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SYNOPSIS

In general, a target irradiated by a high power focused laser heats and ablates

the target materials from the incident area followed by expanding plasma plume,

commonly known as Laser Produced Plasma (LPP) or Laser Induced Plasma

(LIP). [1] The study of laser produced plasma has been a key area of interest

for the scientific community due to its manifold fundamental aspects as well as

applications in various fields. Laser produced plasma has been studied extensively

in the past and the study goes on continued with the advancement of new cut-

ting edge technologies with development in lasers having higher energy and shorter

pulse widths. [2] Extensive theoretical and experimental study on laser plasma has

been done using lasers of different characteristics (i.e. nano-second, pico-second

and femto-second) depending on the area of interest and applications. Effect of

experimental parameters, e.g. ambient environment, magnetic field, electric field

etc. on laser produced plasma has also been widely explored. [3–5] Study of tran-

sient plasma plume has many important applications in various disciplines such as

laser processing of solid materials, laser induced breakdown spectroscopy (LIBS),

fabrications of semiconductors, material sciences, thin film deposition, fast particle

generations and plasma diagnostics. [6–10] Further, Ablation geometries such as

front ablation, back ablation, ablation of structured target and ablation with angu-

lar laser beam play an important role in the dynamics and characteristics of such

plasmas in terms of ion/neutral density, electron temperature, electron density

etc. [11, 12] Ablation geomerties i.e. front ablation (FA) and back ablation (BA)

also exhibit many interesting differences in shape, size, elctron temperature/density

and atomic processes of plasma plume. In case of front ablation (FA) plasma is

produced in a conventional laser ablation method whereas in back ablation (BA)
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laser beam interact with thin film suported on the thick transperent substrate and

induced plasma plume popogates along the direction of laser beam. [13] The differ-

ences in the properties of plasma plume in two ablation geometries arise due to the

differences in the ablation mechanism in these two cases. These studies are useful

in controling the plasma parameters and their dynamical and structural behaviour

in context of various applications like thin film depostion/removal, generation of

energetic particles, study of opacity and reflectance, diagnostics etc. [10,11,14,15]

When two plasma plumes are produced in a close proximity and expand in same

direction, they produce an interaction region, also known as stagnation region

in between the two primary plasma plumes. [16–19] The interaction region has

different characteristics from the primary (or seed) plasma in terms of expansion

velocity, electron temperature/density and constituent composition. Intearaction

region is formed because of the transportation of energetic particles from the seed

into interaction region. It has been observed that the interaction region expands

with higher expansion velocity compared to seed plume and has higher ionic density

in certain conditions. Collisionality parameter (ξ = D/λii) defines the nature of

interaction region where D is the seperation between two plasma and λii stands

for ion-ion mean free path. [20] The value of ξ defines whether the interaction zone

is produced because of interpenetration of two plasmas (i.e. ξ < 1) or because

of collisional stagnation (i.e. ξ > 1). [20] Also the value of ξ defines whether the

formation of interaction region happens through soft or hard stagnation.

Further, study of laser produced plasma expanding in an external magnetic

field has immense importance in physics and from appliactions point of view. In

case of laser produced plasma, important phenomenon like magnetic confinement,

diamagnetic cavitation, stiration etc have been widely reported in presence of static
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as well as varying magnetic field. [21–23] Though very little work has been done

related to lateral interaction of plasma plumes in an external magnetic field.

In this thesis work, we have performed several experiments to study laser pro-

duced plasma in different ablation geometries that is front and back ablation.

Various atomic processes and composition analysis of the expanding plasma has

also been done by spectral analysis using Atomic Data and Analysis Structure

(ADAS). [24] Further, Experimental investigations have been performed to under-

stand the effect of various atomic masses of the target sample on the characteristics

of colliding plasma and induced interaction regions. To further enhance our un-

derstanding on this subject we have also studied the properties of heterogeneous

colliding plasma plumes and the subsequent formation of interaction zones. In con-

text of manipulation of plasma parameters, the present investigations are further

extended to study of colliding plasmas in presence of an external magnetic field (0 -

6000 Gauss). The above set of experiments produce many interesting phenomenon

which, we believe, are important in physics point of view and can be useful in

many applications also. We expect these results will contribute significantly to

enhance the understanding of laser produced plasmas in different scenarios and its

applicability in different practical applications.

In this thesis, the work arranged in the chapters listed below,

Chapter 1:

In this chapter, a brief summary of previous work done in the field of laser induced

plasma has been described. It also presents a concise introduction, an overview of

basic understanding and mechanism of Laser Produced Plasma (LPP), applications

and properties of it in different conditions etc.
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Chapter 2:

The experiments are performed in ambient pressure ranging from 2×10−6 mbar to

1 mbar in a stainless steel chamber with multiple ports having access for diagnostics

(imaging, spectroscopy), incoming laser beam, target holder and vacuum systems

etc. In this chapter, we have described the design and setting of the experimental

set-up in detail.

Chapter 3:

In this chapter, we have described the effect of ablation geometry on the dynamics,

composition and geometrical shape of LiF-C thin film. It is shown that ablation

geometry plays a very important role in the dynamics and characteristics of laser

produced plasma plume. To demonstrate this we have produced plasma by using

Nd:YAG laser focused onto a LiF-C thin film in two different geometry i.e. Front

Ablation (FA) and Back Ablation (BA). The film is deposited on a transparent

quartz substrate. Ablation geometry dependence on plume dynamics, geometrical

aspect and composition of the expanding plasma plume is discussed in this study.

Fast imaging and spectroscopic techniques have been used as diagnostics tools in

this study. The results show that plasma plume dynamics also depends on ambient

environment, laser energy and spot size. The study clearly demonstrates that

energetic and spherical plasma produced in front ablation is significantly different

in comparison to the relatively slow and cylindrical plasma plume observed in

case of back ablation. The effect of ambient environment, laser energy and spot

size on the dynamics of plasma plume formed by front and back ablations is also

highlighted. This study can be useful to control plasma parameters in different

applications e.g. generation of energetic particles, surface analysis, laser induced

breakdown spectroscopy etc. This work has been published in Physics of Plasmas
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25, 013517 (2018), AIP (https://doi.org/10.1063/1.4991469).

Chapter 4:

A description on compositional analysis (ions/neutral ratios) of laser produced

plasma plume in front and back ablation geometries is given in this chapter. The

impact of ablation geometry on the composition of plasma plume produced by laser

ablation is emphasized in this study. The neutral and ionic contributions in Front

Ablation (FA) and Back Ablation (BA) of LiF-C thin film in vacuum (2 × 10−6

mbar) as well as 2× 10−1 mbar ambient argon has been done. To estimate neutral

abundance we have taken two approaches in consideration that is Atomic Data and

Analysis Structure (ADAS) as well as integrated line intensity ratio of Li I 670.8

nm and Li I 610.3 nm lines under local thermal equilibrium (LTE) conditions.

This study clearly demonstrates the higher contribution of neutral particles in BA

plume compared to FA in vacuum. It also shows that in case of higher pressure

(i.e. 2 × 10−1 mbar) at initial times neutrals are lower in FA plume compared to

BA geometry and this ratio increases with time and after 700 ns it is higher than

one. The present attempt will be interesting from the view point of understanding

the evolution of plasma composition in various geometries/configurations of laser

ablation which has important implications in various applications e.g. neutral

beam generation, thin film deposition etc. These results have been submitted

for internal review and will be submitted in peer reviewed journal after internal

assessment.

Chapter 5:

In this chapter, investigation of stagnation region in laterally colliding plasmas

and their dependence on the properties of the ablating target material and plasma
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plumes separation has been described. Based on fast imaging and spectroscopy,

we have demonstrated that atomic mass of the target can play a role in the forma-

tion, expansion and characteristics of the interaction region in laterally colliding

plasmas. The mass of the ablated species affects the characteristics of interaction

region in terms of their initiation time, expansion velocity, shape, size, strength

and spectral feature of stagnation region. In this study carbon, aluminium and

nickel have been chosen as targets having different atomic masses. The effect of

spatial separation of two interacting plume is also briefly discussed in this chapter.

It has been observed that interaction region is more intense, confined, sharp

and highly directional in case of relatively higher atomic mass target (i.e. nickel) in

comparison to the lighter one. Further, for smaller spatial separation, the axial ve-

locities in the stagnation region are higher than in the velocity of seed plume, while

for largest considered separation it is lower than that. The difference in plasma

parameters in both the seed and interaction regions have been explained from the

spectral analysis of aluminium line emission Al II 466.3 nm, which shows an in-

crease in ionic emission in case of interaction region compared to seed. This study

reveals that the enhancement in three-body recombination should be responsible

for the increase in ionic emission (Al2+) in the interaction region.

A revised version of the manuscript based on this study is to be submitted to

Physics of Plasmas.

Chapter 6:

Dynamics and characteristics of plasma plume expanding in a varying external

magnetic field are discussed in this chapter. Effect of external magnetic field on

the seed plume and their interaction has been investigated. Time resolved fast

imaging of the plasma shows some interesting features of single as well as colliding
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Contents

plasma plume. Spectroscopic data also reveal the effect of external magnetic field

on ionic and neutral lines.

Chapter 7:

In this chapter, summary of the thesis work done during Ph.D. tenure is given and

have briefly pointed out the importance and applications of this work. An overview

of future research scope and the problems which can be attempted in continuation

of this work are also projected here.

ix
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1
Introduction

This thesis presents experimental investigations of laser produced plasma consider-
ing various aspects such as ablation geometry, ambient pressure, colliding plasma,
external magnetic field etc. This chapter introduces different types of laser pro-
duced plasma followed by detailed literature survey of earlier works done by the
research community. A short description on the motivation and objective of this
thesis work has also been presented. The study of dynamical behaviour and char-
acteristic parameters of laser produced plasma in varying conditions as
mentioned above are discussed in this chapter.

1.1 Laser Produced Plasma (LPP)

After the discovery of laser in 1960, it attracted a great deal of interest for the
scientific community in the past decades in the field of laser produced plasma. With
further advancement of technology and sophisticated lasers with higher energy and
shorter pulses many applications of laser produced plasma emerged. These lasers
with cutting edge technology are capable to facilitate study of many fundamental
physics problems in laboratory as well as have several applications. Several studies
have been done on laser produced plasma in experiment, theory and simulation.
Lasers can have very high energy in nano, femto and atto-second time duration
and travel with negligible divergence. Such type of laser properties are helpful for
many studies having important applications. In this case laser beam, focused on
a target, can deliver very high energy which is sufficient to raise the temperature
at the irradiated area well above its critical temperature. [1] This phenomenon is
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Chapter 1. Introduction

Figure 1.1: Schematic diagram of expanding laser produced plasma plume.

followed by evaporation of the material and produces an expanding plasma plume
which is called Laser Produced Plasma (LPP). Plasma produced by laser ablation
expands with plume like shape and hence, it is also called laser produced plasma
plume.

A schematic diagram of an expanding plasma plume produced by laser ablation
is shown in Fig. 1.1. The plasma plume produced in this method is transient in
nature and has lifetime of a few micro-seconds. The plasma properties depend
on several parameters such as laser energy, spot size, wavelength, pulse duration,
ambient environment etc. All types of target materials like solid, liquid and gas
can be used for producing plasma in this method. Study of LPP has many impor-
tant applications in various disciplines such as laser processing of solid materials,
laser induced breakdown spectroscopy (LIBS), fabrications of semiconductors, ma-
terial sciences, thin film deposition, fast particle generations and plasma diagnos-
tics, inertial confinement fusion (ICF), X-ray lasers, extreme ultra-violet (EUV)
lithography, and has been widely explored under different conditions by several au-
thors. [3–10] Study of plasma-plasma interaction, also called as colliding plasma,
under different conditions is also possible by this method.
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1.1.1 Ablation process

Starting from the laser incident on the target surface to the expansion, laser pro-
duced plasma can be divided in three steps: (i) interaction of laser with the
bulk target, (ii) interaction of the laser with the evaporated material
and (iii) expansion of the produced plasma in the background.

At the first stage, focused laser is incident on the target surface and a fraction of
it is reflected back and rest is absorbed by the target. The percentage of reflection
and absorption depends on the properties of the target and incident laser beam.
Due to the absorption of laser radiation, surface temperature of the target increases
very rapidly. The temperature increases so high that it reaches its critical value of
the target in less than hundred picoseconds. This leads to phase transformation
and vaporizes the material at the irradiated area. In the second stage, vaporized
target material is ejected from the target and forms a thin layer of ionized gas cloud.
All these phenomena occur within a few hundred picoseconds. When the duration
of laser pulse is in nano-second ragime, the evaporated gas cloud continues to
absorb laser energy till the termination of laser pulse. [1] At this stage laser energy
gets absorbed through inverse Bremsstrahlung process by free electrons present
inside the gas cloud. This gas cloud is called plasma as it gets ionized via collision
between stray electrons and neutrals in vapour. The absorption coefficient (αp) is
expressed by eqn. 1.1. [25]

αp = 3.69× 108

(
Z3n2

i

T 0.5ν3

)
[1− exp (−hν/kT )] (1.1)

In this equation Z, ni, T, ν, h and k are the average charge, ion density, plasma
temperature, laser frequency, Planck and Boltzmann constants, respectively. The
equation shows that α is proportional to n2

i . Therefore, laser is absorbed only very
close to the target surface where density is high. This equation is valid only for
the assumption that plasma frequency is less than the frequency of the incident
laser. Otherwise, laser will be reflected back from the plasma at critical density
i.e. if plasma frequency is greater than laser frequency. After the termination of
the laser pulse, the plasma plume expands in the background ambient (vacuum,
background gas, pressures, magnetic field etc.) in third step.

Laser produced plasma is highly sensitive to background gas and pressure,
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ambient magnetic field which will be discussed in the following sections.

1.1.2 Plasma in vacuum

In vacuum, expansion of laser-produced plasma is free and adiabatic. This adia-
batic expansion process can be described by Euler’s hydrodynamic equations which
are described by, [26, 27]

∂ρ

∂t
= −∂(ρv)

∂x
(1.2)

∂(ρv)

∂t
= − ∂

∂x
[p+ ρv2] (1.3)

∂

∂t
[ρ(Ed +

v2

2
)] = − ∂

∂x
[ρv(Ed +

P

ρ
+
v2

2
)] + αIBIlaser + εrad (1.4)

Here, ρ is the mass density, v is the flow velocity, p is the local pressure, Ed is the
internal energy density, Ilaser is the laser irradiance, αIB stands for the absorption
coefficient due to inverse Bremsstrahlung and εrad is the amount of energy emitted
by the vapour per unit volume and time in the Bremsstrahlung process. The
velocity of the plasma plume can be expressed by, [28]

v =

√
(4γ + 10)E

3M
(1.5)

In this equation, E, M and γ represent energy of plume, mass of evaporated material
and ratio of specific heats respectively. This equation suggests a linear expansion
of plasma in the vacuum. Though it is not possible to achieve ideal vacuum
conditions practically. In experimental studies ambient pressures ≤ 10−6 mbar
can be considered as vacuum. Our calculations are based on this assumption in
the subsequent chapters of this thesis. At very low pressure the particle density
of the ambient is low and mean free path is high. Therefore, interaction between
plasma and ambient gas particles is negligible.
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1.1.3 Effect of ambient (pressure and gas)

Presence of any ambient gas or high pressure affects adiabatic and free expansion
dynamics and plasma parameters which we have discussed for vacuum conditions.
With the introduction of ambient gas or increased pressure, plasma plume expe-
riences a resistive force or drag force against its expansion. This slows down the
plasma plume and plasma parameters also get changed. Generally, expansion of
plasma plume at high pressure follows two models depending on certain parame-
ters. In the first scenario, when the mass of swept volume of ambient gas is higher
as compared to laser ablated plasma, it follows shock-wave model described by
eqn. 1.6. [29]

z =

(
E0

ρb

)0.2

tn (1.6)

Where, E0 is proportional to the laser energy density and ρb is the density of the
background gas.

In the other case, plasma plume follows drag force model given in eqn. 1.7.
[30]

z = zf [1− exp(−βt)] (1.7)

Here, β is the slowing coefficient and zf is the stopping distance of the plasma
plume. Stopping distance is maximum path travelled by the plasma plume.

From equations 1.6 and 1.7 we can understand the effect of the mass of the
ambient gas. By changing ambient gas from lower to higher atomic mass, the
plasma expansion can change from drag to shock like behaviour. In the presence
of comparatively lower ambient gas pressure, plasma plume gets split into two
components (fast and slow). Higher energetic plasma species which travel without
colliding with ambient gas particles form the fast component. On the other hand, a
fraction of plasma particles come across colliding with ambient and loose a fraction
of their kinetic energy. These species move slowly as compared to fast component
and form slower component which will be discussed in chapter 3.
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Figure 1.2: Schematic diagram of laser produced plasma of thin film deposited on
a transparent substrate in (a) Front Ablation (FA) and (b) Back Ablation (BA)
geometries.

1.1.4 Dependence on ablation geometry

Ablation geometries i.e. target orientation towards the incident laser, plays crucial
role in determining the expansion dynamics, shape, size and plasma parameters.
Ablation geometry can be of different types, for example, ablation by laser incident
at an angle, structured target etc. Depending on ablation of the thin film target, it
can also be classified in two categories i.e. Front Ablation (FA) and Back Ablation
(BA). In front ablation of thin film, plasma is produced in a conventional procedure
and it can be seen in Fig. 1.2. This figure shows a schematic diagram of laser
produced plasma plumes produced for two different types of ablation geometries.
The main difference as shown in this figure comes from the special type of target
material which is a thin film of the desired material deposited on a transparent
substrate. Mostly, quartz plate is used for depositing thin film at one side and
opposite side is kept unaltered. We can see in FA case of Fig. 1.2 that plasma
plume expands in opposite direction of the incident laser beam, which is similar to
the ablation of solid target. However, the underlying physics and plasma properties
are very different from plasma produced by solid target ablation. [11,12]

In another case i.e. in back ablation (BA) of Fig. 1.2, laser is incident at
the film-substrate interface from the back side of the target and produces plasma
plume. In back ablation case, incident laser heats the illuminated area and starts
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melting at the film-substrate interface, which propagates across film thickness. In
the mean time, before melting of the total film thickness vapour pressure build up
becomes large enough to propel the material in the form of an expanding plasma
plume. As the vapour pressure builds inside, it blows-off the irradiated portion of
the film and is termed as laser blow-off plasma (LBO). [13] LBO or BA has many
applications in thin film depostion/removal, generation of energetic particles, study
of opacity and reflectance, diagnostics etc. [10,11,14,15]

1.1.5 Plasma in external magnetic field

We have discussed that plasma expansion dynamics and plasma parameters get
affected by changing ambient. Plasma in the presence of external magnetic field is
important from the view point of its applications and interesting physics. Plasma
parameters can be controlled by the optimization of parameters of laser, pressure
and external magnetic field. In case of laser produced plasma, important phenom-
ena like magnetic confinement, diamagnetic cavitation, stiration etc. are observed
in the presence of static as well as varying magnetic field. [21–23] Parameters which
decide this are Larmor radius, plasma beta (β), bubble radius (Rb) and magnetic
field diffusion time (td). These parameters are briefly described in the following
sections.

1.1.5.1 Larmor radius or gyro radius

Larmor radius is defined as the radius of circular path followed by a charged par-
ticle’s motion in a magnetic field. This is expressed by the relation given in eqn.
1.8. [31]

r =
mV⊥
|q|B

(1.8)

Where m, V⊥, q and B represent mass of the gyrating particle, velocity of the
charged particle perpendicular to magnetic field, charge of the particle and applied
magnetic field, respectively.

Plasma dynamics in presence of an external magnetic field depends on the
Larmor radius or gyro radius. Where the Larmor radii of both electron and ions
are larger than plasma dimension, it is called unmagnetized plasma. Generally,
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Larmor radius of electron is much smaller and that of ion is larger than plume
dimension in case of laser produced plasma. Therefore, ions are considered free
and electrons are considered magnetized in such studies.

1.1.5.2 Plasma beta (β)

Plasma beta (β) is basically ratio of plasma pressure to magnetic pressure and
depending on the parameters it can be classified into three types in case of laser
produced plasma in a magnetic ambient. First one is thermal beta defined in eqn.
1.9. [31, 32]

βth =
neTe
B2/2µo

(1.9)

Where, ne, Te, B and µo stand electron density, electron temperature (eV),
applied magnetic field and permeability of free space.

After the production of plasma plume, thermal energy gets converted into di-
rected energy and it plays important role. The effect of directed energy is measured
by directed beta (βd) i.e. ratio of kinetic pressure of plasma to magnetic pressure,
which is expressed by eqn. 1.10.

βd =
Plasma kinetic pressure

Magnetic pressure
=
mnev

2/2

B2/2µo
(1.10)

Here, m is the mass of plasma species and v is mass flow velocity. Total beta
(βtot) is expressed as the sum of these two beta expressed in above equations.

βtot = βth + βd =
neTe +mnev

2/2

B2/2µo
(1.11)

1.1.5.3 Bubble radius

In the presence of magnetic field, diamagnetic cavity or bubble is formed by the
laser produced plasma which acts in opposite direction to the external field B.
The maximum radius of this magnetic bubble is called as bubble radius (Rb) and
expressed by eqn. 1.12. [33,34]

Rb =

(
3µoElpp
πB2

)1/3

(1.12)
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where, Elpp is the kinetic energy of the plasma and it is generally considered
as half of the laser energy deposited on the target. Other parameters bear their
standard meaning.

1.1.5.4 Magnetic diffusion time

Initially, external magnetic field can’t penetrate into laser produced plasma plume
due to the induced field of magnetic bubble in opposite direction of external B.
With expansion of the plasma plume, strength of magnetic bubble decreases and
becomes equal to external B. At further delay it becomes smaller and the external
field diffuses into plasma plume. The required time delay for external B to start
diffusing into the plasma plume is called as diffusion time (td) and it is expressed
by eqn. 1.13. [32]

td =
4πσR2

b

c2
(1.13)

Here, c is velocity of light and σ is plasma conductivity. Plasma conductivity is
expressed by eqn. 1.14. [35]

σ =
50π1/2ε2o(kβTe)

3/2

m
1/2
e e2ZlnΛ

(1.14)

where, Te is electron temperature in kelvin and lnΛ is Coulomb logarithm which
can be taken around 10 for laser produced plasma.

1.1.6 Colliding plasma

When two plasma plumes are produced in close proximity with a spatial separation,
they interact with each other and produce interaction zone in between them. The
primary plasma plumes which interact are generally called as seed plasma, and the
region of induced plasma is called interaction zone. This scenario is shown in the
schematic diagram of two colliding plasma in Fig. 1.3. In this figure, we can see
that two seed plasmas are produced by two focused laser beams at the same time.
These two plasma plumes induce another one i.e. interaction zone in between them.
[16,18,19] Study of interaction zone in a colliding plasma is of great interest because
of its promising characteristics. Expansion velocity, electron temperature/density
and constituent composition are strikingly different from single plume. Interaction
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Figure 1.3: Schematic diagram of colliding plasma and interaction zone

region is formed by the transportation of energetic particles from the seed. In some
conditions, interaction zone stagnates and therefore, it is also called as stagnation
region. The interaction of two plasma plumes and formation of stagnation region
depend on collisionality parameter which is defined by relation described below.

ξ = D/λii (1.15)

In this equation ζ represents the collisionality parameter, D denotes the sepa-
ration between two plasma plumes, λii is ion-ion mean free path which is defined
by the relation, [20]

λii =
m2
i v

4
12

4πe4Z4nilnΛ12

(1.16)

Here, mi is ion mass, v12 is relative velocity of two seed plume towards each
other, e is electronic charge, ni is ion density, Z is ionization level and lnΛ is
Coulomb logarithm for the plasma plumes. In standard definition value of ζ less
than 1 stands for interpenetration of the two plasma plumes into each other. In
that case, ion-ion mean free path is less than separation between two seen plasmas
and they from interaction zone by penetrating into each other. In the opposite
case of ζ > 1 signifies collisional stagnation of the interaction zone. Properties of
colliding plasma and interaction zone depend on laser parameters, geometry and
ambient conditions.
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Generally, it is found that the expansion velocity of interaction zone is higher
as compared to the seed plume and it is useful for producing both charged and
neutral particles.

1.2 Review of earlier works relevant to thesis

In the past decades, studies on different type of laser produced plasma have been
done by several authors and reported in a large number of published articles.
Studies are done with different laser parameters i.e. nano, femto-second pulse
duration, wavelengths and energy range. [1,3,4,36,37] Laser produced plasma has
been studied for different type applications and basic plasma studies. From the
application point of view, it is important for material science, chemical physics,
pulsed laser deposition of thin film, reflectance study, LIBS etc. [38,39,39–41]

Few of the important works done on laser produced plasma in recent times are
mentioned in the following lines. Wood et. al. reported plasma plume propagation
and splitting during pulsed laser deposition at low pressure in their pioneering work
given in Ref. [36]. Amoruso et. al. reported characterization of laser produced
plasma under different conditions like ambient pressure and differernt targets out of
which few are mentioned in Ref. [1,42,43]. Geohegan et. al. reported the dynamics
of plasma plume in the presence of an ambient gas pressure [44] and they have
contributed many other studies also as mentioned in Ref. [3,45,46]. A great deal of
work is done by many authors on the effect of different ambient gas and pressure on
the dynamics and characteristics of laser produced plasma. [7,25,47–49]. Harilal et.
al. reported internal structure, plasma dynamics, plume splitting and sharpening
in the presence of ambient gas, and an evaluation of equilibrium conditions and
temperature-dependent speciation in a laser-produced air plasma. [48–50]

Laser produced plasma has important applications in both thin deposition and
ablation of thin film under different scenario. Pulsed Laser Deposition or in short
PLD technique for thin film growth was first reported by Smith et. al. in Ref.
[41]. Later Singh et. al. reported theoretical model for deposition of thin films
using pulsed laser evaporation technique. [7, 25]. Lowndes et. al. reported the
role of energetic species in the formation of ultrahard phases and in the doping
of semiconductors by using pulsed laser deposition. [46] Wang et. al. studied
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thin film deposition of laser ablated rare earth Ni2B2C plasma plumes by optical
spectroscopy. [39] George et. al. studied laser produced LiF-C thin film under
different ambient pressures and reported ellipsoidal shape of the plasma plume in
vacuum. [51] They also reported enhancement in plume intensity, and change in
shape, size and confinement due to introduction of different types of ambient gas
and pressures. [52,53]

Laser produced plasma of a thin film in back ablation (BA) shows promising
characteristics which has application in material science, microfabrication, enen-
rgetic particle beam generation, tokamak edge plasma diagnostics etc. [10, 11, 54]
Back ablation of thin film which is also called as forward transfer mechanism is
reported by Bohandy et. al. [12, 55] Kumar et. al. reported experimental studies
of colliding plasma produced by LiF-C thin film. [56–58] The study shows that in-
teraction zone of thin film produced plasma plume has more neutrals as compared
to solid target ablation case.

Laser produced plasma facilitates the study of plasma-plasma interaction or
colliding plasma with different conditions, such as angle, head-on collision etc.
The interaction zone produced in a colliding plasma is of particular interest in this
study. Several works have been done on colliding plasma and a few of them are cited
here. Rumsby et al. in their pioneering work reported colliding plasma using two
collinear laser beams for various spatial separations in the high intensity range. [59]
Generation of plasma species of high kinetic energy and short excited state lifetime
in colliding plasmas has been reported by Camps et. al. [6] An electrostatic study
of dual colliding versus single plasma plume using a Faraday cup and drift tube
has been performed by P. Yeates et. al. [60] Dynamics of cross beam polarization
for graphite target was studied by Sánchez Aké et. al. and found that collisional
processes reduce the kinetic energy of the second plume. [61] Effects of space charge
separation in a colliding plasma has been discussed by P. Hough et. al. [62] Li et.
al. reported the stagnation layer of colliding plasma plumes for different target
materials and attributed small value of collisionality parameter of high Z material
to ion mass. [63] Al Shobul et al. investigated colliding laser produced plasma
(using orthogonal beams) for some low Z as well as high Z materials and found
that high Z plasma inter penetrate where as low Z plasma stagnate. [17] Target
geometry as well as composition have been found to affect the stagnation region
considerably. [64] Pulsed laser cross beam laser induced plasma was studied in case
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of two graphite targets and was found that collisional effects are responsible for
the observed behaviour. [65] The formation and expansion of interaction zone in
colliding plasmas is highly dependent on the geometrical shape and divergence of
the interacting plumes and energy of the ablating laser.

Laser produced plasma, whether single or colliding, in presence of an external
magnetic field shows very promising features in terms of fundamental and appli-
cation prospects. Tuckfield et. al observed plasma bounce in presence of external
magneitc field of 1200 Gauss. [66] Ripin et. al. observed linear and nonlinear
features of a strong plasma and magnetic field interchange which is attributed to
Rayleigh-Taylor instability in the limit of large ion Larmor radius. [67] Mostovych
et. al observed collimation and instability of laser produced plasma jets in strong
transverse magnetic fields. [68] Peyser et. al. reported electron-ion velocity shear
driven hybrid instability in laser produced plasma expansions in Ref. [69]. Neogi
et. al. studied laser produced carbon plasma expanding in vacuum, low pressure
ambient gas and nonuniform magnetic field. [70, 71] Rai et. al. reported laser
produced plasma from solid and liquid targets and observed 1.5 - 2 fold increse in
line emission. [72] Harilal et. al. reported changes in plume structure and dynam-
ics, enhanced emission and ionization, Joule heating and adiabatic compression in
the presence of the magnetic field in Ref. [32]. In another work they showed ion
debris mitigation from tin plasma using ambient gas and magnetic field separately
in a combined work in Ref. [73]. Joshi et. al. observed an initial increase in
ion/neutral emission of lithium plasma in presence of a varying magnetic field. [74]
Kumar et. al. reported the effect of transverse magnetic field on the dynamics of
plasma plume and spectral emission of laser-blow-off plasma of a thin film in the
presence of ambient gas. [75–78] Behera et. al. reported in Ref. [21] slab like struc-
tures, moving with different velocities, which are observed in presence of both the
magnetic field and ambient gas. In another work they have studied structure and
dynamics of the plume in diamagnetic and non-diamagnetic limits by using two
directional (X and Y) fast imaging of plasma plume in variable magnetic field. [5]
Iftikhar et. al. observed the effect of transverse magnetic field on laser-induced
breakdown spectroscopy (LIBS) and surface modifications of germanium at various
fluences, argon pressure. [79] Singh et. al. dtudied the effect of varying magnetic
field on laser-produced copper plasma and the deposited particles on the target
surface. [80] Dawood et. al. also studied magnetic field effect on plasma parame-
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ters and surface modification of laser-irradiated copper-alloy and compared to field
free case. [81]

A limited number of important studies, related to this thesis work, on laser-
produced plasma in different domain are cited here. However, other studies can
also be found reporting on different scenarios. The primary aim of this literature
survey is to provide a brief review of previous studies done on laser-produced
plasma in various conditions.

In this thesis work, we have investigated how the characteristic parameters of
single as well as colliding plasma plumes can be controlled by external conditions.
To perform this, we used thin film target and solid targets (C, Al, Ni) with different
atomic masses. We studied the effect of ambient pressure, ablation geometries (FA
and BA), colliding plasma and external magnetic field effect for this purpose. The
results show that plasma characteristic parameters can be controlled effectively by
changing these external conditions.

1.3 Layout of the thesis

This thesis presents systematic experimental investigation of laser produced plasma
in varying conditions. This thesis is divided in total seven chapters in a sequential
order as described below.

Chapter 1: In this chapter, a brief summary of previous work done in the field of
laser induced plasma has been described. It also presents a concise introduction, an
overview of basic understanding and mechanism of Laser Produced Plasma (LPP),
applications and properties of it in different conditions etc.

Chapter 2: The experimental schemes, vacuum systems, laser systems and diag-
nostic tools which are used to perform all the experiments, are described in this
thesis chapter and explained step by step. Schematic diagrams are also provided
accordingly.

Chapter 3: In this chapter, the effect of front and back ablation geometries on
the dynamics, composition and geometrical aspect of LiF-C thin film has been
discussed.

Chapter 4: Composition analysis (ions/neutral ratios) of laser produced LiF-C
thin film plasma in front and back ablation geometries in vacuum (i.e. 2 × 10−6
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mbar) and 2× 10−1 mbar ambient are discussed in this chapter. Atomic Data and
Analysis Structure (ADAS) as well as integrated line intensity ratio of Li I 670.8
nm and Li I 610.3 nm lines under local thermal equilibrium (LTE) conditions are
used for this analysis.

Chapter 5: Investigation of stagnation region in laterally colliding plasmas and
its dependence on the atomic mass of the ablated species, separation between seed
plasmas in vacuum is presented in this chapter. Carbon, aluminium and nickel are
chosen for this study.

Chapter 6: In this chapter, dynamical behaviour and characteristic parameters of
laser produced plasma plume in the presence of varying external magnetic field are
discussed. Comparison has been done between plasma produced in the presence
as well as absence of magnetic field.

Chapter 7: In this chapter, summary of the work done during Ph.D. tenure is
given and also has briefly pointed out the importance and applications of this work.
An overview of future scope of the work and the problems which can be attempted
in continuation of this work are also projected here.
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2
Experimental Details and Methodology

In this chapter, detailed description of the experimental setup, equipments (e.g.
experimental chamber, laser source, optical and vacuum systems etc.) and differ-
ent diagnostics methods (fast imaging, emission spectroscopy etc.) used in these
experiments is given. Experimental setup is designed for the study of laser pro-
duced plasma under varying conditions e.g. different ambient, laser energy and
geometry (front and back ablation) and colliding plasma. In the present study,
laser induced plasma plume in various condition has been performed with the help
of different kind of equipments and diagnostics. Laser produced plasma plume
has very short lifetime which requires very fast diagnostic techniques such as fast
imaging and optical emission spectroscopy.

2.1 Components used in the experiment

The components used in these experimental studies of laser produced plasma in
various conditions are (i) vacuum chamber and evacuation systems, (ii) tar-
get holding system, (iii) laser systems, (iv) optics (i.e. mirror, wave-plate,
bi-prism, focusing lens etc.) and (v) plasma diagnostic systems (ICCD
camera and spectrograph). Each of these components are described in detail
in the following sections.
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2.1.1 Vacuum chamber and evacuation systems

A cylindrical chamber made of high grade non-magnetic stainless steel has been
used to perform the experiments in low pressure. The system can be seen in figure
2.1. The dimension of the chamber is 45 cm in height, 25 cm inner diameter and
1 cm thickness. A base pressure of 2×10−7 mbar can be achieved in this chamber.
It has total 10 ports which makes the operating area of the system accessible
for the target holding system, incoming laser, vacuum pumps, ICCD camera and
optical emission spectroscopy. Six out of total 10 ports are fitted with CF 100
flanges and remaining four are fitted with CF 25 flanges. These windows give
access inside the chamber from all three i.e. X, Y and Z directions. The ports
used for incoming laser, imaging and spectroscopy are closed with flanges fitted
with 99.99 % transparent quartz glass. A rotary pump (Pfeiffer Vacuum, DUO
10M), a Turbo Molecular Pump (TMP) (Pfeiffer Vacuum, TC600) and a booster
pump (Pfeiffer Vacuum, OnTool Booster 150, DN50 ISO-KF) have been used for
evacuating the system to a base pressure 2× 10−7 mbar. The maximum pumping
speed of the rotary pump is 12 m3/hour, booster pump is 130 m3/hour and TMP
has 230 litre/hour.

For performing the experiments at different argon pressures (i.e. 1 mbar, 2 ×
10−1 mbar, 2 × 10−2 mbar etc.) gas has been introduced through a manually
controlled fine needle valve from an external gas cylinder. A combination of Pirani
(range 1 to ∼ 10−3 mabr ) and Penning gauges (range ∼ 10−2 to ∼ 10−9 mbar)
(Pfeiffer Vacuum, compact full range) has been used.

2.1.2 Target and holding system

Target and its holding system play very crucial role in the experiments discussed
in this thesis. Two type of targets i.e. thin film and solid plates have been used
in this study. Lithium Fluoride Carbon (LiF-C) thin film with dimension 60×60
mm2 has been used to study the plasma in two different geometries i.e. front
ablation and back ablation (discussed in chapter 1 and 3). Solid target plates with
dimension 60×20 mm2 of carbon, aluminium and nickel have been used to study
atomic dependency on colliding plasma and interaction region. Special measures,
in terms of purity (∼99.9%) and surface flatness have been taken into consideration
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Figure 2.1: Photograph of vacuum system and ICCD camera used in these exper-
iments

in usage of solid targets. The targets were thoroughly washed and completely dried
using DI water to avoid contamination before placing inside the vacuum chamber.
In case of the experiments with thin film, film is removed from the area where
the laser beam is focused. And in case of solid target, distortion in terms of
flatness of the target surface, arises after single laser shot. Therefore, target is
required to be repositioned after each shot. For doing this, we have used two
micro-controller based linear translators attached to each other which can move
in X and Y-directions on the plane perpendicular to the incoming laser direction
(i.e. Z direction). Target is placed on a translator system and its position can be
controlled from outside of the chamber for a fresh position after each shot. No
damage to the film substrate was noticed using the present laser fluence.

2.1.3 Laser systems

An Nd:YAG laser (wavelength 1064 nm and full width at half maxima is 8 ns,
Quantel BrilliantB) has been used in these experiments for ablating target material
to produce plasma. It can deliver maximum energy up to 850 mJ in single pulse
mode at repeatation rate of 10 Hz. It has default beam diameter of 8 mm and the
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Figure 2.2: Photograph of Nd:YAG laser source used in these experiments

output energy has been monitored by changing the delay between Q-switch and
flash lamp output. Normally this laser is focused on the target surface by a 30 cm
plano-convex lens, using which also spot size can be monitored, placed outside the
vacuum chamber and in front of one of the CF 100 windows fitted with transparent
quartz glass. All the experiments described in this thesis work has been done in
single shot mode. The energy of this laser beam has Gaussian profile. The energy
of the laser beam (either single or split) was measured by using an energy meter
(GentecE, Maestro, QE25LP-S-MB-QED).

2.1.4 Optics

Optical components such as mirror, half wave-plate, cube beam splitter and lens
are required for aligning the laser beam into the vacuum chamber and to focus on
the target surface at desired focal spot size which is 0.5 mm and 1 mm in our case.
The arrangement of different components is shown as schematic diagram in figure
2.3 and in real photograph shown in figure 2.2 and 2.1. The first mirror M1 bends
the laser beam at 90◦ angle and then on a cube beam splitter through a half-wave
plate placed between the mirror M1 and cube beam splitter. The first mirror M1
is used to avoid the reflected light leaking into the cavity, which is harmful for the
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Figure 2.3: Schematic diagram of experimental setup

laser source. The beam splitter splits the single laser beam into two perpendicular
to each other depending on the polarization of the incident light. Cube beam
splitter is set such that the horizontally polarized part transmits easily without
any change and the vertically polarized components gets reflected at the interface
at 90◦ angle. The reflected part of the beam is bent by the mirror M2 placed
just above the cube beam splitter (as shown in the figure 2.3). These two beams
are aligned such that both are incident on the plano-convex lens L and focused at
desired focal spot size on the target surface.

2.2 Plasma diagnostic systems

Laser induced plasma phenomenon is transient in nature having maximum emis-
sive life-time persistent around 5-10 µs. Therefore very fast response (in pico or
nano seconds) is required to probe the evolution dynamics of shape, size, expansion
and parameters of the plasma. Therefore, we have used Intensified Charge Cou-
pled Device (ICCD camera) for fast imaging of the plasma and Optical Emission
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Spectroscopy (OES) method to estimate plasma parameters such as electron tem-
perature, density and ion/neutral line emission profile with time. These diagnostics
are useful to extract data for both temporally and spatially resolved analysis.

2.2.1 Intensified Charged Coupled Device (ICCD)

Intensified Charged Coupled Device or high speed ICCD camera (4 Picos Stanford
Computer Optics, Inc.) is used in these experiments to capture the temporal
and spatial expansion of plasma plume. It has time resolution of ∼200 ps and
visible spectral range 350 - 750 nm and time jitter of < 1 ns. Time integrated
2 dimensional images provide information about the plasma plume shape, size,
geometry, expansion velocity etc. The integration time of the camera is set as 5
ns to record the plasma plume expansion up to 400 ns. Beyond 400 ns integration
time it is set as 10 ns as the emissivity decreases very low after the mentioned time
delay. The camera is calibrated by taking image of a grid of known dimensions
(2×2 mm2) and printed on a white paper. The mesh grid image is shown in Fig.
2.4. From this image we have calibrated pixels of ICCD in terms of actual length.
At least 5 images are taken to average the uncertainties in the data acquisition. It
is observed that images are almost identical in most of the cases with uncertainties
< 5%. The background noise is subtracted by using Matlab software. For better
representation the grey scale images are converted into Matlab pseudo-color (jet).
Camera is calibrated and placed in the same plane but at a perpendicular window
of the vacuum chamber as shown in Fig.2.1 and 2.3.

2.2.2 Spectrograph

In case of laser produced plasma several types of atomic processes e.g. excitation,
ionization, recombination occurs, which exhibit characteristic atomic line emis-
sion. Optical Emission Spectroscopy (OES) is a fast, non-invasive and suitable
technique to probe these characteristic emissions. OES also has advantage over
other methods in terms of probing the plasma plume without creating any exter-
nal interference by diagnostics. It is a simple way to estimate the plasma electron
temperature and density along with the characteristic line emission. Therefore, it
is widely used among the researchers.
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Figure 2.4: Grid of 2×2 mm2 squares, which is used for ICCD camera calibration.
The deep black cross mark is used for positioning the camera.

A 0.5 meter spectrometer (Acton Advanced SP2500A, Princeton Instruments)
coupled with an ICCD camera is used in these experiments (as shown in Fig.2.3).
1200/mm grating is used in this spectrometer which can record line emission rang-
ing from 350 nm to 750 nm with 0.08 nm spectral resolution. Two plano-convex
lenses are placed in such a way that the plasma produced inside the vacuum cham-
ber is imaged on the tip of the fiber which is connected to the spectrograph, as 1:1
image. This is possible if the plasma is produced at the focal point of first lens L1
and tip of the optical fiber is placed at the focal point of the second lens L2. The
optical fiber has 5 µm slit width and is fed into the spectrograph.

2.3 Diagnostic Techniques

In section 2.1 different components which have been used to acquire data from
the laser produced plasma for further analysis, are described. Several atomic pro-
cesses are involved in production of laser produced plasma. Transition of atoms
from higher energy state to lower state emit radiation whose energy and shape
are well defined. The shape of the emission line normally depends on the life-

25



Chapter 2. Experimental Details and Methodology

time of upper level, external perturbation and velocity distribution of the plasma
species. Therefore, the factors affecting the line emission profile must be taken
into consideration for extracting plasma parameters properly. In case of laser pro-
duced plasma optical thickness or the opacity of the plasma is considered low and
therefore can be neglected in our study.

2.3.1 Line Broadening

Emission in laser produced plasma basically consists of continuum radiation, bound
to free or free-free radiation and bound state to bound state line emission. This
emission depends on different parameters such as laser energy, material properties
and ambient. Depending on these parameters the actual profile of emitted lines are
broadened. There are mainly three types of line broadening mechanisms: natural
broadening, pressure broadening and Doppler broadening. These are important to
be considered for estimating plasma parameters.

(i) Natural Broadening: This type of broadening appears because of Heisen-
berg’s uncertainty principle of lifetime and energy of a energy level under
consideration for a particular transition. A transition having energy E and
lifetime t will have uncertainty ∆E ≈ h̄/∆t. This type of broadening is
referred as natural broadening and has Lorentzian profile.

(ii) Pressure Broadening: Plasma particles are surrounded by ambient of neu-
trals, ions and electrons which interact continuously among each other. Am-
bient particles influence the emission process of radiators resulting in broad-
ening and shift of their spectral lines. Both effects depend on particle density
and velocity (i.e., temperature).

(iii) Stark Broadening: Broadening of spectral lines by charged particles (elec-
trons and ions) usually dominates in plasmas and is termed Stark broadening.
It naturally depends on the atomic structure of the emitting atom or ion and,
since the atomic structure exhibits many regularities and similarities, one can
expect this also for broadening and shift.

(iv) Doppler Broadening: Any motion of an emitter i.e. atoms/ions in a
plasma will introduce shift in the observed wavelength due to Doppler ef-
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fect. As the emitting particles in a plasma run in all possible directions, the
emitters moving towards the observer will give a positive shift and the emit-
ters moving away from the observer will give a negetive shift in frequency.
This will contribute as a broadening in the observed wavelength. Plasma
temperature are the average thermal motion of the plasma particles. There-
fore, Doppler broadening increases with the increase in plasma temperature.
In our study plasma temperature is only in the range of few eV. Therefore,
Doppler broadening will be negligible.

2.3.2 Temperature Measurement

Plasma parameters like electron temperature and density have been estimated by
optical emission spectroscopy (OES). Plasma electron temperature is measured by
line emission ratio using Boltzmann equation as given below; [100]

Iij
Ikl

=
νijAijgi
νklAklgk

exp
−(Ei − Ek)

kβTe
(2.1)

where I represents the line intensity of transition between two energy levels (i, j
or k, l), ν is the spectral line frequency, A is Einstein coefficient, g represents the
statistical weight of the energy level, E is energy, kβ is the Boltzmann constant, Te
is the electron temperature, and the subscripts i, j, k and l indicate the different
energy levels. Normally non-resonant lines having large energy gap are chosen to
avoid self-absorption and to decrease error in calculation. The other parameters
such as Einstein coefficient, statistical weight etc., required for this calculation
have been taken from NIST database. [135]

2.3.3 Density Measurement

Plasma is collection of charged particles. Therefore, Stark broadening effect is dom-
inant in this type of ensemble. Electron density is measured by Stark broadening
of line emission. The Stark broadening of emission line in plasma is attributed to
the Coulomb interaction of electrons and ions. In general in laser produced plasma
ionic contribution to the line broadening is ignored because it is very small. On
neglecting the ionic contribution Stark broadening and electron density can be
estimated by the equation, [105,106]
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Figure 2.5: A typical diagram of Lorentzian fit

∆λ 1
2

= 2ω
ne

1016
(2.2)

where, ne is the electron density, ∆λ 1
2

is the full width at half maxima (FWHM),
ω is the electron-impact half width parameter which is weakly temperature de-
pendent. The line has been fitted with Lorentzian. Instrumental width is rather
small and hence not considered in fitting. Doppler and pressure broadening con-
tributions can be neglected for the present conditions. We have used the value of
ω from references [106,129]

Here, the condition should be considered that this estimation for density cal-
culation is valid in Local Thermal Equilibrium (LTE) conditions only. Local ther-
modynamic equilibrium for plasma has been verified in our case by using the
McWhirter criteria which is generally used and states that the minimum value of
electron density should follow the equation, [105]

ne ≥ 1.4× 1014T
1
2
e (∆E)3 cm−3 (2.3)

where, Te (eV) is electron temperature and ∆E (eV) the energy gap for the transi-
tion corresponding to the shorter wavelength. McWhirter criteria is derived with
the assumtion that plasma under consideration is homogeneous and stationary.
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Therefore, McWhirter criteria is necessary but not a sufficient for LTE condi-
tion for transient plasma, such as laser produced plasma. If the expansion of the
plasma is too fast, electrons and atoms don’t get sufficient time to get in equilib-
rium. Therefore, in case of transient and inhomogeneous plasma the relaxation
time τrel of the plasma should be smaller than the time of variation of thermody-
namic parameters i.e. when the following eqn. 2.4 and 2.5 hold true. [101]

T (t+ τrel)− T (t)

T (t)
<< 1 (2.4)

ne(t+ τrel)− ne(t)
ne(t)

<< 1 (2.5)

Equation 2.4 and 2.5 are the second criteria to be satisfied for the validity of LTE
condition in a time-varying plasma. Relaxation time (τrel) is the time required for
excitation and ionization to reach in equilibrium and described by eqn. 2.6. [83]

τrel =
6.3× 1014

Nefmn < g >
∆Enm (kTe)

1
2

(
∆Em
kTe

)
(2.6)

Where T, fmn and < g > are plasma temperature in Kelvin, electron oscillator
strength of the transition and effective Gaunt factor, respectively.

Figure 2.6: Schematic diagram of Helmholtz coil design used in our experiment.
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2.4 External Magnetic Field Generation

Presence of external magnetic field affects the dynamics and properties of plasma
plume significantly. To perform experiment under various conditions in the pres-
ence of an uniform external magnetic field, we have developed a Helmholtz coil
which can generate magnetic field upto 7000 Gauss for a few mili-seconds time
duration. The characteristics and dynamics of the plasma plume depends on the
strength of magnetic field also. In this setup, magnetic field can be varied by
changing the current passing through the Helmholtz coil which facilitates these
experiments. It can be mentioned here that most of the published works have re-
ported use of permanent magnet which can produce a constant field. Two pulsed
power capacitor banks connected in parallel with fast ignitron based switch are
used to supply the required current (upto 1.5 KA) to the Helmholtz coil. Proper
calibration is done by mapping the temporal as well as spatial profiles of the pro-
duced magnetic field inside the Helmholtz coil. These profiles have been mapped
using a high frequency Gauss meter ( F W BELL, Model: 5180 ). All the compo-
nents i.e. capacitor bank, ignitron switch, ICCD camera, laser, spectrograph etc.
are synchronized through a synchronization setup having a function generator and
delay generator.

2.4.1 Helmholtz coil parameters

Helmholtz coil is a combination of two circular coils having centre to centre sep-
aration along its axis equal to its radius. The current flow direction is same in
both the coils and theoretically it produces uniform magnetic field in between the
two coils. In the present case, it is made of non-magnetic stainless steel (1 mm
thickness) with dimension 155 mm diameter which is smaller than the dimension
of the vacuum chamber. It is placed inside the vacuum chamber and wires are
connected from outside such that the vacuum does not get affected. A photograph
of the Helmholtz coil is shown in Fig. 2.6. Twenty eight turns of teflon insulated
copper wire having cross section of 2 mm are used in each coil of this assembly.

Magnetic field for different input voltage which is equivalent to current in Amp,
is linear and it is shown in Fig. 2.7. Similarly, Figure 2.8 shows the spatial profile of
magnetic field inside the coil for a particular voltage (i.e. 200 V). From this figure
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Figure 2.7: Magnetic field produced at the center of the Helmholtz coil for different
input voltage.

Figure 2.8: Spatial profile of magnetic field produced by Helmholtz coil for a
particular voltage i.e. 200 V, considering the center as position zero (0).
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it is confirmed that uniform magnetic field region which is around 40 mm and
greater than the maximum expansion of the plasma plume in presence of magnetic
field.

2.5 Summary

Briefly in this chapter, we have given detailed description of the experimental set-
up, equipments used in the studies and diagnostic techniques such as fast imaging,
optical emission spectroscopy, which have been adopted for our studies in this thesis
work. The selected target is placed inside a non-magnetic stainless steel chamber
at working pressure 2× 10−6 mbar which is achieved by serially connected rotary
and turbo molecular pumps. An Nd:YAG laser (wavelength = 1064 nm, full width
at half maxima is 8 ns) has been focused through multiple optical arrangements
on the targets. In case of study of colliding plasma under various conditions the
laser beam is split into two having equal energy and focused by a plano-convex
lens. An ICCD camera and spectrograph coupled with ICCD camera have been
used for imaging and optical emission spectroscopy, respectively.
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3
Effect of ablation geometry on the

dynamics, composition and geometrical
shape of thin film plasma

Ablation geometry of a target in laser produced plasma controls the shape, size,
expansion dynamics and parameters of the plume to some significant extent. Effect
of two different ablation geometries i.e. Front Ablation (FA) and Back Ablation
(BA), on the expansion dynamics, geometrical aspects, compositions and char-
acteristic parameters of laser produced plasma plume has been discussed in this
chapter. Also. the effect of laser fluence, beam diameter (i.e. spot size) and am-
bient pressure has been highlighted for both the geometries. Fast imaging and
spectroscopic techniques as described in chapter 2 have been used to diagnose the
transient plasma phenomenon in the present case. Several important phenomena
regarding shape, size, ion/neutral compositions, electron temperature and den-
sity of the plasma plume have been presented. A brief description of the target
geometries is also given in the experimental scheme in section 3.2.

3.1 Introduction

Laser-matter interaction and the properties of the subsequently produced plasma
plume have been studied extensively for a long time due to its importance in
fundamental studies as well as application point of view. [1, 3, 4, 89, 95]. It has
several applications in various disciplines such as laser processing of solid materials,
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laser induced mass spectrometry, elemental analysis, material science, thin film
deposition, ion source generation, plasma diagnostics etc. [88, 91–94]

Apart from the conventional studies, laser induced plasma can be produced in
two different geometries i.e. FA and BA of a thin film. This experiment is helpful
for understanding a comparative study of plasma plume dynamics as well as char-
acteristics for both the cases. Laser induced back ablation (BA), also known as
laser blow-off, is a promising mechanism, where a laser beam penetrates through
a transparent substrate and heats film-substrate interface resulting the expulsion
of target material along the direction of laser beam [11, 48, 56]. Because of the
specific nature of back ablated plasma plume, it has many applications in thin
film deposition, reflectance study, material processing, micro fabrication, thermal
to super-thermal neutral atomic beam generation and in tokamak edge diagnos-
tics [10,15,97,98]. It should be noted here that this type of study in back ablation
geometry is only possible for a thin film target deposited on a highly transparent
substrate. Along with this geometry, another important mechanism is front abla-
tion (FA) of thin film. In such experiment, the incident laser heats the thin film
deposited on a substrate and produce a very high temperature followed by rapid
phase transition from solid into vapour. [111, 112]. Front ablation, particularly, of
a thin film is less explored technique which can provide an atvantageous platform
for a wide range of applications such as film removal, energetic particle generation
and thin film study (e.g.,opacity, reflectance etc). [55, 96]

In view of above, a comparative study of plasma plume produced in FA and
BA of a LiF-C thin film target has been carried out for different experimental
conditions. LiF-C thin film has been chosen as target material in the present
experiment because lithium has lower atomic mass, ionization potential and above
all it has strong emission in the visible region which is highly suitable for tokamak
edge plasma diagnostics.

3.2 Experimental scheme

The schematic diagram of the experimental set up is shown in Fig. 3.1. Nd:YAG
laser (λ = 1064 nm, ∆t ≈ 8 ns at full width half maxima) with parameters as
described in chapter 2, is used to ablate LiF-C thin film in two different geometries
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Figure 3.1: Schematic diagram of experimental set up.

i.e. front ablation and back ablation. LiF-C thin film (0.5 µm carbon and 0.05
µm LiF) is deposited on a transparent quartz substrate of 2 mm thickness and
it is used as target in this experiment. The target plate ( length × width =
60 × 60 mm2) is placed on a holding arrangement such that the focused laser
beam is incident perpendicularly on the film coated surface of the target. The
description of the target holding arrangement is given in section 2.1 of chapter 2.
LiF-C thin film target is placed inside the vacuum chamber attached to the holder.
Fine needle valve is used to vary the ambient pressure inside the chamber ranging
from vacuum (∼ 10−6 mbar) to 1 mbar of argon. The experiment is performed
in single shot mode where operating parameters of laser are adjusted to set the
desired laser fluence on the target surface. The ICCD camera (Intensified charge
coupled device, 4 Picos, Stanford Computer Optics Inc) and is used for imaging
of the plasma plume. Spectrometer (0.5 m, Acton Advanced SP2500A, Princeton
Instruments) is used to estimate plasma electron temperature and density.
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3.3 Results and discussion

3.3.1 Image analysis

Various features of laser induced plasma plume of LiF-C thin film produced by
two different ablation geometries, i.e. front ablation (FA) and back ablation (BA)
of thin film, have been presented. Effect of ablation geometry on the dynamics
and geometrical shape of the expanding plasma plume is studied by analysing
two dimensional images for both FA and BA plumes as a function of time delay
and estimated the plasma parameters. Comparative study between FA and BA
plumes in respect of its dependence on ambient pressure, laser fluence and spot
size is presented in the following sections. Fig. 3.2 represents the sequence of
images of FA and BA plumes, captured at different time delays, varying from 100
ns to 1000 ns in vacuum. Each image represents spectrally integrated emission
intensity in the wavelength range 350 - 750 nm. Energy and spot size of the laser
beam are set as 100 mJ and 1 mm respectively, which results in the laser fluence
∼ 3.18 J/cm2 at the target surface. Efforts have been made to ensure identical
experimental conditions for the both front and back ablations.

A visual examination of the plume images reveals that in vacuum, plasma
plume expands linearly and the emission intensity decreases gradually with time
for the both ablation geometries. The plume expansion in vacuum is modelled as
adiabatic expansion by Singh et. al., where the thermal energy of plasma species
is converted into kinetic energy of the plasma plume. [7, 99] This process leads
to decrease in electron temperature and density and hence decrease in emission
intensity with increase in time delay. However, it is clearly observed that expansion
velocity, plume emissivity, plume divergence and geometrical shape of FA plume
are completely different in comparison to that observed in BA geometry. In case
of FA, plasma plume expands with much higher velocity and it is highly divergent
as compared to the scenario in BA plume. The calculated average expansion
velocity of FA plume is 7.6 × 106 cm/sec, which is obtained by measuring the
axial length of the plume front at its maximum for different time delays. In this
geometry the axial velocity of the plume is almost comparable to the lateral velocity
component (see Table I) and hence it attains nearly hemispherical shape. Due to
the rapid expansion, emission intensity decreases quickly and after 1000 ns it is
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1 cm 1 cm

Figure 3.2: The sequence of images as a function of time delay (100 ns to 800 ns)
of expanding plasma plume at 2 × 10−6 mbar for the both FA and BA geometry.
Here integration time set as 5 and 10 ns for time delay up to 400 ns and >400 ns
respectively. (Color bar represents the intensity in arbitrary unit)
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Figure 3.3: Aspect ratios (length/width) of FA and BA plumes as a function of
time.

almost diffused and beyond the detection limit of the ICCD. It is also observed
that the plasma plume gets split in FA geometry. Plume splitting in the absence
of ambient gas can be explained as follows. The ablated species, mainly the ions,
moving with high velocity form the leading edge of the expanding plasma plume.
Collisional excitation of slow moving species (mainly the neutrals) represents the
trailing portion of the plasma plume.

This scenario is completely different in case of BA plume where the expansion
velocity and hence emissive dimensions of the plasma plume are much smaller than
that observed in front ablation configuration (as seen in Fig. 3.2). The estimated
expansion velocity of plasma plume in this geometry is ∼ 1.36 × 106 cm/sec,
which is nearly 1 / 5th of the observed velocity of plume in front ablation. Careful
observation shows that the plume expansion in BA geometry is cylindrical in shape
(upto ∼ 400 ns) and its expansion velocity along the axis is higher than its own
lateral expansion velocity. The reason behind this phenomenon will be discussed
latter. Also, due to slow expansion and low divergence, BA plume confines in small
volume and hence its luminosity is higher and its emission sustains for longer times
(∼4 µs) in comparison to FA plume.

In order to present the time dependence of expanding plume geometry, aspect
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ratio (i.e. axial length/horizontal width of plume) of the plume is plotted as a func-
tion of time delay for both FA and BA geometries as shown in Fig. 3.3. Highly
diverging and spherically symmetric nature of front ablation plume is clearly il-
lustrated in this Fig. 3.3, where the aspect ratio is closer to unity and almost
invariant with time. On the other hand, increasing trend in the aspect ratio in-
dicates elongation of plume in back ablation geometry. Here, it should be noted
that axial velocity of the plasma plume formed by front ablation of thin film is also
much higher than the observed plume velocity (∼ 3 × 106 cm/s) in bulk lithium
ablation. [113] By comparing the plasma plume formed for different geometries i.e.
FA and BA of thin film and bulk solid ablation, the present study suggests that
FA plume is of particular importance and it can be used as a convenient method in
energetic particle production. Also because of nearly uniform distribution of target
material in a wide area, FA plume is ideal for large area thin film deposition.

Appearance of highly diverge and energetic FA plume and relatively slower and
directed BA plume could be understood as follows. The thermal diffusion length
can be estimated by the relation, l = (Dt)1/2, where D and t are thermal diffusivity
of the material and laser pulse width ( 8 ns ), respectively. The estimated diffusion
lengths are 1.8 and 0.17 µm for carbon and lithium fluoride films, respectively,
which are larger than the thickness of both the films. Therefore, uniform heating
of the target film by laser can be safely assumed. In case of front ablation and for
the considered power density of the laser beam, the incident laser rapidly heats
the irradiated area of the target film and its temperature reaches nearly its critical
temperature. [97] This initiates phase explosion and hence the vaporized target film
is ejected from the substrate surface in the form of energetic and diverge plasma
plume as observed in Fig. 3.2. As we have discussed earlier, under similar experi-
mental conditions, plasma plume produced by thin film deposited on quartz plate
is expected to be more energetic in comparison to the bulk solid ablation because
loss of energy through thermal diffusion is limited in the dielectric substrate.

TABLE I
Obtained parameters for FA and BA for (a) 1 mm spot and (b) 0.5 mm spot sizes.
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Parameters Values in FA Values in BA
Axial velocitya 7.6× 106 cm/s 1.36× 106 cm/s
Axial velocityb 1.02× 107 cm/s 1× 106 cm/s

Transverse velocity 4.1× 106 cm/s 7.06× 105 cm/s

Kinetic energy of plume speciesa ∼ 359 eV ∼ 11.5 eV
Kinetic energy of plume speciesa ∼ 646 eV ∼ 6.2 eV

Axial velocity bulk Lithium target [113] 3× 106 cm/s —-
Electron temperature (300 ns) Te ∼ 2.83 eV Te ∼ 1.37 eV

Electron density (300 ns) ne ∼ 5.93× 1017 cm−3 ne ∼ 5.78× 1018 cm−3

On the other hand, in case of back ablation the ablation mechanism is com-
pletely different from FA. In this case, laser beam initiates the melting at the
interface of the thin film and the melting process propagates across the film and
reaches at the front surface of the film [11]. The heating process by the laser beam
continues until the vapour pressure at the interface of the film and quartz plate
becomes large enough to propel the film material from the substrate. The melt
through time i.e. time required to complete melting of the film across the film
thickness is one of the important parameters which decides the dynamics and ge-
ometry of the ejected material. The melt through time depends on several factors
e.g. laser fluence, pulse duration, spatial profile of the laser beam, film thickness
and thermal properties of the film. For the present experimental parameters, melt
through occurs before the termination of laser pulse and molten material is con-
tinuously heated by laser beam and increase the pressure at the film-substrate
interface. However, Gaussian laser beam profile as in the present case, causes un-
even melting of the irradiated surface area. Melt through occurs rapidly at the
centre portion of the irradiated area where laser intensity is maximum and hence
the target vapour gets released through a comparatively small opening (which co-
incides with Gaussian peak) in comparison to the beam size. This prevents further
increase of vapour pressure by laser heating. As a consequence the target materi-
als are ejected with comparatively small velocity and more directed as the present
observation depicted in BA case.

Above argument is strongly supported by observed images for different laser
spot sizes of ablating laser. Comparative illustration of laser spot size dependence
on the FA and BA plume is depicted in Fig. 3.4. The sequence of images of
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Figure 3.4: Time series of the FA and BA plasma plumes at two different laser
spot sizes (i.e. 1 mm and 0.5 mm) at 2× 10−6 mbar.

FA and BA plumes for 1 mm and 0.5 mm beam spot diameters are shown in
this figure. Laser energy is fixed at 100 mJ for both the beam diameters and
hence the corresponding laser fluence for 1 mm and 0.5 mm diameters are 3.18
and 12.7 J/cm2 respectively. All other experimental parameters are identical for
both the cases. As can be seen in Fig. 3.5, the plasma plume in FA geometry
significantly depends on laser energy density. In this case, significant increase in
axial as well as lateral velocities and hence increase in overall dimension of the
FA plume is observed with smaller beam spot size (i.e. 0.5 mm diameter). Spot
size dependence of plume expansion is more clear in plume dimension along axial
direction vs time delay plot as shown in Fig. 3.5. The average axial velocity of the
plume is estimated from the slope of the best linear fit of the data. The estimated
average axial velocity for 0.5 mm diameter is ∼ 1.02 × 107 cm/sec, which is 1.3
times higher than the observed velocity in case of 1 mm beam diameter. Further,
it appears that for smaller beam size plume becomes more symmetric spherically
in comparison to that observed with 1 mm beam diameter. Also due to rapid
expansion of plume (and hence faster adiabatic cooling) larger in size and less
luminous plasma plume is observed in case of 0.5 mm beam diameter. These
observations are in line with above mentioned explosive ablation in case of FA.

Laser spot size dependence on the BA plume is completely different to that
observed in case of FA. We could not observe any significant change in dynamics
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Figure 3.5: Plume length vs time plot for both the FA and BA geometry at
2× 10−6 mbar for the laser spot size 0.5 and 1 mm.

and geometrical shape of the plume by reducing the laser beam diameter from 1
mm to 0.5 mm. It is interesting to see that even with the increase of laser fluence
four times by reducing the spot size from 1 mm to 0.5 mm, the linear expansion
velocity is comparatively smaller than the observed velocity with 1 mm diameter
as shown in Fig. 3.5. The average expansion velocity of BA plume for 1 mm and
0.5 mm beam diameters are ∼ 1.36 × 106 cm/s and ∼ 1 × 106 cm/s respectively.
This is again in agreement with above discussed correlation between melt through
time and BA plume velocity. Higher power density in confined area facilitates fast
melt trough which prevents the build-up of vapour pressure by laser heating. As
a result material ejected with relatively lower stagnation pressure reflects in slow
expansion of BA plume with 0.5 mm beam diameter.

As per above discussion related to the ablation mechanism of the FA and BA
induced plasma plumes, one can expect that charge particles dominate in FA plume
as compared to BA plume. This could be clearly visible in Fig. 3.6, where ratio of
emission intensity of Li neutrals (integrated area of emission lines) recorded in FA
and BA configurations are plotted as a function of time delay. It has been observed
that ratios of Li I (BA) to Li I (FA) are always greater than one throughout the
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considered time delay range for the both ground state at Li I 670.8 nm as well
as excited state at Li I 610.3 nm lines. It has been observed that up to 400 ns,
for Li I 670.8 line emission intensity in the BA configuration is 9 times higher in
comparison to that observed in the case of FA.

Further, we have also compared the plasma temperatures (electron tempera-
ture) of FA and BA plumes which contribute significantly in characteristic features
of both the plumes. The electron temperature is estimated by emission intensity
ratios of two neutral lithium lines (i.e. Li I 610.3 and Li I 670.8) using the Boltz-
mann relation [100],

Iij
Ikl

=
νijAijgi
νklAklgk

exp
−(Ei − Ek)

kβTe
(3.1)

where I is the line intensity of the transition between two energy levels, ν is the
frequency of the spectral line, A is Einstein’s coefficient, g represents the statistical
weight of the energy level, E is the energy, k is the Boltzmann constant, Te is the
electron temperature, and the subscripts i, j, k and l indicate the energy levels. As
this relation is valid in LTE condition, we confirm the validity of the McWhirter
criteria for the present plasma condition which states that the minimum density
for LTE is given by [101],

ne ≥ 1.4× 1014T
1
2
e (∆E)3 cm−3 (3.2)

where Te (eV) is the electron temperature and ∆E (eV) is the energy difference
between the states. In our experiments for the maximum electron temperature of
∼6.33 eV and for the largest energy gap (2.031 eV) of the selected transition (610.3
nm) this criteria predicts a lower limit of ne = 2.95× 1015 cm−3. In the present
case electron densities (ne) are estimated by the Stark broadening of Li I 670 nm
line using the relation, [105,106]

∆λ 1
2

= 2W
ne

1016
(3.3)

The electron impact parameter (W) for Li I (670.8 nm) line is taken from Ref.
24. The lowest value of estimated spatially (3 mm away from the target surface)
integrated electron density is 5× 1016 cm−3 in this study. Therefore, the electron
densities satisfy the LTE condition. Here the lower electron density in FA case
could be correlated with rapid expansion of FA plume and acquire a much larger
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Figure 3.6: Intensity ratios of 670(BA)/670(FA) and 610(BA)/610(FA).

volume at the onset of time delay in comparison to BA plume.
Also, spatially integrated electron temperature (3 mm away from target sur-

face) as a function of time delay obtained from FA and BA configurations is shown
in Fig. 3.7. Here, the maximum shot to shot variation in integrated intensity is
less than 2% and therefore, overall maximum uncertainty in electron temperature
measurement is approximately ∼ 5%. At 2 × 10−6 mbar, the estimated electron
temperature shows the increasing trend with time for both the cases (Fig.3.7(a)).
This increasing trend in the electron temperature might be because of the con-
tribution of the luminous plasma plume close to the target surface which persists
over longer time delay. However, it is observed that the maximum electron tem-
perature in case of FA is ∼ 2.5 times higher than the observed temperature in
BA. This is in agreement with the present observation, that is plasma plume is
more energetic and diverge in case of FA configuration. We have also estimated
the electron temperature in presence of 2 × 10−1 mbar ambient argon pressure,
where its trends is completely different in comparison to observed variation in case
of vacuum (see, Fig.3.7(b)). At 2× 10−1 mbar pressure, electron temperatures for
both the cases (FA and BA) decrease with time where estimated temperature in
FA is always lower than the observed temperature in BA configuration. It will be
explained in the following paragraph.
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Figure 3.7: Temporal variation of electron temperature in FA and BA geometry
at (a) 2× 10−6 and (b) 2× 10−1 mbar.

Figure 3.8: The sequence of images of FA and BA plasma plumes in 2 × 10−2

mbar (a,b) and 2× 10−1 mbar (c,d).
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Characteristic expansion of FA and BA plumes is compared in the presence of
argon gas. Fig. 3.8 shows the time resolved images of FA and BA plume in presence
of 10−2 mbar and 10−1 mbar Argon pressures. Laser energy and beam diameter
were set at 100 mJ and 1 mm respectively. It can be seen from Fig. 3.8, plume
dynamics, shape and its luminosity are changed significantly with the introduction
of ambient gas. At 10−2 mbar ambient pressure and in case of FA, the plasma
plumes are stratified into two components which are clearly separated after 400
ns, there after designated as fast and slow components. A bright portion associated
with the target surface sustains for longer period. Initially the emission intensity of
the fast component increases with time and starts decreasing with further increase
in time. Stratification of plasma plume in the presence of ambient gas has been
investigated by several workers in the past [4,103,104,107]. General interpretation
of the plume splitting is that part of the plume species has little interaction with
ambient atoms and hence its velocity is comparable to the observed velocity in
vacuum. On the other hand, part of plume species suffer multiple collisions with
ambient atoms and therefore expand with lower velocity as compared to faster
counterpart. Above situation arises in the collisional regime where ambient atoms
penetrate inside the expanding plasma plume [108, 109]. At a fixed background
pressure, the collision between plume species and ambient gas can be justified when
the mean free path of the ablated species are of the order of plume dimension. We
have estimated the mean free path for the plume species in argon environment
using the model based on sputtering of atoms by background atoms [110]. At 10−2

mbar argon pressure, the estimated mean free paths for Li and C atoms are 13 and
15 mm, respectively, which are comparable to the observed size of the plume at
this pressure and hence FA plume expansion in a collisional regime for this pressure
can be assumed.

At similar background pressure (2×10−2 mbar), scenario is completely different
in the case of BA configuration. It can be clearly seen from Fig. 3.8 that a luminous
and nearly semi-circular front ahead of the plasma plume starts to develop around
200 ns time delay. Since this front is clearly separated from the plume and hence
it can be considered as a plasma plume induced shock front. Also, shock front
expands with slightly higher velocity compared to the plume velocity and hence
the shock front and plume get separated as the time progresses. The strong shock
generation in case of BA plume can be understood as follows; relatively dense (less
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diverge) and directed BA plume compress the ambient gas in a localized region
more efficiently in comparison to the highly diverge FA plasma plume. Therefore,
in BA geometry, shock front is clearly visible. On the other hand, we could not
observe any signature of shock formation in the case of FA at 10−2 mbar pressure.

With further increase in ambient pressure to 2×10−1 mbar, the interpenetration
between the plume species and ambient is limited and a sharp contact boundary at
the interface between the plume and ambient gas is formed as can be seen in Fig.
3.8. In this case plasma plume experiences the resistive force and hence is confined
in a small volume. Sharp contact boundary and confinement effect is observed
in both the cases (FA and BA). However, compression of plume species by the
dense background gas is more visible in case of FA where significant density jump
(bright patches in the image) is observed at the leading edge of the plume. Also,
the intensity as well as life time of the plasma luminosity is increased significantly
in comparison to the lower pressure regime. This is because of the increase in
collision frequency in confined plasma and hence probability of excitation of plume
species is also increased. Further, from the visible examination of plume images
in vacuum and 10−1 mbar of argon pressure, it can be noticed that FA plume gets
confined more efficiently (with respect to its size in vacuum for onset of time) as
compared to BA plume. This is because of the presence of ambient gas, kinetic
energy of plume species is transferred to the ambient atoms mainly through elastic
collisions between them. As already seen FA plume is more energetic and hence
rapid loss of expansion velocity thereby effective confinement is expected in this
case. This is also supported by the observed electron temperature pattern in the
case of FA and BA at 2 × 10−1 mbar pressure as shown in Fig.6.7(b). Unlike
the case of vacuum, electron temperature is decreased with time for both the
cases but temperature of FA plume is lower than the BA plume at a fixed time
delay which indicates faster thermalization of FA plume. Here, it should be noted
that the decrease in luminosity of the plasma plume due to decrease in electron
temperature for high ambient pressure is compensated by increase in the density
due to plume confinement as can be seen from the high luminosity sustained for a
longer time.

The plume expansion in FA and BA geometry and in different pressure regimes
can be presented in a better way by monitoring the plume length (distance covered
by plume in axial direction) as a function of time. As discussed earlier, plume
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Figure 3.9: Axial position vs time plot in front ablation geometry at different
pressures

Figure 3.10: Axial position vs time plot in back ablation geometry at different
pressures
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expansion shows characteristic dependence with different pressure of ambient argon
gas. The variation of plume length as a function of time at various Argon pressures,
varying from 2 × 10−6 to 2 × 10−1 mbar in FA geometry is presented in Fig. 3.9.
At 2 × 10−2 mbar ambient pressure, length vs time curves are plotted seperately
for fast and slow components. Here it can be clearly seen that the expansion of the
fast component is almost independent of ambient gas and it is similar to vacuum-
like expansion. The slower part of the plume experiences the resistive force and its
expansion is well fitted with the drag force model [30]. This is in agreement with
the previous discussions of the plasma plume stratification by the introduction of
ambient pressure. Also the plasma plume expansion at 2 × 10−1 and 1.33 mbar,
respectively, follows drag-force model, which is given by the equation,

z = zf [1− exp(−βt)] (3.4)

Here, β is the slowing coefficient and zf is the stopping distance. The best fitted
parameters results in the slowing coefficients β = 2.3×10−3, 2.5×10−3 and stopping
distances 8.73 cm and 8.57 cm at ∼ 10−1 and ∼1.33 mbar, respectively.

On the other hand upto 2×10−2 mbar pressure ambient gas effect is not visible
in BA geometry, where the plume dynamics follow the linear expansion as shown
in Fig. 3.10. In contrast to front ablation, at 2 × 10−1 mbar and 1.33 mbar, BA
plume follows shock-wave model as has been discussed previously. The shock-wave
model is given by, [29]

z =

(
E0

ρb

)0.2

tn (3.5)

Where, E0 is proportional to the laser energy density and ρb is the density of
background gas. The best fitted curve shows the value of n as 0.4 for both pressures
2× 10−1 and 1.33 mbar, respectively, which is in close agreement with shock-wave
model.

3.4 Conclusion

To conclude this chapter, a detailed study on comparative analysis of laser pro-
duced plasma parameters in front and back ablation geometries has been discussed
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in this chapter. Also, the effect of ambient pressure, laser spot size and deposited
laser energy on expansion dynamics and characteristic parameters of the plume
has been demonstrated. It is observed that plume parameters, e.g. kinetic en-
ergy, shape, size, composition and plasma temperature are significantly different
in these two geometries i.e. front and back ablations. The plasma plume expands
in spherical shape with higher velocity (∼ 7.6×106 cm/sec) in case of front ablation
geometry compared to cylindrical plume expanding with a relatively lower velocity
(∼ 1.36× 106 cm/sec) in back ablation geometry in vacuum. Highly energetic and
spherically symmetric plasma plume which is observed in FA case, is in line with
explosive ablation (phase explosion). On the other hand, the cylindrical shape
and lower expansion velocity of plasma produced in BA geometry is due to the
expulsion of material because of the vapour pressure built at the film substrate in-
terface. Again, the observations of laser spot size dependency demonstrate the film
removal through the small orifice resulting in generation of directed plume in case
of back ablation. Also, differences in the dynamics of expanding plumes in these
two geometries are correlated with their ablation mechanisms and observed plasma
parameters. This study will have implication in developing experimental technique
(ablation geometry) for controlling the characteristic parameters and dynamics of
expanding plasma in different applications according to the requirement.
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4
Compositional analysis of laser produced

plasma

Composition analysis of plasma and its importance for various applications have
been discussed in this chapter considering LiF-C thin film as a target for producing
plasma by using laser ablation mechanism in two different geometries i.e. front and
back ablation (FA and BA) and two ambient pressures (i.e. 2× 10−6 and 2× 10−1

mbar argon, respectively). A detailed description of the ablation geometries is
given in chapter 3. Composition analysis i.e. ion to neutral ratio (i.e. ni/na),
neutral abundance for FA and BA ((nBA/nFA)) and their temporal evolution in
both geometries are important information for various applications. Two different
approaches viz Atomic Data and Analysis Structure (ADAS) analysis as well as
integrated intensity ratio of Li I 670.1 nm and Li I 610.3 nm lines assuming LTE
conditions are explored and the outcome is described in this chapter. The present
attempt will be interesting from the view point of understanding the evolution of
plasma composition in various geometries/configurations of laser ablation which
has important implications in various applications e.g. pulsed laser deposition and
laser cleaning.

4.1 Introduction

The overview of laser produced plasma study and earlier works have been discussed
in chapter 1. As mentioned before that laser produced plasma has tremendous
applications viz. laser processing of materials, elemental analysis, thin film de-
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position, ion source generation and plasma diagnostics. [9, 94, 144, 145] Also, the
dependence of plasma dynamics and parameters on different ablation geometries
is discussed in chapter 3. It has been discussed in that chapter that, when a laser
is incident from the rear side of a thin film target and produces plasma plume
expanding along the laser direction, is called Back Ablation or BA plasma. This
type of plasma has also been reported as Laser Blow-Off (LBO) plasma. [145,146]
Rear surface or back ablation of thin film (shown in Fig. 4.1) deposited on a
transparent substrate using laser beam is promising from the application point of
view as well as fundamental analysis of plasma parameters. Because of the specific
nature of plasma plume generation and its properties, it has better prospects in
the deposition of thin film, material science, micro fabrication, beam generation of
energetic particles and diagnostics. [54, 145,147]

Besides this, front ablation (FA) of thin film (Fig. 4.1) is another mechanism
where the film deposited on a transparent substrate is ablated by an incident laser
focused on the thin film in a conventional method i.e. the laser is incident from
the front side and this arrangements can be seen in the upper image in Fig. 4.1.
Front ablation of thin film can also facilitate range of applications such as removal
of thin film, laser cleaning etc. [96,145] In view of the above, a comparative study
of LiF-C thin film in FA and BA geometries is an important aspect to be carried
out under various experimental scenarios. Part of this study and the findings have
been discussed in chapter 3 and in continuation of that composition analysis is
presented in this current chapter.

Because, compositional analysis of the plume is an important aspect for con-
trolling the plasma parameters through optimization of the conditions in case of
pulsed laser deposition and laser cleaning. Recently, it has been reported that back
ablation is favourable for better film deposition and cleaning of glassware. [148,149]
Some works were reported regarding the study of front and rear ablation in laser
plasmas. [150] However, a proper compositional analysis was not attempted in the
past. We have reported some salient features of plasma plume dynamics in differ-
ent geometries. [151] In this chapter we describe the compositional analysis of the
plasma plume.
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Figure 4.1: Schematic diagram of Front Ablation (FA) and Back Ablation (BA)
geometries.

4.2 Experimental scheme

The experimental set up is shown in Fig. 2.3 in chapter 2. [151] Briefly, an Nd:YAG
laser having fundamental wavelength of 1064 nm (pulse width ∼8 ns at FWHM) is
used to create plasma plume of LiF-C thin film target in two different geometries
i.e. FA and BA. LiF-C thin film (0.5 µm carbon and 0.05 µm LiF) deposited on
a transparent quartz plate of 2 mm thick is used as target. The thin film coated
target plate ( 60 × 60 mm2) is placed in a holding arrangement normal to the laser
beam. The whole arrangement is kept at the center of a cylindrical stainless steel
vacuum chamber. The target holder is fixed with a base which is connected to a
motor and a position micro-controller. The experiment has been done in single
shot mode and the required laser fluence onto the target surface has been achieved
by controlling the laser operating parameters.

Optical emission spectroscopy (OES) has been used to calculate the plasma
electron temperature and density. A custom made collimator (Andor Collima-
tor, model- ME-OPT-0007) connected to a spectrometer (0.5 m, Acton Advanced
SP2500A, Princeton Instruments) through optical fibre collects the emission (up
to 4 mm from target surface) of the transient plasma. The spectrometer output is
coupled with an ICCD and it has ∼ 0.08 nm resolution. A micro-controller based
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timing generator having < 1 ns timing jitter synchronises the spectrograph, ICCD
camera and laser. Emission is collected from the same location of the plume at 2
mm distance from the target surface for both BA and FA geometries and experi-
mental conditions are also maintained same. Moreover, the spectrometer detector
response is uniform for the spectral lines taken in the study.

4.3 Results and discussions

4.3.1 Line spectra and plasma parameters:

A typical energy level diagram showing Li I 610.3 nm (non-resonance) and Li I
670.8 nm (resonance) lines is shown in Fig. 4.2. Figure 4.3 shows typical spectrum
lines Li I 670.8 nm and 610.3 nm in front ablation geometry at 2×10−6 mbar
ambient pressure which can be approximately considered as vacuum. Figure 4.3
presents that both the resonance (Li I 670.8 nm) and non-resonance (Li I 610.3 nm)
lines have sufficient intensity under these conditions, which is suitable for spectral
analysis of plasma.

The electron temperature has been calculated by using ratio of two neutral
lithium line intensities i.e. Li I 610.3 and Li I 670.8 nm using the Boltzmann
relation as it is given in equation 4.1 and it has been discussed in detail in chapter
2. [100] Here, we would like to mention that one of the factors that can affect line
intensities is the optical thickness of the plasma. As Li I 670.3 nm line originates
from the ground state, it is likely to be more prone to optical thickness. However,
in the present experiment (as will be discussed latter) we rule out the contribution
of optical thickness as neutral density is rather low as compared to electron/ion
density and the plasma thickness is very small (few mm).

Iij
Ikl

=
νijAijgi
νklAklgk

exp
−(Ei − Ek)

kβTe
(4.1)

Where, I is the line intensity of the transition between two energy levels, ν is the
frequency of the spectral line, A is Einstein’s coefficient, g represents the statistical
weight of the energy level, E is the energy, kβ is the Boltzmann constant, Te is the
electron temperature, and the subscripts i, j, k and l represent the energy levels.
The temporal evolution of the estimated electron temperature is shown in Fig.
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Figure 4.2: Schematic diagram of energy level showing Li I 610.3 nm (non-
resonance) and Li I 670.8 (resonance) nm transitions.

Figure 4.3: Emission profile in front ablation of Li I 610.3 nm and Li I 670.8 nm
at 400 ns time delay in vacuum (2×10−6 mbar).
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Figure 4.4: Temporal evolution of electron temperature in FA and BA geometries
in vacuum (a) and at 2×10−1 mbar (b).

4.4. We would like to mention that obtained electron temperatures are less than
the energy difference between the upper levels of these two transitions and hence
the two line ratio method can be safely applied in this case. The uncertainty in
temperature measurements is around ≈5 - 10%. As can be seen from Fig. 4.4
that under vacuum conditions electron temperature goes on increasing with time
contrary to the case of 2×10−1 mbar where opposite trend is noticed. Probably, the
increase in temperature with time in vacuum may be due to inverse bremsstrahlung
absorption, whereas the decrease at higher pressures may be due to increased
collisions with the ambient which results in decrease in electron temperature. [152]

Electron density is determined from the Stark broadening of 610.3 nm line by
using equation 4.2 as given below. [105,106]

∆λ 1
2

= 2ω
ne

1016
(4.2)

Here, ne is the electron density, ∆λ 1
2
is the full width at half maxima (FWHM), ω is

the electron-impact half width parameter which is weakly temperature dependent
and it is taken from Ref. [106]. A typical Lorenzian fit for Li I 610.3 nm line is shown
in Fig. 4.5. Other broadening parameters such as Doppler and pressure broadening
are neglected in the present case because of their negligible contributions. Electron
density shows slight increase in vacuum but shows decreasing trend at 2×10−1

mbar (shown in Fig. 4.6). This can be anticipated that under vacuum conditions
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Figure 4.5: A typical Lorentzian fit at 300 ns in FA in vacuum.

increase in temperature may result in more ionization and therefore, increase in
density is expected. [153] On the other hand recombination processes are likely to
dominate at higher pressure and hence decrease in the density. [153]

As we have discussed in chapter 2 for applying this density calculation, plasma
should be in local thermal equilibrium. To ensure, whether Local Thermal Equi-
llibrium (LTE) condition is followed, we examined the validity of the McWhirter
criteria defined by eqn. 4.3 for the present plasma condition. [105]

ne ≥ 1.4× 1014T
1
2
e (∆E)3 cm−3 (4.3)

Where, Te (eV) is the electron temperature and ∆E (eV) is the energy gap between
two states of the shorter wavelength i.e. Li I 610.3 nm of our discussion. In our
experiments for the maximum electron temperature of ∼1.76 eV and for the largest
energy gap (2.031 eV) of the selected transition (Li I 610.3 nm) this criteria predicts
a lower limit of ne = 2.95×1015 cm−3. Estimated densities in the present case (Fig.
4.6) are always higher than this value and hence validate the LTE condition.
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Figure 4.6: Electron densities in two geometries (i.e. FA and BA) and in (a)
vacuum and (b) 2×10−1 mbar pressures.

4.3.2 Composition analysis

4.3.2.1 Ion/neutral (Ni/N):

Ion to neutral ratios for both FA and BA are estimated from NIST LIBS database.
[135] From NIST LIBS the ion/neutral abundance can be estimated by entering
electron temperature and density values. This calculation is based on Saha equa-
tion as given in Eq. 6.6.

ni
nn
≈ 2.4× 1021T

3/2

ni
e−Ui/kβT (4.4)

Where, ni and nn are the density of ions and neutrals, respectively. T is the plasma
gas temperature in kelvin, Kβ is Boltzmann constant and Ui is ionization potential
of the element (i.e. lithium in the present case).

Fig. 4.7 represents ion to neutral ratio in case of FA as well as and BA geome-
tries in vacuum condition. In both the cases the ratio slightly increases with time
and then deceases and has values always greater than one. This signifies that the
population of ions is always higher in both the geometries as compared to neu-
trals. However, in case of front ablation this ratio is nearly about 2-4 times higher
compared to the plasma plume produced in back ablation. This reveals the higher
abundance of ions in FA as compared to BA plumes. This can be expected as the
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Figure 4.7: Temporal evolution of ion-neutral ratio in front and back ablation
geometry in vacuum using NIST LIBS database. [135]

electron temperature is much higher in case of FA (Fig. 4.4) leading to increased
ionization. [153]

For 2×10−1 mbar pressure again ni/na is also always higher than one, which
indicates that ions dominate in the plasma plume, at this pressure also. How-
ever, it decreases faster in case of FA as compared to BA. It can be noted that
this decreasing trend with time is in confirmation with decrease in temperature,
which again can be explained by the decrease in ionization. As mentioned ear-
lier, the overall behaviour can be attributed to the combination of ionization and
recombination processes.

4.3.2.2 Neutral abundance (NFA/NBA):

We have adopted two approaches to calculate neutral abundance in plasma pro-
duced in these two geometries. In the first case, we have used ADAS photon
emissivity coefficients (PEC) to estimate the line intensity. [24] The intensity for
a particular line can be given by the eqn. 4.5. [153]

I = Fexp(NeNaPECexcit +NeNiPECrecom) (4.5)

Where PECexcit is photon emissivity coefficient (photon cm−3 s−1) for electron
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Figure 4.8: Temporal evolution of ion-neutral ratio in front and back ablation
geometry at 2×10−1 mbar using NIST LIBS database. [135]

Figure 4.9: Temporal evolution of neutral ratios (NaFA
NaBA

) in two geometries calcu-
lated from ADAS (Eq. 4.6) using two different lines Li I 610.3 nm and Li I 670.8
nm in vacuum.
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Figure 4.10: Temporal evolution of neutral ratio (NaFA
NaBA

) in two geometries by
considering LTE condition (Eq. 4.8) for two lines Li I 610.3 nm and Li I 670.8 nm
in vacuum.

Figure 4.11: Neutral ratio (NaFA
NaBA

) calculated in two different geometries (i.e. FA
and BA) using ADAS (Eq. 4.6) for two lines Li I 610.3 nm and Li I 670.8 nm at
2×10−1 mbar pressure.
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impact excitation and PECrecom is photon emissivity coefficient for recombination
(photon cm−3 s−1). Ne, Na and Ni are electron, neutral and ion densities respec-
tively and Fexp is the experimental factor.

As the experiments in both geometries are done in same environment and setup
keeping all the experimental parameters identical, Fexp has same value for both FA
and BA case. Ratio of neutrals for forward to backward ablation (NFA/NBA) is
estimated by using eqn. 4.6 which can be derived from eqn. 4.5.

IFA
IBA

=
NeNFAPECexcit +NeNiPECrecom
N ′eN

′
BAPEC

′
excit +N ′eN

′
iPEC

′
recom

(4.6)

Where Ne, NFA, Ni, PECexc, PECrecom, N ′e, N ′BA, N ′i , PEC’excit and PEC’recom
represent electron density, neutral density, ion density, photon emissivity coeffi-
cients for excitation and photon emissivity coefficient for recombination in FA and
BA geometries respectively. IFA and IBA represents the line intensity in FA and
BA respectively. The values of (NFA/N ′BA) for different times are shown in Fig.
4.9. It can be seen that the ratios calculated from both the lines match well within
experimental uncertainties as well as ADAS limitations. As in ADAS, PECs are
self-consistent and consider the particulars levels involved in the transitions, an
estimate of neutral population appears reasonably well.

In the second approach considering local thermal equillibrium i.e. LTE condi-
tions (as discussed earlier), the line intensity can be given by the eqn. 4.7 as given
below. [154]

I =
FexpguhνAulNexp

−Eu/kβT

Z(T )
(4.7)

In this equation, Fexp is experimental factor, gu is statistical weight of upper level, h
is Planck constant, ν is transition frequency, N is neutral density, Aul is transition
probabilities, Eu is upper level energy, kβ is Boltzmann constant, T is plasma
temperature, Z is partition function. From this eqn. 4.7 the neutral abundance for
FA and BA can be estimated by the following relationship as given in eqn. 4.8.

Na

N ′a
=

IFA
IBA
× ZFA

ZBA

exp[− Eu
kβTFA

+ Eu
kβTBA

]
(4.8)

Here, all the notations bear their standard meaning as mentioned earlier. We
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have calculated neutral ratios in FA and BA geometry using this relation and it is
depicted in Fig. 4.10. It can be seen in this figure that more neutrals are produced
in case of back ablation compared to front ablated plasma. To quantify neutral
density for a comparative understanding, it is nearly 5 to 3 times than higher in
BA than FA geometry.

Similar calculations, as mentioned above for 2×10−6 mbar, have also been done
for 2×10−1 mbar pressure and are shown in the following Fig. 4.11 - 4.12. Figure
4.11 and 4.12 shows the neutral ratio calculated from eqn. 4.5 and 4.6, respectively.
In this case the values obtained using Li I 610.3 and Li I 670.8 nm lines also
match within experimental uncertainties. Further, both the calculations show
consistency up to 800 ns within the experimental limit for these two lines (Li I
610.3 and Li I 670.8 nm). These two figures show the neutrals are less at initial
time approximately up to 700 ns in FA plasma plume in comparison to BA one
although at later times (i.e. > 700 ns) the neutral density is higher in FA compared
to BA case. Again, it can be attributed to the higher ionic contribution at initial
stage in case of FA. However, with evolution of time neutral population increases
probably because of overall increase in recombination processes at this pressure.
It can be noted that under vacuum conditions neutral density is higher in case
of BA as compared to FA within our observation time window. This can also be
understood by the interplay of recombination/ionization processes.

Again we would like to emphasize that optically thin plasma conditions are met
in the present experiment as neutral density is 1 - 2 orders smaller as compared
to electron density. Further, this fact is also supported by the results where the
neutral intensity ratios calculated from both Li I 610.3 nm and Li I 670.8 nm lines
match well (Fig. 4.9 and 4.12) within experimental uncertainties.

Here, it can be mentioned that evolution of neutral abundance for BA and FA
geometries depend on the respective ablation mechanisms as well as evolution of
electron density and temperature which in turn will affect ionization recombination
processes in the generation of neutrals.
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Figure 4.12: Neutral ratio in FA and BA by considering LTE condition (Eq. 4.8)
at 2×10−1 mbar pressure.

4.4 Conclusion

In this chapter, compositional analysis of ions and neutrals in the evolving lithium
plasma plume in FA and BA geometries in vacuum as well as at 2×10−1 mbar pres-
sures has been attempted. Ion to neutral ratios are estimated from NIST (LIBS)
and for estimating neutral abundance and ration in FA and BA geometries, two
different approaches viz. Atomic Data and Analysis Structure (ADAS) analysis as
well as integrated intensity ratio of Li I 670.1 nm and Li I 610.3 nm lines assuming
LTE conditions are adopted. Two emission lines i.e. one resonance (Li I 670.1
nm) and other non-resonance (Li I 610.3 nm) are considered for estimating neutral
abundance in these two cases. The findings of this study show that ions are domi-
nant component in both geometries in terms of ion to neutral ratio and these can
be seen in Fig. 4.7 and 4.8. But comparatively, the abundance of neutral particles
are dominant in plasma plume produced in back ablation geometry as compared to
front ablation. Analysis shows that neutrals gain with time in case of FA as time
evolves at 2×10−1 mbar. In this work, an approach for the compositional analysis
of evolving plasma in two different geometries has been attempted and described.
We believe that present work will have interesting implications for future works
regarding evolution of compositional analysis in various scenarios of laser induced
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plasma e.g. thin film deposition, neutral beam generation etc.
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5
Spectroscopic investigation of stagnation

region in laterally colliding plasmas

The properties of Laser Produced Plasma (LPP) depend on several parameters
as has been discussed in the earlier chapters. In continuation of that, the effects
of atomic mass of the target material on the formation, expansion dynamics and
plasma parameters of colliding plasma have been discussed in this chapter. Special
attention has been given to the characteristics of interaction zone which is formed,
particularly, in case of colliding plasma. Depending on equally separated atomic
mass difference carbon, aluminium and nickel have been chosen as target material
for this investigation. Fast imaging and optical emission spectroscopy (OES) result
show that dynamical, spectral and geometrical features of the induced interaction
zone depend on the mass of the ablated species and spatial separation between the
two interacting plumes. A sharp, intense and more directional interaction zone is
formed by the interaction of heavier plume species (nickel) in comparison to that
observed for lighter atomic mass (carbon) target.

5.1 Introduction

The importance of laser produced plasma and its application have been described
in the previous chapters. Extensive theoretical and experimental studies related to
this field have been reported under different experimental conditions. [114] Lateral
collision of plasma plumes shows promising role in generation of energetic particles
and formation of interaction region has attracted great interest in the recent years.
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Two plasma plumes produced by spatially separated two laser beam having same
parameters, propagate parallel to each other and they form an interaction zone in
between them. Study of colliding plasma is interesting because of the unique fea-
tures of induced interaction region and the underlying physics of colliding plasma.
It has been investigated by several authors over a wide range of plasma parameters
in the context of applications of laser ion source, thin film deposition, laser induced
breakdown spectroscopy and inertial fusion confinement. [6, 8, 115,117–120] Inter-
action between the plasma plumes produced by the ablation of solid targets, metal
foils, thin films and laser-blow-off (LBO) of thin film has been studied over a wide
range of laser intensities (∼ 109−1014 W/cm2) and for different collision geometries
(e.g., head on, with angle and lateral collision etc.). [57,58,121,123–126] Effects of
spatial separations between two lasers, generation of plasma species with high ki-
netic energy, dynamics of cross beam polarization, space charge separation and de-
pendence of atomic mass (Z) have been reported by several authors. [6,17,59,61–63]
Target geometry as well as composition have been found to affect the stagnation
region considerably. [64] Pulsed laser cross beam laser induced plasma was studied
in case of two graphite targets and was found that collisional effects are responsible
for the observed behaviour. [65] The formation and expansion of interaction zone
in colliding plasmas is highly dependent on the geometrical shape, divergence of
the interacting plume and energy of the ablating laser. However, in spite of these
works on the formation and dynamics of interaction zone, not much attention has
been given to the role of the atomic mass of the target material. Therefore, an
experimental investigation of stagnation region in colliding plasma has been done
by using fast imaging and spectroscopic technique and discussed in this chapter.
Dependence of ablating target material and plasma plume separation has been
considered also. Role of ionization and recombination processes has been evoked
to explain salient temporal spectral features.

5.2 Experimental scheme

A complete description of the experimental schemes is given in chapter 2 and
here it is discussed briefly. Figure 5.1 represents the schematic diagram of the
experimental set up for this study. An Nd:YAG laser (λ = 1064 nm, pulse width
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Figure 5.1: Schematic diagram of experimental set up.

∼8 ns, full-width at half-maximum) has been used for producing plasma of solid
target materials. Carbon, aluminium and nickel are considered, based on their
mass difference, as target materials for this investigation. The incoming laser
beam from the source is split into two using a bi-prism and focused by a plano-
convex lens, having focal length of 35 cm, on the target surface. Experiment
is done in vacuum (i.e. 5 × 10−7 mbar). Carbon, aluminium and nickel solid
plates of dimension 60× 20× 1 mm3 have been used. The target plates are placed
inside a stainless steel vacuum chamber by using a vacuum compatible feed-through
holding arrangement. The target positions are changed by 2 mm to a fresh surface
after each consecutive 5 shots by using the linear scale on the feed-through. The
experiment is done with single mode and the desired fluence at the target surface
is achieved by putting a half wave plate before the beam splitter. The separation
between the two beams was adjusted by changing the reflecting angle of the mirror.
The spot sizes of both the beams were set as 1 mm and beam separation was set
as 2, 4 and 6 mm respectively.
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Figure 5.2: Sequence of laser produced colliding plasma plume images of solid
carbon, aluminium and nickel target at 2 mm beam separation in vacuum (5×10−7

mbar).

Figure 5.3: Sequence of laser produced colliding plasma plume images of solid
carbon, aluminium and nickel target at 4 mm beam separation in vacuum.

5.3 Results and discussion

The evolution of two dimensional images of interacting plumes formed by carbon,
aluminium and nickel targets are recorded by ICCD camera for three different
spatial separations 2, 4 and 6 mm as shown in Fig. 5.2, 5.3 and 5.4, respectively.
It shows the sequence of images of laterally colliding plasma plumes at different
time delays varying from 40 to 400 ns and at 2×10−6 mbar ambient pressure. Each
image shown in these figures represents the spectrally integrated emission intensity
in the range of 350 - 750 nm emitted from different plume species. The spot size
of 1 mm and laser fluence 12.7 J/cm2, respectively, are set at the target surface for
both the laser beams that produce seed plasma plume and identical experimental
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Figure 5.4: Sequence of laser produced colliding plasma plume images of solid
carbon, aluminium and nicke target at 6 mm beam separation in vacuum.

Figure 5.5: A comparative illustration of colliding plasma plume at 150 ns delay
time of carbon, aluminium and nickel target at 2, 4 and 6 mm spot separation
respectively in vacuum.
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conditions are ensured for all the target materials. As is evident from Fig. 5.2,
5.3 and 5.4, the intensity of seed plasma plume decreases gradually with time
for all the targets. In case of carbon, emission intensity is beyond the detection
limit of the camera for t > 400 ns. However, emission of seeds plume formed
by aluminium and nickel persists up to 800 ns. Plume expansion in vacuum can
be treated as adiabatic expansion, where expansion occurs under the influence of
pressure gradient and electron temperature and density decrease with time. [7,131]

A well defined stagnation layer in between the seed plumes is visible in all
the cases but its geometry, intensity and expansion velocity are highly dependent
on the properties of target material and separation between the two interacting
plumes. Momentum transfer from the interacting seed species govern the formation
and expansion of the stagnation region. General observation reveals that smaller
separation between seed plumes lead to better formation of the interaction zone.
On increasing the separation between the seed plumes, initiation time of interaction
zone increases accordingly. At initial times, interaction zone is confined within the
seed region. However, as the time evolves, interaction zone emerges out of the seed
region. At plume separation of 2 mm, a fully developed stagnation region is visible
from the lowest considered time delay (i.e. 40 ns) in all the target materials. In case
of carbon, the stagnation region is broader in size and moves with higher velocity
in comparison to aluminium and nickel where the stagnation regions are sharper
and intense. Atomic mass dependence of target on the formation of stagnation
region is clearly visible for larger spatial separations between the seed plumes.
Figure 5.2 - 5.5 clearly show that smaller atomic mass target, which is expected
to have larger expansion velocity initiates the stagnation region at earlier times
of plume expansion in comparison to the case of higher atomic mass. For carbon
at 4 mm spatial separation, a well developed stagnation region is visible at ∼
40 ns, whereas in case of aluminium and nickel it appears at ∼ 60 ns and ∼ 80
ns respectively. With further increase in spatial separation to 6 mm, stagnation
region in the case of carbon plasma is feeble in comparison to seed plasma and
almost invisible for t > 150 ns. On the other hand in case of aluminium, a well
separated stagnation region is observed at ∼ 150 ns whereas in case of nickel
it appears at a significant delay time ∼ 300 ns. Another noticeable observation
is that the stagnation region is sharper and intense closer to the target plate.
Gradual broadening of stagnation region, with increasing the distance from the
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target, indicates decrease in stagnation strength. This effect is more prominent for
higher spatial separations between the seed plumes. Further, at 2 and 4 mm spatial
separations, expansion velocity of the stagnation region is higher in comparison to
seed plasmas for all the targets, whereas at highest separation (i.e. 6 mm) the
expansion rate of stagnation region and seed plasmas are almost comparable in
the considered time range.

Effect of mass of the seed plume species and separation between the seed plume
on the formation and expansion of the stagnation region is clearly depicted in Fig.
5.5, where the images for the C, Al and Ni at 150 ns are presented for all the three
spatial separations. For a fixed time delay and spatial separation, broader interac-
tion region is observed in case of carbon and it become sharper and intense with
increasing the mass of the ablating targets. This could be understood as follows.
The expanding plasma plume species have characteristic angular distributions. In
a parallel propagating plasma plumes, energetic plume species are transported to
the interaction zone with its own kinetic energy and interact with counter propa-
gating species from the other plume. The strength of interaction and subsequent
stagnation is defined in terms of the collisionality parameter as given in eqn. 5.1
and 5.2. [127]

ζ = D/λii (5.1)

λii =
m2
i v

4
12

4πe4Z4nilnΛ12

(5.2)

In this equation ζ represents the collisionality parameter, D denotes the separa-
tion between two plasma plumes, λii is ion-ion collision frequency, ni is ion density
and Z is ionization level. In standard definition ζ < 1 stands for interpenetration
of plasma and ζ > 1 is termed as collisional stagnation. With the present exper-
imental parameters at 4 mm separation, the estimated collisionality parameters
for carbon, aluminium and nickel come out to be 13.4, 18.3 and 24.4 respectively.
The higher value of collisionality parameter suggests that the plume species suffer
more collisions and stagnate in smaller region in comparison to the case of low
collisionality parameter. This is in line with our experimental observation which
shows that nickel has a sharp stagnation region in comparison to carbon and alu-
minium. It can be mentioned here that in Ref. [17] inter-penetration was observed

73



Chapter 5. Spectroscopic investigation of stagnation region in laterally colliding
plasmas

Figure 5.6: Axial length of plume expansion vs time delay of seed and interaction
zones of aluminium plasma at 2, 4 and 6 mm separation and two laser beam of
equal energy (100 mJ each) in vacuum.

for targets having higher Z which is in contradiction with present observation.
They have tentatively explained that higher Z ions because of their heavier mass
are slower and hence the collision frequency is less. [17] In their experiment two
orthogonal laser beams are used whereas in our case the seed plumes are parallel
to each other. Inter-penetration or stagnation not only depends on the mass but
also the relative plume speeds, geometry of interaction as well as the separation
between seed plumes. Hence, the difference can be anticipated in our case.

Further, it has also been observed that interaction zone is sharply pointed near
the target surface and flattened towards the front edge (away from the target sur-
face). This could be correlated with the angle of the ejected species from the seed
region travelling to the interaction region. The interaction region closer to the tar-
get surface is formed mainly from the particles which have higher ejection angles
(with respect to axial direction) and hence have better stagnation in comparison
to the interaction between larger axial velocity components. In case of interac-
tion between species having large axial velocity component, significant amount of
momentum transfer can contribute towards the axial expansion of the stagnation
region.

In order to see the dynamics of seed plume as well as stagnation region and its
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dependence on spatial separation and mass of the ejected species, we have anal-
ysed the axial dimensions of seed plume and stagnation region as a function of time
delay. Here, aluminium target is selected to demonstrate the effect of separation
between the seed plumes on the expansion velocity of stagnation region because
aluminium stagnation is more clear and has longer persistence for all spatial sep-
arations. Figure 5.6 shows the axial dimension of the stagnation region observed
with aluminium target as a function of time delay for 2, 4 and 6 mm separation
between seed plumes. For the comparison of dynamics of stagnation region with
seed plume, the axial dimension of seed plume is also included in Fig. 5.6. A linear
dependence of the dimensions of both the stagnation region and seed plume with
time suggests free expansion. The slope of the best fit to the experimental data
gives the average expansion velocity of stagnation region and seed plume. The
estimated axial velocities of stagnation region for 2 and 4 mm spatial separation
are 9.36×106 cm/sec and 8.37×106 cm/sec, respectively, which are larger than
the seed plume velocity (i.e. 7.3×106 cm/sec). As already discussed, for smaller
spatial separations, the stagnation region is formed mainly by the interaction of
species having higher axial velocity components and hence, resultant momentum
transfer is responsible for the increase in axial velocity of stagnation region. On
the other hand for higher spatial positions, the plume species have higher ejection
angles with little momentum transfer along expansion (perpendicular to the target
surface) direction. This is reflected in our result where at 6 mm separation, the
estimated velocity of stagnation region is 6.7×106 cm/sec, which is lower than the
velocity of seed plume.

Further, the target dependence of the velocity of stagnation region is clearly
seen in the variation of axial dimensions of the stagnation region measured at 4
mm axial separation as a function of time delay for the case of carbon, aluminium
and nickel as shown in Fig. 5.7. It has been observed that the expansion speed of
stagnation layer is higher for lighter seed species. The estimated expansion speeds
of stagnation region for the case of carbon, aluminium and nickel are 1.16×107,
8.37×106 and 4.7×106 cm/sec, respectively.

In order to get more insight into seed and interaction region, optical emission
spectroscopy has been employed to record the line emission in the seed plasma and
interaction zone for 4 mm spatial separation. Emission spectra of aluminium and
carbon plumes have been recorded by using an optical fiber of diameter 400 µm
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Figure 5.7: Axial length of interaction zone vs time delay of carbon, aluminium
and nickel target at 4 mm separation and two beam of 100 mJ equal laser energy
in vacuum.

at various time delays, up to 600 ns with respect to the ablating laser pulse. The
tip of the fiber was positioned at 2 mm distance away from the ablating target
surface for recording the spectra for both seed and stagnation regions. Prominent
transitions from the ionic and neutral species i.e., Al I 394.4 nm (3s23p - 3s24s), Al
II 466.3 nm (1s22s22p63s23p2 - 1s22s22p63s4p), CII 426.7 nm (1s22s23d - 1s22s24f)
and C I 657.8 nm (2s23p - 2s23s) are observed in aluminium and carbon plasmas,
respectively. Temporal evolution of emission intensity profiles of Al II 466.3 nm
and Al I 396.6 nm in both stagnation and seed regions is shown in Fig. 5.8. Similar
plot for the carbon plasma i.e. variation of emission intensity profiles of C II 426.7
nm and C I 657.8 nm as a function of time is shown in Fig. 5.9.

The general trend of the temporal evolutions of emission intensity of various
transitions in aluminium and carbon is almost similar. In the seed region, emission
intensities of both ionic and neutral species are initially higher and decrease with
time delay. However, in case of carbon, rate of decrease of emission intensity
is much higher in comparison to aluminium plasma (Fig. 5.8 and Fig. 5.9). In
contrast to this, at the interaction zone the emission intensity of ionic lines initially
builds up and at later times goes on decreasing whereas the intensity of neutral
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Figure 5.8: Temporal variation of Al II 466.3 (left) and Al I 394.4 nm (right) line
emission intensity of both the seed and stagnation regions at 100 mJ energy in
vacuum.

Figure 5.9: Temporal variation of C II 426.7 (left) and C I 657.8 nm (right) line
emission intensity of both the seed and stagnation regions at 100 mJ energy in
vacuum.
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Figure 5.10: Ratio of ionic (Al II 466.3) to neutral (Al I 394.4) line emission
intensity of aluminium for seed and interaction region in vacuum.

line grows up with the time. As will be discussed latter, this behaviour can be
attributed to ionization/recombination processes in this case. The initial increase
in the intensity of ionic lines can be attributed to increased ionization, whereas
increase in neutral emission at later times can occur through recombination process.

It is interesting to see the temporal evolution of plume composition i.e. ionic
to neutral ratio in both stagnation and seed regions. In order to avoid complexity,
further analyses have been confined only for the case of aluminium targets. The
representative ion to neutral emission can be seen by measuring the ratio of the
integrated emission intensity of Al II 466.3 to Al I 394.4 nm. Figure 5.10 shows
the ratio of Al II 466.3 nm to Al I 394.4 nm as a function of time delay for seed
as well as stagnation region. It has been observed that for both the regions ionic
to neutral emission ratio is always greater than one for the considered time range.
This suggests that ionic species should be dominant in both the regions. In case of
seed, ionic to neutral intensity ratio is highest at initial stages and decreases with
increase of time delay. On the other hand, drastic enhancement in ionic intensity
has been observed in stagnation region as compared to that observed for the seed
region. However, specific ionic and neutral line ratio can not give the correct
picture of plume composition in seed and interaction regions. Therefore, we have
estimated ionic to neutral ratios theoretically for both the regions based on the
NIST-LIBS data base. [135] Using the present plasma parameters the estimated
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Figure 5.11: Ion neutral ratio of aluminium for both the seed and interaction
regions using NIST data in vacuum.

Al II to Al I ratios are shown in the Fig. 5.11. It has been observed that estimated
ionic to neutral ratios follow the similar trend as in the case of experimentally
observed variation of Al II 466.3 to Al I 394.4 nm ratios. The atomic processes
that are responsible for the observed spectral features will be discussed latter.

In view of the large enhancement of emission intensity of ionic species in stagna-
tion layer, it is interesting to see the variation of plasma parameters in stagnation
region with respect to seed plasma. Stark broadening of the emission lines has
been used to estimate the plasma electron density (ne), while Boltzmann relation
(intensity ratio of two lines) has been used to estimate the electron temperature
(Te) for both the seed and interaction zones. Electron density and temperature
calculation methods and related equations are given in eqn. 2.2 and 2.1 in chapter
2. The Stark broadening of emission line in plasma is attributed to the Coulomb
interaction of electrons and ions. Here, ionic contribution to the line broadening
is ignored because it is very small for the temperature of present experiments.
We have used the value of ω which is required for this calculation from reference
26. The estimated electron densities for different delay times are shown in Fig.
5.13. [129] Local Thermal Equilibrium (LTE) conditions has been verified in this
case also by using the McWhirter criteria which states that the minimum value of
electron density should follow the equation, [105]
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Figure 5.12: Temporal variation of electron temperature of aluminium seed and
interaction zone in vacuum.

ne ≥ 1.4× 1014T
1
2
e (∆E)3 cm−3 (5.3)

Where, Te (eV) is electron temperature and ∆E (eV) the the energy gap for
the transition corresponding to the shorter wavelength line (466.3 nm). In this
case electron densities are higher than the density 3.4×1015 cm−3 calculated from
McWhirter criteria.

The electron temperature of plasma in LTE approximation is obtained by sub-
stituting emission intensities of Al II 466.3 and 559.3 nm of aluminium lines into
the Boltzmann equation written in eqn. 2.1 of chapter 2. The difference between
the higher energy levels of these two aluminium lines is 2.22 eV and the maximum
electron temperature obtained in this case is 1.87 eV.

Figure 5.12 and Fig. 5.13 show the temporal variations of electron temperature
(Te) and electron density (ne) for the representative aluminium target for both seed
and interaction zones. It is clearly observed that the electron temperature in the
seed region gradually decreases with time. The maximum electron temperature of
seed region is ∼ 1.73 eV at 100 ns time delay. On the other hand in the interaction
region, the temperature initially increases upto 200 ns (1.87 eV), which is slightly

80



Chapter 5. Spectroscopic investigation of stagnation region in laterally colliding
plasmas

Figure 5.13: Temporal variation of electron density of aluminium seed and inter-
action zone in vacuum.

higher as compared to seed region and finally it also starts decreasing. It can be
be possible due to increased collisions at the initial time that may heat the plasma
in interaction zone. In case of electron density, decreasing trend has been observed
for the both seed and interaction regions. However, the electron density is always
higher in the interaction region for the considered time range. The increase of
electron density in interaction zone is obvious because the ejected species from
both the seed plasmas interact and are confined in small stagnation area.

In order to understand the temporal behaviour of intensities of neutral and
ionic lines, we attempted to estimate rate coefficients/rates for ionization, radiative
recombination and tree body recombination processes. Ionization rate coefficient
has been adopted from [33] and is given by eqn. 5.4. [134]

κpi =
9.56× 10−6(kTe)

−1.5exp(−εpi)
ε2.33pi + 4.38εpi + 1.32εpi

cm3 s−1 (5.4)

In this equation p and i are principal quantum numbers of initial and ground states
and εpi = Epi/kTe where kTe is electron temperature in eV and Epi is ionization
potential.

Radiative and three body recombination rates are estimated by using the rela-
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Figure 5.14: Ionization rate coefficient and three body and radiative recombination
rate

tions given in eqn. 5.5 and 5.6. [133]

Rr = 2.7× 10−19neniZ
2T−3/4e m−3s−1 (5.5)

R3b = 9.2× 10−39n2
eniZ

3T−9/2e ln
√
Z2 + 1 m−3s−1 (5.6)

The estimated values are shown in Fig. 5.14.

The ionization rate coefficient shows an increase initially, which decreases at
later times. Three body recombination rate also shows an increase at later times,
whereas radiative recombination does not exhibit increase. It can be inferred from
the figure that the initial increase in the intensity of ionic Al (II) lines should be
due to the increase in ionization process, whereas the decrease in Al (II) intensity
coupled with increase in the intensity of neutral Al (I) lines at later times, which
can be attributed to increased three body recombination process. In the present
study we clearly found the evidence that ionization/recombination processes are
responsible for the distinct emission features observed in the interaction zone. In
short there were several studies on the formation of stagnation layer in colliding
plasmas, however, most of them were concerned with plasma parameters in the
interaction zone. Present study clearly brings out the mechanistic aspect of the
enhanced emission in the interaction region.
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5.4 Conclusion

In this chapter, a comparative study of dynamics and characteristics parameters
of colliding plasma plumes and subsequently induced interaction region produced
by laser ablation of carbon, aluminium, and nickel targets has been discussed.
Time resolved two dimensional images reveal that the mass of the ablated species
significantly affects the characteristics of interaction region in terms of their ini-
tiation time, expansion velocity, geometry, size and strength of stagnation. The
formation of interaction region starts at earlier times for the target having lower
atomic mass compared to the targets of higher atomic mass. It has been observed
that interaction region is more luminous, confined, sharp and highly directional
in the case of relatively high Z-material. Further, the axial velocities for smaller
spatial separation are higher for the stagnation region than for the seed plume,
while for largest considered separation (i.e. 6 mm in this case) it is lower than the
velocity of seed plume. The spatial dependence of the velocity of interaction region
is explained on the basis of angular distribution and resulting momentum transfer
of the interacting plume species. Electron temperature and density are higher in
the interaction region in comparison to seed region. Atomic analysis of emission
lines is performed by estimating ionization rate coefficient, thee body and radiative
recombination to understand the temporal variation of plasma parameters.
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6
Interaction of laser produced plasma in
the presence of external magnetic field

In this chapter, experimental investigation of laser produced colliding plasma in
the presence of external magnetic field is presented. The strength of the magnetic
field is varied from B = 0 to 4000 Gauss under vacuum, i.e. 5×10−7 mbar. Plasma
temperature, density, ionization rate coefficient and line emission in the presence
of magnetic field B are compared those with field free case. Laser produced plasma
expands freely in vacuum, which is adiabatic by nature. The expansion dynamics
and characteristic parameters of colliding plasma as well as interaction zone get
modified significantly with the introduction of external magnetic field. In the
presence of magnetic field emission from doubly ionized Al is significantly increased
which is attributed to increased ionization due to Joule heating.

6.1 Introduction

Collision of plasma plumes is an important phenomenon in many laboratory plasma
and applications such as plasma confinement, conversion of plume kinetic energy
into thermal energy, LIBS, inertial confinement fusion (ICF), emission intensity
enhancement, laboratory studies of plasma of astrophysical importance, Alfven
wave study etc. [21, 67, 68, 79, 84, 85] Expansion of laser produced plasma in the
presence of an external magnetic field is studied in many other experimental studies
under different conditions. [21, 73, 80, 81, 86] Neogi et. al. studied laser produced
carbon plasma expanding in vacuum, low pressure ambient gas and nonuniform
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magnetic field, and they observed oscillation of plume species which is attributed to
edge instibility. [70, 71] Harilal et. al. reported slowing down of plasma expansion
and enhancement of ionic emission with introduction of external magnetic field. [32]
Behera et. al. observed oscillation of plasma plume in varying magnet with 2D fast
photography and spectroscopic studies. [5] Joshi et. al. observed an initial increase
in ion/neutral emission of lithium plasma in presence of a varying magnetic field.
[74] Kumar et. al. reported the effect of transverse magnetic field on the dynamics
of plasma plume and spectral emission of laser-blow-off plasma of a thin film in the
presence of ambient gas. [75–77] More details has been given in literature survey
in chapter 1. The important aspects of laser produced colliding plasma and the
subsequent interaction zone has been discussed in chapter 5. Many novel features
of colliding plasma with different target, laser parameters, ambient and ablation
geometries have been reported by several authors. [6, 57, 61–65, 121, 123, 126] Al-
Shboul et. al. studied the effect of different Z in cross-beam induced colliding
plasma and found that high Z plasma interpenetrates where low Z stagnates. [17]
Kumar et. al. reported colliding plasma of thin film target and observed neutral
particles dominates in the interaction region. [58,124,125]

Plasma-plasma interaction in the presence of external magnetic field is an in-
teresting phenomenon to study because of its implications from the understanding
fundamental physics as well as applications. However, to the best of our knowl-
edge, nobody has attempted a study regarding the colliding plasma in presence
of an external magnetic field. It is important to understand the physics behind
this type of collision and features of the subsequently produced interaction zone in
presence of an external magnetic field. Therefore, in this work we tried to explore
the colliding plasma phenomenon in the presence of an external varying magnetic
field. The magnetic field is produced by a Helmholtz coil which is designed and
fabricated, particularly for this purpose.

6.2 Experimental scheme

A schematic diagram of the experimental setup with an addition of a Helmholtz coil
is shown in Fig. 6.1. Other part of this system is similar to the experimental setup
shown in Fig. 5.1 and described in chapter 5. The Helmholtz coil can produce a
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Figure 6.1: Schematic diagram of the colliding plasma in presence of magnetic
field.

transverse magnetic field varying from 0 to 4000 Gauss. A detailed description of
the Helmholtz coil is given in section 2.4 of chapter 2. The Helmholtz coil is placed
inside the vacuum chamber and it is operated from outside without disturbing
vacuum inside the chamber. Briefly, an Nd:YAG laser (λ = 1064 nm, pulse width
∼8 ns, full-width at half-maximum) has been used for producing plasma of solid
aluminium target of dimension 6×3×1 cm3. The incoming laser beam of 200 mJ
energy from the source is split into two beam of 100 mJ each by using a cube
beam splitter and focused by a plano-convex lens, having focal length of 35 cm,
on the target surface. Experiment is done in vacuum i.e. 5 × 10−7 mbar. The
target plate is placed inside a stainless steel vacuum chamber by using a vacuum
compatible feed-through. The target positions are changed by 2 mm to a fresh
surface after each consecutive 5 shots by using the linear scale on the feed-through.
The experiment is done in single shot mode. The spot size and separation between
the two beams were set as 1 mm and 4 mm, respectively. Magnetic field, ICCD
camera, spectrograph and laser are synchronized by usage of a combination of
function generator and delay generator.
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6.3 Results and discussion

6.3.1 Fast imaging

An experimental investigation has been done on laser produced single plasma
plume as well as colliding plasmas as described in the previous chapter, in two
different ambient conditions. Expansion dynamics and characteristic parameters
of both the single and colliding plasmas are studied in presence of an external mag-
netic field B ranging from 0 to 4000 Gauss. The results obtained from experimental
studies in the presence of magnetic field are compared with field free case. All the
studies are done with 100 mJ laser beam focused at 1 mm spot size on the target
surface in vacuum i.e. 5×10−7 mbar ambient pressure. In case of colliding plasma
two beams, each of 100 mJ, are focused at 4 mm spatial separation on the target
surface with similar other conditions. Fast imaging and line emission spectroscopy
data present interesting features, particularly in the presence of external field.

Figure 6.2 represents temporal evolution of laser produced single plasma plume
in field free case and in the presence of magnetic field B = 1000 and 2600 Gauss. All
the images in this figure and shown latter are line integrated image in wavelength
range 350 to 700 nm. These are shown in matlab pseudo color jet(150), which is
normalized to its maximum intensity. It can be seen from the figure that the ex-
pansion of plasma without external magnetic field is free and adiabatic. However,
the introduction of magnetic field changes the normal behaviour of plasma expan-
sion dynamics as well as characteristic parameters to a significant extent. Second
and third row of Fig. 6.2 represent the temporal evolution of single plasma in
1000 and 2600 Gauss magnetic field, respectively. The major differences observed
in this scenario are as follows. At initial delay time i.e. from 100 to 300 ns the
axial expansion velocity i.e. velocity perpendicular to the target surface, increases
and then decreases at later time delays. This phenomenon can be attributed to
plasma oscillations due to diamagnetic effect. [21, 87] After 300 ns free expansion
of the plasma plume in axial direction as observed in vacuum, is slowed down by
the resistive force induced by external magnetic field, although all the other ex-
perimental parameters remain same including vacuum. On the other hand plasma
plume doesn’t experience any resistive force along the field direction and hence
its expansion velocity component in transverse direction remains unaffected with
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Figure 6.2: Temporal evolution of single plasma plume with and without presence
of external magnetic field.

time. The shape of the plume, which is conical with a flat front, is significantly
different from above images in field free case. Along with these, a well resolved
striation can be seen in these images. This striation phenomenon is also reported
phenomenon by many authors. [5, 21] Another important feature observed in this
case is the increase of luminosity i.e. emission from the plasma plume in presence
of magnetic field. This is also observed by line emission intensity enhancement
of ionic lines which will be discussed latter. All the phenomena described above
i.e. slowing down of axial expansion of plasma plume, increase in luminosity and
confinement in the presence of magnetic field can be seen at bottom row of Fig.
6.2. The main objective of this chapter is to present dynamical and characteristic
study of colliding plasma in the present of an external magnetic field. The results
of single plasma plume are presented here to support the discussion in following
paragraphs.

Figure 6.3 represents the time integrated images of colliding plasma with and
without external magnetic field for time delay 100 to 1000 ns. The first, second
and third row of this figure shows the snap shots of plasma plume at different delay
times with B = 0, 1000 and 2600 Gauss, respectively. A well formed interaction
zone can be seen without magnetic field in vacuum. Study of dynamical and
characteristic parameters, and mechanism of interaction zone formation in different
conditions are reported in several articles and we have given detailed discussion
in the previous chapter 5. The shape, size, geometry of the colliding plasma
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and the subsequent interaction zone exhibit drastic changes with the introduction
of magnetic field. However, no clear interaction zone is evident in the presence
of magnetic field unlike the field free case. This can be understood in terms of
collisionality parameter ζ given in eqn. 6.1. [127]

ζ = D/λii (6.1)

Where, D is separation of two laser beams and

λii =
m2
i v

2
12

4πe4Z4nilnΛ12

(6.2)

Here, mi, v12, Z, ni and Λ12 are the ion mass, relative velocity of two plumes, ion-
ization level, plasma density and Coulomb logarithm of the plasma. The value of
ζ determines the nature of formation of interaction zone. The estimated collision-
ality parameters are ζ = 5 and 10 for B = 0 and 1000 Gauss, respectively. These
values predict soft stagnation for both the cases. However, in presence of magnetic
field no clear stagnation is observed (Fig. 6.3). Collisionality parameter ζ given in
eqn. 6.1 is derived for field free case. Therefore, this discrepancy may be due to the
modified ion-ion mean free path (due to ion gyration) in the presence of magnetic
field, which affects the value of collisionality parameter and it may not represent
true picture of stagnation in this scenario. Expansion of the plasma plume in axial
direction also slows down in presence of field and it increases in higher field which
can be seen by comparing images at B = 1000 and 2600 Gauss. Normally the
axial velocity of interaction zone becomes higher than the seed plasma. However,
in presence of magnetic field axial velocity of the interaction zone is comparable
with the seed expansion. Visual examination shows that optical emission from the
plasma plume increases in the presence of field upto 800 ns delay time in both field
(i.e. 1000 and 2600 Gauss) as compared to field free case. This is also confirmed
by the spectral emission and electron temperature estimation in latter discussion.
Though at higher field i.e. B = 2600 Gauss, it gradually decreases from 100 ns to
1000 ns delay time.

Figure 6.4 represents the images of colliding plasma at 400 and 800 ns for
different B values, which shows dynamics of the colliding plasma and produced
interaction zone with variation of B field. Images in this figure clearly show that
the shape, size, emission and expansion dynamics are highly dependent on change
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Figure 6.3: Temporal evolution of colliding plasma with and without presence of
external magnetic field.

Figure 6.4: Images of colliding plasma plume at 400 and 800 ns with varying
magnetic field from 500 to 3200 Gauss.

in B value as well as time.

6.3.2 Spectroscopy

Optical emission spectroscopy is used to investigate different plasma parameters
such as, electron temperature and density, different atomic transitions occur in the
plasma plume in different ambient. Figure 6.5 shows the intensity of characteristic
lines Al II 466.3 and 559.3 nm with field B = 1000 Gauss and without field.
A strong enhancement in intensity is observed for both the lines in presence of
field as compared to the field free case. In field free case, intensity of Al+ lines
start decreasing from its maximum value at 100 ns delay time. In contrast to
this, intensity of Al2+ lines increases up to certain value at 300 ns delay time, as
seen in Al II 466.3 nm and then starts decreasing with further time delays. The
enhancement in the intensity of Al+ ions are probably because of the increased
temperature due to Joule heating in external field. This is supported by increase
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Figure 6.5: Temporal evolution of Al II 466.3 and Al II 559.3 nm with B = 0 and
1000 Gauss.

Figure 6.6: Evolution of Al I 396, Al II 466.3 and Al III 415 nm with varying
magnetic field from B = 0 to 3200 Gauss in vacuum.

in ionization rate coefficient with introduction of magnetic field, which will be
discussed latter. In the coming sections, we shall observe that the electron density
is also increased after the introduction of magnetic field, which are in line with our
explanation.

In similar way, Al I 396.15, Al II 466.3 and Al III 414.99 nm are shown with
varying magnetic field ranging from B = 0 to 3200 Gauss at 400 ns delay time in
vacuum. It is clear from the figure that the intensity of neutral line is very low
and decreases rapidly with increase in magnetic field. Though, the intensity of
Al+ line (i.e. 466.3 nm) initially enhances with the increase of field strength and
it also decreases with further increase of field beyond 1000 Gauss. However, Al2+
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shows very interesting result, where it has the lowest intensity at B = 0 Gauss and
increases continuously up to B ≈ 2500 Gauss. After that, it sustains with later time
delays but having a slightly lower value as compared to its peak intensity within
our observation limit. These can be attributed to the increase in plasma electron
temperature because of Joule heating in the presence of magnetic field. Electron
temperature has been estimated by using Boltzmann relation, as described in eqn.
6.3. [100] Discussion on Boltzmann relation can be found in chapter 2 in more
detail. Boltzmann relation is as follows,

Iij
Ikl

=
νijAijgi
νklAklgk

exp
−(Ei − Ek)

kβTe
(6.3)

In this relation, I is the line intensity of the transition between two energy levels, ν
is the frequency of the line, A is Einstein’s coefficient, g and E is statistical weight
and energy of the particular energy level, kβ is Boltzmann constant, Te is electron
temperature, and the subscripts i, j, k and l denote different energy levels.

Temporal evolution of electron temperature of colliding plasma with and with-
out B have been shown in Fig. 6.7. It can be seen that electron temperature
increases initially up to 200 ns time delay. After that it decreases with further
delay time in field free case. This type of phenomenon of colliding plasma has
been discussed in the previous work described in chapter 5. However, the tempo-
ral evolution in presence of the external magnetic field, is of particular interest.
The temporal profile of electron temperature (shown in Fig. 6.7) in presence of
magnetic field can be divided in three steps. After increasing at initial time, it
decreases rapidly and is nearly unchanged within the range of 300 to 500 ns delay
time. Again, it decreases from 500 to 600 ns and repeat the previous equilibrium
like condition. However, throughout this temporal evolution, the electron temper-
ature is always higher in presence of magnetic field B as compared to it without
field.

Furhter, the plasma electron density is determined from the Stark broadening
of Al 466.3 nm line by using the eqn. 6.4 described below. [105,106]

∆λ 1
2

= 2ω
ne

1016
(6.4)

In this relation, ∆λ 1
2
, ω and ne denote half wavelength at full maxima, electron

impact parameter and electron density of the plasma. Local thermodynamic equi-
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Figure 6.7: Temporal evolution of electron temperature of colliding plasma with
field B = 1000 Gauss and without field.

librium (LTE) condition is also varified to validate this calculation by using the
McWhirter criteria for the present plasma conditions. To fulfil minimum necessary
criterion for LTE condition, plasma density should follow McWhirter relation as
described below. [105]

ne ≥ 1.4× 1014T
1
2
e (∆E)3 cm−3 (6.5)

Here, ne, Te and ∆E represent plasma electron density, temperature and energy
gap between two states of Al II 466.3 nm. Figure 6.8 shows that plasma electron
density gradually decreases with time from its maximum value at 100 ns delay time
without magnetic field. Density is higher in presence of magnetic field as compared
to field free case for all the temporal delays. It has been discussed before that the
plasma temperature increases with the introduction of magnetic field which will
enhance the electron density as well. The decreasing rate of density is lower in
presence of field as compared to the other case in our consideration, which can be
understood by increased ionization.

To confirm the increase in ionic line intensity, electron temperature and density,
we have calculated the ratio of Al2+ and Al+ lines and ionization rate coefficient.
Ratio of Al2+ and Al+ ions has been calculated by using Saha relation described
in eqn. 6.6 and it is shown in Fig. 6.9 for both the cases i.e. with and without
field. The Saha equation is
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Figure 6.8: Density with B = 0 and 1000 Gauss.

Figure 6.9: Temporal evolution of Al2+ and Al+ ratio calculated from Saha equa-
tion with B = 1000 Gauss and field free case.

ni
nn
≈ 2.4× 1021T

3/2

ni
eUi/kβT (6.6)

Here, ni, nn, T, Ui, kβ represents ion density, neutral density, plasma temperature
in Kelvin, ionization potential of atoms and Boltzmann constant, respectively.
Figure 6.9 shows and drastic increase in Al2+. We will see that the ionization rate
coefficient discussed latter also agrees with this.

Ionization rate coefficient of both Al+ and Al2+ lines with and without presence
of the external field has been estimated from the eqn. 6.7 given below. [134]
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Figure 6.10: Temporal evolution of ionization rate coefficient for (a) Al+ and (b)
Al2+.

κpi =
9.56× 10−6(kTe)

−1.5exp(−εpi)
ε2.33pi + 4.38εpi + 1.32εpi

cm3 s−1 (6.7)

Here, εpi = Epi/kTe and Te, Epi, p, i represents electron temperature, ionization
potential, principal quantum numbers of initial and ground state, respectively.
Figure 6.10 shows the temporal evolution of ionization rate coefficient of colliding
plasma at B = 0 and 1000 Gauss in vacuum. This figure shows initial increase
in ionization rate coefficient for both Al+ and Al2+ lines and then decreases with
time. Further, it shows decrease from 200 to 300 ns delay time. After that, it
decreases at slower rate with further delay time. However, the difference in this
rate is clearly visible for both the lines and in ambient with B = 0 and 1000 Gauss.

To understand the behaviour of plasma dynamics in the presence of magnetic
field, few parameters such as Larmor radii of electron and ion, plasma β, bubble
radius (Rb) and magnetic field diffusion time (td) need to be estimated. Larmor
radius is calculated from mv⊥/qB, where m, v⊥, q and B are the mass of the
charged particle, particle velocity perpendicular to the magnetic field, charge of
the particle and magnetic field, respectively. Estimated values for electron, Al+

and Al2+ Larmor radii are 3 µm, 7 cm and 14 cm, respectively. The maximum
plume length observed in image is roughly equal to 2 cm. This indicates that
electrons are only magnetized species in this study and ions are not affected by
field. In presence of magnetic field, plasma β governs the expansion dynamics of
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the plume. Different type of plasma β are discussed in chapter 1 in detail. Thermal
beta (i.e. βt = thermal pressure/magnetic pressure) of plasma is given by eqn. 6.8.

βt =
neTe
B2/2µo

(6.8)

The expansion of the plasma plume transverse to the magnetic field will stop,
when thermal beta will be equal to one i.e. thermal pressure of plasma will be
equal to magnetic pressure. However, after βt becomes ≈ 1, plasma does not
stop and rather is slowed down. This is because, thermal beta is not the only
governing parameter but the conversion of thermal energy into directed energy
becomes important parameter. Directed beta (βd) is given by eqn. 6.9.

βd =
mnev

2/2

B2/2µo
(6.9)

All terms used in eqn. 6.8 and 6.9 represents same meaning as discussed in chapter
2. The estimated value of thermal beta is around unity at 500 ns delay time in this
study. However, slower expansion is observed even after this time delay, which can
be attributed to the directed beta of the plasma. Another important parameter is
bubble radius (Rb) which is described in eqn. 6.10 for a spherical plasma plume
expanding in magnetic field.

Rb =

(
3µoElpp
2πB2

)1/3

(6.10)

Where, µo = 4π × 107 H/m, Elpp is laser energy and B is the external magnetic
field. The bubble radius, estimated from this equation, is 1.77 cm for B = 1000
Gauss, which is comparable to our plume dimension 2 cm as observed in images.
The small difference observed in this case can be attributed to the assumption of
spherical plasma plume, which is true for single plasma. In this study of colliding
plasma the shape has been modified, which is observed from the images, slightly
due to the interaction between two plumes. In diamagnetic limit magnetic field
diffusion time (td) is described in eqn. 6.11

td =
4πσR2

b

c2
(6.11)

Where, σ is plasma conductivity which can be estimated from Spitzer formula.
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[35] The diffusion time estimated for Rb = 1.77 cm and 2 eV temperature is 537 ns
for Z = 2. After this time magnetic field fully penetrates into plasma. This fact is
reflected in the increased emission of ionic lines (Fig. 6.5 and 6.6) at later times.

The results that have been discussed above are the preliminary findings of the
experiments and the analysis presented here is qualitative in nature. Due to the
presence of two plasma plumes and their interaction with the magnetic field a lot of
different phenomena are involved and we expect many interesting results to follow
once the thorough analyses are carried out.

6.4 Conclusion

The experimental investigation of dynamical expansion and characteristic param-
eters of colliding plasma in the presence of an external magnetic field is an im-
portant aspect in laser produced plasma studies, as any systematic study was not
attempted before. It can be mentioned that the present study is an initiative in
laser produced colliding plasma interaction in presence of an external magnetic
field. Further, it can reveal several interesting phenomena in terms of physics as
well as is important from application point of view in varying conditions. In this
study, we found that geometry, expansion velocity and interaction between two
laser produced plasma plume demonstrate different features in terms of expansion
dynamics, geometry, ion/neutral composition, electron temperature, density etc.
The conical shape, uniform and wider front surface area of colliding plasma in
presence of B can be useful in laser deposition technique and other applications.
Also an increase of Al2+ emission has been observed in the presence of the mag-
netic field as compared to field free case, which is attributed to Joule heating and
subsequent increase in ionization.
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In this chapter, summary of the research work done in this thesis is mentioned
in brief. The work done in this thesis leads to some new problems which can be
attempted in future to advance the knowledge. The future scopes of this study is
also discussed in this chapter.

7.1 Conclusion

In this thesis, experimental investigation of laser produced plasma in various con-
figurations is reported. Different types of target materials, geometries and ambi-
ent are chosen to study the expansion dynamics and characteristics parameters of
laser produced plasma plume. Focused beam of Nd:YAG laser (1064 nm, 8 ns pulse
width, 850 mJ maximum energy) is used to ablate thin film (LiF-C) as well as solid
targets (carbon, aluminium and nickel). The target is attached to a holding ar-
rangement for changing target position, which is placed inside a vacuum chamber.
Fast imaging and optical emission spectroscopy have been used as diagnostic tools
to study the expansion dynamics, shape, size, geometry, characteristic emission,
electron temperature and density of plasma plume produced by laser ablation.

In the first problem, dependency of laser produced plasma on different ablation
geometries has been investigated. LiF-C thin film deposited on a quartz substrate
which is transparent for the laser wavelength 1064 nm, is used to produce plasma
in front ablation (FA) and back ablation (BA) geometries (discussed in chapter 2).
Also, the effect of ambient pressure, laser spot size and deposited laser energy on
expansion dynamics and characteristic parameters of the plume has been demon-
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strated. The comparative analysis of thin film plasma in two different geometries
shows that plume parameters, e.g. kinetic energy, shape, size, composition and
plasma temperature are significantly different in these two geometries. The plasma
plume expands in spherical shape with higher velocity (∼ 7.6×106 cm/sec) in case
of front ablation geometry compared to cylindrical plume expanding with a rela-
tively lower velocity (∼ 1.36× 106 cm/sec) in back ablation geometry in vacuum.
Spot size affects the expansion velocity and shape of the plasma plume differently
for front and back ablation geometries. In case of front ablation, expansion velocity
of the spherical plume increases with smaller focal spot having same laser energy,
whereas plasma plume is cylindrical in shape and expands with lower speed in
back ablation geometry with similar conditions. This study will have implication
in developing experimental technique (ablation geometry) for controlling the char-
acteristic parameters and dynamics of expanding plasma in different applications
according to the requirement.

Further, analysis of ion and neutral composition in the evolving lithium plasma
plume in FA and BA geometries in vacuum as well as at 2×10−1 mbar pressures
has been attempted. Ion to neutral ratios are estimated from NIST (LIBS) and for
estimating neutral abundance and ration in FA and BA geometries, two different
approaches viz. Atomic Data and Analysis Structure (ADAS) analysis as well as
integrated intensity ratio of Li I 670.1 nm and Li I 610.3 nm lines assuming LTE
conditions are adopted. Two emission lines i.e. one resonance (Li I 670.1 nm) and
other non-resonance (Li I 610.3 nm) are considered for estimating neutral abun-
dance in these two cases. The findings of this study show that ions are dominant
in both the geometries in terms of ion to neutral ratio. Comparatively, neutral
particles are dominant in plasma plume produced in back ablation geometry as
compared to front ablation. Analysis shows that neutrals gain with time in case
of FA as time evolves at 2×10−1 mbar. In this work, an approach for the composi-
tional analysis of evolving plasma in two different geometries has been attempted
and described. We believe that present work will have interesting implications for
future works regarding evolution of compositional analysis in various scenarios of
laser induced plasma e.g. thin film deposition, neutral beam generation etc.

The experimental investigation has been extended to the study of interaction
between two plasma plumes, which is also called as colliding plasma, and the
subsequent interaction zone. Effect of target atomic mass (Z) on the dynamics
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and characteristic plasma parameters of the interacting plasma plumes and sub-
sequently induced interaction zone has been studied and compared for carbon,
aluminium and nickel targets. Time resolved two dimensional images reveal that
the mass of the ablated species significantly affects the characteristics of interac-
tion zone in terms of their initiation time, expansion velocity, geometry, size and
strength of stagnation. The formation of interaction region starts at earlier times
for the target having lower atomic mass compared to the targets of higher atomic
mass. It has been observed that interaction region is more luminous, confined,
sharp and highly directional in the case of relatively high Z-material. Further, the
axial velocities for smaller spatial separation are higher for the stagnation region
than for the seed plume, while for largest considered separation (i.e. 6 mm in
this study) it is lower than the velocity of seed plume. Electron temperature and
density are also higher in the interaction region in comparison to seed region.

The experimental investigation of dynamical expansion and characteristic pa-
rameters of colliding plasma in presence of an external magnetic field is important
addition to the knowledge of laser produced plasma, as it was not attempted before
by anyone for a systematic study. It can reveal many other interesting phenomenon
in terms of physics as well as application point of view in varying conditions. In this
study, we found that geometry, characteristic parameters and expansion velocity
plasma plume as well as interaction between two laser produced plasma demon-
strate some interesting and different features when compared to field free case. The
conical shape, uniform and wider front surface area of colliding plasma in presence
of B can be useful in laser deposition technique and other applications. Also an
increase in Al2+ has been observed in the presence magnetic field as compared to
field free case.

7.2 Future scopes

The experimental investigations done in this thesis work brought out some in-
teresting observations which lead to the open ended physics problems for future
directions. Few of them are as follows.

1. There are large number of articles reporting expansion dynamics of the laser
produced plasma plume in the presence of external transverse magnetic field.
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However, limited articles reported on the laser produced plasma in axial
magnetic field with its limitations. This will be a very interesting physics
problem if one can attempt this.

2. Similarly, interaction of between plasma plumes can be a potential problem
to study in presence of external magnetic field in axial direction.

3. Systematic study of the effect of ambient pressure in presence of magneitc
field is another issues which needs to be explored.

4. Study of magnetic field effect on various aspects of colliding plasma will be
another interesting theme of future work.
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