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Abstract

In this work, the hydrodynamic properties of laser produced plasma
(LPP) have been investigated. For the purpose a light source working in the
EUV region was created which is very important for lithography
semiconductor manufacturing.

Cowan code was used to calculate the electrons transitions between
atomic configurations using the mathematical method called (The Hartree-
Fock).

The improved MEDUSA (Med103) code calculated 1- dimensional
hydrodynamic properties (velocity, electron density, pressure, electron
temperature, ion density, ion temperature and average ionization Z*) of
aluminum target (Z=13) .

This work was done using laser source at wavelength of 1064 nm with
three values of laser power densities (10™, 10'? and 10"*W/cm?), and with
pulse width of 10 ns and 10 ps.

The laser power densities with 10 ns pulse width gave a high ionization
stage range for the aluminum from 2.4 -11 and with electron temperature
ranging from 16.5 -3000 eV. For the 10 ps laser pulse width, the average
ionization range was 3.35-13 while the electron temperature ranging was from
16.5to ~ 2000 eV.

The aluminum target has been given a good emission spectrum in the
XUV region at 10 nm with oscillator strength of 1.82.
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H flow of heat due to thermal conduction

a absorption coefficient
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1.1 Introduction:

Plasma can be defined as the 4" state of the matter in the universe
of partial or completed ionization, the matter state of purely solid, liquid,
and gas [1]. As a solid is heated, it becomes liquid, as it is heated further it
evaporates to become a gas. If the matter is still heated, the atoms will
begin to dissociate into negative electrons and positive ions, this process is
called ionization. The degree of ionization in the plasma increases when the
plasma is heated, [1, 2].

Plasma represents 99% of the matter in the universe .It can be
considered a very good radiation source which emits in the different
regions from electromagnetic radiation [2].

The fundamental parameters that can be used to characterize plasma
are the electron number density (n.), temperature (T.) and steady state
magnetic field (B). The electron density is the measure of the probability of

an electron which is being present at a specific location[3, 4].
Ne = NiZ (1.2

Where n, is electron density, n; is the ion density, and z is the average
charge state.

The fundamental characteristic of the plasma is the ability to shield
out electric potentials that are applied to it. This distance which is
measured called "Debye length™ can be defined as a distance travels by a
particle at the thermal velocity in 1/2 = of the plasma cycle. This distance
can be defined by the relation [5, 6]:

2o = (Goe) (12)
where kg is Boltzmann constant, T, is the electron temperature and e is

the electron charge, 1p is Debye length.


https://en.wikipedia.org/wiki/Probability
https://en.wikipedia.org/wiki/Electron
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The electron (or ion) has individual behavior on a scale shorter

than the Debye length. The number of electrons (ions), Np, is given by

3
Np = #net (1.3)

The plasma oscillation frequency (wye) is given by

wpe = ()12 (14)

Mmeéo
Where (me) is the mass of the electron, &, = the permittivity of the vacuum
(8.854 x 10" F/m) [7].

The propagation of the electromagnetic radiation wave (with
frequency w) through the plasma, will be related to a dispersion relation
which is dependent on the electron density. For an electromagnetic wave

travelling through plasma, the dispersion relation is given by [8]:

W’ = wpe’ + K (1.5)
where wye is the plasma frequency, k = 2a/A, which represnts the
propagation direction of the wave, and c is the speed of light.
For w > w, , K is real and the wave propagates through the plasma,
and for w < w, , K is imaginary and the wave doesn't propagate through the
plasma. Also If w = w, , the reflection occurs so it is called the critical

density where the plasma density is maximum and can be represented by:

N, = & M, w? /e (1.6)

where m, is the electron mass and e is the electron charge [9].

The most important methods of the ionization in nature and in the
laboratory can be classified into:
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1- lonization by heat.
2- lonization by radiation.
3- lonization by electric discharge.

1.2 Laser produced plasma

There are four specific features that characterize the laser
produced plasma, which are [10]:

|
1

High temperature (up to 100 eV )

High density ( electron density = 10'® — 10* cm®)
Relatively high degree of ionization

High expansion velocities

A wWDN
"

The plasma formed by laser has a very short lifetime of a few
microseconds. The plasma lifetime is divided into three main stages,
which are:

1- Early life (from initiation to about 100 ns)
2- Mid-life (100-1000 ns)
3- Late life (1-10 us)

Neodymium doped yttrium aluminum garnet (Nd YAl;0,,) laser
can be defined as a crystal that is used as an active medium for solid state
lasers. The Nd YAG solid state laser has an important aim due to its high
efficiency, and the pulse duration can be changed from millisecond down
to ultra-short pulse [11, 12].

The principle of laser produced plasma is very simple, depends
on high power density laser beam strike target material. When a high
intensity laser beam hits of the target material, the laser energy can be
absorbed by the target, and hot plasma can be created that emits extreme

ultra violet (EUV) radiation and all electromagnetic spectrum [13].
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A laser beam, focused with a sufficient power density on a target
material, can produce very high temperature, high density plasma, which
can be localized in a small spatial volume.

The density of free electrons and the electron temperature of such
plasma can reach values as high as n =~ 10®° —=10* cm 2 and T, = 10° —10°
eV (1 ev=11600 K) [14].

The Plasma formation begins when the laser beam hits target
surface through multiphoton absorption, and produces free electrons. The
target material is heated, and these free electrons causing collisions with
the target. As the target surface is rapidly heated, it vaporizes and forms a
layer of vapor at the surface [14, 15].

These collisions between the target vapor and free electrons lead
to ionization of the vapor and thus plasma formation. Also, the particles,
ions or atoms, near the free electrons are either ionized to the next
ionization state or excited to a higher excitation level in the same ionization
stage [15].

If the laser power density reaches the value (>10° W/cm?), the
plasma can be reached a sufficient high temperature for a significant
number of atoms to be ionized by collisions. As a result of this ionization,
opaque plasma will be produced; therefore the intensity of the laser beam

can be calculated from the following relation [16]:
1 — lgocEZ. (1.7)
2

Where | is the power density in (W/m?), ¢ = the speed of light (3 x
10°® m/s) , E = the electric field strength (V/m).
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The plasma rapidly expands; it continues to absorb laser energy.
The propagation of electromagnetic wave in plasma is effected by the free
electrons and follows this dispersion relation [16, 17].

For a Nd:YAG laser at wavelength of 1064 nm, the critical density
is about 10°* cm™[15]. Only up the critical density, the laser beam hits on
the plasma can be reflected.

The interference of the incident and reflected waves produces a
large amplitude field near the critical density [17].

Due to high density at the point of reflection and the large
amplitude of the electromagnetic field, most of the laser energy can be
absorbed near the critical density. When the plasma electron density is
higher than the critical density, the laser cannot penetrate the region; more
target material is ablated through absorbed laser energy by the target
surface [15, 16].

1.3 Interaction processes in a laser produced plasma

There are many processes in laser produced plasma can explain the
incident electromagnetic waves interact with the plasma. These interactions

are classified into two types, linear and nonlinear processes.

1.3.1 Linear processes

This process can be achieved when a high intensity laser beam hits
any target material, and these processes can be mainly divided into types
[17]:

1- Collisional absorption (inverse bremsstrahlung)

2- Resonance absorption
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1.3.1.1- Collisional absorption (inverse bremsstrahlung)

This process can be described as a free — free transition process and
it happen in plasmas with density less than the critical density (ng).

The incident wave energy at a collisional absorption v is:

Where v is the  collision frequency of electron-ion, and w, is the
frequency of the electromagnetic wave.
In the case of a Maxwellian velocity distribution for the electrons,

the damping average of the incident wave is v,
Vei = 3%x10° In A ne Z/(6.)*° (1.9)

where A is the ratio of the Debye length and DeBroglie wavelength, and 6,
is the electron temperature of the plasma and Z is the ion charge state
where [9,15]

Be=kg T, (1.10)
6. is a function of T, and Kg , If the temperature of the plasma increases,

the collision becomes less.
The absorption coefficient of this process is given by [9]:
a=5.61x10" Z n In A /( we’ T )(1-(w’pe / woD))? (1.11)

where w, is the frequency of the incident wave, when wp = w, , the

absorption coefficient is maximum.
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1.3.1.2- Resonance Absorption

This process is a linear process which explains the absorption of
the incident wave energy near the critical surface and it plays a very
important role in interaction processes during laser produced plasma
process [16, 17].

F=¢* (1) 2 (1.12)

where F is refers to the fractional , ¢ is the resonance parameter which can
be described as the strength of oscillation, and 7, is a function of the

incidence angle and the length L, as given by the formula

0 (t,) = 2.31 exp (2 7,°/3) (1.13)

where

7o = (Ko L) sing (1.14)

1.3.2 Nonlinear Processes

At threshold intensities, the nonlinear processes can be occurred.
There are different processes can explain nonlinear processes;
1- Raman instability
2- Brillouin instability.

3-Two Plasmon decay instability

1.4 Plasma expansion

The interaction of laser light with plasma can be happed in different
ways. The laser light can be refracted, reflected, and absorbed by the

plasma [18].
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To get plasma, high external power densities (high intensity laser)
should be used. When a high power density laser hits a material, the plasma
is created and the dynamic equilibrium happens between the plasma
absorption coefficient and the energy transfer of thermal energy to kinetic

energy [19, 20].

There are several steps of plasma formation as shown in Fig.(1.1):
1-absorption and thermal diffusion.

2- melting of target material.

3- vaporization of target material.

4-absorption of laser radiation that means plasma is created.

5-plasma expansion.

ABSORPTION AND HEATING

l

WY

LIGHT

THERMAL

B _
(a) CONDUCGTION

a =10 cm™!

R }—> LIQUID INTERFACE
(b} B =

EEER

VAPORIZATION

{c)

PLASMA PRODUCTION

(d)

Fig.(1.1) Schematic diagram of physical process occurring when a high

power laser beam strikes an absorbing surface [20].
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1.5 Atomic processes in a plasma

If the laser beam strikes the absorber surface target, the laser
photons can be absorbed by an atoms, and the following atomic processes

can be occurred [21]:

1- bound-bound transition
2- free-bound transition

3- free-free transition

1.5.1- bound — bound transition

This transition depends on the transition of an electron in atoms or
ions from one energy level to another following collision with another

electron, or depend on the absorption or emission of a photon.

LSS LSS
E * : 7
i Y i .
U () U ()
(@) electron impact excitation(i) and de- (b) spontaneous decay and
excitation (ii). resonant photoabsorption

Fig.(1.2) Schematic diageam of bound-bound transitions in laser-
produced plasmas. (a) Collisional processes and (b) radiative processes
[21].
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In the collisional process the moving electron near an ion can
induce a transition of a bound electron to a higher excited level (electron-
impact excitation) or inversely can be induced toward down transition of
an excited bound electron to a lower bound state (electron-impact de-
excitation) [21, 22].

1.5.2- bound - free transition

When a free electron collides with an atom or ion, the bound-free
transition process can be achieved. Enough energy can be transferred from
the free electron to a bound electron, then, the amount of energy obtained
by the bound electron is equal to the energy wasted by the free electron.
This process is known as electron impact ionization and can be explained
by [23]:

AZ +e,—> AZ+1 + €11 +€; (115)

where A% represents ion in charge states Z , and A*" represents ion in
charge state Z+1. Also e; and ey; are indicates to free electron before and
after the collision, and e, is the ionized electron [24].

In high density plasmas, the inverse of this process can be
achieved. In this case, one free electron of an ion is catch into an outer state
while the second electron can get the lost energy by capturing an electron.

The following equation can explaine the previous case:

A tey(er) tep (82) —> A% e (er) (1.16)
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where A is refer to an ion in charged state Z+1, and A is the ion in
charge state Z, while e;(e,) and e, (&,) are the free electrons before the
interaction and e; (&;) is a free electron with the increased energy after the

capture of the other free electron by the ion [23, 24]:

Electron Impact lonisation 3 - Body Recombination
elzq) T Sels])
e /fx’Kff’!f!ﬁ’ffzfz’fr’/ﬂf!f/ﬂ! e, f!f/ffﬂf!ﬂ4}’{#{##%/{
e(e,) L Se(eq)
E,q b Eq

Fig.(1.3) Schematic diagram explained the electron impact ionization (left)

and 3- body recombination (right) [23].

1.5.3-free-free transition

When the photon is absorbed by a free electron, the kinetic energy
of this electron can be increased by the absorbed quantum of energy. This
process is known as Inverse Bremsstrahlung (IB) and can be played a
major role in absorption of the laser radiation by the plasma and can be
described by [25]:

e(e) +tA+y A +e(e) (1.17)

where e is refer to the free electron, while &; and &, are the energies of the

free electron before and after this process, and A represents the ion and y



Chapter One Introduction and Basic Concepts 12

represents the photon. The corresponding free-free emission process is
called Bremsstrahlung.

Braking of the radiation can be occurred when an electron is
passing through the electric field of each ion. The electron may be overdue
in the electric field and emit a photon.

Bremsstrahlung can be classified by [26]:

e(e)+tA — A+te(e)+y (1.18)
Bremsstrahlung Inverse Bremsstrahlung
[N T ]

En En
E3 ' E3 '
E2 E2
E1 E1

Fig.(1.4)Schematic diagram of the Bremsstrahlung (left) and Inverse
Bremsstrahlung (right) [25].

1.6 Equilibrium in a laser produced plasma

When the electrons, ions and photons are all in the equilibrium,
thermodynamic equilibrium (TE) of plasma can be achieved [27].
The most common equilibrium models can be used to describe

plasmas as shown in Fig.(1.5) [28]:

1-Collisional Radiative Equilibrium
2-Local Thermodynamic Equilibrium

3-Coronal Equilibrium
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Plasmas

10 10° 1CI'3

Tev

Fig.(1.5) The idea about the validity of each model for a temperatures and

plasma densities [27].

1.7 Wavelength Regimes and Nomenclature

The wavelengths regions of the electromagnetic radiation below 200
nm can be given by various names and depend on the nature of the optical
instruments [30, 31].
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Wavelength

1 pm 100 nm 10 nm 1 nm 0.1nm=1A

IR vuv Soft X-rays
II Extre-lulet Harl-avs

1eV 10 eV 100 eV 1 keV 10 keV

Photon Energy

Fig.(1.6)Wavelength regions and nomenclature used below 200 nm
[34].

The emission spectrum can be defined as the spectrum of the
frequencies of electromagnetic radiation due an atom or molecular by
transition from high energy to the lower energy levels [29].

Extreme ultraviolet radiation has a high energy ultraviolet
radiation. Moreover, its range is 2-100nm in the electromagnetic spectrum.
Planck Einstein equation has photons with energies from 10 eV to 124 eV.
Extreme ultraviolet can be generated naturally by the solar corona and
artificially by the plasma [34],[35].

Energy of the emitted photon is equal to the energy difference

between the two energy levels.

These different transitions can give different wavelength emission

spectrum. [36].


https://en.wikipedia.org/wiki/Electromagnetic_spectrum
https://en.wikipedia.org/wiki/Planck%E2%80%93Einstein_equation
https://en.wikipedia.org/wiki/Photon
https://en.wikipedia.org/wiki/Electron_volt
https://en.wikipedia.org/wiki/Solar_corona
https://en.wikipedia.org/wiki/Plasma_(physics)
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1.8 The simulation codes

Simulation is the process that can explain the designing of a model
of a real system and experiments in order to understand the behavior of this
system [37].

The basic reason for using simulation is to find easy solution of
standard mathematical techniques of many processes that cannot be solved
easily. In this case the interactions between variables have been considered

as nonlinear in the system [38], [39].

1.8.1 The cowan code

The energy emitted from the radiation sources can be measured by
atomic structure calculations using different codes. For example, the
Cowan code uses Hartree-Fock mathematical method to solve the
Schrddinger equation for atoms [40].

The Cowan code can calculate the atomic structures and the
emission spectra by the superposition of configuration and also it can
calculate the wave length (), and weighted oscillator strength( gf ) for a
transition between two energy levels. This code was developed by Robert
Cowan.

This code consists of four sub codes which are RCN, RCN2, RCG
and RCE[41].

1.8.2 The Medusa code (Med103)

This code is important to calculate the spatial and temporal
velocity, electron temperature, pressure, ion and electron temperature and

ion distribution in laser produced plasmas (LPP) [42].
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The spatial and temporal hydrodynamics parameters can be

calculated by using the laser material interaction.

Medusa (Med103) code is known as an improved MEDUSA code which
was created by Christiansen for the UKAEA group at Culham laboratory in
1974 [43].

The Medusa code can calculate the one dimensional hydrodynamic
parameters and thermodynamic behavior of plasma irradiated by an intense
laser beam (high power density laser) [44].

The output results from medusa code are: plasma expansion
velocity, Pressure, electron and ion temperature, electron density, average
ionization (Z*), and mass density [45].

The detailed description of laser-matter interactions (laser plasma
interaction) can be calculated by numerical simulation. The differential
equations describe the motion of the plasma produced by an intense laser.
Also, it can describe the calculated plasma properties which can be

compared with the experimental work [46].

1.9 Literature review

In 1949, C. E. Moore listed the atomic energy levels in three parts

which is played a major role in the revolution in physics [47].

R. Bates et al in 1962 studied the recombination between atomic

ions and electrons in optically thin plasma [48].

In 1967, J. Bearden and A. Burr studied all the x-ray emission

wavelengths from electromagnetic spectrum [49].
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U. Fano and J.Cooper in 1968 studied the information of neutral
atoms in the ground states on the spectrum of oscillator strength in the far
uv-soft x-ray range[50].

M. Mansfield and J. Connerade in 1975, studied the absorption
spectrum between 40 and 95 A° of Sr | [51].

In 1979 the laser induced gas breakdown model was done by J.
Gauthier and J. Geindre [52].

In 1989, I. Martinson described Spectroscopic investigations of the
structure of highly ionized atoms [53].

In 1991, extreme-ultraviolet (EUV) region absorption spectroscopy
has been worked on by J. Costello [54].

P. Sladeczek et al studied photoionization experiments with an
atomic of Tungsten in the region of the sub-levels 5p and 4f excitation in
1995[55].

In 1999, G. O'Sullivan et al made a study on the super complex
spectra and continuum emission spectra from rare - earth ions [56].

The absorption spectrum of vacuum-ultraviolet of the Rb2+ ion in
a laser generated plasma was done by Neogi et al (2002) [57].

A Cummings, G O’Sullivan et al in 2004 studied one dimensional
hydrodynamic model using Medusa code from laser produced Tin plasma
[58].

In 2007, N. Shaikh et al studied nonlinear process fundamental,
second and third harmonic generation of Nd:YAG laser to produced

aluminum plasma [59].

P. Hough et al studied the ion and electron stagnation at the

collision front between two laser produced plasmas in 2009 [60].
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C. Suzuki et al made an interpretation of spectral emission of the
tungsten ions in the 20 nm region from electromagnetic spectrum in
2011[61].

The studies of spectroscopic of the laser produced lead plasma
generated by the wavelengths (1064 nm) and (532 nm) of a Q-switched
pulsed Nd:YAG laser, the emission lines of neutral atoms and ions lead
were shown predominantly lead lines observed were used to extract the
excitation temperature using Boltzmann plots in 2011 [62].

In 2012, C. Pagano, Goncharov, and J. G. Lunney described the
first results of an experiment to investigate the compression and focusing of
a low temperature copper laser produced plasma using an electrostatic

plasma lens [63].

M. Hanif et al made a study of characteristics of the titanium
plasma produced by an intense laser beam (1064 nm) and second
harmonics (532 nm) of a Q switched Nd : YAG laser beam .They
observed line profiles of neutral titanium can be used to extract the electron

temperature by using the Boltzmann plot method in 2013 [64].

In 2014, H. Hegazy et al studied the the characteristics of the
plasma generated by an intense laser beam on Zn targets in air at
atmospheric pressure by using Nd-YAG pulsed laser using pulse duration
being 6 ns, and laser energies of 350, 200, and 100 mJ [65].

The dynamics of the laser plasmas is characterized by time
resolved and time integrated optical emission spectroscopy with (20, 10)
ms time resolution using Nd:YAG laser by M. Favrel and et al were be
done in 2016 [66].

C. IORGA et al wused high intensity laser beam to produce
aluminum plasma by focusing a Nd-YAG laser ,the energy of the 50mJ,



Chapter One Introduction and Basic Concepts 19

15ns full width half maximum duration and wavelength is equal to 1064
nm in 2016 [67].

1.10 Aim of the work

The aim of this work is to study the emission spectra of the
aluminum target in order to get the emission spectrum in the XUV region.
Moreover, it aims also to study the hydrodynamic parameters of the plasma
in order to find the optimum conditions for obtaining a new emission
wavelength that can be used in lithography. Using Cowan and improved
MEDUSA (med103) codes for those purposes.



Chapter Two

Theoretical Work
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2.1 Introduction

The Lorentz force equation and the Maxwell equations of motion
for charged particles can describe the plasma physics. These equations are
difficult to solve for the realistic problems. Therefore, the plasma equations
can be solved numerically by using plasma simulation codes.

Plasma simulation codes divided into two categories [46]:
1- Kinetic model which is following the plasma in phase space can be used
for many plasma phenomena such as wave-particle interactions.
2- Fluid model used to find the integrated velocity to maintain only basic
information about distribution functions, like temperature and fluid
velocity.

The fluid model used for the most simulations of the complete
experiments, such as laser produced plasmas. The kinetic simulation
models can represent only one element of a complete system such as the

absorption of laser irradiation in a laser-plasma experiment [8, 46].

2.2 Atomic structure theory

The atomic structure theory was written by Slator and Condon. The
standard approach can use the variation principle to obtain the energies of
the states within the atom by Hartree Fock approximation [68]. The
Schrddinger equation is a fundamental equation of the quantum mechanics
that explains the steady state of multi-electron system by:

Hy = E, ¥, (2.1)
where E, is the energy of the system of level n.
Y, represents the total wave function that can describe the state of the
system, and H is the Hamiltonian operator of the system which is depends

on the properties of the system [69].
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The atomic structure theory concerns with the solving of
Schrodinger equation for an atomic system with electrons and nucleus and
obtaining the eigenvalues (E,) and eigenfunctions (y,) of the system.

These eigenvalues and eigenfunctions can be used to calculate the
values of energy levels and energy values of electronic transitions
determined from spectroscopic measurements [70]. For atomic system with
number of electrons, the non-relativistic Hamiltonian can be achieved
which contains of the total kinetic energy of the number of electrons and
the total potential energy according to their interaction with each other and

with the nucleus.

The equation of the Hamiltonian is
1 zZZ 1
H :Z?’=1(_5Vi2 _r_i) +Zi>jr_ij (2.2)

where zz represents the nuclear charge, r; is the distance of the ith electron
from the nucleus, and 7;; is the distance between the ith and the jth
electron.

The solutions of the Schrddinger equation are possible only
dealing with one electron system (for H-like atoms). For two-electron
system, the Schrodinger equation depends of the inter-electronic distance
r;; . This distance prevents the Shrodinger equation from being amenable to

the separation of the variables [71].

2.3 Single configuration Hartree-Fock approximation

The method for obtaining approximate total wave functions of

many electrons is called Hartree-Fock method.
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For hydrogen-like atom of the one-electron, the Hamiltonian in
equation (2.1) consists of one term from the 1% summation of equation
(2.2). When the Schrédinger equation and the Hamiltonian are expressed
by the spherical polar coordinates r, 8, and ¢, the equation can be solved

by the method of the separation of variables [72].

2.4 Calculation of Atomic Structure

The Hartree-Fock and the conventional Hartree are approaches to
the atomic bound state problems involving many electrons which have
been developed in the past years.

The self-consistent field is the appropriate method for solving the

particle problems physically with details numerical computations [73].

2.4.1 Configuration Interaction Hartree-Fock

The method of the configuration interaction of the extending
Hartree-Fock approximation is not preferred to do with the interaction of
electrons and it prefer to do with the configuration mixing [74].

The Cowan code uses numerical approach to calculate the radial
wave functions by assuming an initial approximation to the radial wave
function [41].

The single-configuration of the atomic radial wave functions can
be taken initially to describe the Slater-type orbitals and also can be
describe by self-consistency. One of these options in cowan code is the
ability to include only one continuum wavefunction electronic

configuration [75].
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2.4.2 Multiconfiguration Hartree-Fock

In this (MCHF) method, the wavefunction can be found as an
eigenvector of the energy matrix. The basis wavefunction set is fixed as
Hartree-Fock wavefunctions at the configuration interaction method.
Moreover, if the multi-configuration Hartree-Fock method, the electron
orbital functions must be optimized at any time after the mixing
coefficients (describing the eigenvector). The energy matrix can be
calculated and diagonalised. The multi-configuration Hartree-Fock

calculation method can be done just for one specific eigenvector [76, 77].

2.5 The Cowan Code

The Cowan code is a numerical computer code to calculate atomic
structure. FORTRAN code can be comprised by the Robert D. Cowan in
1968 [40]. In 1961, this code was originally written, and developed over a
long period by Robert D. Cowan and co-workers since 1964.

Hartree-Fock equations employ several approximations such as
Hartree-Fock with exchange in different methods for self-interaction and
method to approximate the remainder of the Hartree-Fock exchange term
[78].

2.5.1 The Cowan code Structure

The cowan code consists of the following sub-codes [40, 41, 79,

80];
1- RCN can calculate only one-electron radial wavefuntion which is
bound or free for any number of electron configurations, and this code

uses the Hartree-Fock method.
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2- RCN2 is using the output wavefunctions from RCN for calculating the

configuration-interaction between each pair of the interacting.

3- RCG uses energy matrices for possible value of the total angular
momentum (J), diagonalises of each matrix to give energy levels
(eigenvalues) and multi-configuration, intermediate  coupling

(eigenvectors).

4- RCE this code can be used to very various radial energy parameters
F* G* Ea. ,cand R*, when the higher accuracy results to make a least
square fit of experimental energy ststes. The resulting least-square fit
parameters using to repeat the RCG calculation with energy levels

and wavefunctions.

2.5.2 Cowan input files

There are two input files for the cowan code [40], [41]:

1- Input filename includes a multiline configuration file as it is shown in
Fig.(2.1)

2- Input filename.in2 is a single line which consists of also a single line (as
shown in Fig.(2.2)).
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Universal Control Line
column
T T S N S N T N S N S N S | B

2 -9 2 18 8.2 5.e-08  1.e-11-2 6158 1.8 0.6% 0.0 0.8 -6

20 2522p3 252 2p3 Ground configuration
8 EI] 2522p2351 252 2p2 351
8 25222451 252 2p2 451 Exu ad corfigurations
g 2522p29951 252 2p2 995 5, 1
-

AN

33+
DmlCNﬂZ SDBC umNo CO“'QUfﬂlﬂﬂ Configuration Specificafion
negatve  lonStage+1  Label  Formatniwnlwnlw
for end-otfle To set afree electron wiite
"990" (Kinetic Energy in Rydbergs)'

Fig.(2.1) A multiline input file [80]



Chapter Two Theoretical Work 26

Columns

6-7

Number of configurations from each list that transitions are to be calculated
between.

e.0. g5inplé will calculate transitions between the first configuration

of the first parity (ground) list, and the first six of the second parity (excited)
list though all configurations will be taken into account in wavefunction
construction. Leave blank for all transitions.

colmn /
1 5 10 15 20 25 o 35 40 45 a0 55 & 65 ] 75

g5inp 000 0.0080 08 .09..89. 9899989090 0.80 84229
/
Columns I
41-48 51-60
values Slater Scalings  9doopdages

(inclusive) - Gk between non-
equivalent electrons

Transitions will only - Fk between _
be calculated between Eq?“"a'EF:t electrons
ground states of j=0.0and 9.0 " spiomt
Y parameters
1'—[ﬂ'i'tli'i' - Fk I:_Jetween non-
excited states  j=0.0and 90—/ equivalant electrons

(dedmal point can be - Rk radial integrals,

ommitted e.g. 15= 1.5) configuration interaction

Omitthese (leave blank) to Scalings are percentages.
include all possible 's Value < 50 specifies 100 + value

eg 42 = 142% scaling

Fig. (2.2) Standard input file [80]

2.6_The Medusa Code
Medusa code can calculate the 1-dimensional thermodynamic and

hydrodynamic behavior of the plasma which is irradiated by high intensity
laser beam. In 1974, this code was created by J. P. Christiansen and et al.
in UK [43].
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Medusa code can describe the plasma by many variables. These
variables are ion temperature (T;) , electron temperature (T,), density (p),

and velocity (v), which are functions of the time (t) and space [43].

2.6.1 The physical model

The plasma is assuming to be consisting of charged-neutral mixture
for electrons and various species of the ions, atoms, and molecules.
The chemical composition can be described by a set of the fractions f
[81,82].

N = fkni (23)
The number density of the ion of species k, where

Yife=1 (2.4)

The charge numbers and average mass can be given by these formula:
Z= Yk fiZk (2,5)

M= Xk fiMy (2.6)
where M, is the mass density and Z, is the charge number. The ion and

electron densities are given by:
ne=2zn; (m? (2.7)

the physical density is

M

p=nMmy= = (kg / m?) (2.8)

where my represents the proton mass , V is the volume and M is the total
mass.
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The energy equation is
dT dp a

Where C, is the specific heat, S represents the energy rate per unit mass

C, = (z_:)p (2.10)
By = (Z_Z)T (2.11)

The thermal conduction term is given by [83]

H“:%V.lc VT (2.12)

where k is the thermal conductivity.
The absorption occurs via inverse bremsstrahlung when the

densities are below critical density. The absorption coefficient of this given
by:
ac =13.51A-2B2(1 — B)/2T, 3% x (5.05 + logA T,)Z%  (2.13)

Where [ = pﬁ <1 and Ais the laser wavelength.

2.6.2 Medusa output

The output files of the medusa code contains of many files as

shown in Fig. (2.3). these output files are [83]:
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1- Outputl: this file gives the cell edge, cell number, velocity, electron
density, pressure, mass density, ion temperature, electron temperature, and
average charge state.

2- Output2: which gives the average ionization and occupation numbers
{P,} for K to P shell (fromn=1ton=6).

3- Output3: gives the total time of the all-time steps.

4- Output4: gives information about ion distribution.

Input parameters

( geometry, laser, radiation, target,

numerical,)
4 Medusa R
(Med103code)
\ /

Med103 output Parameters

y v v

Medoutl Medout2 Medout3 Medout4
P, total time forion
(hydrodyn {Pr) ( : N
. for alltime distribution
amic Average
R steps)
results) ionization

Fig. (2.3) Schematic diagram of the Medusa code [83].
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3.1 Introduction

This chapter explains the results of laser plasma interaction
mechanisms for aluminum target in different conditions which can be

classified into two parts:

1- Atomic structure properties of Al using Cowan code to get the
emission spectra for different transitions of the Aluminum.

2- Spatial and temporal hydrodynamic properties of the plasma using the
Medusa (med103 code).

3.2 Atomic Structure Results

Emission from Al Target

Figure (3.1) represents the emission spectrum for Al 11 (Mg
like) ion. The first ionization stage (Al I1) ion computed by using
Cowan code. There was one emission range lying in 95.00 nm. The
results and discussion was in the nanometer scale as it is nowadays the
standard for wavelength. The maximum oscillator strength in this range
was 0.058 at A = 95.00 nm. The emission oscillator strengths of the
second ionization stage (Al 111) were represented in Fig.(3.2). The AL IlI
( Na like) ion was emitting a spectrum with oscillator strength of 0.135
at A=16.05 nm.

Figure (3.3) represents the wide range of the emission spectrum
for Al 1V (Ne like) ion. The strongest transition was at A =127.50 nm
with oscillator strength of 4.25, and the minimum emission spectrum
with small oscillator strength was 0.10 at A =140.20 nm. This result
shows the emission spectrum range can cover a wide range which
means that the decrease of the ionization number leads to increase the

emission spectrum wavelength, according to coulomb forces.
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The emission wavelength spectrum decreases as the number of
electrons releases from the Aluminum atom increases. The Al V (F like)
emission spectrum as shown in Fig.(3.4) where the maximum emission
spectrum was at A = 10 nm with strongest oscillator strength (1.82) . The
emission spectrum for the fifth ionization stage of Al VI (O like) can be
shown in Fig.(3.5). The highest oscillator strength was 3.25 at A = 107.50

nm.

The emission wavelength covered a wide range from different
transitions. The minimum emission spectrum was at A= 200 nm with

oscillator strength of 0.05.

Figure (3.6) describes the emission spectra for Al VI (N like)
ion with a maximum emission wavelength of 115.50 nm and with
oscillator strength of 2.18. The minimum wavelength was 185.85 nm
with oscillator strength of 0.05. In this form, there were thousands of
lines in a very narrow region like oscillator strength of 1.85 with
wavelength of 117.85 nm. Moreover, the emission spectrum at A =
112.25 nm was with oscillator strength of 1.20, and the emission
spectrum with oscillator strength of 0.45 was at A = 140.00 nm.

Figure (3.7) shows the Al VIII (C like) ion oscillator strength
behavior with a maximum emission spectrum at A = 127.50 nm and with

oscillator strength of 1.25.

In this form, there were many lines from emission spectrum
transitions like both the oscillator strength of 0.88 with wavelength
132.25 nm, at A = 153.50 nm and with oscillator strength 0.58, and
oscillator strength of 0.15 at A = 182.00 nm.
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Fig.(3.1)Emission spectrum of the first ionization of(Alll).
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Fig.(3.2)Emission spectrum of the second ionization of (Allll).
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Fig.(3.3)Emission spectrum of the third ionization of (AllV).
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Fig.(3.6)Emission spectrum of the sixth ionization of (AIVII).
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Fig.(3.7)Emission spectrum of the seventh ionization of (AIVIII).

Figure (3.8) describes the emission spectra for Al IX (Be like)
ion at a maximum emission wavelength of 320 nm and with oscillator
strength of 3.18. In the extreme ultraviolet region the maximum

wavelength was 125.85 nm and with oscillator strength of 2.20.

The Al X ( B like) ion gave a maximum oscillator strength of
0.85 at A= 1720.25 nm (Fig. 3.9).The minimum emission wavelength
was at A = 2000.30 nm and with oscillator strength of 0.03. In this form,
there was another emission spectrum line near the strongest transition
which had a wavelength about 1450.00 nm and with oscillator strength
of 0.83. The maximum oscillator strength in the extreme ultraviolet
radiation was 0.49 at A =198 nm.
The emission spectrum for the tenth ionization stage of Al X1 (Li like)
can be shown in Fig.(3.10). The highest oscillator strength was 3.7 at A
=112 nm.
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Fig.(3.9)Emission spectrum of the ninth ionization of (AlX).
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Fig.(3.10)Emission spectrum of the tenth ionization of (AlLXI).

The emission spectrum of the eleventh ionization of the Aluminum
target Al XII (He like) can be shown in Fig.(3.11) . The strongest
oscillator strength was 5.9 at A = 1010 angstrom. The minimum emission
spectrum wavelength was at A = 4500 angstrom with an oscillator
strength of 0.5. There were many lines emission spectrum between
maximum and minimum emission spectrum like the line with oscillator

strength of 0.98 at A = 1520 angstrom.

The Al XIII (H like) ion gave a maximum oscillator strength of
5.40 at A= 1090.25 angstrom (Fig. 3.12). In the range of the extreme
ultraviolet radiation the minimum emission wavelength was at A = 1085

angstrom and with oscillator strength of 1.2.
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3.3 MEDUSA(Med103)Code Results

In this section, MEDUSA (med103) code calculated the
plasma hydrodynamics properties, such as the velocity, mass density,
pressure, electron temperature, electron density, and the average
ionization. The planar shape of solid target was tested, namely, Al
(Z=13).

In this work, a high power density of laser beam at A = 1064 nm
with two pulse widths of 10 ns and 10 ps were utilized. For nanosecond
pulse width, two different laser power densities were used. These power
densities were 10™, and 1012 W/cm? For picosecond pulse width, there
were three values of laser power densities have been used. These power
densities were (10 ,10" and 10" W/cm?). Gaussian pulse shape was

employed in all laser types.

Medusa was developed to study the plasma parameters. The
Aluminum planar shape target was proposed and an Nd: YAG laser

beam with power densities 10**, 10", and 10" W/cm?* were used.

3.3.1 Spatial and temporal electron density variation

Figure (3.13) and Fig.(3.14) describe the behavior of electron
density as a function of space and time when the laser power density is
10"'W/cm? and with pulse width of 10 ns. The plasma expanded rapidly
by an intense laser beam, Thermal energy converts into Kinetic energy
and the density and temperature decrease which agree with references

[84, 85].
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The density of the plasma begins from far the critical density

(10%cm™) then a strong drop happens to the electron density.

When the laser power density increased to 10" W/cm? as shown
in Fig.(3.15), the electron density began from far critical density of the
plasma and strongly dropped to higher than the value of 10** cm™ at
85 um . The electron density with the temporal variation of the plasma
(Fig. 3.16) shows that the maximum electron density was 10 cm™ at the
beginning and decreased rapidly with the time. The decreasing in
temporal electron density of the plasma was relatively linear until 10 ns.
The effect of the 10 ps laser on the electron density profile (Fig.3.17)
was at 10" W/cm? laser power density. The electron density began from
higher than 10* cm™ and dropped to less than 10% cm™. Figure (3.18)
describes the electron density began from far 10 cm™ and decreased to
10%° cm™ at 10 ns. The obtained electron density from the 10 nanosecond
laser pulse width was greater than that from the 10 picosecond laser

pulse width.
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Fig.(3.13) Spatial variation of electron density at intensity 10'' W/cm® with
pulse width 10 ns.
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Fig.(3.15) Spatial variation of electron density at intensity 10'> W/cm® with
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Fig.(3.17) Spatial variation of electron density at intensity 10" W/cm® with
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When the laser power density increased to 10 W/cm? as it is
shown in Fig.(3.19) and Fig.(3.20), the maximum electron density was
higher than 10 cm™ at 98 pm and then decreased gradually to reach
10" cm™. Figure (3.20) describes the relationship between the electron
density and the time. The electron density began from far critical density
10%® cm® and then decreased to greater than 10'%cm™ at 10 ns.

Figure (3.21) and Fig.(3.22) can explain the relationships
between the electron density with space and time. It has been noticed
that the results of both the laser power density at 10 W/cm® and

10"W/cm? were the same .
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Fig.(3.19 )Spatial variation of electron density at intensity 10'> W/cm” with
pulse width 10 ps.
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Fig.(3.22)Spatial and temporal variation of electron density at intensity 10"
W/em?® with pulse width 10 ps.

3.3.2 Spatial and temporal velocity variation

Figure (3.23) represents the spatial velocity variation of the
plasma expansion when the laser power density was 10 W/cm?® with
pulse width of 10 ns. The plasma velocity began from zero and increased
to reach about 0.9x 10° cm/sec after about 120 pm distance, and it
increased to reach value of 2.45x 10%® cm/sec with about 3100 pm

distance.

The temporal variation of the plasma expansion velocity when
the laser power density of 10" W/cm? and pulse width of 10 ns can be
shown in Fig.(3.24). The velocity of the plasma began from zero and
increased to reach about 1.4x 10° cm/sec after 1 ns and decreased to 1.2x
10° cmisec after 4ns, then increased the plasma reaching to reach the

value 4.45x 10° cm/sec after 9.5 ns.



Chapter Three Results and Discussion 47

After increasing the power density to 10'* W/cm? (Fig3.25), the
spatial velocity variation will stay at zero until reaching ~ 85 pum and
then increased to reach the value 14x 10° cm/sec at ~ 150 pm and

decreased to the value  12x 10° cm/sec at about 158 pm.

Figure (3.26) represents the temporal variation of the plasma
expansion velocity. The velocity begins from zero and increases to reach
about 1.35x% 10° cm/sec at 1 ns, then decreases to reach about 1.2x 10°

cm/sec after 7 ns, and increases after 8 ns reaching to 2.3x 10° cm/sec.

The spatial variation of the plasma expansion velocity was
shown in Fig.(3.27). When the laser power density is 10™W/cm? and
pulse width is 10 ps, the spatial velocity variation will stay at zero until
about 85 pm and then increases to reach 14x 10° cm/sec at about 150 pm

and decreases to the 12x 10° cm/sec at about 158 pm.
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Fig.(3.23) Spatial variation of plasma expansion velocity at intensity 10"
W/em?® with pulse width 10 ns.



Chapter Three Results and Discussion 48

45 £ L L L L L F
2.8e+002 um

4 i

Velocity (cm/sec)
N
N (6x]
] ]
1 1

=
ol
]
1

0.5 -

O r r r r r
0 2 4 6 8 10 12

Time (ns)

Fig.(3.24) Temporal variation of plasma expansion velocity at intensity 10"
W/cm® with pulse width 10 ns.



Chapter Three Results and Discussion 49

x 10
16 L L L T T T T

Velocity (cm/sec)

_2 r r r r r r r

0 20 40 60 80 100 120 140 160
Distance (um)

Fig.(3.25) Spatial variation of plasma expansion velocity at intensity 10"
W/cm?® with pulse width 10 ns.
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Figure (3.28) represents the temporal variation of the plasma
expansion velocity. The velocity began from zero and increased to reach
~ 1.35x 10° cm/sec at 1 ns, then decreased to reach ~ 1.2x 10° cm/sec

after 7 ns, and increased after 8 ns reaching the value 2.3x 10° cm/sec.

The spatial variation of the plasma expansion velocity can be
shown in Fig.(3.29 ). The laser power density was 10 W/cm? with
pulse width of 10 ps. The plasma expansion velocity will stay zero until
~ 90 um and increased to reach ~ 5.2x 10’ cm/s at ~ 1150 pum. Figure
(3.30) shows that the plasma velocity began from zero and reached the

value of 1.8x 10 cm/s after 1 ns.

Figure (3.31) describes the spatial variation of the plasma
expansion velocity with laser power density of 0™W/cm?® and pulse
width 10 ps. It has been noticed that the plasma expansion velocity will
stay zero value until ~ 100 um and increased to reach the value 5x 10’
cm/sec at 1170 pm. The temporal variation of the plasma expansion
velocity can be shown in Fig.(3.32). The plasma expansion velocity
began from zero value and increases to reach the value 1.38x 10° cm/sec
and decreased to 1.38x 10° cm/sec and then increased to reach the value

2.3x 10° cm/sec at 10 ns.

In laser produced plasma, the plasma can be formed by the laser
pulse leading target edge, and the plasma will heat by the rest of the
pulse [86]. The electrons were initially heated to very high temperatures
compared to the cold target. Therefore, the lattice became hot and these

results agree with reference [87].
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Fig.(3.27) Spatial variation of plasma expansion velocity at intensity 10
W/em?® with pulse width 10 ps.
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Fig.(3.28) Temporal variation of plasma expansion velocity at intensity 10"’
W/em® with pulse width 10 ps.
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Fig.(3.29) Spatial variation of plasma expansion velocity at intensity 10
W/cm® with pulse width 10 ps.
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Fig.(3.30) Temporal variation of plasma expansion velocity at intensity 10"
W/em?® with pulse width 10 ps.
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Fig.(3.31) Spatial variation of plasma expansion velocity at intensity 10"
W/em?® with pulse width 10 ps.
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Fig.(3.32) Temporal variation of plasma expansion velocity at intensity 10"
W/cm? with pulse width 10 ps.
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3.3.3 Spatial and temporal electron temperature variation

The electron temperature was a function of the laser power
density, and it has been considered as one of the important parameter of
the plasma. Figure (3.33) represents the spatial variation of the plasma
electron temperature when the laser power density was 10**W/cm? and
the pulse width was 10 ns. The peak of the electron temperature is 3000
eV after 0.02x 10° um distance.

The temporal variation of the plasma electron temperature
can be shown in Fig.(3.34), the plasma electron temperature began from
zero and increased reaching to 12.5 eV at about 4 ns, and increased

rapidly to reach 56 eV at 9.5 ns.

Figure (3.35) explains the spatial variation of the plasma
electron temperature when the laser power density increases to 10%
W/cm?® The electron temperature after 150 um distance increases
reaching to 17 eV. The temporal variation of the plasma electron
temperature was shown in Fig.(3.36), the plasma electron temperature
begins from zero and increases to 13 eV at 4 ns, and then increases to
reach 85 eV after 9 ns.

The spatial variation of the plasma electron temperature when
the laser power density is 10'*'W/cm* and pulse width is 10 ps was
shown in Fig.(3.37), the plasma electron temperature after 150 pm
increases reaching to 16.5 eV. The temporal variation of the plasma
electron temperature was shown in Fig.(3.38), the electron temperature
begins from zero and increases reaching to 13 eV at 4 ns, and then
increases to reach 84 eV at 9.5 ns. Figure (3.39) describes the spatial
variation of the plasma electron temperature when the laser power

density is 10**W/cm?® and pulse width is 10 ps. The plasma electron
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temperature increases to reach 900 eV after 80 um, and then decreases
rapidly to reach 750 eV at 1800 pum.

Figure (3.40) represents the temporal variation of the plasma
electron temperature when the laser power density is 10"*W/cm®The
plasma electron temperature begins from zero and increases to reach 350

eV at 2 ns, and then increases reaching to 1900 eV after 9.5 ns.

The spatial variation of the plasma electron temperature when
the laser power density is 10™W/cm? and pulse width 10 ps was shown
in Fig.(3.41), the maximum plasma electron temperature is 950 eV at
240 pm and then decreases to 750 eV at 1180 pm. Figure (3.42)
represents the temporal variation of the plasma when the laser power
density is 10" W/cm?. The electron temperature begins from zero to 280
eV at 2 ns, and increases reaching to 1950 eV at 9.5 ns. From these
results, when the laser power density increases , the plasma electron

temperature also increases.
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Fig.(3.33) Spatial variation of plasma electron temperature at intensity 10"’
W/cm?® with pulse width 10 ns.
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Fig.(3.34) Temporal variation of plasma electron temperature at intensity 10"
W/cm?® with pulse width 10 ns.
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Fig.(3.35) Spatial variation of plasma electron temperature at intensity 10"
W/cm?® with pulse width 10 ns.
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Fig.(3.36) Spatial variation of plasma electron temperature at intensity 10"
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Fig.(3.37) Spatial variation of plasma electron temperature at intensity 10"
W/cm® with pulse width 10 ps.
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Fig.(3.38) Temporal variation of plasma electron temperature at intensity 10"
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Fig.(3.39) Spatial variation of plasma electron temperature at intensity 10"
W/em® with pulse width 10 ps.
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Fig.(3.40) Temporal variation of plasma electron temperature at intensity 10"
W/em® with pulse width 10 ps.
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Fig.(3.41) Spatial variation of plasma electron temperature at intensity 10"
W/em?® with pulse width 10 ps.
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Fig.(3.42) Temporal variation of plasma electron temperature at intensity 10"
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3.3.4 Spatial and temporal pressure variation

The pressure variation is one of the plasma parameters. It is
depends on the thickness of plasma layers [84, 87]. Figure (3.43) shows
the spatial variation of the plasma pressure at the laser power density of
10**W/cm? and pulse width of 10 ns. The maximum plasma pressure was
1Mbar at a distance of 200 um and it began to decrease along the plasma
length. When the plasma pressure decreased to reach the lowest value of

pressure, the velocity began to increases rapidly.

The temporal variation of plasma pressure can be shown in
Fig.(3.44), the plasma pressure of the plasma decreased to reach value
lower than 0.01 Mbar at 1 ns, and then increased to value greater than
0.01 Mbar at 4 ns.

Fig.(3.45) shows that the maximum plasma pressure was 1
Mbar when power density increased to 10> W/cm* and it stayed in the
same value until the distance ~ 84 um and then it decreased to reach
value greater than 0.001 Mbar. Figure (3.46) represents the temporal
variation of the plasma pressure when the laser power density
was10™W/cm?. The maximum pressure was 1 Mbar and it decreased to

reach value less than 0.01 Mbar at 1 ns.

Figure (3.47) represents the spatial plasma pressure variation
when the laser power density was 10™"W/cm? and with pulse width of 10
ps. The plasma pressure was ~ 1Mbar and then it decreased to value
0.009 Mbar after 82 um. The temporal variation of the plasma pressure
can be shown in Fig.(3.48), The maximum pressure was 1 Mbar and it
decreased to reach value less than 0.01 Mbar at 1 ns, and then it
increased to reach value more than 0.01 Mbar after 4 ns.
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Fig.(3.49) shows the spatial variation of the plasma pressure
when the laser power density increased to 10 W/cm? . The maximum
plasma pressure was 1 Mbar and it stayed until ~ 84 um and then it
decreased to reach value larger than 0.001 Mbar. Figure (3.50) represents
the temporal variation of the plasma pressure when the laser power
density was 10"*W/cm?. The maximum pressure was 1 Mbar and it

decreased to reach value less than 0.01 Mbar at 1 ns.

The variation of the plasma pressure when the laser power
density increased to 10"*W/cm? at the same pulse width can be shown in
Fig. (3.51). The maximum pressure was ~ 1 Mbar and it increased to 10
Mbar at 100 pum, and then it decreased to reach 0.002 Mbar at 1150 pum.
Figure (3.52) represents the temporal variation of the plasma pressure

began from 1 Mbar and decreased rapidly to 0.007 Mbar after 10 ns.
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Fig.(3.43) Spatial variation of plasma pressure at intensity 10" W/cm® with
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Fig.(3.45) Spatial variation of plasma pressure at intensity 10'* W/cm” with
pulse width 10 ns.
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Fig.(3.46) Temporal variation of plasma pressure at intensity 10'> W/cm® with
pulse width 10 ns.
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Fig.(3.47) Spatial variation of plasma pressure at intensity 10" W/cm?® with
pulse width 10 ps.
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Fig.(3.48) Temporal variation of plasma pressure at intensity 10" W/cm® with
pulse width 10 ps.



Chapter Three Results and Discussion 66

101 E T T T T T T T
10° & .
g
S 10k E
(0] f ]
=1 L i
0
a L i
L L i
o- 2 5ins
10 ¢ — E
10'3 L r r r r r r r C
0 20 40 60 80 100 120 140 160

Distance (um)

Fig.(3.49) Spatial variation of plasma pressure at intensity 10'> W/cm® with
pulse width 10 ps.
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Fig.(3.50) Temporal variation of plasma pressure at intensity 10'> W/cm® with
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Fig.(3.51) Spatial variation of plasma pressure at intensity 10"> W/cm® with
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Fig.(3.52) Temporal variation of plasma pressure at intensity 10" W/cm® with
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Chapter Three Results and Discussion 68

3.3.5 Spatial and temporal average ionization variation (Z*)

Figure (3.53) represents the spatial variation of the plasma
average ionization when the laser power density was 10™W/cm? with
pulse width of 10 ns. The average ionization began from 2.1 and it
increased to reach 3.42 at a distance ~152 pum. The temporal variation of
the plasma average ionization is shown in Fig.(3.54), the average

ionization began from 2.45 and stayed with constant value .

The spatial variation of the plasma average ionization when the
laser power density was 10"*W/cm? and with the pulse width is of 10 ns
can be shown in Fig. (3.55). The maximum average ionization reached
the value 2.5 at ~ 150 um. The temporal variation of the average plasma
ionization is shown in Fig.(3.56),moreover, the average ionization
stayed at the value 2.5 until ~ 4 ns and then it increased to reach 11

after 9 ns.

Figure (3.57) and Fig.(3.58) represent the spatial and temporal
variation of the average plasma ionization when the laser power density
was 10"W/cm? and pulse width of 10 ps. The average ionization had
value similar to that when the laser power density was10**W/cm? and

pulse width is 10 ns.

The spatial variation of the plasma average ionization when the
laser power density was 10"*W/cm? and with pulse width of 10 ps can be
shown in Fig. (3.59). The average ionization stayed at 2.2 until 155 pm
and it increased rapidly to reach 3.35. The temporal variation of the
average plasma ionization is shown in Fig.(3.60), the average ionization
began from 2.3 and it increased to reach 13 after 0.9 ns.

Figure (3.61) represents the spatial variation of the average plasma
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ionization when the laser power density was 10"*W/cm? and pulse width
of 10 ps. The maximum average ionization was 13 at 20 um and it
stayed with the same value at a long distance. The temporal variation of
average plasma ionization Z began from 3.6 and increases rapidly to

reach 13 after 0.8 ns.
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Fig.(3.53) Spatial variation of plasma average ionization at intensity 10"

W/em?® with pulse width 10 ns.
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3.4 Conclusions

This work can give the information for all the processes in

the atomic structure and the description of emission spectra steps for

aluminum target (Cowan code) and also can give all hydrodynamic
properties of the plasma (MEDUSA code).

1-

The emission spectra of aluminum can give a strong oscillator
strength of 1.82 with wavelength of 10 nm of the AIV , which can
be considered a promising source for lithography .

The three laser intensities (10", 10'? and 10™W/cm?) with pulse
duration of 10 ns gave high ionization stages for aluminum.

The average ionization (Z ) range has been obtained from the 1064
nm with 10 ns pulse width was obtained from 2.4-11 for electron
temperature range from 16.5-3000 eV.

The average ionization (Z) range for laser pulse duration of 10 ps
was 3.35-13 while the electron temperature range was from 16.5
to about 2000 eV,

The laser pulse width in nanosecond has been given more suitable
results than the pulse width in picosecond because of the laser can
be considered as a thermal source, so it needs more time to heat

and creating plasma.
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3.5 Future work

Many points can be taken in consideration to improve this work

and get more suitable results. These points are:

1- Selecting different materials to study the emission spectra for each
one in details and trying to find another emission sources in the
XUV regions.

2- Using different laser wavelengths and study the effect of these
wavelengths on the emission spectra.

3- Choosing different laser power densities for a certain laser
wavelength at different laser pulse widths and trying to find the
optimum parameters to produce the desired emission spectrum.

4- The most important point is building up an experimental setup for

the next generation lithography manufacturing.
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