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Abstract

Plasma wakefield acceleration is a promising technique to build compact and powerful particle
accelerators. In such accelerators, the electric fields required to accelerate charged particles are
sustained by electron density modulations in the plasma which may be excited by a short
intense laser pulse propagating through the plasma. The radiation pressure of the laser pushes
away the plasma electrons which are pulled back by ions which are considered to be stationary
due to their heavier mass. This initiates a charge density oscillation behind the laser pulse
referred to as plasma wakefield, similar to the wake of a boat in a river. A bunch of electrons
injected into this wakefield are constantly pulled towards the pulse and get accelerated to a
good fraction of the speed of light very quickly. This scheme of particle acceleration is known
as Laser-Plasma Wakefield Acceleration (LWFA). An ultra-intense (> 1018 W /cm?) laser
pulse having a pulse length shorter than the plasma wavelength expels the electrons from a
region due to the trapping of electromagnetic energy and creates ion cavities or bubbles. The
expelled plasma electrons are accumulated around the bubble surface and some of them are
self-injected into the wakefield and get accelerated. The bubble regime of electron acceleration
has the advantage that no external electron injection mechanism is needed as the electrons are
self-injected and also no preformed plasma channel is required for the electron acceleration
since the bubbles can guide the laser pulse up to many Rayleigh lengths.

This thesis describes both analytical and numerical studies for LWFA in the bubble
regime. Various shapes of bubbles such as spherical, longitudinal-ellipsoid or transverse-
ellipsoid are found to be controlled by d’Alembert equations under three different Gauge
conditions. For each of the Gauge conditions, wakefield potential inside various shapes of the
bubbles has been calculated analytically and is applied to numerically investigate the self-
injection of plasma electrons in the bubble. Several parameters such as bubble velocity, bubble
radius and impact parameters are described and their effect on bubble formation and self-
injection of electrons have been studied numerically solving the coupled differential equations.
Particle-In-Cell (PIC) simulations have been performed to numerical model the experimental
conditions for LWFA to understand various complex Kinetic and relativistic phenomena of
laser-plasma interactions which have not been addressed experimentally. The simulations have
been performed using the PIC code Smilei which is a high-performance open-source code for
the simulation of relativistic laser-plasma interaction. The focus of these simulations lies in the
optimization of laser pulse specifications and plasma density profiles for efficient particle
acceleration in the bubble regime of LWFA. In this regard, the study of wakefield generation

by the modulation of various plasma density profiles has been presented. To benchmark the
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experimental conditions, a comparison has been presented for various temporal and spatial
profiles of laser vis-a-vis the plasma density modulation, wakefield strength, electrons self-
injection, energy spectrum and kinetic energy gradient of accelerated electrons. The scheme of
multi-pulse laser wakefield acceleration (MP-LWFA) has been investigated and the merits of
the multi-pulse LWFA over single-pulse LWFA has been demonstrated. The work described
in this thesis attempts to benchmark the experimental conditions required to explore various
aspects of laser plasma wakefield acceleration.
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Figure 6.6: Plot of plasma electron density profile consisting of down-ramp and up-ramp.
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Figure 6.7: (a) Plasma density modifications in the wake of laser pulse showing bubble and
self-injected electrons at time t =3 ps and (b) Creation of longitudinal electric field
(wakefield) to accelerate the self-injected electrons.

Figure 6.8: Probe diagnostic of electron density (a) and longitudinal electric field (b) at time
t =3ps.

Figure 6.9: Energy spectrum of electrons showing electron acceleration in the wakefied at time
t =3 ps (a), and increase in kinetic energy gradient of the electrons as they are accelerated
in the wakefield (b).

Figure 7.1: Mechanism of two ultrashort laser pulses and one is pump pulse and corresponding
wakefield behind the pump pulse travelling from left side and second is injection pulse with
lower laser pulse strength and corresponding wakefield behind the injection pulse traveling
from right end.

Figure 7.2: Laser electric field E,, in y-direction for higher amplitude propagating from left of

the boundary and for lower amplitude propagating form right to left at time t=100 fs for (a) GG
system (b) GT system (c) TG system (d) TT system.

Figure 7.3: Longitudinal electric field E, in x-direction after the simulation time t = 100 ps for
(a) GG system (b) for GT system (c) for TG system and (d) for TT system.

Figure 7.4: Longitudinal electric field E,, in x-direction after the simulation time t = 500 fs for
(@) GG system (b) for GT system (c) for TG system and (d) for TT system.

Figure 7.5: Longitudinal electric field E,, in x-direction after the simulation time t = 2.4 ps for
(@) GG system (b) for GT system (c) for TG system and (d) for TT system.

Figure 7.6: Bubble formation in the plasma behind the probe pulse and injection pulse collision
at t=200 fs for (a) GG system (b) GT system (c) TG system (d) TT system.

Figure 7.7: Bubble formation in the plasma behind the probe pulse and injection pulse collision
at t=500 fs for (a) GG system (b) GT system (c) TG system (d) TT system.

Figure 7.8: Bubble formation in the plasma behind the probe pulse and injection pulse collision
at t=2.4 ps for (a) GG system (b) GT system (c) TG system (d) TT system.

Figure 7.9: Energy spectrum of accelerated bunch of electrons at t=2.4 ps for GG system as
shown in black curve, for GT system as shown in blue dashed curve, for TG system as shown
in yellow dashed dotted curve and for TT system as shown in green dotted curve.
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List of Symbols

ao : Laser strength parameter

A: Normalized vector potential

A, Normalized vector potential along x-axis

Ay Normalized vector potential along y-axis

A, Normalized vector potential along z-axis

Al Normalized transverse vector potential

a: Longitudinal geometrical coefficient associated with wakefield potential

b: Transverse geometrical coefficient associated with wakefield potential

B: Magnetic field (magnitude)

B, : Magnetic field along x-axis

B, : Magnetic field along y-axis

B, : Magnetic field along z-axis

c: Speed of light in free space

CorC: Geometrical coefficient associated with transverse vector potential

C1,C3C3,Cy, Cs Different sets of Geometrical coefficient associated with transverse
vector potential

E: Electric field (magnitude)

E,: Maximum electric field (magnitude)

E,: Electric field along x-axis

E, . Electric field along y-axis

E, : Electric field along z-axis

Epuise Energy of the laser pulse

—e: Charge of an electron

& - Electrical permittivity in free space
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Lig:

Jx
Ji:
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Geometrical parameter

Restoring force according to Hooke’s law

Lorentz force

Distribution function

Hamiltonian equation

Intensity of laser

Maximum intensity of laser
Intensity in the units of 1018 W /cm?
Current density (magnitude)
Current density along x-axis
Transverse current density

Spring constant

Plasma wavevector

Transverse geometrical coefficient
Dephasing length

Laser’s wavelength

Plasma wavelength

Laser’s wavelength in micrometer
Mass of an electron

number of laser pulse

Initial plasma electron density
Residual electron density
Ambient plasma electron density
Critical density of plasma electrons

Momentum of electron (magnitude)



Dy - Longitudinal kinetic momentum of electrons

Pxo - Initial kinetic momentum of electrons along x-axis
DPx - Longitudinal kinetic momentum of electrons
Dyo Initial kinetic momentum of electrons along y-axis
Dy - Transverse kinetic momentum of electrons
P, : Longitudinal canonical momentum of electrons
P, : Transverse canonical momentum of electrons
Peak - Peak power of laser system
P.: Threshold power of laser system
¢ : Scalar potential
dorV¥: Wakefield potential
T Three-dimensional position

1, Or R or R, Radius of the bubble

Ri,R,,R; .  Different sets of the radius of the bubble

7o - Plasma length

Pe Charge density of electron
p: Impact parameter

P1, P2, P3 - Different sets of impact parameter
t: Actual time

ty: Time at first position

ty: Time at second position
T - Time at HWHM

T - Laser’s period

Tp Time at FWHM

v Velocity of electrons
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p-

w OF Wy OF Wy

Velocity of electrons along x-axis
Group velocity of the laser pulse
Etching velocity of the photons
Phase velocity of the wakefield
Bubble velocity

Different sets of bubble velocity
Spot size at HWHM

Spot size at FWHM

Plasma frequency

Laser’s frequency

Winax OF Wygin Energy gain

X Position along x-axis

Xq - Position along x-axis in first position
Xy Position along x-axis in second position
Y. Lorentz factor

Yp Lorentz factor w.r.t. bubble velocity

Yo Initial Lorentz factor w.r.t. bubble velocity
y: Position along y-axis

Vo Initial position of impact parameter
Eor(: Normalized distance

0 - Initial normalized distance

Z: Position along z-axis
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List of Tables

Table 5.1: Laser parameters for one, two, four, six and eight pulses.
Table 5.2: Bubble radius and energy gain for one, two, four, six and eight pulses.

Table 7.1: Laser strength parameters for pump and injection pulses
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