi-structured temporal profile of Cu I transitions 

Three prominent Cu atomic lines, Cu I (510.5 nm), Cu I (515.3 nm), and Cu I 

(521.8 nm) were used to investigate the effect of the magnetic field on temporal 
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behavior of Cu I line. The experimentally recorded temporal profiles at magnetic field 

B = 0, 0.1, 0.3, and 0.5 T are shown in Fig. 4.2(a), (b), and (c), respectively. The 

temporal profile showed multi-structure of each Cu I transitions. As observed from 

temporal profiles, each transition responds to the magnetic field differently. A 

remarkable difference in the structures of the Cu I profile was observed when the 

magnetic field was increased to 0.3 and 0.5 T. To gain more insight about the 

processes involved in the formation of the multi-structure of the experimentally 

observed temporal Cu I profile, further analysis was also done by using multiple-peak 

fitting (deconvolution). The temporal profile of atomic transition of LPP in vacuum 

(or low pressure) is usually fitted with the shifted Maxwell-Boltzmann (SMB) 

distribution. 

 

Fig. 4.2. Cu I temporal profiles with B = 0 - 0.5 T: (a) 510.5 nm, (b) 515.3 nm, and (c) 

521.8 nm. 
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However, Singh et al. reported that at high background pressure the kinetic 

distribution of the neutral species transforms from SMB to Gaussian distribution.150 

Experiments have already shown earlier that at low pressure the kinetic distribution of 

the plasma species deviates from the Maxwell – Boltzmann distribution due to less 

collision. However, at atmospheric or higher pressure the distribution is given by 

Boltzmann distribution.37 Fig. 4.3(a) – (d) show multiple-fitted Cu I (510.5 nm) 

temporal profiles at B = 0, 0.1, 0.3, and 0.5 T, respectively. Similarly, Fig. 4.4 and 4.5 

show the multiple-fitted Cu I (515.3 nm) and Cu I (521.8 nm) at B = 0, 0.1, 0.3, and 

0.5 T, respectively. The evolution of Cu I temporal profile is attributed to the 

electron-impact excitation of atom. 

 

Fig. 4.3. Multiple-fitted temporal Cu I (510.5 nm) profiles at (a) 0 T, (b) 0.1 T, (c) 0.3 

T, and (d) 0.5 T. 
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Fig. 4.4.  Multiple-fitted temporal Cu I (515.3 nm) profile at (a) 0 T, (b) 0.1 T, (c) 0.3 

T, and (d) 0.5 T. 

 

Fig. 4.5.  Multiple-fitted Cu I (521.8 nm) temporal profile at (a) 0 T, (b) 0.1 T, (c) 0.3 

T, and (d) 0.5 T. 
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In addition to electron impact excitation, other phenomena of interest such as 

(i) backflow of particles towards the target as a result of collapse of diamagnetic 

cavity, and (ii) instability in plasma which may likely contribute to the generation of 

multiple-structure of temporal profile are also discussed as follows. Harilal et al. 

reported the appearance of Al I temporal profile twin structures in laser-produced Al 

plasma in vacuum in the presence of magnetic field of 0.6 T and attributed to the back 

flow of particles towards the target as a result of collapse of diamagnetic cavitation.45 

The formation of diamagnetic cavitation in LPP in the presence of magnetic field has 

also been reported earlier.17, 25–27 The formation of the diamagnetic cavitation can be 

seen as follows. The initial laser impact on the target creates immediate ionization of 

surface atoms and the produced electrons and ions expand abruptly. In the presence of 

magnetic field, the electrons and ions gyrate in opposite directions with different 

Larmor radii. Since the Larmor radius of the ion is much larger than that of electron, 

the ions overshoot the electrons and form a layer of ion in the boundary of the plasma 

plume. The electrons are pulled back across the magnetic field to neutralize the ions 

creating radially inward electric field which in turn produces an electron drift E×B 

which expels out the magnetic field. The diamagnetic cavity expands until the 

excluded magnetic energy is comparable to the total plasma energy. By assuming the 

plasma expansion to be hemispherical, a typical diamagnetic cavity or stopping radius 

(Rb) can be determined from the conservation of energy and is given by eqn. (2.22). 

The plasma is decelerated strongly near the stopping radius. The average deceleration 

of the plasma plume is given by (g = v2/2Rb), where v is the expansion velocity of 

plasma. The expansion velocity was determined from the relation153 0.2

Lv I where IL 

is the absorbed laser intensity and it was found to be around 106 cm/s. The 
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deceleration at B = 0.1, 0.3, and 0.5 T is (1.3, 2.7, and 3.9) ×1012 cm/s2, respectively. 

The backflow of particles happens when the splitting of temporal profile appears at 

longer time than the diamagnetic cavitation bubble time.45 The bubble radius was 

estimated and found to be 9.7 mm at B = 0.1 T. Therefore, the bubble time (2Rb/v) is 

approximately 1200 ns. Similarly, the bubble time at B = 0.3 and 0.5 T is, 

respectively, 580 and 412 ns. The components (P1, P2, and P3) of all three Cu lines 

originated before the bubble time in all magnetic field conditions. Therefore, the 

contribution of particles back flow due to collapse of diamagnetic cavity in the 

generation of multi-structure is ruled out. It is reported that emission profiles of 

neutrals and ions show distinct structures when the magnetic field is introduced in 

LPP. It is attributed to the plasma instabilities.154,155 The self-generated magnetic field 

estimated from the relation34 ( / )eB kT ezv  at z = 9 mm is found to be 22 G which is 

much less than the applied lowest magnetic field 0.1 T (1000 G). Therefore, the 

instability due to interaction between the self-generated magnetic field and applied 

magnetic field cannot be correlated to the formation of multi-structure formation. In 

the case of high plasma pressure (high-β), the plasma “punches” its way across the 

magnetic field (RT instability).44,156–158 It is also shown that the RT instability requires 

the magnetization of ions.159,160 The Larmor radius of ion and electron at B = 0.5 T is 

1.8 × 105 and 2.1 cm, respectively. The Larmor radius of ion is larger than the plume 

dimension (approximately 6 mm), the ion is not magnetized. From the plasma 

snapshot images captured using CCD (Fig. 4.6), the dimension of the plasma plume at 

B = 0.5 T was measured to be approximately 6 mm. The RT instability growth at the 

interface between the plasma (density = ρ1) and ambient gas (density = ρ2), is given 
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  , where gRT is the acceleration of the contact boundary. The 

plasma boundary is stable if ω2 > 0 and if ω2 < 0, the perturbation grows 

exponentially.44 

 

     Fig. 4.6. CCD image of laser produced copper plasma at (a) B = 0 and B = 0.5 T. 

 

The plasma density was found to be around 1016 cm-3 and the air ambient 

corresponds to around 1019 cm-3, therefore, it satisfies the stable condition. From the 

overall discussion, the contribution of RT instability (or density fluctuation) in 

generation of the multi-structure of temporal profile is not validated. It has also been 

reported earlier that the oscillatory structure is not observed in LPP though it is 

observed in laser-blow-off plasma.161 Therefore, the formation of multi-structure of 

Cu I line in the presence of magnetic field is more likely due to electron impact 

excitation as discussed later. When the plasma kinetic energy is equal to the magnetic 

energy, the instability is generated in the plasma and this instability reduces spectral 

line intensity. From this study, it can be concluded that in the presence of magnetic 

field and air at 1 atm pressure, the instability can be reduced which will help to 

enhance the spectral line intensity in LIBS. Kim et al. also observed, recently, that at 
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air pressure (760 torr), the intensity enhancement of spectral line in LPP is observed 

at low energy (30 mJ).72 From Fig. 4.3, 4.4, and 4.5, it was observed that at B = 0 and 

0.1 T, each temporal atomic profile consists of two components P1 and P2. During 

laser pulse, the plasma consists of significant fraction of high-lying excited atoms due 

to direct ablation. The first component P1 is generated by either direct laser ablation 

or the radiative cascade from the highly excited states which populates the low lying 

radiative excited states. At B = 0 T, the plasma expands in air ambient by pushing out 

the air molecules. As plasma plume expands, the kinetic energy of the plasma 

decreases and eventually the plasma is decelerated by air pressure and confined into 

smaller region. Also due to adiabatic compression, the temperature of the plasma is 

increased. The higher electron density and temperature favours the increase in 

electron-impact excitation which generates the component P2 (around 100 ns after the 

laser pulse) at B = 0. It has also been shown earlier that at low pressure the temporal 

profile of Al plasma species is described by a single distribution. But as the pressure 

increases, the temporal distribution showed twin structure.30 In the presence of lower 

magnetic field of 0.1 T, the temporal atomic profile consists of only two peaks (P1 

and P2). In the presence of magnetic field, the effect of magnetic field appears in the 

LPP in addition to confinement effect of air pressure (as mentioned above). As the 

plasma plume expands, the plasma temperature decreases and eventually at a delayed 

time (in non-diamagnetic limit) e.g. 580 ns at B = 0.3 T the magnetic field diffuses 

across the plasma boundary. The diffusion coefficient (D) of the plasma perpendicular 

to the magnetic field is given by 2 1/2
1D B T .162 The increase in temperature and 

magnetic field will reduce the diffusion across the magnetic field and eventually the 
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plasma plume expansion is decelerated. The magnetic diffusion time (τd) is given 

by163
2

2

4
bspitz

d

R

c


   where σspitz is the Spitzer conductivity of the plasma. The 

magnetic diffusion time (τd) was essentially the time required to convert field energy 

into Joule’s heating. It can also be interpreted as time for annihilation of magnetic 

field. The magnetic diffusion time is calculated for the magnetic field B = 0.1, 0.3, 

and 0.5 T as shown in table 4.1. As the magnetic field was increased, the diffusion 

time decreased. Therefore, the time required to convert the magnetic energy into 

Joule’s heating is lower in higher magnetic field. The diffusion time at B = 0.1 T was 

180.4 ns. The Joule’s heating due to presence of magnetic field occurred 102 and 58 

ns after the generation of components P1 and P2, respectively. Therefore, these two 

components are least affected by 0.1 T magnetic field. It was also observed that at B = 

0 and 0.1 T, the P3 component was not observed. 

                                                 Table 4.1.  Magnetic diffusion time. 

Sl. No. B (T) τd(ns) 

1 0.1 180.4 

2 0.3 41.5 

3 0.5 21.0 

 

Since Te and ne are proportional to the t-1 and t-2 respectively67, the electron 

temperature and density at delayed time of 122 ns were decreased to Te/122 and 

ne/(122)2 which essentially leads to decrease in electron-impact excitation rate 

considerably. However, when the magnetic field was increased from 0.1 to 0.3 T, the 

component P3 e.g. P3 of Cu I (521.8 nm) was generated at 122 ns. The generation of 
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third component at B = 0.3 T was a very significant observation. This P3 of Cu I 

(521.8 nm) position was shifted to 123 ns when the magnetic field was increased to 

0.5 T. This shows that the appearance of third component P3 at delay time 122 ns was 

purely induced by magnetic field as the magnetic field does not affect the initial 

plasma formation processes.55  When the magnetic field was increased, the 

confinement was more pronounced due to increase in magnetic pressure. As the 

magnetic field increased, the Larmor radius (eqn. (2.19)) was smaller and eventually 

the frequency of electron-atom collision was increased.55 The increase in electron-

atom collision rate and plasma temperature results in increase in electron-impact 

excitation rate. The magnetic diffusion time at B = 0.3 T was 41.5 ns i.e. the Joule’s 

heating on plasma due to magnetic field started within 41.5 ns. Within the time delay 

of 41.5 ns (i.e. initial stage of plasma expansion), the density of plasma was very high. 

The heating on high density plasma provides more electron-atom interaction than the 

low density plasma (i.e. 180.4 ns) which eventually generates the third slow 

component P3. Therefore, the P3 appeared at higher magnetic field of 0.3 and 0.5 T 

but not at 0.1 T. The component P3 of Cu I (510.5 and 515.3 nm) was also generated 

by the same process. Kumar et al. reported the multiple structures of neutral line of 

laser-produced lithium plasma in the presence of magnetic field in vacuum or gas 

ambient condition and attributed to atomic processes.67 Raju et al. reported that the 

fast component P1 originates due to the radiative cascade from the highly excited 

states which populates the low lying radiative excited states and the slow components 

is attributed to the collisional excitation, mainly due to the electron-impact excitation 

from low lying states.55  
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4.2.3. Intensity variation of Cu I temporal profiles with magnetic field 

Fig. 4.7(a) shows the variation of the integrated intensity of Cu I line as a 

function of magnetic field. It was observed that as magnetic field was increased the 

intensity of the Cu I transition initially increased up to 0.3 T and then decreased on 

further increased in magnetic field to 0.5 T. In order to understand this variation with 

magnetic field, the intensity variation of each component of all three transitions with 

magnetic field was studied. Fig. 4.7(b), (c), and (d) shows the intensity variation (P1, 

P2, and P3) of Cu I (521.8, 515.3 and 510.5 nm), respectively. The fast component P1 

intensity of all three Cu I transitions was almost constant when the magnetic field was 

increased from 0 to 0.3 T (insignificant effect of magnetic field). However, P1 

intensity of Cu I (510.5 and 515.3 nm) decreased when the magnetic field was further 

increased to 0.5 T while the component P1 of Cu I (521.8 nm) increased. The 

component P2 intensity of Cu I (521.8, 515.3 and 510.5 nm) was slightly increased 

when the magnetic field was increased from B = 0 to 0.1 T. The P2 intensity of Cu I 

(515.3 and 510.5 nm) increased abruptly when the strength of magnetic field was 

switched to 0.3 T and then decreased when on further increased in magnetic field to 

0.5 T. The P2 intensity of Cu I (521.8 nm) decreased gradually when the magnetic 

field was increased from 0.1 to 0.5 T. It was clear that the slow component P2 is more 

affected by magnetic field as compared to the fast component P1 in all cases of the 

three transitions. The component P3 appeared at B = 0.3 and 0.5 T. However, the P3 

intensity of Cu I (515.3 and 510.5 nm) increased when the magnetic field increased 

from 0.3 to 0.5 T while P3 intensity of Cu I (521.8 nm) decreased. The increase in 

intensity of P3 for low excited energy states (510.5 nm and 515.3 nm) is due to 

increase in electron-impact excitation rate from lower states and the decrease in P3 
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intensity of  Cu (521.8 nm) is due to increase in ionization of atom lying in the upper 

state of Cu (521.8 nm). Fig. 4.8 shows the enhancement factor (EF) of P1, P2, and 

integrated intensity (P1+ P2 + P3) with magnetic field. The EF of P1 of all three Cu I 

transitions remained almost constant up to 0.3 T which is attributed to least affected 

by magnetic field on P1. As the magnetic field was increased from 0.3 to 0.5 T, the 

confinement of plasma plume and Joule’s heating was increased and the magnetic 

diffusion time was also lowered from 41.5 to 21.0 ns. It resulted in an increase in the 

electron-impact excitation rate which in turn increased the excitation of low-lying 

excited atoms to high-lying excited state.  

 

Fig.4.7. Variation of  Cu I intensity with magnetic field: (a) integrated intensity 

(510.5 , 515.3, 521.8 nm), component peaks (b) 521.8 nm, (c)  515.3 nm, and (d) 

510.5 nm. 
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Fig 4.8. Variation of EF with magnetic field: (a) P1 (510.5, 515.3, 521.8 nm), (b) P2 

(510.5, 515.3, 521.8 nm), and (c) P1+P2+P3 (510.5, 515.3, 521.8 nm). 

 

It explains the increase in EF of high lying excited atom transition P1 (521.8 

nm) while that of low-lying excited atom transitions P1 (515.3 and 510.5 nm) 

decreased at higher magnetic field. It has been reported earlier that the generation of 

high energy-excited Cu atoms is at the expense of the low energy excited atoms 

through collisional excitation process by hot electrons.164 The EF of P2 was found to 

increase when the magnetic field was increased from 0 to 0.3 T and then decreased on 

further increase in the magnetic field. The EF in integrated intensity of each transition 

increased with the magnetic field up to 0.3 T and then decreased on further increase in 

the magnetic field (0.5 T). The decrease in EF (P1+P2+P3) at higher magnetic field is 

due to overall decrease in total intensity contributed by each fractional component. 
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The different EF is due to different rate of electron-impact excitation of copper atom. 

The excitation rate coefficient is obtained from eqn. (2.4). The electron density times 

the excitation coefficient gives the rate of electron impact excitation of copper atom. 

The variation ne with B is fitted with the function 
2

0

a bB cBn e   (i.e.
2

0

a bB cB

en n e    ), 

where a, b, and c are parameters and found to be a =2.2, b =2.1, and c = 3.2 and n0 = 

1016 cm-3. By inserting the value of ne in eqn. (2.4), the electron impact excitation rate 

can be calculated in terms of B.  

 

Fig. 4.9. Variation of electron impact excitation with magnetic field: (a) Cu I (510.5 

nm), Cu I (515.3 nm), Cu I (521.8 nm), and (b) Enlarged view of Cu I (510.5 nm). 

 

Fig. 4.9 shows the electron impact excitation rate of Cu I as a function of 

magnetic field. At B = 0.3 T, the electron impact excitation rate of Cu I (515.3 nm) 

was highest which resulted in highest enhancement factor among three neutral lines in 

the presence of magnetic field. This shows that the difference in enhancement factor 

is due to different electron impact excitation rate for each transition. The oscillator 
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strength of the three transitions is taken from NIST database.124 Owing to large 

collisional excitation rate of Cu I (515.3 nm), more electrons are populated to higher 

state 2D3/2 via electron-impact excitation. The Cu I (515.3 nm) is more enhanced at B 

= 0.3 T as a result of excitation of more electrons due to confinement of plasma by the 

magnetic field to the small region. However, Cu I (521.8 nm) has minimum EF 

though its electron impact excitation rate is larger than Cu I (510.5 nm). It is 

attributed to an increase in the ionization of Cu I (521.8 nm) due to increase in 

temperature and density as a result of magnetic confinement of the plasma. 

4.3. Spatial evolution of Cu plasma along the expansion direction in the 

presence of magnetic field 

 

4.3.1. Spatial evolution of Cu plasma and calculation of stopping radius 

The emission spectra of the laser-produced copper plasma were recorded in 

the wavelength range 506 – 523 nm at axial distance from z = 0.5 to 6.5 mm from the 

target in the absence and presence of the magnetic field. Fig. 4.10 shows the spatially-

resolved optical emission spectra of laser-produced Cu plasma in the absence and the 

presence of magnetic field of 0.3 T, respectively. The Cu I and Cu II transitions were 

observed in the emission spectra but higher ionized line (Cu III) was not observed. 

The three strong atomic lines: Cu I (510.5 nm), Cu I (515.3 nm), and Cu I (521.8 nm) 

and one ionic line Cu II (508.8 nm) were used to study the spatial behavior of plasma 

along expansion direction in the absence and presence of magnetic field.  Fig. 4.11 

shows the emission spectra at B = 0 and 0.3 T at the axial distance z = 3.5 mm from 

the target. From the spectra recorded it was observed that in the presence of 0.3 T 
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magnetic field the intensity of both Cu I and Cu II transition is higher than that of 

without magnetic field. 

 

Fig. 4.10. Spatial evolution of copper plasma optical emission spectra at (a) B = 0 and 

(b) B = 0.3 T. 

 

Fig. 4.11. Optical emission spectra of copper plasma at B = 0 (smooth line) and B = 

0.3 T (dotted line) at a distance of 3.5 mm from the target surface. 

 

The increase in intensity is discussed later. Cristoforetti et al. have reported 

that at laser intensity less than 8 × 108 Wcm-2, the plasma produced is from the target 
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only and not from ambient gas73 and the plasma expansion follows the laser-supported 

combustion wave (LSC). The laser intensity on the target was 6.0 × 108 Wcm-2 (after 

considering the reflectance of copper). The plasma generated was only copper plasma 

and it expands like a piston pushing out the air molecules.The plasma expansion is 

considered to be as LSC. In this regime, the compressed (shocked) ambient air 

remains transparent for laser and air breakdown does not occur. At this condition 

there is no intermixing between copper and air plasma in initial stage of plasma 

formation.  

When the plasma expands in an external magnetic field, its expansion is 

decelerated due to magnetic pressure. Eventually, it stops when the magnetic energy 

is approximately equal to kinetic energy of plasma expansion.43,58,59 The stopping 

radius (Rb) was estimated from eqn. (2.22).  The reflectance of Cu at 532 nm laser 

wavelength is 61 %.165 Therefore, the absorbed laser energy is 15.6 mJ for 40 mJ laser 

energy impinging on the target. In the presence of magnetic field of B = 0.3 T and EL 

= 15.6 mJ, the calculated value of Rb is 4 mm which is in good agreement with the 

experimentally recorded spectrum at z around which the intensity is more pronounced. 

The initial velocity of expansion under the same experimental parameters condition of 

present work is discussed elsewhere 126 and it is approximately 1.6 × 106 cm/s.  

Therefore, the deceleration of plasma in the combined effect of magnetic field and air 

pressure is 3.2 × 1012 cm/s2. The atomic spectral line was observed even beyond 4 

mm which shows that the plasma is decelerated considerably by magnetic field but 

not fully stopped at the stopping radius. It could be due to incomplete exclusion of 

magnetic field inside the plasma and assumption of the plasma as having spherical 

shape43. At axial distance z = 3.5 mm from Cu target, the electron density and 
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temperature were 6.09 × 1016 cm-3 and 0.85 eV, therefore, the thermal pressure of the 

plasma was 8.3 × 103 Nm-2 whereas the magnetic pressure was 3.6 × 104 Nm-2 which 

is larger than the thermal plasma pressure (β < 1). Since the magnetic pressure is 

larger than the thermal plasma pressure, the plasma is decelerated and confined which 

is in good agreement with the discussion in section 4.2.1.  

4.3.2. Spatial evolution of electron density and temperature along z 

Fig. 4.12 shows the electron density variation as a function z (axial distance) 

from the copper target. The electron density varies from (9.9 ± 0.3) to (4.9 ± 0.1) × 

1016 cm-3 when the distance (z) varied from 0.5 to 6.5 mm. In the presence of 

magnetic field, it varied from (10.9 ± 0.4) to (4.8 ± 0.1) × 1016 cm-3. The electron 

density decreased as z was increased from 0.5 to 6.5 mm. The electron density 

determined from experimental spectral line is fitted with power law (ne = bza where a 

and b are fitting parameters). In the absence of magnetic field, the electron density 

varied as ne = 9.2z - 0.33 and in the presence of 0.3 T magnetic field, it varied as ne = 

7.9z - 0.27. The electron density in laser-produced zinc and cadmium plasma in the 

absence of magnetic field followed the same trend as observed in present work.166,167 

However, in the presence of magnetic field the electron density decayed slowly than 

without magnetic field. At larger z from the target, due to decrease in temperature, the 

electron-ion recombination increased which resulted in decrease in the electron 

density and hence plasma-magnetic field interaction. The electron density is more or 

less the same within the distance between 4.5 to 6.5 mm. The electron density 

gradient is very high near the target surface and it is less in the presence of magnetic 

field. It is attributed to the magnetic confinement of plasma which decelerates the 

expansion of the plasma. Harilal et al.45 reported that the expansion laser-produced Al 
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plasma is decelerated significantly in the presence of magnetic field using imaging 

and spectroscopy technique. It is attributed to increase in collisions in magnetically 

confined plasma which causes slowing of atomic species though it is not directly 

affected by the magnetic field.  

 

                           Fig. 4.12. Electron density variation with z at B = 0 and 0.3 T. 

 

Fig. 4.13 shows the electron temperature variation along the plasma expansion 

direction (z). The electron temperature varied from (1.10 ± 0.02) to (0.61 ± 0.01) eV 

when the distance (z) was increased from 0.5 to 6.5 mm. But it varied from (1.20 ± 

0.02) to (0.67 ± 0.02) eV when the magnetic field of 0.3 T was applied. The 

temperature near the target was higher. The region near the surface absorbs laser 

energy during the laser pulse through IB process. In the presence of magnetic field, 

the electron temperature was higher up to distance 4.5 mm due to confinement of 

plasma and beyond 4.5 mm it was comparable with that of without magnetic field. In 

confined state of plasma, due to adiabatic compression of plasma and Joule’s heating, 

the electron temperature is higher. The electron temperature decreased when the z 
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increased due to expansion of the plasma. Similar to the electron density variation, the 

variation of electron temperature with z was fitted with power law. At B = 0 T, the 

electron temperature varied as Te = 1.1z - 0.23 whereas it varied as Te = 0.9z -0.18 in the 

presence of the magnetic field. Similarly, Shaikh et al. reported that the electron 

density along the plasma expansion direction in laser-produced zinc plasma in air 

varies as Te ~ z - 0.20. This shows that the electron temperature in the absence of 

magnetic field decreases faster than in the presence of magnetic field.   

 

                     Fig. 4.13. Electron temperature variation with z at B = 0 and 0.3 T. 

 

The magnetic field  threading through the plasma was also determined at 

different region of the plasma along the direction of plasma expansion using the 

relation131 
2 20

0 02 2

B Bp
 

   where p is plasma thermal pressure, B is magnetic field at 

plasma boundary, and B0 is magnetic field diffusing in plasma, respectively. Fig. 4.14 

shows the variation of B0 with z. As the plasma expands the plasma density and 
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temperature decreases which results in decrease in plasma thermal pressure. 

Therefore, the magnetic field diffuses into the plasma and it approaches the non-

diamagnetic regime as the distance from the target increased. From the spatial 

evolution of plasma electron density and temperature, the approximate dimension of 

core and tail of the LPP can be determined.77 Within core region the electron density 

and temperature decreases rapidly with distance from the target surface and the region 

where electron density and temperature decreases slowly is known as tail of the 

plasma. 

 

Fig. 4.14. Variation of magnetic field threading inside plasma (B0) with z. 

 

It was observed that in the absence of magnetic field, the electron density and 

temperature decreased rapidly up to 2.5 mm with distance from target surface and 

then decreased slowly beyond 2.5 mm. Therefore, the approximate dimension of the 

core is taken 2.5 mm. Interesting observation was the change in core dimension in the 

presence of magnetic field of 0.3 T. The dimension of the core in the presence of 
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magnetic field of 0.3 T was found to be around 4.5 mm and thereby decreased the size 

of the tail of LPP. The increase in size of core region in the presence of magnetic field 

is due to increase in temperature as a result of heating in plasma by Joule’s heating 

effect, shock formation, and magnetic compression.168 In the shock formation and 

magnetic compression, the electron temperature is proportional to ne
2/3. The electron 

density in the presence of magnetic field of 0.3 T is higher than the absence of 

magnetic field which increases temperature in the presence of magnetic field.  The 

increase in temperature leads to more ionization and thus increases the dimension of 

the core. The other possibility is the increase in thermal conductivity of plasma with 

magnetic field. The plasma thermal conductivity was determined in the absence and 

presence of magnetic field using the following relations168, 
5/2

9
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, where k and kmag, are the plasma thermal conductivities in the 

absence and presence of magnetic field, respectively. In the presence of magnetic 

field, the conductivity is higher than the absence of magnetic field. For instance, 

plugging the values of Te, ne, and B0 at z = 3.5 mm in above equations, k = 4.24  1019 

cm-1s-1 and kmag = 6.07  1023 cm-1s-1. In the light of this example, thermal 

conductivity of LPP is increased in the presence of magnetic field. As a result of this, 

more heat is transferred from core to tail region of LPP which may increase the size of 

core in the presence of magnetic field.  

4.3.3. Variation of intensity of Cu I and Cu II transitions with z                   

Fig. 4.15 shows the variation of intensity along axial distance z in the absence and 

presence of magnetic field and is discussed as follows. 
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A. In the absence of magnetic field 

(i) Cu I (510.5 nm): As z was increased from 0.5 to 3.5 mm the intensity initially 

increased and then decreased at z = 4.5 mm. At z = 5.5 mm, the intensity again 

slightly increased and then decreased at z = 6.5 mm. The maximum intensity 

occurred at two spatial locations, z = 3.5 and 5.5 mm. The second maximum 

intensity observed at z = 5.5 mm was, however, weaker than that at z = 3.5 mm. 

(ii) Cu I (515.3 nm): The intensity of this transition increased almost linearly with z 

up to 3.5 mm and then decreased gradually up to z = 5.5 mm. At z = 6.5 mm the 

intensity was slightly increased.  

(iii) Cu I (521.8 nm): The intensity of this transition increased with z up to 2.5 mm 

and then gradually decreased up to z = 6.5 mm. 

 

Fig. 4.15. Cu I Intensity variation as a function of z at B = 0 and B = 0.3 T: (a) 

Cu I (510.5 nm), (b) Cu I (515.3 nm), and (c) Cu I (521.8 nm). 
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B. In the presence of magnetic field 

From Fig. 4.15, it is seen that the response of each Cu I transition in LPP to 

magnetic field is different with z. In the presence of magnetic field, the intensity was 

enhanced for each Cu I transition up to z = 3.5 mm and it showed different behavior at 

z beyond 3.5 mm. (i) Cu I (510.5 nm): The intensity variation showed similar trend as 

without magnetic field, however, the intensity was enhanced in the presence of 

magnetic field. (ii) Cu I (515.3 nm): The intensity enhanced up to z = 3.5 mm. The 

enhancement was not observed beyond z = 3.5 mm i.e. at larger distances. (iii) Cu I 

(521.8 nm): The intensity initially increased up to z = 2.5 mm and then decreased 

when z was increased from 3.5 to 4.5 mm. However, it increased from z = 4.5 to 6.5 

mm. The overall enhancement was observed throughout at z = 0.5 to 6.5 mm. 

The intensity of a transition line in LPP depends on electron density, neutral and 

ion density, and electron temperature which in turn affects the electron impact 

excitation and recombination rate.68 Thus, the transition line intensity is contributed 

by the electron impact excitation and recombination processes. The spatial behavior 

observed in atomic and ionic transitions in the presence of magnetic field in air 

ambient can be looked at as follows. The main processes68 occurring in plasma in the 

presence of magnetic field and ambient air are (i) increase in electron temperature due 

to the Joule’s heating in the presence of magnetic field, (ii) increase in electron 

density due to combined effect of ambient air and magnetic field (iii), enhance in 

electron confinement by magnetic field, and (iii) increase in collision due to gyrated 

motion of electron about magnetic field. In the presence of magnetic field, the 

electron density and temperature increased which enhanced electron impact excitation 

rate. As z was increased, the electron temperature and density decreased. However, 
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the electron density remained higher than the minimum limit for occurrence of the 

recombination process.  

(a) B = 0: At shorter distances from target the temperature of plasma was very 

high and this region (core of plasma) is highly ionized. Therefore, the neutral atom 

density is low and hence the intensity of atomic transition. As z was increased the 

electron temperature decreased and the electrons recombined with ions resulting in 

the generation of excited atoms. As a result of this, the intensity of atomic transition 

was found to be pronounced at farther distances. However, at relatively larger 

distances the intensity of neutral lines decreased considerably due to the significant 

decrease in electron density and temperature which in turn reduced the electron 

impact excitation and three-body recombination process.  

(b) B = 0.3 T: The electron temperature and density was very high near the target 

i.e. (at shorter distances). The plasma pressure was very high which expelled out the 

external magnetic field. Therefore, the enhancement is small at shorter distances (z) 

due to the insignificant effect of magnetic field on plasma. However, as z was 

increased the electron temperature and density lowered which resulted in low plasma 

pressure. At a distance z equal to stopping radius where the plasma pressure is 

balanced by magnetic pressure, the plasma is decelerated considerably and confined. 

As a result, the electron density and temperature becomes larger resulting in an 

increase in electron impact excitation and recombination processes. 

 Interestingly, the behavior of each Cu I transition with z was found to be different in 

the presence of magnetic field which is discussed follows: 

(I) Cu I (510.5 nm): The intensity of an atomic transition depends on the number 

of atoms in the excited state of the transition which in turn depends on the populating 
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processes of the excited state. The populating processes of upper energy state (4p 

2P3/2) of the Cu I (510.5 nm) are (i) electron impact excitation from ground state (4s 

2S1/2) with relative contribution of 92 % (ii) radiative decay from 4d 2D5/2 with relative 

contribution of 7.3 % (iii) electron impact excitation from 3d9 2D5/2 with relative 

contribution of only 0.1 %. The main populating process of this upper energy state is 

attributed to the electron impact excitation from the ground state and the radiative 

decay of Cu I (521.8 nm) from 4d 2D5/2.
169 At z =3.5 mm, the intensity is quite 

improved in the presence of magnetic field. It is because of increase in collisional 

excitation of atoms as a result of increase in electron temperature and density. At 

farther distances, say beyond z = 4.5 mm, the electron impact excitation is decreased 

for all three transitions. However, the enhancement of this line was observed at z = 5.5 

mm. The appearance of this may be due to the fact that the populating process for this 

transition at farther distances is more likely to be the radiative decay which is not 

involved in other transitions. It is seen that at larger z the electron temperature is 

reduced. The atom gains energy from electron through collisions. These low 

temperature electrons may excite the atom to the upper energy state of Cu I (510.5 

nm) i.e. 4p 2P3/2 but not to other higher excited states of Cu I (515.3 nm) i.e. 4d 2D3/2 

and Cu I (521.8 nm) i.e. 4d 2D5/2 because of the depopulating process of the ground 

state is mainly by electron impact excitation to the higher levels 4p 2P1/2 and 4p 

2P3/2.
169  Therefore, the other possibility of the enhancement in intensity at z beyond 

4.5 mm may be due to the increase in electron impact excitation in the presence of 

magnetic field.  

(II)  Cu I (515.3 nm): The populating processes of upper energy state (4d 2D3/2) 

are169 (i) electron impact excitation from ground state (4s 2S1/2) with relative 
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contribution of 98.1 % (ii) electron impact excitation from 4p 2P1/2 with relative 

contribution of 0.1 %. The electron impact excitation from the ground state is the 

main contribution to populate the upper energy state of Cu I (515.3 nm). The intensity 

was larger at z = 3.5 mm in the presence of magnetic field. However, the effect of 

magnetic field was insignificant from z = 4.5 to 6.5 mm. It is reported that the electron 

density is considerably lowered beyond stopping radius.45 The electron temperature is 

also reduced at farther distances. The adiabatic expansion of plasma and collision 

with atoms of ambient air caused rapid reduction in electron temperature. The 

reduction in electron temperature and density at larger z resulted in decrease in the 

electron impact excitation and hence the intensity.  

(III) Cu I (521.8 nm): The populating processes of upper energy state (4d 2D5/2) of 

this transitions are 169 (i) electron impact excitation from ground state (4s 2S1/2) with 

relative contribution of 98.1 % (ii) electron impact excitation from 4p 2P3/2 with 

relative contribution of 0.2 % (iii) electron-ion three body recombination with relative 

contribution of 1.1 %. Therefore, the populating process for this transition is mainly 

due to the electron impact excitation and small contribution from the electron-ion 

three bodies recombination. The intensity of this transition was pronounced at 

distances between z = 2.5 to 3.5 mm in the presence of magnetic field. It is more 

likely due to an increase in the electron temperature and density which favours the 

electron impact excitation from ground state. Beyond z = 4.5 mm the intensity again 

increased slightly. It is attributed to the increase in three-body recombination process 

which populated the highest excited state (4d 2D5/2). Owing to decrease in the electron 

temperature and density at these farther distances from the target the electron impact 
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excitation decreased while the recombination processes are enhanced. Therefore, the 

increase in intensity at farther distances is probably due to recombination process.  

From above discussions, around z = 2.5 to 3.5 mm the intensity enhancement of Cu I 

(510.5 nm) was maximum. It is attributed to an increase in the electron impact 

excitation of Cu I (510.5 nm) in the presence of magnetic field. The total relative 

contribution in populating the atoms to excited state of this transition was 99.5 % and 

that of Cu I (515.3 nm) and Cu I (521.8 nm) were, respectively, 98.2 and 98.3 %. The 

highest contribution in populating atoms to the excited state leads to maximum 

enhancement in intensity (Cu I (510.5 nm)) compared to Cu I (515.3 nm) and Cu I 

(521.8 nm). The small difference in enhancement between Cu I (515.3 nm) and Cu I 

(521.8 nm) is due to the small difference in populating contributions. The excitation 

rate coefficient between upper and lower energy state of Cu I (510.5 nm) is the 

smallest among three atomic transitions. The calculation of excitation rate coefficient 

is discussed in section 4.2.3. However, from the experimental observation it was 

found to be more pronounced in the presence of magnetic field which signifies the 

involvement of excitation process from other higher and lower states, and also 

recombination process. 

In the presence of magnetic field, due to confinement of the plasma, the mean 

free path of electron and atom decreases. Since, the collision cross-section is inversely 

proportional to the mean free path the electron-atom collision increases which results 

in increase in electron-impact excitation rate and hence the intensity of the transition 

lines. It has been seen that the increase in intensity is mainly due to electron impact 

excitation rather than the radiative recombination.45,126 However, three-body 

recombination occurs at farther z where the electron temperature becomes lower. Fig. 
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4.16 shows the variation of Cu II (508.8 nm) as a function of plasma expansion 

direction distance (z). The intensity of Cu II near the target (at z = 0.5 mm) was high 

in the absence of magnetic field and it was almost constant up to 2.5 mm and 

decreased relatively fast when z increased to 3.5 mm. In the presence of magnetic 

field, the intensity is higher than that without magnetic field which is attributed to 

increase in absorption of laser photon near the target through inverse bremsstrahlung 

process due to increase in electron density in the presence of magnetic field which 

makes further heating of plasma and hence ionization. 

 

Fig. 4.16. Intensity variation of Cu II (508.8 nm) with z at B = 0 and B = 0.3 T. 

 

The intensity of Cu II decreased gradually as z was increased from 0.5 to 3.5 

mm. The other possibility is the higher in plasma temperature in the presence of the 

magnetic field which may increase further ionization. Beyond 3.5 mm, the Cu II line 

appeared in the absence and the presence of magnetic field but the intensity was quite 

small and negligible. It indicates the ionic emission is mostly from the small central 

core hot region of the plasma. The increase in core dimension in the presence of 
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magnetic field caused the reduction in intensity of ionic line up to 3.5 mm relatively 

slowly while it decreased rapidly beyond z = 2.5 mm in the absence of magnetic field. 

For axial distance at z = 3.5 mm and at B = 0.3 T, the calculated excitation rate 

coefficient of Cu I (510.5 nm), Cu I (515.3 nm), and Cu I (521.8 nm) between upper 

and lower states of the transitions are, respectively, 2.1 × 10-9, 231.0 × 10-9, and 199.1 

× 10-9 cm3s-1. However, the intensity enhancement of Cu I (510.5 nm) in the presence 

of magnetic field was higher at z = 3.5 mm than other two atomic lines. It is attributed 

to involvement of other populating process from the energy states other than the upper 

and lower states of the transitions. Further, in order to justify the energy loss due to 

reflection of laser from plasma in the presence of magnetic field, the plasma 

frequency (νp) was calculated at z = 0.5 mm from the target where the density is 

maximum using the relation 3 1/28.9 10p en     Hz, where, ne is the electron density in 

cm-3.  At B = 0.3 T, the electron density at z = 0.5 mm is 10.90 × 1016 cm-3, therefore 

plasma frequency is 2.9 × 1012 Hz which is less than the incident laser frequency (5.6 

× 1014 Hz). This indicates the laser energy loss arises due to reflection form the 

plasma even in the presence of the magnetic field is not significant. The variation of 

intensity of Cu I (521.8 nm) and Cu II (508.8 nm) with electron temperature is shown 

in Fig. 4.17. As the electron temperature of plasma increased, the intensity of atomic 

line Cu I (521.8 nm) decreased while the intensity of ionic line Cu II (508.8 nm) was 

found to increase. It is attributed to increase in ionization of copper atom. In the 

presence of magnetic field, the temperature and density increased which favors 

ionization. 
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 Fig. 4.17. Variation of Cu I (521.8 nm) and Cu II (508.8 nm) with electron 

temperature. 

4.4. Effect of lens focusing distance on Cu plasma with magnetic field 

4.4.1. Time integrated optical emission spectroscopy 

Fig. 4.18(a) and (b) shows the Cu spectra in the absence and presence of 0.3 T 

magnetic field recorded in the wavelength range of 509 to 523 nm at different values 

of d. From the studies on the spatial behaviour of LPP along plasma expansion 

direction, the intensity of Cu I transition was observed to be pronounced at a distance 

of around 2.5 mm from the target surface.132 Therefore, each spectrum in the absence 

and presence of magnetic field of 0.3 T was recorded at a distance of 2.5 mm from 

target. In order to study the variation of intensity of spectral lines, each spectrum was 

fitted with Voigt function as shown in Fig. 4.19. From the fitted profile (deconvoluted 

profile) the integrated intensity of Cu I and Cu II transitions is determined. Fig. 4.20 

(a) and (b) shows the variation of Cu I transition intensity with d in the absence and 

presence of magnetic field, respectively. As d was increased from -10 to 0 mm via -5 

mm, the intensity of Cu I line was quite weak and remained almost constant. On 
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further increase in d from 0 to 5 mm, the intensity of Cu I line increased and then 

decreased slightly at d = 10 mm. It was observed that the effect of magnetic field on 

Cu I transitions at the focusing condition d = -10 to 0 mm was not significant. 

However, the magnetic field effect on intensity enhancement was observed when the 

d increased from 0 to 10 mm. 

 

 

Fig. 4.18. Spectra of Cu plasma at different d = -10, -5, 0, 5, and 10 mm at (a) B = 0  

and (b) B = 0.3 T. 

 

                                 Fig. 4.19. Voigt fitted spectrum at B = 0.3 T and d = 5 mm. 
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Fig. 4.20. Intensity variation of (a) Cu I (510.5 nm), (b) Cu I (515.3 nm), and (c) Cu I 

(521.8 nm) with focusing distance d at (A) B = 0 and (B) B = 0.3 T. 

 

The intensity of Cu I line was more enhanced at d = 5 mm and found to 

decrease at d = 10 mm. More interestingly, another transition Cu I (522.0 nm) was 

observed separately in the presence of the magnetic field. This transition appeared as 

a hump in Cu I (521.8 nm) at S1 in the absence of magnetic field. In the presence of 

magnetic field, this transition was observed at S1 (d = 5 mm) and S2 (d = 10 mm). The 

intensity of Cu I (522.0 nm) is more pronounced at S1 than S2. The upper energy 

states of the transitions at Cu I (521.8 nm) and Cu I (522.0 nm) are very close to each 

other. The oscillator strength of Cu I (521.8 nm) is almost ten times higher than that 

Cu I (522.0 nm). Therefore, the Cu I (521.8 nm) transition dominated over Cu I 

(522.0 nm). However, in the presence of magnetic field, the magnetic confinement 

resulted in more excitation of atom which led to the appearance of Cu I (522.0 nm) 

transition. At focusing location (S0), the laser intensity was nearly 3 and 4 times 

higher than at S1 and S2, respectively. At S0 with smaller spot size and higher 

intensity, the plasma expanded with higher axial velocity as observed in the 
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simulation results discussed in chapter 6. Li et al. studied the influence of spot size on 

the laser-produced Cu plasma dynamics at atmospheric pressure without magnetic 

field and showed that the dynamics of the plasma is independent of the position of the 

target if the spot size is the same.32 They also observed that the high intensity region 

of the plasma lies near the plume front rather than near the target surface. It is 

attributed to the generation of more energetic plasma species which absorbs more 

laser energy. As a result of this, more energetic species with faster longitudinal 

velocity are produced. Bulatov et al. investigated the effect of focusing distance on 

laser plume dynamics using fast imaging photography and reported that the signal-to-

noise ratio in LIBS is low when the sample is kept at focus. It is attributed to the 

formation of hot ring around the main plasma. The hot ring originated as a result of 

scattering of particles.170 In this study, it was also observed that the intensity of Cu I 

transitions was low at S0. The intensity of Cu I transitions in the presence of magnetic 

field of 0.3 T was higher than that in the absence of magnetic field, however, the 

enhancement was small at S0.  At S-1, the laser intensity on the target was reduced to 

approximately one third than that at S0. Above all, the air-breakdown occurred at the 

focal point of the focusing lens which further reduced the laser intensity reaching the 

target and hence the intensity of the spectral line. The air breakdown occurs when the 

laser beam focused is beyond the breakdown threshold of air. The air breakdown 

threshold intensity (Ith) of a radiation of wavelength λ is related to air pressure (Pair) 

via the relation171 2
air

n
th

I P 
 

 , where n is a constant. For λ = 532 nm, the pressure 

varies as Pair
0.2 with n = - 0.2. In this present study, Pair = 1.013  105 Nm-2 and λ = 

532 nm, therefore, the breakdown threshold is of the order of 3.5  109 Wcm-2. The 
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intensity of laser radiation at focal point is 7.2  109 Wcm-2 which is greater than the 

breakdown threshold. This indicates that the air breakdown indeed occurred at focal 

point without target. At S-2, the laser intensity on the target was considerably reduced. 

Therefore, the laser ablation produced low intensity plasma. At S1, the laser intensity 

on the target was equal to that at S-1. However, the occurrence of the air-break down 

was not observed at S1. Therefore, there was no attenuation of laser energy due to air-

breakdown.  

At S-1 and S-2, the plasma density (charge species density) was low which led 

to insignificant plasma-magnetic field interaction in the presence of magnetic field. 

Since the magnetic field interacts with charged particles, the increase in electron 

density caused plasma to interact more with the magnetic field. At focusing condition, 

S1 and S2, there was no air breakdown which resulted in strong laser-target interaction 

and formed high density plasma. Eventually, the strong plasma-magnetic field 

interaction took place. Therefore, the confinement of plasma at this focusing 

geometry (S1 and S2) was more pronounced leading to an increase in the electron 

density and temperature which favoured electron impact excitation.66 The increase in 

electron impact excitation resulted in the enhancement of Cu I line intensity. At 

higher value of d i.e. at 10 mm, the intensity of Cu I transition decreased slightly as 

the laser intensity was decreased due to defocussing of laser beam on Cu target. Fig. 

4.21 shows the variation of enhancement factor of Cu I (510.5 nm), Cu I (515.3 nm), 

and Cu I (521.8 nm) with focusing distance. 
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Fig. 4.21. Intensity enhancement factor as a function of d: (a) Cu I (510.5 nm), (b) Cu 

I (515.3 nm), and (c) Cu I (521.8 nm). 

 

 Fig. 4.22. Intensity variation of Cu II (509.4 nm) as a function of d at B = 0 and B = 

0.3 T. 

 It is observed that the enhancement factor of all three Cu I transitions are 

different. The enhancement factor of Cu I (510.5 nm), Cu I (515.3 nm), and Cu I 

(521.8 nm) at d = 5 mm are, respectively 1.5, 2.1, and 1.7. The difference in 

enhancement factor is attributed to different electron impact excitation rate. The 

excitation rate coefficients of Cu I (510.5 nm), Cu I (515.3 nm), and Cu I (521.8 nm) 
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at d = 5 mm in the absence of magnetic field are, respectively, 1.8 × 10-9, 171.1 × 10-

9, and 165.4 × 10-9 cm3 s-1.  In the presence of magnetic field of 0.3 T, the 

corresponding excitation rate coefficients are 2.1 × 10-9, 198.9 × 10-9, and 192.2 × 10-9 

cm3 s-1. The excitation rate coefficient of Cu I (515.3 nm) transition is comparatively 

higher which resulted in highest enhancement factor among the three Cu I transitions. 

The variation of Cu II (509.4 nm) with d was also analysed. Fig. 4.22 shows the 

intensity variation of Cu II as a function of d. The intensity of Cu II (509.4 nm) in the 

presence and absence of magnetic field was found to be highest at S1. However, the 

intensity in the presence of the magnetic field was more pronounced (i.e. EF is highest 

at S1). The EF of Cu II at S1 is around 3.3. At S-2 the intensity of Cu II is very weak 

and it cannot be fitted properly.   

4.4.2. Temporal evolution of Cu I and Cu II at different lens-to-target positions. 

 

Since the plasma is highly transient, the temporal evolution of spectral line 

transitions was also studied. Fig. 4.23(a) and (b) shows the temporal profile of Cu I 

(515.3 nm) in the absence and presence of magnetic field at different focusing 

distances, namely, at S-2, S-1, S0, S1, and S2. The integrated intensity of each transition 

was determined by multiple-fitting of the temporal profile at each experimental 

condition as discussed in section 4.2.2.  In the absence of magnetic field, the temporal 

profile width of the slower component at S1 (47 ns) was larger than that at S0 (44 ns). 

Grun et al.172 showed that the distribution width is governed by a scaling factor, RS/cτ, 

where RS is the spot radius on the target surface, c is the sound speed, and τ is the 

pulse duration.  It was also observed in the simulation (discussed in chapter 6) that 

plasma species at S0 moved faster than that at S1 which was also confirmed from 

temporal profile.  
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Fig. 4.23. Temporal behavior of Cu I (515.3 nm) at (a) B = 0 and (b) B = 0.3 T. (c) 

Multiple peaks fitted Cu I (515.3 nm) profile at S2 and B = 0.3 T. 

 

 

Fig. 4.24. Variation of intensity with focusing distance (a) Cu I (515.3 nm) and (b) Cu 

II (509.8 nm). 
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The slower component (P2) of Cu I (515.3 nm) at S0 appeared at around 119 

ns while the P2 at S1 appeared at 128 ns after the laser pulse. The broadening was 

mainly caused by an increase in number density of slower components in the tailing 

region of the profile.31,36 Therefore, the scaling factor is justified with the 

experimental results. In the presence of 0.3 T magnetic field, the appearance of a third 

component was observed. The variation of integrated intensity of atomic and ionic 

transitions with the focusing distances is shown in Fig. 4.24 (a) and (b). The intensity 

is found to be maximum at S1. The ionic line also showed maximum intensity at S1. In 

the presence of magnetic field, the intensity of both neutral atomic and ionic 

transitions is more pronounced. Increase in broadening at S1 indicates an increase in 

number density of slower component which was due to deceleration of plasma around 

the distance from the target at which optical emission was recorded.  Similarly, other 

atomic transitions studied at different sample locations in the absence and presence of 

magnetic field showed maximum intensity enhancement at S1. Irrespective of 

transitions, the maximum intensity enhancement occurred at S1. 

4.4.3. Determination of electron density and temperature 

The profile width was obtained from the Fourier transformed of the temporal 

profile. Fig. 4.25 shows the variation of the electron density as a function of d. As d 

increased from -10 to 0 mm, the electron density increased gradually from (2.8 ± 0.5) 

× 1016 to (4.8 ± 0.2) × 1016 cm-3 in the absence of magnetic field. In the presence of 

magnetic field also, it varied from (3.9 ± 0.3) × 1016 to (5.5 ± 0.2) × 1016 cm-3. The 

electron density of the plasma in this region has no significant difference in the 

absence and presence of magnetic field. 
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        Fig. 4.25. Variation of electron density as a function of d at B = 0 and 0.3 T. 

 

 

            Fig. 4.26. Variation of electron temperature with d at B = 0 and 0.3 T. 

 

It is attributed to the loss of laser energy due to air breakdown which resulted 

in small ablation rate. When d increased from 0 to 5 mm, the electron density 

increased from (4.8 ± 0.2) × 1016 to (6.2 ± 0.1) × 1016 cm-3 and then decreased slightly 

to (5.8 ± 0.2) × 1016 cm-3 at d = 10 mm. In the presence of magnetic field, it followed 
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the same trend but it increased drastically from (5.5 ± 0.2) × 1016 to (8.5 ± 0.1) × 1016 

cm-3 when d increased from 0 to 5 mm in the presence of magnetic field. At d = 0, the 

spot size was small and laser fluence was highest. It may have created a deep and 

narrow crater which induced the confinement of plasma within the crater walls and re-

deposition of melted material in the crater itself. As a result, less amount of mass was 

ablated from Cu.173 The higher electron density was due to the magnetic confinement 

of plasma as discussed earlier.  

Fig. 4.26 shows the variation of Te as a function of d in the absence and 

presence of magnetic field. As d increased from -10 to 5 mm, Te increased from (0.64 

± 0.02) to (0.79 ± 0.01) eV and then decreased slightly to (0.76 ± 0.01) eV when d 

increased to 10 mm. In the presence of magnetic field, the Te was higher than that 

without magnetic field. At d = 5 mm, the electron temperature was 0.84 eV and 

electron density was 8.73 × 1016 cm-3, the plasma thermal pressure was 8.2 × 103 Nm-2 

and the magnetic pressure exerted by 0.3 T magnetic field was 3.6 × 104 Nm-2. By 

considering the effect of air ambient pressure, the value of β was found to be nearly 

0.1. Te was calculated by assuming the plasma is in local thermodynamic equilibrium 

(LTE). As mentioned in chapter 2, when LPP expands in the presence of magnetic 

field in the air ambient at atmospheric pressure, the plasma is decelerated by both air 

and magnetic pressure. The expansion continues until the total sum of work done by 

plasma to push out the magnetic field and work done against air pressure is equal to 

the total plasma energy. Further, the gyrated motion of electrons about the field 

causes more collisions with atoms and hence electron impact excitation rate. When 

the plasma is confined, the electron-ion interaction (electron-ion recombination) is 

also increased resulting in generation of atoms in excited state. Since, the radius of 
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gyration is proportional to mass, the electron gyro-radius is much smaller than that of 

ion. Therefore, the electron-atom collision rate is higher than that of ion-atom 

collision rate in the plasma plume in the presence of magnetic field. 

Using fast imaging technique Li et al.32 showed that the smaller the laser spot 

size the expansion of Cu plasma in air in the absence of magnetic field is more 

cylindrical at delayed time like 20 ns. When the spot size is increased, the plasma 

expansion is more spherical in ambient air. When the ns laser pulse interacts with the 

target, the leading part of the laser pulse creates plasma and the remaining part of the 

pulse interacts with the plasma. The plasma absorbs laser through IB process and heat 

up the plume resulting in increase in ionization. Depending on the spot size the extent 

of interaction is different. Therefore, at S0 the plasma expansion was cylindrical and 

the cone of angle of laser beam was small. As a result of this, the absorption process 

was highly localized near the vicinity of plasma axis. In short, the plasma-laser 

interaction was weak that resulted in less ionization. The decrease in ionization made 

plasma of less charge particle number density and hence the plasma-magnetic field 

interaction as plasma interacts with magnetic field through the motion of charge 

particles. At S1 the plasma expansion was spherical and due to larger cone angle of 

laser, the plasma interacted with remaining part of laser more efficiently resulting in 

more ionization and excitation. The increase in charge species density led to an 

increase in the plasma-magnetic field interaction. At S2 though the cone of laser 

radiation was large, the laser intensity on copper target was decreased considerably. 

The plasma created by leading part of pulse consisted of lesser electron density and 

expanded with smaller velocity and hence less plasma-laser interaction.  However, at 
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S-1 and S-2 the focal point was above the target and due to air breakdown at focal point 

the intensity of laser on target was decreased significantly resulting in less laser 

matter-interaction and hence plasma-magnetic field interaction. 

4.5.  Validity of local thermodynamic equilibrium  

The electron temperature of the plasma was calculated by assuming the 

plasma in local thermodynamic equilibrium (LTE). In order to verify the LTE using 

McWhiter’s criterion (eqn. (2.11)), the lower limit of the electron density (ne) is 

calculated. To validate the LTE condition strictly, the transition with largest ΔEnm 

must satisfy the above relation and the upper level of the transition should be close to 

ground state. Amongst the neutral transitions Cu I (510.5 nm) has largest ΔEnm and its 

upper energy level is close to ground state, therefore, it is chosen to verify the LTE. 

The electron temperature in the presence of the magnetic field is 0.69 eV (8004 K). 

The ΔEnm of Cu I (510.5 nm) is 2.43 eV. With these values, the lower limit of the 

electron density was calculated satisfying the LTE condition and found to be 2.0 × 

1015 cm-3. The more precise condition obtained with quantum mechanical correction 

is given by the relation109 ne >
11 1/2 32.55 10 ( )

nm
T E

g
  . In this case the lower limit is 

found to be 3.27 × 1014 cm-3. The experimentally observed values are order of 1016 

cm-3 which are higher than the lower limit of LTE conditions and hence satisfied the 

LTE condition. Since the plasma is transient, the electron density varies with time. If 

the variation of electron density is sufficiently slow, the above conditions are safely 

applicable to verify the LTE of plasma. However, if the evolution of plasma is too 

fast, the atoms and electrons would be unable to get time to attain LTE. In the 

presence of magnetic field and air ambient, the plasma is decelerated both by 
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magnetic field and air pressure. As a consequence of this, the electron density varies 

slowly. The plasma is strictly in LTE if the above two conditions and eqn. (2.12) are 

satisfied. By taking electron density and temperature at B = 0.3 T, the relaxation time 

is calculated and it is found to be 6 ns. The electron density at delayed time t = 58 ns 

(corresponding to P1 of Cu I (521.8 nm)) is 3.64 × 1016 cm-3. Therefore, electron 

density at delayed time (t + 6 ns) is given by 1.01× 1015 cm-3 (since electron density 

varies as ne/t
2) and hence

( ) ( )

( )
e erel

e

n t n t

n t

 
is 0.97 which is less than one. From overall 

considerations, though the plasma is transient it is in LTE. Here, only the variation of 

electron density of plasma was considered as the electron impact excitation rate is a 

weak function of temperature and mainly depends on electron collisions.119 

4.6.  Conclusion 

Since the LPP is highly transient, the temporal evolution of Cu plasma was 

investigated and described in this chapter. As the magnetic field increased, the atomic 

Cu I temporal profiles exhibited multi-structured components. At B = 0 and 0.1 T, the 

temporal profile consisted of two components P1 and P2. When the magnetic field 

was increased to 0.3 and 0.5, the appearance of third component P3 was observed. 

The reason is that the confinement of plasma is higher when the magnetic field is 

increased leading to enhancement of collision excitation. Eventually another 

component P3 is also generated at a later delayed time. The role of collapse of 

diamagnetic cavity and instability in the generation of multi-components in this study 

is ruled out. The integrated intensity enhancement was maximum at 0.3 T which is in 

good agreement with the spectral intensity discussed in chapter 3. The spatially 

resolved studies showed that the electron density and temperature of Cu plasma 
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decayed slowly with z in the presence of magnetic field. The dimension of core and 

tail of the plasma was estimated from the spatial evolution of electron density and 

temperature. The size of core was found to increase from 2.5 mm to 4.5 mm in the 

presence of magnetic field. It is ascribed to increase in ionization and thermal 

conductivity. The different response of spectral lines to magnetic field at different z is 

more likely due to difference in populating process (electron impact excitation and 

three body recombination process) of the excited energy state from which the 

transition occurs. Since the electron density and temperature evolve spatially, the 

populating process of the excited energy state also depends on z and hence the 

intensity of the spectral lines. The effect of LTSD on Cu plasma in the absence and 

presence of magnetic field was investigated using OES. The optical emission intensity 

enhancement in the presence of magnetic field is more pronounced when the target is 

at S1 amongst the different positions of the target in this study. At S1 there is no 

attenuation of laser energy as a result of air breakdown leading to more interaction of 

laser with target and hence maximum intensity enhancement at S1 which is confirmed 

both from time integrated and temporal evolution optical emission studies. These 

studies discussed in this chapter may help to improve the sensitivity of LIBS in the 

presence of magnetic field. The present work may also be useful to study the PLD in 

the presence of magnetic field in air ambient by determining the target-substrate 

distance to reduce debris in thin film deposited on the substrate. 
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Chapter 5   

                                                                                                                  

Experimental Studies on Effect of Magnetic Field on Laser 

Ablation of Cu and Deposited Particles 

 
It is reported in the literature that by application an external magnetic field, the 

depth of the laser ablated crater can be enhanced.49,94,96,99 However, a very few studies 

on effect of magnetic field on laser ablation of Cu and Al in air are documented. The 

laser ablation of Cu is of particular interest to synthesise the Cu oxide nanoparticles 

for applications in solar cell, sensor, antifungal activity, etc.105 Al with micro holes 

can be used in solar cell and it is also used as electrodes in biotechnology.9 The 

application of magnetic field can alter the dynamical properties of plasma which in 

turn affect the plasma-target interaction. In this chapter, the magnetic field is varied to 

explore the effect of magnetic field on laser ablation/deposition of particles on the Cu 

target systematically.  

5.1. Experimental details 

The laser fluence was fixed at 14 Jcm-2 and the magnetic field was varied from 

0 to 0.5 T. The laser ablated craters were generated by impinging 50 laser shots on Cu 

and Al at B = 0, 0.1, 0.3, and 0.5 T, respectively. The two metals (Cu and Al) of 

different thermo-physical properties were studied to justify the dependence of laser 

ablation on thermo-physical property of the metals. The surface of laser ablated Cu/Al 

was characterized using optical microscopy, surface profilometer, FESEM, EDX, 

XRD, Raman spectroscopy, and PL to investigate the effect of magnetic field on laser 

ablation/deposited particles. The effect of magnetic field on melt ejection was also 
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studied. In this study the craters were generated by impinging more laser shots (70) on 

Cu target as the melt ejection is dependent on the number of laser shots. It was also 

extended by introducing the non-uniform magnetic field during laser ablation. 

5.2. Effect of variation of magnetic field on laser ablation of Cu and Al 

It is well known that if the thermal diffusion length of the target is greater than 

the laser penetration depth, then the ablation mechanism is dominated by thermal 

process. The thermal diffusion length (Lth) of Cu and Al are calculated using the eqn. 

(2.1). The calculated Lth of Cu and Al are, respectively, 2.15 and 1.97 μm. The 

thermal and optical properties of the Cu and Al (at λ = 532 nm) are given in table 

5.1.165,174  

                   Table 5.1. Thermo-physical parameters of copper and aluminium. 

  

Property Cu Al 

Density ρ (gcm-3) 8.96 2.70 

Melting point Tm (K) 1356 933 

Boiling point Tb (K) 2840 2740 

Thermal conductivity k (Wm-1K-1) 401 238 

Thermal diffusivity Dth (cm2s-1) 1.16 0.97 

Optical penetration depth Lop (nm) 14 6.7 

Absorption coefficient αab(105 cm-1) 5.97 14.6 

Specific heat C (J/kg K) 386 917 

Reflectivity    (at λ = 532 nm)  0.61 0.92 
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Since, Lth is much larger than the optical penetration depth, therefore, the ablation 

process is dominated by thermal process. Fig. 5.1 shows the surface images and 

corresponding depth profiles of the laser ablated Al at B = 0 and 0.3 T, respectively. 

The depth profiles were extracted along the line PQ (Fig. 5.1). The laser ablation was 

quantified by measuring depth, width, and ablated volume of the craters. The crater 

diameter (width) is defined as the distance between two diametrically opposite points 

in the peripheral rim formed around the crater. The diameter of all craters generated at 

different magnetic fields was measured from the line profile and optical microscopy 

image. Fig. 5.2 depicts the optical images of laser ablated Al at B = 0 and 0.5 T, 

respectively.  

 

 

Fig. 5.1. Profilometer images of aluminium at (a) B = 0, (b) B = 0.3 T. (c) and (d) are 

corresponding depth profiles. 

TH-1589_11612119



 

 

Chapter 5: Experimental studies on effect of magnetic field on laser ……………….  

116 | P a g e  

 

 

 

    Fig. 5.2. Optical images of laser ablated aluminium at (a) B = 0 and (b) B = 0.5 T. 

 

 

Fig. 5.3. Profilometer images of copper at (a) B = 0, (b) B = 0.3T. (c) and (d) are 

corresponding depth profiles. 

 

The diameter obtained from the line profile at each condition is close to that 

obtained from the optical microscopy image. It was observed that the ablation is 

mainly due to melt ejection, therefore, the craters resulting from the violent expulsion 
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results in rough surface. It has been reported extensively in the literature that the 

crater surface ablated by nanosecond laser with intensity of the order of 109 W/cm2 in 

air shows rough surface due to the melt expulsion.175–178   

Similarly, the laser ablated Cu surfaces induced at B = 0 to 0.5 T were 

characterized from the surface profiles extracted along the line PQ. The profilometer 

images and their corresponding depth profiles at B = 0 and 0.3 T are shown in Fig. 

5.3. Fig. 5.4(a) shows the variation of crater diameter as a function of magnetic field. 

The crater diameter of Cu increased from (732 ± 20) to (886 ± 93) μm when the 

magnetic field increased from 0 to 0.1 T and then remained almost constant on further 

increase in the magnetic field. For Al, the crater diameter increased from (769 ± 15) 

to (915 ± 15) μm. The increase in crater width of Al is higher than that of Cu. 

 

 Fig. 5.4. Variation of (a) diameter and (b) depth of copper and aluminum as a 

function of magnetic field. 

Using the experimental parameters F = 14 Jcm-2, Fth = 4 Jcm-2 and Cf ≈ 500 

µm in eqn. (2.23) the crater diameter was estimated to be Cd = 791 µm in the absence 

of magnetic field which is close to the experimentally measured width of 732 µm. The 
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calculated width of the crater formed on the Al target was 950 µm whereas the 

experimental value was 769 µm. The difference in experimental width from the 

calculated value may be due to the large deposition of removed mass around the crater 

[Fig. 5.1 (a) and (c) at B = 0 and Fig. 5.3(a) and (c) at B = 0.3 T]. Fig. 5.4(b) shows 

the maximum depth variation as a function of magnetic field. The maximum depth is 

the distance of the lowest point in the crater with respect to un-ablated part of the 

target i.e. with respect to horizontal line PQ ( Fig. 5.5(a)). As the magnetic field 

increased from 0 to 0.3 T, the maximum depth of the crater increased from (3.3 ± 0.1) 

to (5.2 ± 0.1) µm and then slightly decreased to (4.7 ± 0.1) µm at a higher magnetic 

field of 0.5 T. The maximum depth of the crater with magnetic field is higher than 

without magnetic field. In the case of Al, the depth increased from (11.2 ± 0.6) to 

(26.1 ± 0.2) µm when the magnetic field increased from 0 to 0.3 T and then decreased 

considerably to (17.5 ± 0.1) µm at magnetic field of 0.5 T. The depth of the crater 

formed on the Al is found to be higher than that of Cu in the presence and absence of 

magnetic field.  

 

Fig. 5.5. (a) Optical image of laser ablated copper at B = 0.3 T and surface profile. (b) 

Variation of laser ablated volume of aluminium and copper with magnetic field. 
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In order to get more insight on effect of magnetic field on laser ablation, the 

integrated ablated volume was measured from the profilometer analysis of the 

samples. The variation of the integrated volume of the ablated crater with magnetic 

field is shown in Fig. 5.5(b). As the magnetic field increased, the ablated volume of 

both Cu and Al increased and found to be maximum at B = 0.3 T. The ablated volume 

of Al is higher than of Cu. The increase in volume is mainly due to increase in melt 

ejection with increase in magnetic field. Fig. 5.6(a) and (b) shows the optical images 

of the central portion of laser ablated crater of Cu with more resolution at B = 0 and 

0.3 T whereas 5.6(c) and (d) shows the corresponding images of Al, respectively. At 

B = 0 the re-deposited mass at the centre of laser ablated Cu crater was not observed. 

When the magnetic field was increased to 0.1 T, the initiation of re-deposition of mass 

was observed. At B = 0.1 T, the size of the mass deposited at the centre ranges from 

30 to 88 µm. When the magnetic field was increased from B = 0.1 to 0.3 T, the size of 

deposited mass at the crater centre decreased (8 to 12 µm) which is attributed to 

breaking of large droplets into smaller droplets due to increase in instability of molten 

layer at high recoil pressure. At the peripheral region beyond rim of crater, the size of 

mass was in the range of 16 to 70 µm.  When the magnetic field was further increased 

to 0.5 T, the re-deposition of mass was not observed. The red circles in Fig. 5.6(b) 

encircle the ejected mass inside the centre. However, in the case of Al, the ripple 

structures in the absence and presence of magnetic field were observed. The ripple 

structure is due to the instability of molten layer. The other possibility may be due to 

the motion of molten aluminium as a result of radial pressure gradient between the 

high recoil pressure and ambient pressure. Yoo et al.178 also observed the formation of 
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ripple structure in the absence of magnetic field. In the presence of 0.3 T magnetic 

field, more mass (in the form of ridge) is accumulated near the wall of the crater. 

 

Fig. 5.6. Optical images of laser ablated crater centre (a) Cu with B = 0 T, (b) Cu with 

B = 0.3 T, (c) Al with B = 0 T, and (d) Al with B = 0.3 T. 

 

Further, the crater structure formed is not quite smooth in both cases, with and 

without magnetic field. It could be due to instability formed in the molten layer during 

phase transformation.176 Similar laser ablated crater structure obtained from brass in 

air atmosphere without magnetic field is also reported in the literature.17 Thus, it 

shows that the depth profile depends on the thermo-physical properties of the material 

and the higher depth in Al is more likely due to low melting and boiling point of Al 

and high absorption coefficient (see table 5.1). The increase in depth of the profile is 

attributed to the following phenomena: increase in heat transfer from the magnetized 
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hot plasma to the target, increase in melt expulsion due to increase in vapour pressure, 

and increase in shock pressure which hammers the melted surface discussed as 

follows.  

When LPP is confined by magnetic field, the average distance between the hot 

plasma and target surface is decreased. Ye et al.49 reported that the average distance 

from laser produced plasma to target is reduced in the presence of magnetic field 

which enhances transfer of heat to target. The presence of magnetic field plasma size 

shrinks towards the target (confirmed from the snap shot of CCD images of plasma in 

the absence and presence of magnetic field) and hence the average distance from the 

plasma to target (Fig. 4.6.).126 The thermal conductivity of the plasma in the absence 

and presence of magnetic field was determined using the relations discussed by Sudo 

et al.168 The thermal conductivity at B = 0 is k = 4.24  1019 cm-1s-1 and at B = 0.3 T is 

kmag = 6.07  1023 cm-1s-1. Thermal conductivity of LPP is increased in the presence of 

magnetic field.  The increase in thermal conductivity may also result in more heat 

transfer to the target. Above all, more plasma species (electrons/ions) is back scattered 

towards target due to increase in collisions in magnetically confined plasma. In the 

presence of magnetic field, the plasma is compressed adiabatically at the interface 

between the plasma and ambient. Therefore, heating takes place at the outer surface of 

plasma. The electron back-scattered from the interface takes the heat and transfers to 

the target during collision with it. In the presence of magnetic field, due to gyration of 

ion about the magnetic field, collisions between ions and the target is increased 

resulting in more heating on the target. It was observed in previous studies that in the 

presence of the magnetic field, the temperature of the plasma is higher than that 

without magnetic field.67  The overall consequence (i.e. increase in plasma 
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temperature and decrease in average distance between the plasma and the target) 

resulted in more heat transfer to the target from the plasma through thermal 

conduction49 and some of energy is transferred from plasma to the target through 

other mechanisms including Nernst effect, Hall- effect and Leduc-Righi effect which 

in turn increased the ablation.179 It is also reported that in addition to laser radiation, 

the other heating source on the target is the ion and electron bombardment.133 Fig. 

5.7(a) and (b) shows the optical images of Cu at B = 0 and 0.3 T. At B = 0, the ejected 

mass around the crater was not observed, however at B = 0.3 T, more ejected mass 

was observed around the crater. The rim around the crater was formed due to melt 

displacement of melted layer formed in the crater surface due to piston effect. The 

thickness of the rim decreased as the magnetic field was increased. This radial 

material transport due to piston effect decreased when the magnetic field was 

increased.  

 

Fig. 5.7. Optical images of laser ablated Cu surface at (a) B = 0 T and (b) B = 0.3 T. 
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This can be seen as when the magnetic field was increased, the combined 

effect of magnetic pressure and air ambient was increased. It has been shown in the 

literature that the recoil pressure is higher in the presence of high ambient pressure.180 

When the magnetic field is introduced, the magnetic pressure comes into play in 

addition to air ambient pressure which leads to increase in pressure (due to recoil 

pressure) exerted on the irradiated surface. The increase in local recoil pressure 

enhances the instability in the molten layer and ejection of material in the form of 

droplets which leads to decrease in thickness of rim and to initiate the formation of 

droplets when the magnetic field is introduced during ablation. The decrease in rim 

thickness and formation of droplets beyond the rim and the crater centre was also 

observed in the presence of magnetic field of 0.3 T (Fig. 5.7). It is reported that the 

vapor pressure increases as temperature increases.181 The radial expansion of LPP 

along magnetic field increased as the magnetic field increased.182 The increase in 

radial expansion of plasma with magnetic field leads to decrease in temperature due to 

adiabatic cooling. The decrease in plasma temperature may result in decrease in 

vapour pressure which in turn decreases recoil pressure on the melted layer. As a 

consequence of this, the ablation due to melt ejection is decreased. Moreover, instead 

of displacing the melted mass around the crater it is accumulated inside the crater 

resulting in decrease in depth. Therefore, the ablation due to the vapor pressure is 

lowered at higher magnetic field of 0.5 T.   

The shock pressure of Cu and Al plasma by taking air as ambient in each case 

was calculated using eqn. (2.3). The shock impedance for the surrounding and the 

target are: Zair(shock) = 40 g/cm2 s and ZCu(shock) = 5.46 × 106 g/cm2 s.108  The 
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calculated pressure of copper-air ambient system is, therefore, 47.33 Mpa. Similarly, 

the shock pressure of aluminum-air ambient system with ZAl(shock) = 1.5 × 106 g/cm2 

s 13,108 is found to be 47.32 Mpa which is very close to that of Cu. The plasma 

experienced the combined effect of magnetic field confinement and spatial 

confinement of air. The plasma expansion is decelerated by magnetic field. Therefore, 

the action of shock impact on molten layer of the irradiated portion will be retained 

for duration longer than that without magnetic field. This may help to increase the 

ablation via melt ejection. Moreover, in the presence of magnetic field, due to the 

magnetic confinement of plasma, the temperature and pressure of the plasma is higher 

than in the absence of magnetic field which makes the molten layer of the metal less 

viscous. As a result of this, the intense shock wave is induced and eventually 

impulsive force acts on the target 13 resulting in more ablation rate and hence depth in 

the presence of magnetic field. 

5.3.  Surface characterization of deposited nanoparticles on Cu target 

In order to explore the effect of magnetic field on NPs formation on Cu target 

due to IPLD, the laser-ablated Cu target surface was subjected to FESEM, XRD, 

photoluminescence, and laser Raman spectroscopy. The FESEM images of laser 

ablated target surface in the absence and presence of B = 0.3 T are shown in Fig. 5.8. 

The surface consists of two parts: region A (around the crater at a distance of 1.6 mm 

from the center of the crater) and the crater region B (crater formed due to direct laser 

exposure). Region A was formed due to the re-deposition of the particles from laser-

induced Cu plasma plume. The FESEM images reveal that more NPs were formed in 

the region A as compared with that in the crater. When the laser ablation takes place, 

the plasma plume expands perpendicular to the target surface. Owing to high ambient 
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pressure, a portion of the ablated plume returns back due to collisions between the 

target plasma particles and ambient gas.117  

 

Fig. 5.8. FESEM images of nanostructured surface at (a) B = 0 and (b) B = 0.3 T. 

 

The backward flux of the ablated mass is deposited on the target in the form of 

the nanostructure which is known as IPLD.183 The role of B in IPLD can be 

understood as follows. The presence of the external B changes the plasma particle 

diffusion pattern.  The particles diffuse along the B direction due to their mobility but 

in the transverse direction in steps of Larmor gyro-radius.48 Due to this confinement 

more particles undergo backscattering and redeposit on the target. The higher 

temperature of plasma in the presence of the B results in large number of collisions 

and backscattering and eventually in turn increases inverse deposition. Above all, at a 
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later time of plasma expansion, the plume starts expanding mainly in radial direction. 

Therefore, the density of species becomes higher in the lateral plume front of the 

plasma. This high pressure gradient along the lateral direction and the viscosity effect 

result in the formation of two vortices at the plume periphery, viz., backscattering of 

ablated particles with circular motion. This phenomenon is observed at atmospheric 

air pressure.90 In the presence of B, the diamagnetic drift arises due to the pressure 

gradient in the plasma. This drift is given by the relation149 2d
e

p
V

qn B

 
 

B

 
where q is 

charge of the plasma specie; p  is the pressure gradient. As the plasma expands, the 

density gradient arises along the expansion direction. It enhances more plasma species 

drifting to the lateral direction at a later time of plasma expansion. This overall 

phenomenon of high air pressure and B may cause the formation of different 

structures in the vicinity of the ablated crater on Cu target.  

The crystallinity of the deposited region on Cu target was examined using 

XRD. Fig. 5.9 shows the XRD pattern of the laser ablated Cu target surface. The 

diffracted peaks obtained at 2θ = 34.9o and 38.8o correspond to CuO nanoparticles 

which are attributed to miller indices184 (002) and (111), and those peaks at 43.4o and 

50.5o correspond to Cu nanoparticles (NPs) peaks48 corresponding to the miller 

indices (111) and (200) of  unirradiated Cu, respectively. The diffracted peak at 2θ = 

30o corresponds to (110) of Cu2O phase. The mean crystallite size and strain of crystal 

planes were estimated from eqn. (2.24) and (2.25). The calculated mean crystallite 

size in the absence of the B was 20.5 nm. However, in the presence of the B, it was 

found to be 22.9 nm. The two peaks at 43.4o and 50.6o of ablated target are shifted 

slightly due to strain produced in the lattice. 
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Fig. 5.9. XRD pattern of (a) unirradiated copper, laser ablated copper at (b) B = 0, and 

(c) 0.3 T. 

The strain for the plane Cu (111) and Cu (200) of the laser-irradiated Cu 

surface in the absence of the B are, respectively, of the order of 10-3 and 10-2. It shows 

similar values in the presence of the B indicating that the B does not play any 

significant role in producing strain in re-deposited metal. In the case of the B, the 

XRD peak intensity of CuO at 38.8o and 34.9 was more pronounced as compared to 

that of without B. This is attributed to more crystallized CuO nanoparticles formation 

in the plane (111) in the presence of B. The diffracted peak intensity of Cu2O was 

lowered in the presence of B while the intensity of CuO increased which shows the 

transformation of Cu2O to CuO phase. This transformation mechanism is similar to 

the transformation of Cu2O to CuO when the substrate temperature is increased during 

PLD.5 The oxidation of Cu can be seen as follows. 4Cu + O2 = 2Cu2O and 2Cu2O + 

O2 = 4CuO. When the oxidation of Cu occurs, the major product is Cu2O. The CuO 
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forms at high temperature through the second reaction.185 In the presence of B, more 

heat is transferred to the target which increases the temperature of target and induces a 

high temperature environment around the target. As a result, the amount of Cu2O 

decreases while the CuO is increased. During laser ablation, the temperature of the 

region where the deposition occurred was around 391-755 C.140 The increase in 

temperature of Cu target that caused the transformation of Cu2O to CuO is also in 

agreement with the results obtained from photoluminescence and Raman spectrum. In 

the presence of B, the intensity of the Cu NP peak at 43.4o is higher which means 

more Cu NPs are formed in the lattice plane (111). In the laser ablation of Cu without 

B, more CuO nanoparticles are formed in the region A than in the crater region B.19 

The oxygen from air in the vicinity of high temperature plasma gets atomized and 

combines with the Cu atom and subsequently favors the formation of CuO. Lee et al. 

have reported the presence of  Cu ions and atoms near the ablated Cu surface.186 

Misra et al. reported that the Cu atoms or ions could reach the edge of the crater and 

easily oxidize leading to the formation of Cu/CuO/Cu2O nanoparticles. The Cu oxide 

so formed gets deposited on the target itself.187 The formation of the Cu oxide around 

the laser ablated crater was observed. This is attributed to the combined effect of high 

atmospheric pressure and magnetic confinement of plasma. More Cu atoms stay near 

the target surface due to magnetic confinement of plasma. The re-deposited Cu oxide 

nanostructure in the absence of B is found to be quite identical to the nanostructure 

obtained via laser ablation of Cu. 19     

Since, the X-ray peak of CuO was noisy, the Raman and photoluminescence 

spectroscopy of the deposited particles were also studied to confirm the formation of 
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copper oxide nanoparticles. The Raman spectra of the target surface in the absence 

and the presence of the B is shown in Fig. 5.10. The Raman spectra were recorded 

from region A. It depicts three Raman active modes (Ag + 2 Bg) of CuO and three 

Raman peaks of Cu2O. 188 The peak at 301.1 cm-1 corresponds to Ag mode while the 

remaining two peaks at 348.4 and 638.2 cm-1 as Bg modes of CuO in the absence of 

the B. However, in the presence of the B, the peak at 300.0 cm-1 was assigned as Ag 

and other two peaks at 348.4 and 647.3 cm-1 as Bg modes, respectively. The 

characteristic peaks of Cu2O were observed at 109.0, 149.5, and 219.8 cm-1, 

respectively. The first peak of Cu2O corresponds to inactive Raman mode. The second 

peak is due to Raman scattering from phonons of symmetry. 

 

Fig. 5.10.  Raman spectra of laser-ablated copper target surface at (a) B = 0 and (b) B 

= 0.3 T. 

The third strongest peak is attributed to second-order Raman-allowed mode of 

the Cu2O.189 In the presence of B, the peak intensity (CuO) is higher than that of 
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without the B. However, the intensity of peaks (Cu2O) is reduced significantly which 

is more likely due to phase transformation of Cu oxide from Cu2O to CuO. The 

intensity of Raman scattering depends on the number of scattering centers present in 

the volume of the sample where the laser beam illuminated. The increase in intensity 

of CuO peak signifies the increase in number of CuO particles.  Therefore, by 

application of external B in LPP the crystallite size on the target can be controlled. It 

also can be used to transform Cu2O to CuO.  

 

                Fig. 5.11. Photoluminescence spectra at (a) B = 0.3 T and (b) B = 0 T (inset). 

 

The ablated surface of Cu at B = 0 and 0.3 T was also analyzed using 

photoluminescence spectroscopy (PL). The excitation wavelength of laser used for PL 

studies was 405 nm. Fig. 5.11(a) and (b) show the PL spectra of the deposited 

nanoparticles in the presence and absence of B = 0.3 T. In the absence of the B, the PL 

spectrum shows two emission peaks at 459.9 (blue range emission) and 669.9 nm (red 
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range emission), respectively. These two peaks correspond to CuO and Cu2O.190 A 

broad red emission at 669.9 nm of Cu2O in PL spectrum is probably due to transitions 

between  valence band and conduction band in Cu2O nano crystals.191  It is more 

likely due to acceptor-related luminescence. The broad blue range emission centred at 

459.9 is to the near-band-edge- emission.  In the presence of B, in addition to above 

two peaks, the third peak appeared at 556.9 nm (green range emission) which is 

attributed to emission of CuO. It arises from singly ionized oxygen vacancy. It is due 

to the recombination of photo generated hole and electron in valence band. The 

intensity of first peak (CuO) is increased while that of Cu2O decreased considerably 

in the presence of magnetic field which is also in agreement with both XRD and 

Raman spectra. 

5.4. Studies on melt ejection of Cu in the presence of uniform and non-

uniform magnetic field. 

 

  The structure of the irradiated Cu surface (70 laser shots) in the absence and 

presence of uniform/non-uniform (NU) magnetic field in air was analyzed using 

FESEM and surface profilometer. Fig. 5.12(a) shows the FESEM image of crater in 

the presence of NU magnetic field. The irradiated region is divided into four regions 

as shown in Fig. 5.12(a): region I (crater center), region II (crater wall), region III 

(crater rim), and region IV (crater peripheral region).  Fig. 5.12(b) shows the 2D depth 

profiles of the craters at B = 0, 0.3 T, and NU magnetic field. The ablated volume was 

estimated from the crater surface profile and its variation at different magnetic field 

conditions is shown in Fig. 5.12(c). The ablated volume increased as the magnetic 

field changed from B = 0 to non-uniform condition. The increase in melt ejection and 

instability caused the maximum ablated volume at NU magnetic field. Fig. 5.13 
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shows the FESEM image of the central portion (region I indicated in Fig. 5.12(a)) of 

the crater induced by laser at B = 0, 0.3 T, and NU. The right column in Fig. 5.13 

shows their corresponding EDX spectra. The generation of cracks and pores (red 

circles in Fig. 5.13(a)) were observed inside the crater at B = 0. A lesser number of 

pores were observed in the presence of uniform (0.3 T) magnetic field. In the presence 

of NU magnetic field both cracks and pores were not observed.   

 

 

Fig. 5.12. (a) FESEM image of crater in the presence of NU magnetic field; (b) 2D 

depth profiles at B = 0, 0.3 T, NU, and (c) variation of ablated volume at different 

magnetic field conditions. 
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Fig. 5.13. FESEM images of crater center at (a) B = 0, (b) B = 0.3 T (uniform), (c) B 

= NU, and their corresponding EDX spectra (right column).  

 

 The cracks observed in the crater surface are attributed to the thermal stress. The 

nanosecond laser ablation is mainly caused by melt ejection. The remaining melted 

layer is solidified in the surface of the crater. While cooling takes place, the upper 

surface of the melted layer condensates faster than the inner surface.192 This 

difference in the cooling rates between inner and outer surfaces of the layer generates 

thermal stress. The thermal stress (σth) is directly proportional to the average change 
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in temperature (ΔT) in the melted layer and is given by the relation193 
2(1 )

Y T
th

th
p


 






 
 
 

  

where Y is the Young’s modulus, αth is  the coefficient of thermal expansion, and νp is 

the Poisson ratio. In the absence of magnetic field, the plasma expands in air and 

eventually the electrons collide with the gas molecules of air resulting in rapid 

decrease in the plasma temperature. However, in the presence of magnetic field the 

plasma is decelerated and its temperature is also higher. As a result, more heat is 

transferred to the molten layer which minimizes the differences in cooling rates 

between inner and upper surfaces of the molten layer. These differences in cooling 

rates in the absence and presence of magnetic field are the main cause of generating 

cracks/no cracks on the solidified layer of the crater without/with magnetic field. The 

black spots observed in the crater surface in the presence of uniform magnetic field 

were not observed in the absence and presence of NU magnetic field. From the EDX 

analysis, it is observed that the percentage of oxygen at crater center is, respectively, 

5.2, 5.7, and 7.9 % in the absence, presence of uniform and NU magnetic fields, 

respectively. As the distance increased from the crater center to the peripheral region, 

the percentage of oxygen increased in all the cases. More mass was deposited on the 

crater wall (region II) in the absence of magnetic field while lesser mass was 

deposited in the presence of uniform and NU magnetic field (Fig. 5.14). The mass 

deposited on the wall is attributed to the displacement of melt layer from the crater 

center towards its wall. The ablated vapor or plasma exerts recoil pressure on the melt 

layer.114 This resulted in radial outflow of molten layer towards the wall and then 

deposited at the rim and the wall. The molten layer on the wall was solidified due to 

the cooling via conduction of heat into the wall. The ellipsoidal and pointed structures 
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(red circles in Fig. 5.14(a)) were formed on the crater wall in the absence of magnetic 

field. These structures were not observed in the presence of uniform and NU magnetic 

field. 

 

 

Fig. 5.14. FESEM images of crater wall at (a) B = 0, (b) B = 0.3 T, and (c) B = NU. 

 

 The wall of the crater in the presence of NU magnetic field showed relatively 

smooth surface than that with uniform and without magnetic field. It is more likely 

due to the difference in the velocity of radial outflow of molten layer in the absence 

and presence of magnetic field. The recoil pressure of ablated mass/plasma is higher 

in the presence of magnetic field than that without magnetic field.114 As a result, the 

radial outflow velocity is high in the presence of magnetic field and solidified at the 

rim instead of on the wall. The ripple structure was formed near the wall in the 

absence and presence of NU magnetic field. The ripple structures were created due to 
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the excitation of KH instability in the melted layer.194 The FESEM images of the rim 

(region III) and peripheral (region IV) of laser-induced crater at B = 0, 0.3 T, and NU 

are shown in Fig. 5.15 and 5.16, respectively. The corresponding EDX spectra are 

shown in the right column of the respective figures. The mass deposited at the rim 

was also more in the presence of NU magnetic field. The structure at the rim at B = 0 

was quite different compared with that in the presence of uniform and NU magnetic 

field (Fig. 5.15). 

 

 

Fig. 5.15. FESEM images of crater rim at (a) B = 0, (b) B = 0.3 T (uniform), (c) B = 

NU and  their corresponding EDX spectra (right column). 
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Fig. 5.16.  FESEM images of crater periphery at (a) B = 0, (b) B = 0.3 T (uniform), (c)  

B = NU and  their corresponding EDX spectra (right column). 

 

 The spherical particles observed at the rim in the presence of magnetic field 

were not observed in the absence of magnetic field. In the peripheral region, the 

number of spherical particles increased in the presence of NU magnetic field. A large 

variation in particle size deposited at the peripheral region in the absence of magnetic 

field was observed compared to that in the presence of uniform and NU magnetic 

field. The formation of nanoparticles in nanosecond laser ablation is attributed to the 

condensation of ablated mass flux.113,115   
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 The hydrodynamic sputtering and instability of the melted layer result in the 

formation of micro-particles.88 The minimum size of droplets that can be generated by 

melt ejection and instability was determined using eqn. (2.21). Using αthΔT = 0.033 

K, Δt = 7 ns,   = 1.3 Jm-2, ρs= 8960 kgm-3, ρl = 8000 kgm-3 the minimum size of the 

droplet to be expelled out is found to be around 0.68 μm. Based on this model, two 

fractions of particle distributions are created by two mechanisms: (i) smaller particles 

(< 0.68 μm) are produced due to condensation of ablated vapor or plasma and (ii) 

larger particles (≥ 0.68 μm) are generated by the hydrodynamic sputtering and 

instability. The maximum surface temperature was obtained from the laser heating 

simulation based on 2D heat conduction equation as discussed in chapter 6. The 

temporal evolution of surface temperature on target and vapor pressure is shown in 

Fig. 5.17. Using surface temperature, the evolution of vapor pressure in the absence 

and presence of magnetic field is calculated using Clausius-Clapyron equation and 

modified Clausius-Clapyron equation as discussed in chapter  6.114 The vapor pressure 

in the presence of magnetic field is higher than that of without magnetic field.  

 

Fig. 5.17. Temporal evolution of (a) surface temperature (b) vapour pressure with and 

without magnetic field. 
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Fig. 5.18. Pie chart of percentage of number of particles of size less than 0.68 μm and 

≥ 0.68 μm at (a) B = 0 (b) B = 0.3 T (c) B = NU. 

 

 Using imageJ 1.14 software the particle/droplet size was measured from the 

FESEM images. The pie chart (Fig. 5.18) shows the percentage of particles (in 

peripheral region) with size less than as well as equal and greater than the minimum 

size of the droplet (i.e. 0.68 μm). In the presence of magnetic field of 0.3 T, the 

percentage of larger particles (≥ 0.68 μm) was increased by 5.1 % while that of 

smaller particle (< 0.68 μm) decreased nearly by 5.1 %. However, in the presence of 

NU, the percentage of larger particle was increased significantly (50 %) while the 

smaller particle was decreased by 50 %. This indicates that in the presence of 

magnetic field, the recoil momentum onto the melted liquid surface is higher than that 

without magnetic field. As a result, more mass was expelled out in the presence of 

magnetic field. Laser ablation of Cu and Al targets in the presence of magnetic field 
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also showed that more mass is ablated in the presence of the magnetic field.114  The 

other possibility is the excitation of KH and RT instability in the interface between the 

melted liquid surface and the ablated vapor or plasma. Ang et al. also showed that the 

ripple structure and large mass ejection is due to KH instability.194 Depending on the 

different temperature and density of the ambient, the ejected droplets /mass present in 

the plasma may result in the formation of different forms of oxides.  

 The KH instability occurs when there is relative velocity between plasma and 

molten liquid provided the relative velocity is greater than a critical velocity given by 

eqn. (2.6). Using σ = 1.315 Nm-1, ρl = 8000 kg m-3, ρv = 18.0 kg m-3 at B = 0 

(estimated from vapor pressure and surface temperature of Cu using
vap

v
sB

P

k T
  ) in 

eqn. (2.6), the critical velocity was found to be of around 5 m/s. The maximum vapor 

pressure and surface temperature in the absence of magnetic field were 1.08 × 107 

Nm-2 and 4450 K, respectively. Therefore, the tangential velocity estimated from (2.7) 

in the absence and presence of magnetic field were, respectively, around 52 and 60 

m/s which are greater than the critical velocity for KH instability which signifies the 

occurrence of KH instability. The estimated minimum size of the particle generated 

due to the KH instability is 0.681 μm which is in agreement with the proposal 

introduced by Kelly et al.113 as well as the particle size obtained experimentally. 

However, in the presence of magnetic field the minimum particle size was found to be 

slightly less i.e. around 0.5 μm. From the FESEM images, it was observed that those 

large particles (1 μm) observed in the absence of magnetic field were not seen in the 

presence of magnetic field. It is more likely due to the breaking of large droplets as a 

result of high recoil pressure exerted on the liquid layer.  
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 In the presence of magnetic field, the acceleration of perturbation growth due to 

RT instability (estimated from eqn. (2.10))  was around 6.8 × 109 cm/s2 which is 

larger than that in the absence of magnetic field (i.e. 5.7 × 109 cm/s2). The size of 

particles produced by RT instability was estimated from eqn. (2.9) and it was 

therefore found to be around 0.8 μm. Fig. 5.18 shows that when the magnetic field 

condition changes from uniform to NU magnetic field there was a drastic change in 

number of particles (≥ 0.68 μm). This can be explained by considering the drift 

motion plasma species in the presence of magnetic field. In the presence of uniform 

magnetic field, the electrons and ions are separated in opposite direction inducing 

electric field (E). In this condition, the charge particles drift with a velocity equal to 

E/B in the direction perpendicular to both fields. This drift velocity is independent of 

charge and therefore the electrons and ions move in the same direction. As a result of 

this, the electron and ion recombination is increased and hence the number of atoms.58 

This in turn enhances the intensity of atomic line which discusses in the OES later. In 

this case, the plasma is decelerated significantly across magnetic field whereas it 

continues along the magnetic field. The melted liquid layer also traverses along the 

wall. Therefore, there is a relative motion between the vaporized mass or plasma and 

liquid layer which may excite the KH instability. In the presence of NU magnetic 

field, there is an additional drift due to curvature and gradient of the magnetic field.149 

This additional drift along the radial direction enhances the relative motion of plasma 

over the liquid which may intensify the KH instability leading to an increase in 

number of large particles in the presence of uniform and NU magnetic field. Further, 

the vapor pressure in the presence of magnetic field is higher resulting in more recoil 
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pressure. The increase in recoil pressure enhanced tangential velocity of the liquid and 

ejection/splashing of melted mass.  

 

Fig. 5.19. Raman spectra of periphery region of crater at (a) B = 0 T, (b) B = 0.3 T, 

and (c) B = NU. 

 The ablated surface (peripheral region) was also studied using Raman 

spectroscopy. Fig. 5.19 depicts the Raman spectra of rim of the laser ablated crater.  

From the Raman spectra it was observed that the deposited region consists of CuO 

and Cu2O nanoparticles. The characteristic peaks of Cu2O at 109.0, 149.5, and 219.8 

cm-1, respectively, were observed. The another peak at around 413 cm-1 was also 

observed. The origin of this peak is not known but it is more likely due to Cu2O.195 

The peaks at 301.1, 348.4 and 638.2 cm-1 correspond to CuO.  The intensity of Cu2O 

peaks changes quite significantly in the presence of the magnetic field. This could be 

due to an increase in the number of Cu2O particles which also confirmed from the 

FESEM images and EDX.  

 OES of plasma was also studied and an attempt was made to correlate plasma 

parameters with the ablation studies. Fig. 5.20(a) shows the spectra of Cu atomic and 
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ionic transitions at B = 0, 0.3 T, and NU magnetic field. The intensity of Cu I 

transitions enhanced in the presence of magnetic field. However, the enhancement is 

more pronounced in the presence of uniform magnetic field of 0.3 T than in the NU 

field. The electron density of LPP was estimated using eqn. (2.15). Fig. 5.20(b) shows 

the variation of electron density at B = 0, 0.3 T, and NU. The electron density at B = 

0, 0.3 T and NU magnetic field are, respectively, (5.5 ± 0.2) × 1016, (7.4 ± 0.2) × 1016, 

and (6.3 ± 0.2) × 1016 cm-3. The electron density in the presence of NU magnetic field 

was lower than that in the presence of uniform magnetic field of 0.3 T. However, it 

was higher than that without magnetic field. The decrease in electron density in the 

presence of NU magnetic field could be due to the increase in ejection of droplets in 

the presence of NU magnetic field as discussed above. The incident laser radiation 

scattered from these droplets present in plasma in turn reduced the laser-target and 

laser-plasma coupling efficiency. The reduction in laser-target and laser-plasma 

interaction leads to a decrease in electron density. In the presence of uniform 

magnetic field, the increase in collisional excitation rate of atom leads to an intensity 

enhancement of Cu I. However, in the presence of NU magnetic field, the decrease in 

electron density and temperature caused lowering in electron impact excitation of 

atom and hence the intensity of atomic transition which is in good agreement with the 

recorded spectrum. The electron temperature was calculated using eqn. (2.13) Fig. 

5.20(c) shows the variation of electron temperature with magnetic field. The electron 

temperature of Cu plasma in the absence and presence of uniform and non-uniform 

magnetic field are, respectively, (0.76 ± 0.01), (0.88 ± 0.01), and (0.71 ± 0.02) eV. 

The drastic decrease in electron temperature in the presence of NU magnetic field 

may be due to scattering of laser light from the ejected mass. In the presence of 
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magnetic field, the gyration of electrons and ions make collisions with the ablated 

mass resulting in a decrease in the electron temperature. 

 

 

Fig. 5.20. (a) Spectra of copper plasma, (b) electron density, (c) electron temperature 

at B = 0, 0.3 T, and non-unifrom magnetic field.  

 

5.5. Conclusion 

 In this chapter the effect of static magnetic field on laser ablation of Cu and Al 

was discussed by varying the strength of magnetic field from 0 to 0.5 T. The ablated 

volume of the laser ablated crater increased with an increase in the magnetic field and 

then decreased on further increase in the magnetic field. However, it was more 

pronounced in the case of Al indicating the dependent of laser ablation on thermo-
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physical parameters of the target. The increase in ablation in the presence of magnetic 

field is attributed to an increase in recoil pressure exerted on the melted liquid layer 

and heat transfer from confined plasma to target. The characterization of deposited 

particles at the peripheral region of the crater revealed the formation of Cu/Cu2O and 

CuO nanoparticles. The presence of magnetic field led to the transformation of Cu2O 

into CuO due to creation of a relatively hot environment of plasma. The generation of 

larger size droplets was also observed in the presence of non-uniform magnetic field. 

It is ascribed to the increase in melt ejection and instability. The cracks observed in 

crater surface were not observed in the presence of magnetic field due to the decrease 

in thermal stress. From the EDX analysis it was observed that Cu2O particles were 

generated at higher number of laser shots. The presence of non-uniform magnetic 

field enhanced the Raman peak of Cu2O. The OES of Cu plasma in the absence and 

presence of magnetic field (uniform and non-uniform) showed that the optical 

emission enhancement was pronounced in the presence of uniform magnetic field 

compared with non-uniform magnetic field. In non-uniform magnetic field, the 

electron temperature reduced drastically as compared to that in the presence of 

magnetic field due to the scattering from the ejected particulates formed in the ablated 

plasma. From these studies, the application of an external magnetic field enhances the 

laser ablation and it may be useful in controlling the phase of nanoparticles deposited 

due to laser ablation.  
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Chapter 6   

                                                                                                               

Numerical Simulation on Laser Ablation of Cu in the 

Presence of Magnetic Field 

 
Laser ablation and its subsequent plasma formation are complex processes. In 

order to explore the complex processes involved in laser ablation, the FEM has been 

used.  The numerical simulation on laser ablation in the presence of magnetic field is 

not documented in the literature. In this chapter the simulation on laser heating is 

described and compared with the experimental results. The laser heating was 

simulated by taking two different metals (Cu and Al) of different thermo-physical 

parameters to justify the dependent of laser ablation on thermo-physical parameters 

which is also observed in experimental studies. From the temporal evolution of the 

simulated surface temperature, the plasma expansion velocity was determined. Using 

this expansion velocity in the conservation of energy, the stopping radius of plasma at 

different lens focusing distances was also estimated.   

6.1. Simulation parameters 

The detailed procedure of the FEM and mathematical formulation on laser 

heating is described in section 2.3. The basis of the simulation is the 2D thermal 

conduction equation. The temperature dependent thermo-physical parameter is 

considered to take into account the effect of phase transition during laser heating. The 

target was modeled as square in shape with dimension of 20 × 20 mm2 (which is 

approximate dimension used in the experiment). The element type used is PLANE55. 

The PLANE55 is a 2D element of 4 nodes, temperature as degree of freedom, and 
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quadrilateral in shape.  The whole domain was discretized with an element size of 0.2 

mm using meshing tool. All the elements within the region where the laser beam is 

focused were further refined to get accurate result. The boundary and initial 

conditions were taken as room temperature (300 K). The intensity of laser is taken as 

the same as that used in the experiment i.e. 1.4 × 109 Wcm-2. The heat conduction 

equation was solved over a time period of 100 ns with total number of 300 steps. To 

determine the stopping radius for different lens focusing distances (i.e. at S-2, S-1, S0, 

S1, S2 as shown in Fig. 2.5(b)), the temporal evolution of surface temperature was 

simulated using the laser radiation with intensities of 0.7  109, 1.0  109, 2.8  109, 

1.0  109, and 0.7  109 Wcm-2. 

 

6.2. Estimation of laser ablated depth  

The laser ablation on Cu and Al was simulated by taking the same laser 

parameters as mentioned in chapter 5. Fig. 6.1 shows the simulated temporal 

evolution of surface temperature of Cu and Al, respectively, in the absence of 

magnetic field. The target surface temperature of Cu observed in the present work 

is in the temperature range reported in the literature.141 The simulated result 

revealed that the surface temperature is higher than the vaporization of the Cu and 

Al (table 5.1) and it indicates that the laser ablation occurs at the laser intensity of 

1.4 × 109 Wcm-2. The maximum surface temperature of the Cu (at t = 17.67 ns) is 

less than the corresponding temperature of Al (at t = 16.33 ns). It is attributed to 

high thermal conductivity of Cu which drains out heat into the body from the target 

surface. The temperature dependent enthalpy of Cu and Al used in this simulation 

is available in the literature174,196 and is shown in table 6.1. The laser ablation is 
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mainly due to the direct vaporization and splashing/melt ejection as discussed in 

chapter 5. 

 

 

Fig. 6.1. Temporal evolution of surface temperature of aluminum (dotted line) and 

copper (smooth line). 

 

Table 6.1. Temperature dependent enthalpy (H).  

 

It is also reported that the profile depth is mainly due to melt ejection.139 

Further, the vaporization rate decreases with the increase in ambient pressure.137 In 

Temperature (K) Entahalpy HCu (103 J/mol) Temperature (K)  Entahalpy HAl (J/mol) 

1356 671 1081.0 33356.40 

2000 1013 1097.8 34075.36 

2500 1282 1208.4 37732.86 

2750 1411 1244.9 38652.46 

3000 1536 1384.2 43045.64 

3500 1774 1512.1 47041.72 

4000 1996 1647.2 51531.04 
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the present work, since the ablation takes place at high air pressure (760 Torr), the 

ablation is expected to be mainly due to the melt ejection. Therefore, only the laser 

ablation rate contributed by melt ejection or splashing was mainly considered. The 

increase in ablation depth in the presence of magnetic field is discussed as follows. 

The vaporization rate can be estimated from vapour pressure using eqn. (2.28). Using 

maximum vapour pressure obtained from the simulation, the maximum vaporization 

rate of Al at B = 0 was 3.76 m/s. Therefore, the calculated maximum ablation depth 

due to vaporization for 50 pulses impinging on Al target in the absence of magnetic 

field was found to be 1.88 µm. In the presence of magnetic field of 0.3 T, the 

vaporization rate of Al was around 5.13 m/s which resulted in 2.57µm depth for 50 

shots.  However, the experimental depth of Al was found to be (11.9 ± 0.6) µm and 

(26.1 ± 0.2) µm in the absence and presence of magnetic field, respectively. For Cu, 

the maximum vaporization rate was 0.44 m/s and 0.61 m/s at B = 0 and 0.3 T, 

respectively. The calculated maximum ablation depth of Cu at B = 0 and 0.3 T was 

0.22 and 0.30 µm, respectively. The experimentally obtained ablation depth of Cu in 

the absence and presence of magnetic field was (3.3 ± 0.1) and (5.2 ± 0.1) µm, 

respectively. Therefore, the nanosecond ablation is not mainly due to evaporation 

only. The ambient pressure is high air pressure and so the rate of vaporization is 

lowered due to high effective ambient pressure. The increase in ablation is attributed 

to melt ejection due to an increase in recoil pressure. 

Fig. 6.2(a) and (b) shows the temperature contour of Al and Cu, respectively, 

at t = 17.67 and t = 16.33 ns after the laser pulse falls on the target during laser 

heating. The spatial scale embedded is taken with respect of whole target domain. The 

inset in Fig. 6.2 shows the zooming image of the circled region. From this contour 
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plot also, it is observed that the heat penetrates deeper in Al than Cu which results in 

more ablation. The depth due to melt expulsion can be discussed using a simple 

model known as ideal fluid piston effect related to the vapor pressure. The vapour 

pressure in the absence of magnetic field was determined using the Clausius-

Clapeyron eqn. (2.29). However, in the presence of magnetic field the vapour pressure 

was obtained by introducing the magnetic pressure in Clausius-Clapeyron equation. 

The modified Clausius-Clapeyron equation is discussed in chapter 2 and is given by 

eqn. (2.30). Fig. 6.3(a) and (b) shows the temporal evolution of vapor pressure of Cu 

and Al in the absence and presence of 0.3 T magnetic field, respectively. The vapor 

pressure in the presence of magnetic field was 1.4 times higher than the absence of 

magnetic field of 0.3 T. The vapor pressure of Al is two times higher than Cu. This 

could be one of the reasons for observing higher laser ablation depth of Al than Cu. 

The maximum vapour pressure for Al at B = 0 and 0.3 T were 3.8 × 106 and 5.2 × 106 

Nm-2, respectively. 

 

 

Fig. 6.2. Temperature contour on laser heating (a) aluminum and (b) copper.  
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Fig. 6.3. Temporal evolution of vapor pressure of (a) copper and (b) aluminum. 

 

The corresponding impulses exerted during pulse duration were, respectively, 

5.1 × 1010 and 7.0 × 1010 Ns-1. In the case of Cu the impulses experienced by target at 

B = 0 and 0.3 T were 2 × 1010 and 2.7 ×1010 Ns-.1 The impulse on target in the 

presence of magnetic field is higher than in the absence of magnetic field which 

results in more melt ejection i.e. due to displacement of melted mass around the crater 

and splashing of melted mass from the crater in the presence of magnetic field. The 

impulse on Al target is nearly 3 times the impulse on Cu. This could be the reason for 

higher ablation depth in the case of Al. The melt ejection rate was calculated from 

eqn. (2.7). The melt ejection rate of Cu due to piston effect in the absence and 

presence of magnetic field of 0.3 T was, respectively, 17.6 and 20.6 m/s and that of Al 

was 52.4 and 61.5 m/s. The calculated maximum ablation depth of Al for 50 laser 

shots in the absence and presence of magnetic field of 0.3 T was 20.9 and 24.5 µm. 

The ratio of ablation depth of Cu due to melt ejection and evaporation for 50 laser 

shots at B = 0 to that at 0.3 T was 1.2. The corresponding experimental ratio was 1.5 

which is close to the calculated value. For the case of Al, this experimental ratio was 2 

whereas calculated value was 1.2. From the optical images of laser ablated targets 
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(Fig. 5.7), it was observed that at B = 0 T, the thickness of rim was large and there 

was no ejected mass around and the centre of the crater. At B = 0 T, the laser ablation 

is mainly due to the vaporization and melt displacement due to the piston effect.  As 

the magnetic field was increased to 0.1 T, the mass was not only deposited around the 

crater but it was also scattered around the crater and centre. This indicates that 

increase in splashing mass in the presence of magnetic field leads to increase in recoil 

pressure.  The calculated melt ejection ablation depth of the crater created on Cu and 

Al target surface in the absence and presence of 0.3 T magnetic field is listed in table 

6.2. It was observed that the calculated profile depth of Al is higher than that of Cu 

which also shows similar trend in the experimentally observed value. The difference 

between the calculated value and the experimental value is due to the assumption of 

constant vapor pressure during the laser pulse. The other possibility is due to the re-

deposition of the ablated material into the crater area as well as around the crater 

which is not taken into account in the case of theoretical calculation.  

         

Table 6.2. Ablation depth of copper and aluminum. 

* hexp = experimental value; **hth = simulated value 

 

6.3. Determination of stopping radius at different lens focusing distances 

The temporal evolution of surface temperature was simulated at different lens 

focusing distances. The different focusing conditions are depicted in Fig. 2.3(b).  Fig. 

           B (T)              Cu (hexp)*           Cu (hth)**           Al (hexp)* Al (hth)** 

0 3.3 ± 0.1 7.0 11.9 ± 0.6 20.0 

0.3 5.2 ± 0.1 8.2   26.1 ± 0.2 25.0 
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6.4 shows the contour plots of temperature field at 13.7 ns after the laser pulse 

impinges on the Cu and the temporal evolution of surface temperature obtained from 

simulation. 

 

Fig. 6.4. Contour plot of target surface temperature (a) S0 (b) S1, (c) S2, and (d) 

temporal evolution of surface temperature in the absence of magnetic field. 

 

Fig. 6.5. Temporal evolution of vapor pressure at (a) B = 0 and (b) B = 0.3 T at 

focusing condition S0. 
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The contour plot shows that the temperature along the depth was higher in the 

case of S0 and therefore the depth of laser ablation was higher in the case of S0. From 

the temporal evolution of surface temperature (Fig. 6.4(d)), it is seen that at focusing 

S0, the target surface temperature reached up to around 7400 K (maximum) which 

was much higher than the melting temperature (1356 K) and vaporization temperature 

(2840 K) of copper. In order to calculate the total ablated mass, vaporization and melt 

ejection rates were determined. The vaporization and melt ejection rates depend on 

the vapour pressure and ambient condition. The vapour pressure at focusing condition 

S0 in the absence and presence of magnetic field of 0.3 T is shown in Fig. 6.5. The 

plasma temperature (T) is approximately related to surface temperature (Ts) by the 

relation T = 0.65 Ts. Using maximum Pvap i.e. 3.9 × 108 Nm-2 and Ts = 7396.7 K (i.e. T 

= 0.65Ts = 4807.9 K), P0 = Pair + Pmag = 1.4 × 105 Nm-2, the vaporization and melt 

ejection rate in the presence of magnetic field are, respectively, 88.4 m/s and 297.6 

m/s. By assuming the crater as paraboloid, the total ablated mass was estimated and it 

was found to be 3.1× 10-8 kg. The plasma expansion velocity (v) is given by the 

relation197,  
1/2

5/3
B

k T
v m where m is the atomic mass and kB is the Boltzmann 

constant. At the focusing condition S0, the velocity of expansion was 1 × 103 m/s. 

Therefore, the total kinetic energy (E0) carried by ablated mass was 15.5 mJ. At 

stopping radius (Rb), the expansion velocity was zero and from eqn. (2.22), the 

stopping radius becomes
2

1/3
3

0

2 ( /2 )
0

E
R

b
B Pair 

 
 

  
 
 

. The stopping radius at S0 was found 

to be 5.4 mm. Similarly, the stopping radius at focusing conditions S1 and S2 was 

determined and was found to be 2.8 and 2.1 mm, respectively. This indicates that Rb 
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depends on the focusing condition. The deceleration at focusing conditions S0, S1, and 

S2 was, respectively, 9.6 × 109, 1.2 × 1010, and 1.0 × 1010 cm/s2. The motion of neutral 

atom was not affected directly by magnetic field. It was decelerated due to increase in 

electron-neutral atom and electron-ion collision.45   

6.4.  Simulation on laser ablation of Cu at different fluences 

The simulation was also extended at different laser fluences to investigate the 

effect of variation of laser fluence on laser ablation in the presence of static 0.5 T 

magnetic field. The main objective of this study is to justify the optimized laser 

fluence obtained in chapter 3. The optimization of laser fluence can be done by 

investigating the effect of laser fluence on ablation as well as intensity of plasma. The 

laser fluence is considered as optimized laser fluence at which the ablation and 

intensity is maximum. Fig. 6.6 shows the temporal evolution of surface temperature at 

different laser fluences. The surface temperature (maximum) was found to increase 

with laser fluence.  

 

                       Fig. 6.6. Variation of simulated surface temperature with laser fluence. 
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It is shown in chapter 5 that the vapour pressure in the presence of magnetic field 

is higher than that without magnetic field and the ablation is mainly due to melt 

ejection. At 14 Jcm-2 the calculated ablation rate due to vaporization in the absence 

and presence of magnetic field was, 0.44 and 0.85 m/s and corresponding melt 

ejection rate was, respectively, 17 m/s and 25 m/s. This shows that the ablation is 

mainly due to melt ejection. By assuming the crater as paraboloid with radius equal to 

spot radius (≈ 190 μm) and height (≈ total ablation rate times pulse duration), the 

estimated crater volume in the absence and presence of magnetic field was 4.82 × 105 

and 7.33 × 105 μm3, respectively. The experimentally estimated values was around 3 

× 105 and 7.81 × 105 μm3 which are close to simulated values validating the 

simulation. In experimental study, the craters were generated on copper target in the 

absence and presence of magnetic field by impinging 50 laser shots at laser fluences 

7, 11, 14, 18, and 21 Jcm-2 to calculate the ablation rate. 

 

Fig. 6.7. (a) Laser induced crater profile at 21 Jcm-2 and 0.5 T magnetic field and (b) 

variation of experimental ablated volume in the absence and presence magnetic field. 
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Fig. 6.7(a) shows the laser ablated crater profile at 21 Jcm-2 in the presence of 

magnetic field of 0.5 T and Fig. 6.7(b) shows the variation of ablated volume with 

laser fluence. The ablated volume at lower laser fluence of 7 and 11 Jcm-2 is not very 

significant in the presence of magnetic field. At the laser fluence of 14 Jcm-2, the 

ablated volume increased both in the presence and in absence of magnetic field. 

However, it increased drastically in the presence of magnetic field. On further 

increase in laser fluence, the ablated volume was slightly lower than that without 

magnetic field. The ablated volume in the absence of magnetic field increased 

drastically when the laser fluence increased from 14 to 18 Jcm-2 and then remained 

constant on further increase in laser fluence. From the crater profile volume, the 

ablated rate was calculated. In the absence of magnetic field, the ablation rate per 50 

shots at 14 Jcm-2 was 2.5 μg and its corresponding value in the presence of magnetic 

field was 7.0 μg. The ablation rate in the presence of magnetic field is around 2 times 

that of without magnetic field. In the presence of magnetic field, the ablation is more 

pronounced at 14 Jcm-2 and it is taken as optimized laser fluence. 

6.5. Conclusion 

FEM was used to simulate laser heating on Cu and Al targets using the 2D 

heat conduction equation. The vapor pressure in the presence of magnetic field was 

estimated by adding magnetic pressure term in the Clausius-Clayperon equation. The 

ablation rate estimated based on this modified equation was found to be in close 

agreement with that obtained from the experimental results as discussed in chapter 5. 

The dependence of laser ablation on thermo-physical parameters was also in good 

TH-1589_11612119



 

 

Chapter 6. Numerical simulation on laser ablation of Cu in the………………………. 

159 | P a g e  

 

 

agreement with the experimental results. The ablated volume estimated 

experimentally was very close to the volume estimated from simulated result. The 

stopping radius of plasma was also estimated for different LTSD and found to be 

dependent on it. Therefore the reported model will be very useful to better understand 

the nanosecond laser ablation and laser plasma in the presence of magnetic field in 

air. 
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Chapter 7   

                                                                                                                    

Conclusion 

 
In the present thesis, laser produced Cu plasma in air in the absence and 

presence of magnetic field was studied using OES. A high power Nd: YAG pulsed 

laser (operated at 532 nm, 10 Hz repetition rate, and 10 ns pulse duration) was 

focused onto a copper target to generate LPP in air. LPP expanded in an external 

magnetic field generated by an electromagnet. The optical emission spectra of Cu 

were recorded using a monochromator coupled with PMT. The temporal profiles of 

Cu transitions were recorded using an oscilloscope triggered with the laser pulse. Cu 

plasma was studied by varying the laser intensity to better understand the effect of 

laser fluence on LPP in the presence of magnetic field. As most of the previous 

studies on laser ablation were at fixed magnetic field, therefore, the investigation 

here was carried out by varying the magnetic field. Laser ablation of Al was also 

studied along with Cu to compare the dependence of laser ablation on thermo-

physical properties of the targets. The properties of the particles deposited on target 

using IPLD depend on the ambient condition. The post ablation structure of the 

target was characterized to reveal the role of magnetic field on IPLD. The particles 

deposited on the Cu target during laser ablation with and without magnetic field 

were characterized using many techniques such as FESEM, EDX, Optical 

microscopy, high resolution non-contact surface profilometer, laser Raman 

spectroscopy, and PL spectroscopy. Since laser ablation is a complex process and 

therefore, the numerical method is really useful for investigating such complex 
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process. Simulation on laser ablation of Cu and Al was performed using FEM 

(ANSYS code) and compared with the experimentally estimated ablation rate. 

The first part of the study is the effect of variation of laser fluence on copper 

plasma at fixed 0.5 T magnetic field. The laser fluence was varied from 7 to 21 Jcm-2 

in both with and without magnetic field. When the laser fluence was increased from 7 

to 18 Jcm-2 the electron density increased from (0.28 ± 0.09) × 1017 to (1.32 ± 0.41) × 

1017 cm-3. It increased rapidly to (3.08 ± 0.33) × 1017 cm-3 when the laser fluence was 

further increased from 18 to 21 Jcm-2. Owing to an increase in the laser ablation and 

ionization with the laser fluence the electron density also increased. In the presence of 

magnetic field, the electron density was higher than that without magnetic field. It is 

due to the confinement of plasma. The other possibility is the increase in ionization. 

The electron density at 14 Jcm-2 was 3.5 times higher than in the absence of magnetic 

field. The electron temperature increased from (0.87 ± 0.02) to (0.93 ± 0.01) eV when 

the laser fluence was increased from 7 to 21 Jcm-2 in the absence of the magnetic 

field. However, in the presence of magnetic field the electron temperature is 

pronounced due to two possible reasons: (i) Joule’s Heating and (ii) adiabatic 

compression of plasma. In the presence of magnetic field, the intensity of Cu I 

transitions enhanced with laser fluence and it was found to be dependent on it. The 

intensity enhancement of Cu I transitions was maximum at 14 Jcm-2 at which the 

electron density and temperature was high. The EF ranged from 1.8 to 2.5 for 

different transitions. The difference in EF is more likely due to difference in electron 

impact excitation rate of atom. The weak ionic Cu II transition was also enhanced at 

14 Jcm-2 in the presence of magnetic field. It is attributed to an increase in the 

ionization as a result of increase in temperature. The other possibility is the lowering 
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in ionization potential. The second part of the investigation is the study on the effect 

of variation of magnetic field on Cu plasma generated at laser fluence of 14 Jcm-2 at 

which the transition lines intensity enhancement was maximum. The electron density 

and temperature was maximum at 0.3 T. Therefore, the values of optimized laser 

fluence and magnetic field were taken as 14 Jcm-2 and 0.3 T for subsequent studies. 

Since, the plasma is highly transient and it also changes with spatial positions 

Cu plasma was investigated using temporal and spatially-resolved OES. The temporal 

evolution of the most prominent Cu I transitions (510.5 nm, 515.3 nm, and 521.8 nm) 

was investigated by varying the strength of magnetic field from 0 to 0.5 T. The Cu I 

temporal profiles showed multi-components structure. At B = 0 and 0.1 T magnetic 

field, the temporal profile consisted of only two peaks P1 and P2. However, the 

increase in magnetic field to 0.3 and 0.5 T resulted in the generation of third 

component P3. The generation of multi-components is due to the electron impact 

excitation at a later delay time and it also justified that the collapse of diamagnetic 

cavity and instability is ruled out for the generation of multi-components in the 

present work. The integrated intensity of temporal profile showed maximum at 0.3 T 

which is in good agreement with the results obtained from the time integrated optical 

emission spectroscopy.  

The spatial evolution of Cu plasma along the direction of plasma expansion 

was investigated by varying z from 0.5 to 6.5 mm from the target surface. In the 

absence of magnetic field, the electron density varied as ne = 9.2z - 0.33 and in the 

presence of 0.3 T magnetic field, it varied as ne = 7.9z - 0.27 which showed that it 

decayed slowly than without magnetic field. It is attributed to the magnetic 
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confinement of plasma which decelerates the expansion of the plasma. At larger 

distance (z) from the target, the increase in the electron-ion recombination decreases 

the electron density. Within z from 4.5 to 6.5 mm, the electron density was more or 

less the same. The electron temperature near the target was higher. The reason is that 

the plasma absorbs laser energy during the laser pulse through inverse 

Bremsstrahlung process near the target surface. Due to the expansion of plasma, the 

electron temperature decreased with z and it followed the power law. The electron 

temperature varied as Te = 1.1z - 0.23 in the absence of magnetic field whereas it varied 

as Te = 0.9z -0.18 in the presence of the magnetic field. The adiabatic compression of 

plasma and Joule’s heating led to an increase in the electron temperature. From the 

spatial evolution of electron density and temperature, the dimension of core of plasma 

was estimated and was found to increase in the presence of magnetic field. It is more 

likely due to an increase in electron temperature thereby more ionization occurs in 

plasma.  

The effect of LTSD of plasma in the presence of magnetic field (0.3 T) was 

also studied. By changing the target position from d = -10 to 10 mm the intensity 

enhancement was more pronounced at d = 5 mm. The significant enhancement at d = 

5 mm is due to non-occurrence of air breakdown resulting in an efficient laser- target 

interaction which in turn enhanced plasma-magnetic field interaction. The increase in 

plasma-magnetic field interaction led to more confinement of the plasma. As a result, 

there was an increase in collisional excitation of the atom and hence the intensity. 

In the investigation of laser ablation in the presence of magnetic field, it was 

observed that the ablated volume/depth was higher in the presence of magnetic field. 

The study on the effect of variation of magnetic field on laser ablation of Cu and Al 
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revealed that the laser ablation rate of Al was much higher than that of Cu. It is due to 

lower melting/vaporization temperature and higher absorption of coefficient of Al for 

laser wavelength at 532 nm compared with that of Cu.  The ablation was mainly due 

to the melt ejection. The melt ejection was enhanced by an increase in recoil pressure 

in the presence of magnetic field. The other possibility is the improvement of heat 

transfer from plasma to target. The increase in melt ejection observed from optical 

microscopy was supported by the formation of large droplets at the rim of the crater. 

The XRD characterization of deposited particles on the copper target revealed the 

formation of Cu2O nanoparticles. However, in the presence of hot temperature 

environment of confined plasma, the transformation of Cu2O to CuO was observed as 

Cu oxidized to form CuO at high temperature. This observation is also in good 

agreement with the Raman and PL spectroscopy results. 

In order to study the melt ejection, craters were generated on Cu target by 

impinging 70 laser shots. The cracks formed in the crater surface in the absence of 

magnetic field were not observed in the presence of magnetic field. It was also 

observed that the number of droplets generated due to the melt ejection was increased 

in the presence of magnetic field (uniform and non-uniform magnetic field). The 

minimum size of droplets generated due to melt ejection and instability was 0.68 μm. 

The particles of size less than 0.68 μm were produced due to the condensation of 

vaporized mass. The number of droplets of size ≥ 0.68 μm in the presence of non-

uniform magnetic field was higher than with uniform magnetic field. In the presence 

of magnetic field, due to the increase in KH instability, more large droplets were 

generated. The integrated intensity of Cu I transitions was enhanced more in the 

presence of uniform magnetic field. The presence of more droplets in the presence of 
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non-uniform magnetic field caused less laser-matter interaction due to the scattering 

of laser radiation from the droplets. The low intensity enhancement observed in the 

presence of non-uniform magnetic field was attributed to the decrease in laser-matter 

interaction. 

In order to better understand the effect of magnetic field on laser ablation it 

was also simulated using FEM. The simulation was performed by taking two different 

elements Cu and Al to justify the dependence of laser ablation on thermo-physical 

parameters. From the simulation it was observed that the presence of magnetic field 

enhanced the ablation process by increasing the melt ejection. This is due to the fact 

that the vapor pressure was found to increase in the presence of magnetic field which 

in turn increased the recoil pressure. A very few studies available in the literature, 

showed the enhancement of laser ablation in the presence of magnetic field but the 

detailed process was not discussed. In the present work, the need of modification of 

Clausisus-Clapeyron equation in the presence of magnetic field was discussed to the 

best of our knowledge, for the first time and it was modified by adding the magnetic 

pressure to the ambient air pressure to take into account the effect of magnetic field 

pressure. The estimated ablation rate based on the modified Clausisus-Clapeyron 

equation was found to be very close to the experimental results. The ablation was 

more pronounced in Al due to low melting and vaporization point, and high 

absorption coefficient which justify the dependent of laser ablation on target 

properties. The ablated volume estimated from simulation was in good agreement 

with the experimentally measured value. The stopping radius was also estimated at 

different lens focusing distance by estimating the ablated mass and expansion kinetic 

energy of the plasma. The stopping radius was found to be dependent on LTSD.  
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To sum up, the studies on the temporal evolution of atomic line at variable 

magnetic field revealed that magnetic field can be used to make laser-produced 

plasma as a controllable neutral beam source. The spatial resolved OES may be useful 

in determining the optimized distance from the target surface to enhance the intensity 

of optical emission spectroscopy and to determine the optimized target-substrate 

distance in PLD in the presence of magnetic field. The investigations on laser ablation 

showed that the laser ablation depth can be increased by application of external 

magnetic field which may be used to improve the aspect ratio in laser micro-

machining. It also showed that the morphological structure generated by laser ablation 

can be altered by application of magnetic field. 

Future Scope of the work 

It is well known that the laser-matter interaction not only depends on the laser 

laser fluence but it also strongly depends on the laser parameters like wavelength of 

the incident laser radiation, pulse duration, and repetition rate. Therefore, the present 

work can be extended to investigate the effect of variation of wavelength of laser 

radiation on the laser ablation and LPP in the absence and presence of magnetic field. 

These comparative studies may be useful to better understand the dependence of 

plasma-magnetic field interaction on the wavelength of the laser. The present work 

can be employed to study the effect of magnetic field on film deposition using PLD 

and IPLD, especially, in the presence of high pressure ambient. The present 

investigations can be used to design the portable LIBS setup to improve the sensitivity 

of the signal for real world application by using small sized magnetic source like bar 

magnet. It has been shown in the literature that the dynamical behavior of LPP 
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generated by ultrafast laser is quite different from that of generated by nanosecond 

laser. However, the comparative studies on effect of magnetic field on LPP generated 

by ultrafast and nanosecond laser is not available in the literature and this gap can be 

investigated using sub-nanosecond and sub-picosecond laser pulses. The FEM 

simulation can be extended to model the plasma plume expansion in ambient gas in 

the presence of uniform magnetic field and non-uniform magnetic as well. In this 

modeling, a set of fluid dynamic equations can be solved using computational fluid 

dynamics to explore the detailed dynamical behavior of plasma in the magnetic field. 
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