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Abstract

A theoretical and computational investigation was carried
out in the field of laser-plasmainteraction using the Finite
Difference Method to study the acceleration of electronswith
non-relativistic velocities in a non-magnetized and magnetized

collisionless plasmas.

First, a(Nd:YAG) laser pulse of 25 fs duration and 5x10"
W/cm? intensity was assumed in the present study.
When this laser pulse was allowed to interact with a stationary
electron in vacuum, it was found that the electron is accelerated
during the interaction only and returns to stationary state after

the laser pulse has passed, in agreement with previous works.

Also, the interaction of the same laser pulse with a
collisionless plasma at €l ectron density n= 1x10™ cn® was
studied. It was noticed that the energy of the electron during the

interaction has reached a maximum value of ~ 1 keV at laser

pulse intensity of 5x10% W/cm?, while the energy of the electron

after the interaction reached ~ 15 eV for the same laser pulse

Intensity.




Finaly, the interaction of the same laser pulse with a

plasmawas studied at €l ectron density n.=1x10" cm® in the

presence of an external magnetic field for the three values of the
field strength B= 60 MG, 70 MG and 80 MG. It was found that
there is an increase in the acceleration of the electron to reach a
maximum energy of ~ 19 keV at alaser pulse intensity of

5x10" w/cm? and an applied externa magnetic field strength of
80 MG during the interaction. However, the electron energy after
the interaction reached ~ 3 keV at a laser pulse intensity of
5x10™ w/em? and an applied externa magnetic field strength of
70 MG. Thisis due to a sustainable generated laser wakefield of
~ 2x10° Vv/em. Thus, it is concluded that an applied external
magnetic field assists the acceleration of the electron and can

subsidize for a high laser beam intensity.
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Chapter One Introduction

Chapter One

| ntroduction

1-1 Particle accelerators

It is well known that particle accelerat@se important
tools in various fields such as particle physicsaterals
science, medical diagnostics and treatment, andufaeturing
industry. However, further expansion of the utiliaa of
conventional accelerators has become difficult bseathese
accelerator facilities require large areas and hfigancial
resources [1].

An experimental laser-plasma acceleratorLaivrence
Berkeley National Laboratory in the USA acceleragstrons
to (1 GeV) requires (3.3 cm) space [2], whereas $h&C
conventional accelerator requires (64 m) lengthrdach the
same energy [3]. A longitudinal electrostatic wdwakefield)
excited by a laser pulse in a plasma provides aela@tion
field on the order of (100 GV/m) [1].

Therefore, a laser driven particle accelerator @waqarbvide the
most promising approach to realizing high-perforosn
compact accelerators [1].

The interaction of a laser pulse with aspila can give rise
to a large number of electrons from the acceleinattre plasma
in the presence of an external magnetic field. Thdue to the

huge electric-field that can be sustained by follye selecting
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the laser and plasma parameters which are possigkenerate a
mono energetic electron beam [1].

Plasma-based accelerators are used in gplcations,
such as high resolution radiography for non-destreanaterial
inspection, radiotherapy, ultra fast chemistry,iohtblogy and
material science [1]. In addition, the interactiohlaser pulse
with a plasma can increase the electron densithenplasma
[4].

Tajima and Dawson originally were the fitet propose
three decades ago laser-driven plasma based atoeder
Dawson was responsible for many of the early dgpreknts in
this field, including the plasma beat wave accétesa the laser

wakefield accelerators, and the photon accelefajor

1-2 Basic concepts

A plasma is a quasi-neutral gas of charged andraleu
particles, which exhibits collective behavior [@].plasma can
be created in the laboratory in many ways, for gdam plasma
can be created from solids, liquids or gases bytrdal
discharge or by high power laser beam impinging tbe
material .When a high power laser pulse strikeslid sarget, a
sequence of energy conversion processes leads vdaduction
of a hot and dense plasma [7]. A plasma can beribesicby
several main important parameters such as plasmaitye

temperature of electrons and the degree of iowiz48].
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Concepts for laser plasma -based accetsratthat
illustrate in many ways the acceleration of elatéron a plasma,
are:

1- A single short pulse of photons (so-called "lrad&kefield

Accelerator "LWFA):

In the laser wakefield accelerator a strong laseldse
propagating in a plasma generates the largestrieldatlds

(wakefields) for acceleration of particles that da produced
by trapping electrons and ions in a plasma [9]sTikithe type

to be studied in the present work, as shown in(Figy).

-—

it}

Figure (1-1) Plasma electron oscillation (blue Jias
excited by a laser pulse (red line) in a plasma& Th
direction of propagation of a laser pulse is regngsd
by the red arrow [10].

2- A train of pulses with fixed spacing (so-calldtlasma Beat
Wave Accelerator" PBWA):.

In a plasma beat wave accelerator two long lasésepuof

frequenciesn, and o, are used to resonantly excite a plasma

wave. The large amplitude plasma waves can be geter

when the laser frequencies and plasma frequen®atisfy the
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resonance conditiono = o, - o, = o, [5], as shown in Fig.(1-

2).

Figure (1-2) Plasma electron oscillations (blue ling) a
excited by a train of pulses (red line)in a plagtty.

3- Raman forward scattering instability (so-callé®elf

Modulated Laser Wakefield Accelerator" SMLWFA):

The SMLWFA gives the best results for the acceienabf

electrons. Its mechanism is rather complicatedyses laser
pulses which satisfy two requirements: first, thdsp width
should be much longer than the plasma wavelengtgml, its
power should exceed the critical power of the naktic self-

focusing of the laser [11], as shown in Fig.(1-3).

‘ evolves t

Figure (1-3) Plasma electron oscillations (blue)ias
excited by Raman forward scattering (red line) in a
plasmg10].
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4- A high energy electron (or positron) bunch (sdled
"Plasma Wakefield Accelerator" PWFA):

As the driving electron beam enters a plasma, thenma there
sees an excess of negative charge to generate smgla
wakefield that results from the plasma electriddfiand the
electric field for the electron beam and produaesieceleration

of electrons in the plasma [12], as shown in Fig)1
M/
Figure (1-4) Plasma electron oscillations (blue)ias
excited by an electron beam (green line) in a ptasm

medium, The direction of propagation is represebted
the red arrow [10].

1-3 Previousworks

Theoretical and experimental studies of itlieraction of
laser beams with plasmas have been attempted by man
researchers.

In 1979, T. Tajima and J. M. Dawson [13jrea out a
theoretical investigation to study laser electrartederation
through computer simulation using intense laserspoiver

density (18 W/cn?)shone on a plasma of density{tlom?)
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which can yield giga electron volts of electron rgye per
centimeter.

V. V. Apollonov et al. [14] in 1988, propad a method for
using focused laser light to accelerate electronsaistatic
transverse magnetic field and found a relationsi@fween the
magnetic field strength and the parameters ofdberlbeam.

In 1992, Y. Kitagawa et al. [15] observed aecation of
plasma electrons in the (PBWA) using two lines ¢€&,) laser
in a plasma of density (10cm®) and plasma electrons were
trapped and accelerated to an energy in excedOdéV).

K. Nakajima [16] observed electron accdlem to
energies> 18 MeV using a (3 TW),(1 ps),(X0OVN/cn¥) laser
pulse in a plasma of density near f10m?3) in 1995. In the
same year, C. A. Coverdale et al. [17] observedtras of (2
MeV) energy, which were trapped and acceleratedh fthe
background plasma when a (600 fs), (5 TW), (8XQ0cny)
laser pulse propagated in a plasma of density 2xh@F).

In 1996, C. J. Mckinstrie and E. A. Stards] studied the
acceleration of an electron by a circularly poladidaser pulse
in a plasma. It appeared possible to increase feigntly the
energy of a pre accelerated electron and gendrate/akefield
in the plasma.

In 1998, G. Brodin and J. Lundberg [19]antigated the
interaction of a short one-dimensional weakly noedr

electromagnetic pulse with a plasma during gercenatlitions.
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The ion motion has been neglected and the frequehdhe
pulse was much larger than the plasma frequencyhése
investigations.

V. Petrzilka and L. Krlin [20] in 2002, demstrated
through numerical modeling that electrons can leelacated in
a single plane laser beam if an additional (secgnda
perpendicularly propagating plane Ilaser beam with a
randomized phase is present and the additional tsssm can
have a much lower power flux intensity than the nmkiser
beam.

In 2003, H. Suk et al. [21] studied a las@&ve passing
through a sharp downward density transition in aspia; a
significant amount of plasma electrons were sg#eated into
the acceleration phase of the wakefield and acelerto
relativistic high energies over a very short dis&arn the same
year, D. Umstadter [22] presented an experimentadstigation
of the relativistic laser-plasma interactions. lash been
established that by focusing peak power laser lighttensities
up to (16" Wicn®), highly relativistic plasmas can be studied.
The force exerted by light pulses with this extrantensity has
been used to accelerate beams of electrons ancnzhad
energies of million volts.

P. Evans et al. [23] in 2004, carried otheoretical

investigation to study the characteristics of apia and the
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effect of the laser beam to best suit the plasmdemmioehavior.
In the same year, V. B. Krasovitskii et al. [24ya&stigated the
interaction of an intense laser pulse propagating plasma in
the presence of an external magnetic field to gdaean
electrostatic wakefield and electron acceleratiothis field.

In 2009, S. Elizer and K. Mima [25] studide interaction
of a laser pulse with electrons and found no acagts of
electrons after the interaction, while in interantiof a laser
pulse with a plasma using the particle-in-cell (Pt€chnique,
they observed the acceleration of electrons andé¢heration of
a strong oscillating electrostatic field in its veakwakefield)
much in the same manner as a boat generates awrake it

travels through water.

1-4 Aim of the present work

The study in this thesis is carried out to investg
numerically the effects of a laser beam on the lacagon of
electrons in vacuum and in a homogenous non-margaetind
magnetized collisionless plasmas, using the FiDitiéerence
Method with different values of the external magmndteld
applied on the plasma.
To this end, the rest of the thesis is organizefléswys:
Chapter two introduces the theoretical basis arlasd plasma
parameters, the equations that are used to stedyctteleration

of electrons and how a wakefield is generated.
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Chapter three is devoted to the description of chenputer
programs that are used to study the acceleratidineogélectrons
using the equations in chapter two.

Chapter four is a presentation of the results a$ ttudy
together with their discussion and comparison wéhbults of
other studies in this field.

Finally, chapter five gives the main conclusioranirthis study

together with suggestions for future work.
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Chapter Two
Theoretical Considerations

2-1 Laser parameters

The laser can be described by many parameters, the most
Important parameters are:
2-1-1 Unitless laser amplitude

To characterize the laser intensity, the dimensionless laser
amplitude a, isintroduced [26].
An electron oscillating in the transverse electric field of an

electromagnetic wave attains a maximum velocity v. given by

[6]:

(2-1)

where,
e istheelectron charge
E, isthe electric field of laser beam in the x-direction
m, is the electron mass
o, iSthe angular frequency of the laser beam

In addition, the unitless laser amplitude is defined as [ 26]:

2,2
vp e" A
= = 2-2
7% \/2n205som§ (2-2)

-10 -
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or,
a, =8.65x1079 & (um) 12 (W/cmz) (2-3)

where,

| istheintensity of the laser beam

A isthe wavelength of the laser beam

g, ISthe permittivity of free space

c isthe speed of light
The parameter a, is very important for distinguishing the
relativistic region where a, > 1 from the non-relativistic region,

which is the subject of the present work, where a,< 1 [5].

2-1-2 The shape of the laser pulse
It is known that the time dependence of the field harmonic

(sinusoidal) of a plane electromagnetic wave is given by [26]:

E(r,t) =g, & kr-o:1) (2-4)

where,
k isthe wave number
o, i1stheangular frequency of the laser beam
E, isthe maximum amplitude of the electric field of the
wave
The maximum amplitude of the electric field of the wave can be
calculated from [25]:

-11 -
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:2nmec2ao

E
© e

(2-5)

2-2 Plasma parameters

The plasma can be described by many parameters, the most
Important parameters that used in the present work are:
2-2-1 Plasma frequency

In a plasma, the charged particles motion is governed by
electrical forces. For example, electrons in a plasma repel each
other or get displaced from ions and, therefore, begin to move
apart. The electric field build up so that electrons are returned to
their original positions. In this process, the electrons have
gained momentum so that they keep on going and create a
deficiency of negative charge which attracts the electrons back
in. In time, the motion is reversed and a systematic oscillation of
the charged region is setup. The oscillation of electrons around
their equilibrium positions takes place with a characteristic

frequency known as the plasma frequency and is given by

[6,27]:
5
oy ZEMJ : (2-6)

Me

The ions are much heavier than the eectrons; their motion is

small enough and can be neglected [6].

-12 -
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2-2-2 Critical density, underdense and overdense

plasmas
At the critical density, the laser beam cannot propagate into
the plasma any more but decreases exponentially. For a given

angular laser frequency, o,, and wavelength, A, the cut-off takes

place at the critical density, n,, [28], where;

(2-7)

This critical density defines the regimes of underdense and
overdense plasmas.
The plasma frequency, o, marks a fundamental boundary
between conducting (underdense plasma) and dielectric
(overdense plasma) behavior in the interaction of
electromagnetic wave (laser beam) with a plasma[28].

When the incident laser frequency is larger than the plasma
frequency, i.e.,

>

then

ne < nC
In this case the electrons respond to the incident field, resulting

in transparency to the radiation from the so-called underdense
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plasma (under critical) [28], which is assumed in the present

work.
When the incident laser frequency is less than the plasma

frequency, i.e.,

then

In this case the electrons can respond and exclude the incident
field, resulting in areflection of wave energy from the so-called

overdense (over critical) plasmaas shown in Fig.(2-1) [28].

-

density

. Underdense region
@ . Critical density region
—— lll. Energy transport region
@ IV. Shock propagation region
' @D V. Undisturbed solid

(;‘)p} @, @ L ~ spot size (100 pm)
<o,
: “p ®

Lasgr

Distance from target surface

Figure (2-1) The regions of laser-plasma interactions [29].
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2-3 Larmor radius

If a magnetic field is applied on charged particles, there are
two forces produced (the magnetic force and centrifugal force)
[30].Under these two forces the charge particles will move with
a circular orbit which has radius known as "Larmor radius’ as
shown in Fig.(2-2).The Larmor radiusis given by [6]:

_meVDC

= (2-8)

R,

The relation between kinetic energy of an electron and its

Larmor radiusis given by [31]:

2m, E %2 C
R L - ( e K ) (2 _ 9)
eB

where E, is the kinetic energy of the electron.

:’.' ‘-'i \1 5 '{ Ir_, -..II .l Ir/. :

: \ .- B \

- !%T S b o ]':1_ ..... ? ‘.*1 ..... l‘-__%‘ 2R|_ @
‘I.‘: ; oo | \\ .-":l ‘T\I‘Q-ﬁi

Figure (2-2) Motion of an electron showing the Larmor radius
In aconstant magnetic field [31].
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In the absence of collisions, the electric field constantly
increases the electron velocity and consequently its kinetic
energy also increases [31].

The motion of the charged particle in a magnetic field is a
simple harmonic motion with a frequency known as "cyclotron
frequency" as shown in Fig.(2-3). The cyclotron frequency is
given by [6]:

W, = —— (2-10)

Figure (2-3) Trgectory of an electron in amagnetic field and the
resulting increase in the Larmor radius [31].
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Figure (2-3) illustrates this motion; when the radius increases
and the cyclotron frequency remains constant, the velocity of
electrons should increase to make a complete turn for each

period.

2-4 Laser acceleration of electronsin vacuum
When a laser pulse interacts with electrons, it accelerates

the electrons based on the Lorentz equation given by [25]:
F=e(E(t)+vxB ) (2-11)

where,
E(t) isthe electric field of the laser pulse
vV isthevelocity of electron
B isthe static magnetic field
For non-relativistic electrons, as in the present work, the
magnetic force is smaller than the electric force. Therefore, the
second term in eg.(2-11) involving the static magnetic field can

be ignored and one gets [32]:

m, a(t) = e E(t) (2-12)

For the numerical integration, setting on the acceleration &(t) of

the electron in a given small time interval (At), the velocity of

the electron is then determined by:
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v(t +At) =v(t) +a(t) At (2-13)

The position of the electron is determined by integrating eq.(2-
13) with respect to (At), then:

§(t):\7(t)At+%a(t) A2 (2-14)
where 3(t) is the position vector of the electron after timet. The

laser acceleration of an electron in vacuum isillustrated in
Fig.(2-4) [33].

Non-relativistic interaction

Figure (2-4) Laser acceleration of an electron in vacuum [33].

In this figure, the interaction of alaser pulse (red line) that has

the maximum amplitude A, as a function of the unitless laser

amplitude a, :% with a rest electron (blue bal),is

Illustrated. It can be noticed that the oscillation of an electron
(blue line) takes place during the interaction, but after the
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interaction the electron returns to stationary state. Therefore,

Ay=0 where Ay = AWZ
mc

for the energy gain AW.

(where Ay is the ratio between the energy gain and the energy of

electron).

2-5 Interaction of laser pulse with a plasma

A short laser pulse interacting with a plasma generates a
strong oscillating electrostatic field much in the same manner as
a boat generates a wake when it travels through water [25]. The
force on the non-relativistic electron in the plasma includes the
Lorentz force in addition to the force that results from the
oscillation of the electron in the plasma.
The acceleration of a non-relativistic electron in the plasma is

given by [34]:

5 (2-15)

at) =

e -
m—e E(t)- cog
where 6 is the displacement of the electron in the plasma
Further details of eq. (2-15) are illustrated in Appendix (A). By
numerical integration of eq. (2-15), one finds the velocity,
position and energy for the non-relativistic electron. The
interaction of alaser pulse with aplasmaisillustrated in Fig.(2-

5) [33]:
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N\ S y A
SRR T R A v,
o Al b —
e A :
Plasma A LIE -L*
¥ ~N s~ IR
i F
S A "‘..."’ .";,J.Jf

Figure (2-5) The interaction of alaser pulse with a plasma[33].

This figure illustrates the interaction of a laser pulse (red line)
with an electron in a plasma, showing the oscillation of the
electron after the interaction (dashed blue line) and the red

arrow represents the direction of propagation of group velocity.

2-6 Interaction of a laser pulse with a magnetized
plasma

A laser pulse propagating in a plasmain the presence of an
external magnetic field can generate an electrostatic wakefield
resulting in electron acceleration in the plasma [24]. The forces

on an electron in a plasma subject to external electric and
magnetic fields, E(t) and B, one perpendicular to the other,
result from the Lorentz force and the oscillation force after the

displacement of the €electron from its initial position. The

displacement of an electron is given by:
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5@):@(0(1—&) (2-16)

where 3(t) is the position vector of the electron after time t.
Further details of eq. (2-16) areillustrated in Appendix (B). The
acceleration of a non-relativistic electron in a magnetized

plasmais given by [34]:
E(t) + o V(t) - o p(t) (2-17)

The electric field is in the x-direction, while the magnetic field
Isin the z-direction.
By numerical integration of eq.(2-17), the velocity, position and

energy of the electron can be found.

2-7 Electromagnetic wavesin a magnetized plasma
When an electromagnetic wave propagates in a

magnetized plasma perpendicular to an external magnetic field
B applied on the plasma, and if the polarization of the electric
field vector of the wave is paralel to B, then the wave is called
"the ordinary wave' because the plasma particles can move

freely along B as they are accelerated by the electric field, and
the magnetic field has no effect [35].But when the
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electromagnetic wave propagates in a magnetized plasma

perpendicular to the magnetic field B that is applied on a
plasma and the polarization of the electric field of the wave is
aso perpendicular to the magnetic field B, then this wave is
called "the extraordinary wave". Here, the electric field drives
electron motion perpendicular to B and the magnetic force has
effect onit [35].

In the present work, the effect of the extraordinary wave is
utilized for the acceleration of the electron, where the electric
field isin the x-direction and the external magnetic field applied

on the plasmaisin the z-direction as shown in Fig.(2-6):

Figure (2-6) TheE-vector of an extraordinary wave is in the x-
direction, B-vector of an external magnetic field applied on a

plasmaisin the z-direction and k -vector represents the direction
of propagation of the wave in a plasma.

The dispersion relation for the extraordinary wave is given by
[35]:
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TN

p 2

2

O —0
02 =2 k2 + 2

0"~

J (2-18)

ON

One notes that for o >> o, o, ; the dispersion relation for the

extraordinary wave becomes [35]:

o=ck (2-19)

2-8 M echanism and theory of wakefield generation

In a plasma, the wakefield can be generated by injection of
an electron beam or laser beam in a plasma region. The
mechanism for generating the wakes is by exciting the
electrostatic wave of the plasma behind the electron or laser
beam [36,37]. This can be done by losing energy from the beam
to the background plasma. When a laser beam propagates in an
underdense plasma, plasma electrons are pushed out due to the
ponderomotive force [13,38]. The density perturbation causes a
plasma wave and the wave propagates at the speed of the laser
beam [38]. The laser beam sets the electrons into oscillations
with a net gain of energy in the region behind the beam. The
laser beam can trap electrons and execute trapping oscillations
and thus can gain energy. The electrons gain an amount of

energy along the beam and suffer acceleration with increased
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plasma density [38]. The mechanism of wakefield generation is
iHustrated in Fig.(2-7) [29].

Physical Mechanism

Electron bunch . Laser pulse

t.

Wakefield <R

Figure (2-7) The physical mechanism of generation of wakefield
[29].

The ponderomotive force and wakefield of an electronin a
plasmaareillustrated in Fig.(2-8) [39].

Figure (2-8) The ponderomotive force drives awakefield in an
underdense plasma [39].
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In this figure the interaction of an intense laser field (red line)
with electrons (blue balls) in an underdense plasma is
illustrated. Free electrons are expelled from the strong field
region by the ponderomotive force (green arrows) that drives a
wakefield in the underdense plasma to accelerate the electrons.
The ponderomotive force and wakefield of an electron in a

plasma can be calculated from:

F, =me a(t) (2-20)
E, = % a(t) (2-21)

where

—

F, isthe ponderomotive force of an electron in a plasma.

E,, isthe wakefield of an electron in a plasma.
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Chapter Three

Computer Programs

3-1 The shape of the laser pulse

The shape of the laser pulse used in the presaktis/o
represented by the sinusoidal wave of electric fielthe x-
direction with a certain value of rising time,Tall time T, and
duration time t . One can choose the electric fiélthe laser

pulse as [40]:

for t<T, |,

E()=E, sinfo, t—k) (1- ex;{__l_—tD (3-1)

for t>Ty, |,

E()=E, sinfo, t—k) (1- ex;{;_tB ex;{-@j (3-2)

where
®, Is the angular frequency of laser pulse ,
T Is the time at which driving field is switched oéind
k is the wave number.
A computer program was written in FORTRAN 90 langgia

called "Laser Shape" using the software enwvivemt Fortran

-26 -



Chapter Three ComguPrograms

Power Station Y[41] to generate the shape of the laser pulse that
interacts with the electron and plasma. Appendix gkbws the

flowchart for the “Laser Shape” program.

3-2 Calculation of the acceleration, velocity, position

and energy for an electron in vacuum

The acceleration of an electron in vacuum is dueht®
interaction of the laser pulse (can be simulatedusing "Laser
Shape" program) with the electron. The acceleratidnan

electron in the x-direction can be calculated fi@m 32]:

=—Ex(t) (3-3)

From the equation of motion, the velocity of theatton in the x-

direction is given by [42]:
v, (t) = v,, (t)+a,(t) At (3-4)

where \,(1) is the initial velocity of the electron.
In the present work, \t) of the electron is assumed to be zero

andAt is the increment in time. The position of thectien in the

x-direction can be calculated from:

t)=v, (t)At+%ax(t) At? (3-5)

0o

where X(t) is the position of the electron aftex thteraction.
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The kinetic energy of the electron during and atterinteraction

in the x-direction can be calculated from:

(3-6)

Repeating the calculations of acceleration, veyogbsition and
energy for the electron for N times aft] one can calculate the
acceleration, velocity, position and energy of thkctron
throughout the duration of the laser pulse.

Using eqs.(3-3), (3-4), (3-5) and (3-6), a compuymergram was
written in FORTRAN 90 language called " Electronskd' to
calculate the acceleration, velocity, position arergy of the
electron during and after the interaction. Appen(@¥ shows the

flowchart of this "Electron-Laser" program.

3-3 Calculation of the acceleration, velocity, position,
energy and wakefield during and after the interaction

of laser pulse with a plasma
The acceleration of an electron in a plasma istduke
interaction of the laser pulse with the plasma Basethe Finite

Difference Method and can be calculated from [34]:

ax(t):_ Ex(t)_mg Ox (3_7)
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where dy Is the displacement of the electron in the x-dicect
From the equation of motion, the velocity, positiamd kinetic
energy of the electron in the x-direction can bkewdated from
eqs.(3-4), (3-5) and (3-6).

Repeating the acceleration, velocity, position aadergy
calculations for the electron for N times at) one can calculate
the acceleration, velocity, position and energyouighout the
duration of the laser pulse.

Using eqs.(3-4), (3-5), (3-6) and (3-7), a compuymergram was
written in FORTRAN 90 language called " Laser- Rias to
calculate the acceleration, velocity, position andrgy of the
electron during and after the interaction. In additthe program

calculates the ponderomotive fofgeand wakefieldE,, in the

x-direction by substituting eq. (3-7) in eq. (2-200d eq. (2-21)
to obtain:

R, =-m, 0235, +eE, sin(o, t -k x)| 1-exp — | |For (3-8)
r
_ me 2 . _t

By === 05 3, ¥ E, sin(o, t —k x)| 1-exp - | |For (3-9)

where,
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{ 1 for t<T
F = —_
o exp(—(ﬂn for t> T

Tf

The input data for the "Laser-Plasma" program aee dharge,
mass, initial velocity and initial position in xfdiction, of the
electron and plasma density.

The output data from this program are the acceateravelocity,

position and energy of the electron in x-directibnaddition, the
ponderomotive force and wakefield caused by therlpsise are
also calculated in this program. Appendix (E) shotire

flowchart for the "Laser-Plasma" program.

3-4 Calculation of the acceleration, velocity,
displacement, energy and wakefield during and after
the interaction of laser pulse with a magnetized

plasma

The displacement of the electron from migial position in

the x- and y-directions can be calculated from [34]

px(t):x(o[l—ﬂj (3-10)
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py(t):y(t)(l—ij (3-11

r

The acceleration of an electron in the x- and yeations can be

calculated from the equations [34]:

a, ()= E,(0)+0, v, (-0 p,1) (3-12

e

a, ()= —o, v, (t) -og p, 1) (3-13)

The velocity, position and kinetic energy of theatton in the x-
direction can be calculated from eqgs.(3-4), (34 §3-6). The
velocity, position and kinetic energy of the eleatrin the y-

direction can be calculated from [42]:

vy(t)=v, +a,(t)At (3-14)
y(t)=v,, At +% a, (t) At? (3-15)

— 1 2 3 6
By =5 Me Vy (3-16)

The ponderomotive force and wakefield caused byaber pulse
in the x- and y- directions can be calculated frsubstitution of
egs. (3-12) and (3-13) into egs. (2-20) and (2-&ipbtain:
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F. =-m,w’p,(t)+eE, sin(o, t -k x) [1— exr{}—tn For

+m, o, V,(t) (3-17)

F =-m, cog py(t) -m, o, V, (t) (3—18)

E, = - Me 02 p,(t)+ E, sin(w, t—k x)(l—exp{__l_—tn Fo

€ r
m
el v, (t) (3-19)
m m
Eu, == 02 p, ()= 0, v, (1) (3-20)

Repeating the acceleration, velocity, position aedergy

calculations for the electron for N times A&f one can calculate
these quantities throughout the duration of therlasilse.

A computer program called " Laser-Magnetized Pldsmas

written in FORTRAN 90 language using egs.(3-10}113, (3-

12), (3-13), (3-14), (3-15), (3-16), (3-17), (3-183-19) and (3-
20) to calculate the acceleration, velocity, positjdisplacement

and kinetic energy of the election addition to the
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ponderomotive force and the wakefield caused byabker pulse
during and after the interaction. Appendix (F) sbouhe

flowchart for the "Laser-Magnetized Plasma" program
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Chapter Four

Results and Discussion

4-1 Shape of thelaser pulse

The shape of a Nd: YAG laser pulse is determined using
the "Laser Shape" program. The intensity of the laser pulse
shown in table (4-1) was chosen according to the non-
relativistic interactions that occur at a; < 1 [5], and the time of
the laser pulse can be calculated from the length of the laser

pulse.

Table (4-1) The input datafor the "Laser Shape" program

I 5x10%(W/cm?)
t 25x10"°(sec)
T, 0.3x10(sec)
T, 0.3x10(sec)
T, 1.7x10(se)
m, 9.1x10%(gm)
X 0
Ao 1.06x104(cm)
e 4.8x10™(es0)

The output data from the "Laser Shape" program are illustrated
in Fig.(4-1).
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E (V/cm)
2E+9 —

Al

OE+0 —

-1E+9 —

B

-2E+9 — T T T T T T T T 1
00E+0 50E-15 10E-14 15E-14 20E-14 25E-14
t (sec)

Figure (4-1) Electricfield for aNd:Y AG laser pulse asa
function of pulse time for 1=5x10*®(W/cn).

From Fig.(4-1), it can be seen that the value of maximum
electric field amplitude E,~ 2x10° V/cm is obtained for the value
of the intensity of the laser pulse | =5x10™ wW/cm? that is directly
proportional to the unitless laser amplitude a, ~ 7x102 , as
calculated from eq.(2-3). The electric field for a Nd:YAG laser
pulse was calculated using egs. (3-1) and (3-2).
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4-2 Calculation of the acceleration for a single

electron in vacuum

The acceleration for a stationary single electron in vacuum
Is determined using the "Electron-Laser" program with input
data shown in table (4-2).

Table (4-2) The input datafor the (Electron-Laser) program

I 5x10%(W/cm?)
t 25x10*>(sec)
T, 0.3x10™(se0)
T 0.3x10™(sec)
T, 1.7x10%(se0)
m, 9.1x10%(gm)
X, 0
Vo 0
Ao 1.06x 10 (cm)
e 4.8x10"(esu)

From this program and using these parameters, one can study
the behavior and maximum values of the velocity, position and
energy for the electron resulting from the laser pulse

propagation.
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4-2-1 Calculation of the velocity for an electron in
vacuum

The velocity for an €electron is determined with input
parameters as shown in table (4-2) using the "Electron-Laser"
program.

The results for this case corresponding to the laser intensity
| = 5x10" W/cm? areillustrated in Fig.(4-2).

V, (cm/sec)
2E+8 —

S

OE+0 —

AR

-2E+8 I e L

(X-Ct)/A,

Figure (4-2) The velocity of the electron as afunction
of distance normalized by A, for | = 5x10%™(W/cm?).
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It is noticed from Fig.(4-2) that the maximum value of the
velocity of the electron during the interaction as a result of the
laser pul se propagation reached to v, ~ 2x10% cm/sec .

It was found that when the laser intensity is multiplied by a
factor of a 100 the maximum velocity of the electron in the x-
direction during the interaction increased by a factor of about
10. This is due to the increase in the electric field that results
from the interaction. From the calculation of the velocity of an
electron using the "Electron-Laser" program, one can see the
oscillation of the electron during and after the propagation of
the laser pulse as shown in Figs.(4-3)and (4-4).

0.08 —

-0.08 ' I ' I ' I ' |
8 -6 4 2 0

(x-Ct)/A

Figure (4-3) The laser pulse unitless amplitude (red line) and
electron momentum (black line),where the x-axis is normalized
by A, and the y-axisis the unitless amplitude a for the laser pulse
and 3 for the momentum of the electron at 1=5x10"(W/cm?).
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0.08 —

0.00 — "VB‘ﬁV”unununU

-0.04 —

-0.08 ' I ' I ' I ' |
.16 12 8 -4 0

(x-ct)/A,

Figure (4-4) Acceleration of the electron after the interaction
with alaser pulse, where the x-axisis normalized by A , and the
y-axisisthe unitless amplitude a for the laser pulse and 3 for the
momentum of the electron at [=5x10%(W/cm?).

One can define  as the Lorentz factor and equal to (v/c).During
the interaction, when the laser pulse propagation, the electron
oscillations during the laser pulse and has momentum, as shown
in Fig.(4-3).

After the interaction, when the laser pulse has passed, the
electron returns to its stationary state. This means, that the
electron has no momentum after the interaction because no net
acceleration occurs to the electron or the net force on the

electron is zero, as shown in Fig.(4-4).
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In a previous work, S. Eliezer and K. Mima in 2009 [25]
used a laser pulse with duration time (At=30 fs), wavelength
(A,=1um) and maximum intensity (I= 3x10" W/cn?). This laser
pulse interacted with an electron at rest by using the numerical
integration of the equations of motion. They noticed that the
electron is accelerated during the interaction but after the laser
pulse has passed the electron has no acceleration as shown in
Fig.(4-5). The result of the present work illustrated in Fig.(4-3)
has the same behavior as the result of Eliezer and Mima shown
in Fig.(4-5).

TN
03} F rl

—0.4 | u L ] \

_05 i | | l' ‘ i i 2 i

0 2 4 6 8 10 12 14 16 18
(x—ct)/A

Figure (4-5) Laser pulse (light line) and electron momentum (dark
thick line) where the x-axisis normalized by A, and the y-axisis
the unitless amplitude a for the laser pulse and yp, for the
momentum of electron [25].

where yp, is the Lorentz factors.
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4-2- 2 Calculation of the kinetic energy of an electron in

vacuum

The kinetic energy of an electron in vacuum can be
determined using the "Electron-Laser" program.
The results of the calculations are illustrated in Fig.(4-6).

_Ek(eV)

8_- ””H”n

) |
_' H
ol AT

x-ct)/A,

Figure (4-6) The kinetic energy of an electron as afunction
of distance normalized by A, for 1=5x10"(W/cm?).
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From this figure, it is noticed that the electron is accelerated
during the interaction with the laser pulse for | = 5x10" w/cm?
to a maximum value of the kinetic energy of an electron
Ex~8eV.

After the laser pulse has passed the electron is again stationary

with no net energy.

4-3 Calculation of the acceleration of an electron in a

plasma
The acceleration of an electron in a homogenous

collisionless plasma by a laser pulse is calculated using the
program "Laser-Plasma’' with the input data shown in table (4-
3).

The critical density of the plasma is determined using eq.(2-7),
to be 1x10%cm® . But, in the present work, the plasma is
assumed to be underdense, therefore, one can choose the value

of the plasma density ne=1x10"cm,
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Table (4-3) The input datafor the "Laser- Plasma’ program

I 5x10%(W/cm?)
t 25x10™" (sec)
T, 0.3x10™ (seq)
T, 0.3x10™ (sec)
T, 1.7x10™ (seq)
Ne 1x10" (cm™)
X, o)
Vo 0

4-3-1 Calculation of the velocity for an electron in a

plasma

When a laser pulse, as illustrated in Fig.(4-1), interacts
with a plasma, whose density ne=1x10%cm?® and frequency
®,=5.4x10" rad/sec , the electron is accelerated from initial
velocity (v,,= 0) at initial position (x,= 0) according to the
Lorentz force plus the force that results from the oscillation of
the electron in the plasma calculated using the "Laser-Plasma’
program.
The results for this case with the intensity of the laser pulse
|= 5x10"™ W/cnr areillustrated in Fig.(4-7).
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V, (cm/sec)
2E+9 —

1E+9 — A

OE+0 — J
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-2E+9 — u U u

-3E+9 — T T T T 1
16 12 -8 4 0
(x-ct)/A,

Figure (4-7) The velocity of the electron resulting from the
laser pulse propagation, and after the laser pul se has passed,
for 1=5x10%™(W/cm?).

Fig.(4-7) illustrates the velocity of the electron in the x-direction
in a plasma during and after the interaction that results from the
electric force in addition to the oscillation force of the electron
in the plasma. The maximum velocity of the electron in the x-
direction during the interaction reached to v, ~ 2x10° cn/sec,
while the maximum velocity of the electron in the x-direction
after the interaction reached to v, ~ 2x10°® crm/sec. It is noticed

that the velocity of the electron during the interaction is larger
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than the velocity of the electron after the interaction. Thisis due
to the decline in the electric field after the laser pulse has
passed.

Results of calculation of the velocity of the electron using the
"Laser-Plasma" program illustrate the oscillation of the electron
in aplasma during and after the propagation of the laser pulse as
shown in Figs.(4-8) and (4-9).

0.08 —

il

0.00 —

1

'008 I I I I I I I
-2

o -

-4
(x-Ct)/\

Figure (4-8) The unitless amplitude of the laser pulse (red
line) and electron momentum (black line) where the x-axisis
normalized by A, and the y-axisis the unitless amplitude a
for the laser pulse and 3 for the momentum of the electron at
| =5x10%(W/cm?).
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0.08 —

1

0.00 —
0.04 — wm
0.08 N I R LA E
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Figure (4-9) Acceleration of the electron in aplasmaby a
laser pulse where the x-axisis normalized by A, and the y-

axisisthe unitless amplitude a for the laser pulse(red
line)and B for the momentum of the electron(black line) for
| =5x10%(W/cm?).

In a previous work, S. Eliezer and K. Mima in 2009 [25]
used a laser pulse with duration time (At=16.7 fs), wavelength
(A= 1um) and maximum intensity of (1=3x10"" W/cm?).This laser
pulse interacted with a plasma of density (n,= 5x10"™ cm™) using
(PIC) technique. They noted that the electrons in the plasma
were accelerated during and after the interaction as shown in
Figs.(4-10) and (4-11). Theresults of the present work based on
the Finite Difference Method are illustrated in Figs.(4-8) and
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(4-9). It is noticed that these results have the same behavior as
the results of Eliezer and Mima [25] shown in Figs.(4-10) and
(4-11).

04r

0.2F 1 |

*hlll”l AL Hllllill'

-20 —l15 —:10 —l5 '[] 5 l.'D il:? 20
(x—xy—ct)/A

-0.2}

0.4k

Fig.(4-10) Pushing of plasma electrons by alaser pulsg[25].

100 =80 =60 =10 ) 0 20
(x—x5—ct)/A

Fig.(4-11) Expanded view of plasma electrons behind the laser
pulse[25].
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4-3-2 Calculation of the kinetic energy for an electron in
aplasma

When alaser pulse interacts with a plasma, the electron has
Kinetic energy in the x-direction during and after the laser pulse

propagation resulting from the velocity of the electron in the
plasma.

The kinetic energy for an electron in a plasma can be calculated
using the "Laser-Plasma" program.

The results of these calculations are illustrated in Fig.(4-12).

Ek . (eV)
1200 —

800 —

400 —

-16 -12 -8 4 0
(x-ct)/X o

Figure (4-12) The kinetic energy of the electron resulting

from the laser pulse propagation and after the laser pulse
has passed for 1=5x10%(W/cm?).
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From this figure one can determine the maximum value of the
kinetic energy of the electron in the x-direction during the
interaction to be Ek, ~ 1 kev, while, after the laser pulse has
passed the maximum value of the kinetic energy of the electron

in the x-direction is Ei, ~ 15 eV. The decrease in the kinetic

energy of the electron behind the laser pulse is due to the
decline of the wakefield after the laser pul se has passed.

4-4 Calculation of the acceleration of an electron in a

magnetized plasma

The acceleration of an electron in a magnetized plasma is
determined using the "Laser-Magnetized Plasma' program with
the parameters shown in table (4-4). The values of magnetic
field applied on the plasma have been chosen so that the

electron is always in the non-relativistic region.
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Table (4-4) The input datafor the "Laser-Magnetized Plasma’

program
I 5x10%(W/cm?)
t 25x10%>(sec)
T, 0.3x10™(sec)
T, 0.3x10™(sec)
T, 1.7x10™(se0)
m, 9.1x10%(gm)
Ao 1.06 x104(cm)
e 4.8x10"°(esu)
Ne 1x10%(cm™)
Vo 0
Vyo 0
X, 0
Yo 0
B 60 (MG) ,70 (MG), 80 (MG)
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4-4-1 Calculation of the velocity of an electronina
magnetized plasma

In this case, the electron is accelerated according to the
L orenz equation that includes electric and magnetic forcesin
addition to the oscillation force of the electron in the plasma.
The velocity of the electron attained as a result of the
acceleration in the plasma during and after the interaction, is
illustrated in Fig.(4-13) for an intensity of the laser pulse
|= 5x10" W/cm? and various values of the externa magnetic

field applied on the plasma.
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-4E+9 —

-8E+9

Figure (4-13) The velocity of electron in the x-directionin a
magnetized plasma, during and after the interaction, for intensity
of laser pulse I=5x10% (W/cn?) and (a) B=0 (b) B=60MG,

(c) B=70MG, (d) B=80OMG.
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One can notice from Fig. (4-13) that the velocity of the electron
in the x-direction in a magnetized plasma increases when the
value of external applied magnetic field increases. Thisis due to
the increase in the displacement of the electron from its initial
position and form the cyclotron frequency for the electron
which leads to the increase of its acceleration, velocity and
energy.

The maximum values of the velocity of the electron in the x-
direction areillustrated in table (4-5).

Table (4-5) The maximum values of the velocity of the
electron for 1=5x10"(W/cm?).

B(MG) V, (cm/sec) V, (cm/sec)
(during interaction) (after interaction)

0 2.0 x10° 2.3x10°

60 3.9 x10° 3.2x10°

70 5.0 x10° 34x10°

80 8.3 x10° 2.6x10°

From table (4-5), one can see the maximum velocity of the
electron in the x-direction during the interaction is about 4 times
the velocity of the electron in a non-magnetized plasma. But ,
after the laser pulse has passed, the maximum velocity of the
electron in the x-direction increases to about 15 times compared

with its value in the non-magnetized plasmawhen B=70 MG.
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The calculations for the velocity of the electron in the y-
direction indicated that it is nearly the same asits velocity in the
x-direction and have the same behavior. For this reason, thereis
no need to draw the behavior of the velocity in the y-direction.
For the three values of the external magnetic field applied on the
plasma and for an intensity of the laser pulse I= 5x10" W/cn?,
one can describe the propagation of the laser pulse and the
acceleration of the electron in a magnetized plasma. More
details of this behavior are shown in Fig.(4-14).
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Figure (4-14) The laser pulse (red line), the momentum (black line),
where the x-axisis normalized by A, and the y-axisis the unitless
amplitude a for the laser pulse of intensity 1=5x10% (Ww/cm?)and [3
for the momentum of the electron for (a) B=60 MG,(b) B=70 MG,
and (c) B =80 MG.
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4-4-2 Calculation of the kinetic energy of an electron in
a magnetized plasma
The effect of an external magnetic field on the kinetic

energy for an electron is studied with the different three values
of magnetic field. Theresults areillustrated in Fig.(4-15).

Ekx (eV)
5000 —
4000 —
3000
2000
1000 —|
0 L R L e
112 -108 -104 -100 -96 -92
B, (&V) R GLIN e
8000 — (a) 20000 —
16000 —
6000 —| |
k 12000 — l r
4000 — A
i ||” 8000 —
S | I
S 4000 —|
O 71 71 w 0 R R A
-112 -108 -104 -100 -96 -92 -112 -108 -104 -100 -96 -92
(-t (X-ct)/ ,
(b) (©)

Figure (4-15) The kinetic energy of an electron in a magnetized
plasma during and after the interaction for intensity of laser pulse
|=5x10"(W/cn) and (a) B=60 MG, (b) B=70 MG,(c) B=80 MG.
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The maximum values of the kinetic energy for an electron are
shown in table (4-6).

Table (4-6) The maximum values for the kinetic energy of an

electron during and after the interaction for 1=5x10"™(W/cm?).

B(MG) Ek (eV) Ek (eV)
(during interaction) (after interaction)
0 1185 15.1
60 4458 30.6
70 7365 3261
80 1.9 x10° 20.2

From this table, one can notice that the maximum kinetic energy
of the electron during the interaction can increase to about 20
times for B=80MG and 200 times for B=70 MG compared with

its value after the interaction in a non-magnetized plasma.

4-5 Calculation of the laser wakefield in a plasma
When a laser pulse propagates in a plasma, it sets the
electrons into transverse oscillation (electron trapping) with a
net gain of energy in the region behind the pulse [38].
Using the "Laser-Plasma’ program, the laser wakefield, which
IS generated during and after the interaction, can be calculated.
The results of these calculations are illustrated in Figs.(4-16)
and (4-17).
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Figure (4-16) The wakefield of alaser pulse during and after the
interaction as afunction of distance normalized by A, for
| =5x10%(W/cm?).
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Figure (4-17) The wakefield of alaser pulse after the interaction
as afunction of distance normalized by A, for 1=5x10%(W/cm?).
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From theses figures, it can be noticed that the maximum
calculated value of the laser wakefield during the interaction is
Ew ~ 2 x10°V/cm, while, after the laser pulse has passed

Ew ~ 3.5x107 v/cm.

In the same manner, when a laser pulse interacts with a
magnetized plasma, the electrons oscillate with an amplitude
larger than that for a non-magnetized plasma because the
acceleration of the electron is larger, that formed from the large
displacement of the electron from its initial position due to the
applied of an external magnetic field on a plasma.

Using the "Laser-Magnetized Plasma' program, one can
calculate the laser wakefield of the interaction. Fig.(4-18) shows
the behavior of the laser wakefield during and after the

interaction.
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Figure (4-18) The wakefield of alaser pulse in a magnetized plasma
for intensity of laser pulse I=5x10"(W/cm?) as a function of distance
normalized by A, and (a) B=60 MG, (b) B=70 MG, (c) B=80 MG.
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From figure (4-18), it can be noticed that the laser wakefield
after the interaction decreases in value for magnetic field B=80
MG where saturation is observed. Therefore, in the present work
the magnetic field B=70 MG can be considered as the best value
externally applied on a plasma, since it produces the highest
wakefield, hence, the highest electron acceleration as shown in
table (4-7).

Table (4-7) The maximum values of wakefield during and after
the interaction for 1=5x10™(W/cn?).

B (MG) Ew (V/cm) Ew (V/cm)
(during interaction) (after interaction)
0 2.0 x10° 3.5x107
60 3.4 x10° 1.4x108
70 4.6x10° 2.4x10°
80 7.4x10° 2.1x10°8

From table (4-7), one can see that the maximum laser wakefield
during the interaction increase to about 4 times for B=80MG
compared with its value during the interaction in a
non-magnetized plasma and it reaches about 50 times after the
interaction for B=70 MG compared with the laser wakefield in a

non-magnetized plasma.
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Chapter Five

Conclusions and Suggestions for Future Work

5-1 Conclusions

The results of numerical calculations in the present work
illustrate the importance of the interaction of the laser pulse
with non-magnetized and magnetized plasmas as means for
electron acceleration. The following conclusions can be drawn
from these results:
1- In the interaction of a laser pulse with an electron at rest in
vacuum, the electron 1s accelerated during the laser pulse
propagation but after the laser pulse has passed, the velocity and
kinetic energy of the electron returns to zero, i.e., there is no net
acceleration gained by the electron in this case.
2- In the interaction of a laser pulse with a plasma, the electrons
in the plasma are accelerated during and after the laser pulse
propagation.
3- A high intensity for the laser pulse can be supplemented by
applying an external magnetic field on a plasma to attain high
electron acceleration. This can be considered as one advantage
of using an external magnetic field in acceleration of electrons
in a laser-plasma interaction.
4- The velocity, kinetic energy and wakefield in a magnetized
plasma can be sustained after the interaction. This can be

considered as another advantage of wusing an external
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magnetic field in acceleration of electrons in a laser-plasma
interaction.

5- Altogether, the results presented in this thesis, based on the
Finite Difference Method, emphasize the results of previous
works, based on the particle-in-cell (PIC) technique, on the
feasibility of using laser-plasma interactions to accelerate
electrons and other charged particles. The results also show the
feasibility of using external magnetic fields in conjunction with

laser-plasma interactions to gain more electron acceleration.

5-2 Suggestions for future work

1- The acceleration of electrons with relativistic velocities as a
result of interaction of a high intensity laser pulse with an
overdense plasma can be considered as an extension of the
present work for non-relativistic electrons in an underdense
plasma.

2- The acceleration of electrons in a magnetized and in a non-
magnetized plasma as a result of interaction with an electron
beam instead of a laser pulse can be studied and compared with
the present work.

3- The acceleration of electrons in magnetized or non-
magnetized plasmas in interaction with a train of pulses or with
Raman forward scattering instability can be studied in future
work for the purpose of comparison with the results in the

present work.

-63 -



Chapter Five Conclusions and Suggestions for future work

4- The two cases of electron acceleration in interaction of a laser
pulse with a plasma where collisions dominate and with an

inhomogeneous plasma are also worth studying in the future.

- 64 -



References

References

[1] J. Faure , Y. Gllnec, A. Pukhov , S. Klseley. ,Gordlenko ,
E. Lefebvre , J. -P.Rousseau , F. Burgy and V. Blalk
"A Laser-Plasma Accelerator Producing Monoenerdegctron
Beams" ,
Nature, 431, 541-542 (2004).

[2] W. P. Leemans , B. Nagler , A. J. Gonsalves.,T6th , K.
Nakamura , C. G. R. Geddes, E. Esarey, C. B.ogdar and S. M.
Hooker,

"GeV Electron Beams from a Centimeter —Scale Acatde” ,
Nature, 418 696-699 (2006).

[3] l. Blumenfeld,

"Energy Doubling of 42 GeV Electrons in a Meter afedPlasma
Wakefield Accelerator" |,
Nature 445 741-744 (2007).

[4] P. Sprangle , B. Hafizi, J. R. Penano , RH&bbard , A. Ting ,
A. Zigler and T. M. Autousen,

"Stable Laser-Pulse Propagation in Plasma Chafore(SeV
Electron Acceleration”
Phys. Rev. Lett85, 5110-5113 (2000).

-65 -



References

[5]

[6]

[7]

[8]

[9]

[10]

[11]

E. Esary, C. B. Schroeder and W. P. Leemans,
"Physics of Laser-Driven Plasma-Based Electron Arators"
Rev. Mod. Phys81, 1229-1285 (2009).

F. F. Chen,

"Introduction to Plasma Physics",

(Plenum Press, New York and London), (1974).
S. C. Brown,

"Introduction to Electrical Discharges in Gases",
(John Wiley and Sons, New York), (1966).

R. J. Goldston and P. H. Rutherford,

"Introduction to Plasma Physics",

(Institute of Physics Publishing, Bristol), (1995).
A. Pukhov and J. Meyer-ter-vehn,

"Laser Wakefield Acceleration” ,

Appl. Phys. B4, 355-361 (2002).

P. Chen, T. Tajima and Y. Takahashi,

"Plasma Wakefield Acceleration for UHECR in Relatic Jets" ,
Phys. Rev. Lett89, 161101 (2002).

A. Ogata,

"Status and Problems of Plasma Accelerators",
ICFA Beam Dynamics News Letter, No.11 (1996).

- 66 -



References

[12]

[13]

[14]

[15]

[16]

P. Chen, J. M. Dawson , R. W. Huff and T. $aitleas,
"Acceleration of Electron by the Interaction of Rined Electron
Beam with a Plasma" ,

Phys. Rev. Letth4, 693-696 (1985).

T. Tajima and J. M. Dawson,

"Laser Electron Accelerator" ,

Phys. Rev. Lett43 267-270 (1979).

V. V. Apollonov, A. I. Artenrev, Yu. L. Kalachev, A. M. Prokhorov
and M. V. Fedorov,

"Electron Acceleration in a Strong Laser Field anStatic
Transverse Magnetic Field"

Phys. Rev. Let2, 91-94 (1988).

Y. Kitagawa , T. Matsumoto and T. Minamihata,

"Beat-Wave Excitation of Plasma Wave and Obseratio
Accelerated Electrons"

Phys. Rev. Lett68, 48-51 (1992).

K. Nakajima,

"Observation of Ultrahigh Gradient Electron Accelsn by a Self-
Modulated Intense Short Laser Pulse" ,

Phys. Rev. Lett74, 4428-4431 (1995).

-67 -



References

[17]

[18]

[19]

[20]

[21]

[22]

C. A. Coverdale , C. B. Darrow and C. D. Degke
"Propagation of Intense Subpicosecond Laser Pthsesgh
Underdense Plasmas" ,

Phys. Rev. Lett74, 4659-4662 (1995).

C. J. Mckinstrie and E. A. Startser,

"Electron Acceleration by a Laser Pulse in a Pldsma
Phys. Rev. Lettc4, 1070-1073 (1996).

G. Brodin and J. Lundberg,

"Excitation of Electromagnetic Wakefields in a Matgjmed
Plasma" ,

Phys. Rev. Lett57, 7041-7047(1998).

V. Petrzilka and L. Krlin,

"Electron Acceleration in a Plane Laser Beam Agdmom
Randomizing the Electron Motion by an Additionakkea Beam"
Phys. Rev. Let26B, 1- 4 (2002).

H. Suk, C. Kim, G. H. Kim and J. U .Kim,

"Energy Enhancement in the Self-Injected Laser \Wakke
Acceleration Using Tapered Plasma Densities" ,

Phys. Rev. Lett. 816, 233-237 (2003).

D. Umstadter,

"Relativistic Laser-Plasma Interactions" ,

J. Phys D. : Appl. Phys.181, 151-165 (2003).

- 68 -



References

[23]

[24]

[25]

[26]

[27]

P. Evans , F. Osman and H. Hora,

"An Investigation of the Nature and Properties lafsihas",

J. Appl. Sciencel, 168-175 (2004).

V. B. Krasovitskii , V. G. Dorofeenko, V. |.dhikov and B. S.
Bauer,

“Interaction of Powerful Laser Pulse with Magnetizglasma” ,
Phys. of Plasmas , American Institute of Physits, 724-742
(2004).

S. Eliezer and K. Mima,

"Applications of Laser-Plasma Interactions"

(CRC Press, Taylor and Francis Group), (2009).

T. Fuchs,

"Laser Accelerated Particles: Investigation Towakgglications

in Radiotherapy",

(Doctor of Natural Sciences Thesis, Ruperto- Catiaversity of
Heidelberg, Germany), (2007).

R. J. Briggs,

"Electron —Stream Interaction with Plasmas ",

(M.L.T. Press, Cambridge, Massachusetts), (1964).

- 69 -



References

[28] W. L. Kruer,
"The Physics of Laser Plasma Interactions;
(Addison-Wesley Publishing Company), (1988).
[29] A. Upadhyay,
"Lectures on the Laser-Plasma Interaction withrdJ&hort Pulse
Lasers",
(Raja Ramanna Center for Advanced Technology, J{(@208).
[30] H.A. Romanowitz and E. P. Rusell,
"Introduction to Electronics" ,
(John Wiely, New York), (1976).
[31] B. Hajlbrahim, P. Bulkin , D. Daineka and Brevillon,
"The Deposition of Multilayer and Gradient Indexiirilms by
MDECR-PECVD",
SPIE Proceeding$963 500-506 (2005).
[32] A.Irman,
"Integral Design of a Laser Wakefield AcceleratathvExternal
Bunch Injection",
(Print Partners IP Skamp, Enschede, The Nether|2009).
[33] K. Takezawa,
“Lectures on the Observation of Ultrahigh Gradidgectron
Acceleration by a Self —-Modulated Intense Shoredaulse"
(Colloquium in Kyoto University, 2003).

-70 -



References

[34]

[35]

[36]

[37]

[38]

[39]

R. Fitzpatrick,

"Introduction to Plasma Physics",

(The University of Texas at Austin, New York), (B9

N. A. Krall and A. W. Trivelpiece,

"Principles of Plasma Physics',

(McGraw-Hill Book Company, New York), (1973).

F. Y. Caiand P. Wibur,

"Enhancement of lon Beam Current Through Spacegehar
Compensation"

J. Appl. Phys54, 6113-6118 (1983).

H. E. Singhaus,

"Beam- Temperature Effects on the Electrostatitalmiity for an
Electron Beam Penetrating a Plasma" ,

Phys. Fluids7, 1534-1540 (1964).

H. Suk , N. Barov and J. B. Rosenzweig,

"Plasma Electron Trapping and Acceleration in Piasiakefield
Using a Density Transition"

Phys. Rev. Leti86, 1011-1014 (2001).

K. Nakajima,

"Lectures on the Extremely High Energy Particle élecation and
Interactions by Super Strong Laser Pulses"

(Stanford Linear Acceleration Center, 2001).

-71 -



References

[40] |. Walmsley and C. Dorerr,
"Advances in Optics and Photonics'
(A Publication of the Optical Society of Americ§2009).

[41]  Microsoft Developer Studio UsserGuide for Fortran, Ver. 4.0
( A Publication of the Microsoft Corporation 19999b).
[42] D. J. Griffiths,
"Introduction to Quantum Mechanics" ,
(Prentice-Hall International(UK)Limited, London)9a5).
[43] W. H. Hyat,
"Engineering Electro magnetics",
(McGraw- Hill Book Company, New Delhi),(1980).

-72 -



Appendices



Appendix (A) Appendices
Appendix (A)

The oscillation force on an electron in a plasma

The electric field on an electron in the x-direntiman be 7
derived from Fig.(A-1) [43].

Consider an infinite slap with chargmsity ©c5).Since

o dy
dE, = S cosb  (A-1)
2T g X% +y?
whereos is the surface charge density.
Then, X
G. X Figure (A-1) The electric field
dE, = i>——\dy (A-2) inthe x-direction created
2T e, (X +y ) between two infinite slap of
Integrating, one obtains charged particles.

00

O xdy = o© 1Y e
E, =—S =—S ¢ =|Z A-3
X 27t80_'[0x2+y2 2T e, an X‘ % ( )

or,
Osg

2¢, (A_4)

E, =

Consider an infinite slap with charge densityJ-placed parallel in

the plane x = a, the total electric field for thtslaps is:
In the case x > a

= o

E,=—3 A-5

. (A -5)

— 9) —

E.=-— A-6
20 (A-6)
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where E is the electric field in the positive direction aBdis

the electric field in the negative direction.

and,
E=E,+E_=
In the case x <0
— G —
E,=——2i
* 2¢,
E. =2s 7
2¢,
and,
E=E,+E_=0

— (@) —
E,=—2|
2¢,
— 9) —
E_=—--i
2¢,

and,
i

= == o
E=E,+E_=-—
80

(A-11)

(A-12)

(A-13)

For an electron the electric field in the x-direatican be written

as:

E, =28

« =S
€o

A-2

(A -14)
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G.=en,s, (A -15)
where nis the number of electrons per unit volume.

Substituting eq.(A-15) into eq.(A-14) one gets:

E, = —€ng o, (A -16)
80
Thus,
d%3
m dtzx =eE, (A -17)

Substituting eq.(A-16) into eq.(A-17) one gets :

d’, -€°n.3,

m
dt? €

(A -18)

And since

o, = (ez ”ejj/z (A-19)

then,

X = —f 5 A =20
» Ox (A-20)
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Appendix (B)

Displacement of an electron from itsinitial position in
a magnetized plasma

The displacement of an electron from itsinitial positionin a
magnetized plasma can be derived according to Fig.(B-1) [34].

y
1

p (t)
Op/o

r(t)

R
A
|

0

> X

Figure (B-1) The displacement of an electron from itsinitial
position.

since,
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the displacement of the electron in the x-direction from its
initial positionisgiven as:

Px(t):rx(t)_Rx (8_4)
where,
re(t)=x(t) (B-5)
However,
R, =R cos (0 +A0) (B-6)

and since A6 isvery small = 0
0 R, =Rcos(p)

Substituting eg. (B-5) into eg. (B-4) one gets:

px(t)=x(t) - R cos (6)

Hence,

r

R
p()=x()] -1 -7
The displacement of the electron in the y-direction from its
Initial position isgiven as.

py(t) =1, (t)-Ry (B-8)
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where,

y(1)=y(t) (B-9)

However,
R, =Rsin(0 +A0)
and since A6 isvery small = 0

OR, =Rsing
or,

R, =r_ YV B-10
L)+ 8710
Substituting egs. (B-9) and (B-10)into eg. (B-8) one gets:

ol y(t)
Py(t) y(t) R\/Xz(t)+y2(t)
Hence,
_ _R _
0, 0=y0f2- | (8-11)
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Appendix (C)

Flowchart for " Laser Shape" program

Start

A 4

Input data g,
‘ t,k,r, T, T, Ty
Determination of the shape

of the laser pulse using
egs. (3-1) and (3-2).

The shape of the laser pulse | Yes
determined using eg. (3-1).

No

The shape of the laser pulse
determined using eq.(3-2).

A

| Print data
t, E(t)

A 4

End
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Appendix (D)

Flowchart for " Electron-Laser” program

Start

A 4

Input data g, m,, X, ,
on ) Tf ) Tr ’ Toff ) t1 At

A 4

"Laser Shape" subroutine
to calculate E,(t).

Calculation of the acceleration,
velocity, position and energy
of electron using egs.( 3-3), (3-
4), (3-5) and (3-6).

Print output
data v.(t),

x(t) , Ed(x).

End
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Appendix (E)

Flowchart for " Laser-Plasma" program

Start

A 4

Input data.g, m, , X, , Vyo,
ne1 va Tr1 Toff’ t’ At

A 4

"Laser Shape" subroutine to
calculate E(t).

A 4

Calculation of the acceleration,
velocity, position and energy for
electron, ponderomotive force
and wakefield caused by the laser
pulse using egs. (3-4), (3-5),
(3-6), (3-7), (3-8) and (3-9)

Print output
datav,(t), E,

(X), Ewo

End
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Appendix (F)

Flowchart for " Laser-Magnetized Plasma" program

Start

A 4

Input data g, m,, N, X,, Yo,
onv Vyov Trv Tf’ Toff ’ t; At1 B

"Laser Shape" subroutine to
calculate E(t).

Calculation of the acceleration,
velocity, position and energy for
el ectron, ponderomotive force and
wakefield caused by laser pulse using
egs. (3-12), (3-13), (3-14), (3-15), (3-
16), (3-17), (3-18),(3-19) and (3-20)
Print output
data v,(t), v,(t),
E. ), Ex
s Ewx)r Ewgy)

A 4

End
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