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Abstract

This thesis investigates the mechanisms of energy absorption in laser-plasma interactions
using Particle-In-Cell (PIC) simulations performed on the OSIRIS 4.0 platform. A detailed
examination of the underlying physical processes responsible for irreversible energy transfer
is presented, addressing key knowledge gaps in both unmagnetized and magnetized plasma

responses to intense laser fields, as outlined below.

In conventional studies, the focus has largely been on absorption mechanisms in the unmagne-
tized regime. Collisional and resonant processes are well-established in explaining irreversible
energy transfer; however, several open questions remain for collisionless and non-resonant
laser-plasma interactions. In particular, mechanisms such as vacuum heating and Jx B
heating, arising when a laser interacts with the plasma—vacuum boundary, are not yet fully
understood. These processes are often attributed to the stochastic motion of particles in the
combined electric field of the laser and the plasma sheath. In this work, PIC simulations
are employed to explicitly study particle dynamics in the sheath region. The results clearly
reveal the chaotic nature of particle trajectories, thereby identifying the intrinsic cause of

irreversible energy transfer in such cases.

The study of laser-plasma interactions in the presence of an external magnetic field has only
recently gained momentum. Advances in high-power, low-frequency pulsed COs lasers and
in generating kilotesla magnetic fields have made it possible to elicit a magnetized response
from lighter electron species within the duration of a laser pulse or even a single laser period.
This opens new opportunities to exploit additional plasma resonances for enhanced energy
absorption. The emergence of extra pass bands, tunable via the strength and orientation of
the applied magnetic field, can be harnessed for localized energy deposition. Moreover, the
restricted motion of electrons in a magnetic field can enable direct ion heating by the laser.
This thesis demonstrates how each of these mechanisms can be utilized for targeted energy
absorption. While eliciting a magnetized response from heavier ion species in the laboratory

remains impractical in the near future (requiring magnetic fields ~ 10® times stronger), such



conditions are feasible in astrophysical environments, where plasmas are often threaded by

extremely intense magnetic fields.

Cyclotron and hybrid resonances are investigated in detail. A salient observation is that
efficient absorption occurs when the laser frequency is slightly off-resonance, due to the com-
peting requirements of sufficient laser penetration and proximity to resonance for optimal
energy deposition. For hybrid resonances, the energy transfer is found to be necessarily me-
diated through electrostatic field generation, in contrast to cyclotron resonances, where no
such field generation occurs. Whenever electrostatic fields mediate the transfer, particle tra-
jectories exhibit chaotic behavior. Furthermore, the possibility of localized energy deposition
is explored by suitably tailoring the spatial and temporal profiles of the applied magnetic
field.
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pulse gets partially reflected and partially transmitted inside the plasma.

The profile of electron density has been shown at various times. At ¢t = 0,
in subplot (a), the initial undisturbed step profile can be seen. The subplots
(b) and (c) show the electron density profile after the laser has interacted at
t = 1500%;1 and (c) t = 3000“’;@1’ respectively. It can be observed that the
electron density is quite smeared up in the vacuum region. . . . . . . . . ..
Time evolution of the total energy (blue solid line) and the field energy (red
solid line) shown by the left y scale. The evolution of the kinetic energy of
electrons is depicted by the green solid line by the right y scale. The vertical
dashed lines shown at ¢t = t4 correspond to the time when the laser hits the
plasma boundary. The interaction of the laser with the plasma occurs within
the time interval ¢, — t4. The reflected laser pulse then leaves the simulation
box in the interval tc totp. . . . . . ..
Subplot (a) shows the trajectories of about 40 electrons which were initially
positioned near the plasma surface within the region 1000 to 1010 ¢/wy.. The
subplot (b) shows the zoomed region. As expected, the electrons extracted

out in the vacuum region ( < 1000¢/wy.) are also pushed inside the plasma.
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boundary in the Jx B heating configuration. . . . . .. ... ... ... ..
The distribution of the Largest Lyapunov Exponent (LLE) has been shown
for three sample sizes of electrons initially located within 1000 to 1010 ¢/wpe.
Subplots (a), (b), and (c¢) correspond to 1500, 3000, and 4500 electrons, re-
spectively. This figure is for the case where J x B is the operative mechanism
for energy absorption. . . . . .. ... L
Time-averaged plot of <f : E) showing how energy is transferred from the
electric field to the particles. The inset shows a zoomed view of the region
near the vacuum-plasma boundary, where the energy transfer is stronger. . .
Power spectrum for time series of z-component of velocity (v, ) has been shown
for the case of J X B. . o o v v v o
A 3-D phase space reconstruction has been shown for the attractor with the
time series data of the xz-component of velocity (v,). This is for the case
where the J x B mechanism is operative. . . . . . . . . ... ...
A plot of correlation dimension versus embedding dimension for the case where
J x B mechanism is operative. . . . . ...
Time evolution of field energy density and kinetic energy density of electrons
for vacuum heating process. The time stamps denoted by the vertical lines at
ta,tg, tc, and tp are the same as described in Fig. 5.4. . . . . . ... ...
Trajectories of 20 electrons initially positioned near the plasma surface in the
case of vacuum heating, shown in the X-Y plane. . . . . . ... ... .. ..
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Divergent trajectories of four electron pairs initially located at (a) (429, 491),
(b) (428, 489), (c) (430, 492), and (d) (425, 480). . . . . . . . ... .. ...
The distribution of the Largest Lyapunov Exponent (LLE) for 1500 electrons
has been shown when the vacuum heating mechanism is operative. The av-
erage value of LLE as well as its standard deviation in this case, is less than
the case of J x B heating shown in Fig. 5.7. . . . . . .. ... ... ... ..
Power spectrum for time series of v, in case of vacuum heating. The broad
spectrum with a peak at the plasma oscillation frequency can be observed.

The 3-D reconstructed phase space attractor using the time series data of the
x-component of the velocity v, has been shown when the vacuum heating
mechanism is operative. . . . . . . . .. ...
Correlation dimension versus embedding dimension has been shown when the
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Time evolution of total energy (blue solid line), field energy(red solid line),
and electron kinetic energy (green solid line) has been shown for the ECR
resonance studies. The kinetic energy acquired by electrons is quite significant
compared to the other non-resonant cases. . . . . . .. ... ... .....
Distribution of the Largest Lyapunov Exponent (LLE) for 1500 surface parti-
cles (originally lying within 1000 to 1010 ¢/w,.) in ECR resonance. The LLE
has very small values in this case compared to others. . . . . . . . ... ...
A comparison of the average and standard deviation of the Largest Lyapunov
Exponent (LLE) for all three cases. The Lyapunov index has noticeably high
values when the absorption process is mediated through the non-resonant
mechanism. Furthermore, it is higher in the first case of J x B heating
compared to vacuum heating. The energy absorption follows the same trend
as the LLE. In contrast, though the energy absorption is highest for the ECR
resonance, the LLE is found to be the smallest. . . . . . . ... ... ....
Diffusion in case of J x B heating. Snapshots (a) and (b) show the vy com-
ponent of velocity distributions at times t; = 320 and ¢, = 3500, respec-
tively, from PIC simulations. Diffusion of initial distribution profile to single

Maxwellian from fluid simulations have been shown in snapshots (c¢) and (d).

Diffusion in case of vacuum heating. Snapshots (a) and (b) show the v, com-
ponent of velocity distributions at times t; = 300 and £, = 900, respectively,
from PIC simulations. Diffusion of the initial distribution profile to single

Maxwellian from fluid simulations have been shown in snapshots (c) and (d).

Time evolution of mean kinetic energies of ions and electrons in (a)l-D and
(b)2-D simulations for case(Il) in X-Mode geometry . . . . . . . ... . ...
Percentage energy absorbed by ions and electrons in (a) X-Mode, and (b) RL
mode configurations. . . . . . . ... Lo

Time evolution of mean kinetic energies of ions and electrons for particle-per-
cell (PPC) (a)8, (b)16, (c)32, and (d)64, for case(Il) in X-Mode geometry . .

114

115

115

116

117

118

119

119

121

122

131

132

133



List of Figures XX
A4 Comparison of smoothly varying (linear) and sharp gradient plasma profile.
In (a) linear gradient profile of 10 skin depths, and in (b) linear gradient

profile of 72 skin depths has been taken for simulation. . . . . . ... .. .. 135



List of Tables

3.1

4.1

5.1

Al

Simulation parameters in normalized units and possible values in standard
UNIES. . . . o e e e e e

Simulation parameters in normalized units and their corresponding values in
standard units. All quantities are normalized to the electron plasma frequency
wpe = 1 and expressed in units consistent with a CO, laser wavelength (A, =
9.42 pm, wpe = 10'® Hz). The standard-unit values are computed based on
these reference scalings. . . . . . . . ...

Simulation parameters in normalized units and possible values in standard
UNIES. . oo e e e

Simulation parameters in normalized units and respective realistic values for
COq and one-micron wavelength laser. . . . . . . . ... ... ... ... ..

xXxi



Abbreviations

EM
CPA
ICF

LH

UH
ICR
ECR
RL mode
X-mode
O-mode
PIC
HHG
ES

1D

2D

3D

ElectroMagnetic

Chirped Pulse Amplification
Inertial Confinement Fusion
Lower Hybrid

Upper Hybrid

Ion Cyclotron Resonance
Electron Cyclotron Resonance
Right Left Circularly Polarized Mode
Extraordinary Mode

Ordinary Mode

Particle In Cell

Higher Harmonic Generation
ElectroStatic

One Dimensional

Two Dimensional

Three Dimensional

xxiil



Abbreviations XxXiv

LLE Largest Lyapunov Exponent
PPC Particle Per Cell
FFT Fast Fourier Transform





