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Abstract

Rapid progress in ultra-intense laser technology has resulted in intensity levels surpassing
1022 W/cm2, reaching the highest possible density of electromagnetic energy amongst
all controlled sources available in the laboratory. During recent decades, fast growth in
available intensity has stimulated numerous studies based on the use of high intensity
lasers as a unique tool for the initiation of nonlinear behavior in various basic systems:
first molecules and atoms, then plasma resulting from the ionization of gases and solids,
and, finally, pure vacuum. Apart from their fundamental importance, these studies reveal
various mechanisms for the conversion of a laser pulse’s energy into other forms, opening
up new possibilities for generating beams of energetic particles and radiation with tailored
properties. In particular, the cheapness and compactness of laser based sources of energetic
protons are expected to make a revolution in medicine and industry.

In this thesis we study nonlinear phenomena in the process of laser radiation inter-
acting with plasmas of ionized targets. We develop advanced numerical tools and use
them for the simulation of laser-plasma interactions in various configurations relating to
both current and proposed experiments. Phenomenological analysis of numerical results
helps us to reveal several new effects, understand the physics behind them and develop
related theoretical models capable of making general conclusions and predictions. We
develop target designs to use studied effects for charged particle acceleration and for the
generation of attosecond pulses of unprecedented intensity. Finally, we analyze prospects
for experimental activity at the upcoming international high intensity laser facilities and
uncover a basic effect of anomalous radiative trapping, which opens up new possibilities
for fundamental science.
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Chapter 1

Introduction

Since the invention of the laser, one of the most intriguing roles of this unique source of
light is the reaching of higher and higher intensities and discovering matter in extreme
states produced by laser fields of utmost strength. The last 50 years was a breathtaking
age of almost exponential growth of laser intensity. This progress has given birth to several
fruitful fields of modern science that have yielded numerous fundamental discoveries and
important applications.

1.1 High intensity lasers

Apart from focusing in space, the guiding concept in the field of high intensity lasers
was shortening the duration of a laser pulse, keeping fixed its energy. First, nanosecond
scale was achieved with the Q-switching technique. Then, the mode-locking technique
mocker.apl.1965 allowed the reaching of the level of picoseconds and even tens of fem-
toseconds. To the end of 60s, the progress on this path had resulted in reaching an
intensity level of 1014 W/cm2 and gave birth to nonlinear optics as a new field of science.

Nevertheless further increase of intensity faced several serious technical problems. High
intensities of radiation cause a breakdown of the amplifying media. At the same time,
extending the aperture leads to the growth of parasitic (transverse) modes and to the
effect of radiation self-focusing. One more essential limitation was the requirement of
using broadband amplifying media, which is due to the shortness of the laser pulses.
Because of the large scales of the laser systems of that age, the research in this field was
mostly concentrated within just few big facilities. The most well known of them are the
CO2 laser at the Los Alamos National laboratory [1], the neodymium glass laser at the
University of Rochester [2] and the excimer lasers at the University of Illinois at Chicago
and the University of Tokyo [3, 4].

The situation dramatically changed in 1985, when the invention of the chirped pulse
amplification (CPA) method allowed the overcoming these difficulties and the surpassing
of previous intensity records by several orders of magnitude within tabletop setups. The
idea behind CPA consists of passing the starting laser pulse through a stretcher, an optical
dispersion system in which the pulse undergoes strong linear frequency modulation (so-
called chirp modulation). As a result, the originally short pulse is stretched out ten
thousand-fold in time and space due to the separation of its spectral components. The
intensity of such a stretched (chirped) pulse is much lower than that of the initial pulse.
Thereafter, the pulse is amplified in the usual way and passed through a second dispersion
system (called the compressor), an inverse of the first one. A pair of diffraction gratings
is typically used as the stretcher and the compressor, properly positioned and oriented
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10 CHAPTER 1. INTRODUCTION

with respect to the optical path of the laser pulse. An advantage of this scenario is that
the stretched pulse is amplified in the laser medium, which prevents a breakdown. At
the same time, the sole region where the high-intensity pulse interacts with matter is the
surface of the last diffraction grating that compresses the pulse, whose damage threshold
is much higher than the level causing the breakdown in the core of optical materials.

The choice of amplifying media has lead to appearance of two alternatives. The
broad-band amplification (up to 3000 cm−1) in sapphire crystals doped with titanium ions
(Ti3:Al2O3 or Ti:Sa) has produced record-breaking intensities owing to the very short du-
ration of radiation (tens of femtoseconds) at relatively low pulse energies (tens of Joules).
By contrast, in CPA devices with the amplification in Nd:glass, petawatt power is achieved
in longer (∼ 1 ps) pulses with much higher energies (around 1 kJ).

One other modification of the CPA method is based on parametric light amplification
in nonlinear optical crystals (optical parametric pulse amplification, OPCPA). The method
was proposed in 1986 by Piskarskas and coworkers [5] and implemented later by several
experimental groups [6–8].

The current record of laser intensity is 2 × 1022 W/cm2 [9]. It was achieved in the
University of Michigan in 2008 by virtue of adaptive optics that provided an almost ideal
focusing of the laser pulse, having a peak power of 300 TW. At present several facilities in
the world can provide laser pulses of 1 PW level and several upcoming projects are expected
to reach the level of 10 PW. Moreover, recently initiated large scale international projects
[10, 11] are aimed at the coherent summation of several laser channels and the reaching
of an intensity level of 1026 W/cm2 with the goal of studying phenomena at the interface
of high-field and high-energy physics.

1.2 Matter in laser fields of high strength

The CPA method started two decades of exponential growth of intensity and initiated
numerous fruitful studies in the field of laser-matter interaction (see fig. 1.1). The driving
force behind this progress was to enable possibilities for the experimental observation of
the nonlinear behavior of different basic systems.

The ionization of molecules and atoms was the first process for study on this path.
Intensities of the order of 1012 W/cm2 correspond to field strengths capable of perturbing
electrons at the highest energy levels strongly enough to cause a nonlinear response. At
intensities of the order of 1014 W/cm2 laser fields start to compete with intra-atomic
fields, causing rapid ionization and complex dynamics of the electron wave function. This
process provides the way for the generation of radiation with attosecond duration and
for consequent diagnostics of internal molecular and atomic structures at unprecedentedly
small time and space scales. Progress in these studies has given birth to a new field of
science called attophysics [12].

Next, as the available intensity reached a level of the order of 1016 W/cm2, the laser
fields surpassed the intra-atomic fields that band electrons. This provided the way for the
rapid ionization of various targets and for studies considering nonlinear processes.

Further, nonlinear behavior in laser-plasma interactions can be caused by the rela-
tivistic motion of electrons when approaching the so-called relativistic intensity. This
intensity is defined as the one that provides electrons with an oscillatory energy equal to
the rest energy. For linear polarization Irel ≈ 2.75× 1018/λ2, where Irel in W/cm2 and λ
is the wavelength in µm. On the one hand, the relativistic motion of electrons leads to a
relativistic mass increase and to consequent changes of a plasmas’ optical properties. In
particular, this explains the phenomena of self-focusing [13, 14] and relativistic self-induced
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Figure 1.1: Overview of the historical progress in the field of high intensity lasers. The red
curve demonstrates growth of available intensity (vertical axis) as a function of year (horizontal
axis). The colored regions correspond to the basic systems, in which lasers can initiate nonlinear
behaviour. Some of the applications are shown to the right.

transparency [15, 16]. On the other hand relativistic motion enhances the effect of the
magnetic field and consequently increases the role of the high-frequency ponderomotive
force [17]. In particular, the ponderomotive force is responsible for excitation of Langmuir
waves by a laser pulse propagating in an underdense plasma [18–20]. Studies of these and
other phenomena have resulted in a new line of modern physics called relativistic optics
[21].

At intensities of the order of 1023 W/cm2 individual incoherent emission (radiation
damping) of electrons in plasma starts to affect the plasma dynamics. This causes an
energy transformation into the gamma range and the dissipation of energy involved in the
laser-plasma interaction. In particular, this effect can lead to the generation of gamma
radiation and to the suppressing of instabilities in plasmas.

Finally, progress in laser technology has opened up possibilities for creating light
sources of extreme intensity > 1026 W/cm2 [10, 11] with the goal of studying nonlin-
ear properties of the vacuum as predicted by quantum electrodynamics (QED). Recent
theoretical studies indicate that at intensities of the order of 1025 W/cm2 electrons can
be accelerated and emit enough energetic photons for electron-positron pair production
induced by laser fields as a perturbative QED process. This two-step process can repeat
cyclically many times within focal region of the laser pulse leading to cascade of pair
production [22]. For intensities above the order of 1027 W/cm2 (in optics) pairs can be
generated in pure vacuum as a non-perturbative QED process [23]. Apart from nonlinear
properties of the vacuum, the big interest constitutes state of matter in the fields that en-
able the non-classical properties of vacuum. Some theoretical predictions and experimental
possibilities both current and proposed are depicted in fig. 1.2.
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Figure 1.2: Basic phenomena and some experimental possibilities achieved, currently constructed,
and proposed, shown on the map of radiation wavelength and intensity. The intensity of particle
production via non-perturbative QED corresponds to electric field strength E = αES , where
ES ≈ 1.3×1018 V/m is the Schwinger field and α ≈ 1/137 is the fine structure constant. Threshold
of cascades corresponds to the estimate given in [22].

1.3 Applications of high intensity lasers

High intensity laser pulses can be considered as a unique form of electromagnetic energy
utterly compressed both in time and space. At the same time, different basic systems
demonstrate essentially nonlinear behavior when interacting with such pulses. This pro-
vides various mechanisms for energy conversion into other utmost forms. More or less all
of the applications are based on the conversion of laser pulse energy into specific forms.
Transformation to the kinetic energy of charged particles can be used for creating novel
sources of energetic particle beams, whereas nonlinear responses of matter can be con-
sidered as a way of producing sources of radiation in the hard-to-reach spectral ranges.
In addition, secondary sources of radiation can inherit or even enhance unique proper-
ties of laser pulses such as shortness and intensity. An overview of laser-driven electron
acceleration, ion acceleration and some concepts of secondary sources of radiation as the
applications under the most intensive discussion are presented in the paper I. Here we
describe shortly the main concepts, difficulties and achievements.

1.3.1 Electron acceleration

The electromagnetic fields of laser pulses greatly surpass the utmost fields in linear accel-
erators (not higher than 100 MV/m due breakdown in microwave resonators), providing
a temping way of accelerating particles at shorter distances within a compact and cheep
setup. However, the fields of laser pulses oscillate with a high frequency and are orientated
perpendicularly to the direction of propagation. Thus, direct acceleration is commonly
rather inefficient [24–26]. the use of plasma Langmuir waves as an intermediate form of
energy turns out to be an efficient way to overcome this difficulty [19, 27, 28]. At the first
stage, the ponderomotive effect of the laser pulse on the particles results in the excitation
of a plasma wave. This can be implemented in a variety of ways: three-wave excitation by
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two laser pulses [29–34] (PBWA, plasma beat wave acceleration [19, 35–39]), excitation by
self-modulated plasma beat wave (SM-PBWA [36, 40–53]), excitation by a train of laser
pulses [54–58], and, finally, direct ponderomotive excitation by an ultra-short laser pulse
having longitudinal size less than the plasma wavelength (LWFA, laser wake-field accel-
eration) [19, 27, 28]. At the second stage, electrons are accelerated by the longitudinal
electric field of the plasma Langmuir wave, when propagating within so-called accelerating
phases (or regions). Acceleration in these regions is usually stable for electrons, but trap-
ping a certain number of them is a nontrivial problem, which is also referred as a problem
of electron loading. Perhaps the most trivial and robust solution is wave breaking when
approaching the nonlinear regime [45, 49, 59], but this regime is commonly less efficient
and less controllable than the linear regime. Several methods of electron loading have
been proposed for the linear regime as well. The most efficient of them are colliding pulse
techniques [60–64], ionization injection [65, 66], and using gradients in the plasma electron
density [67–74].

Progress in understanding the physics behind laser-driven acceleration [75] as well as
advances overcoming various technical obstacles have resulted in the generation of electron
beams with energies up to 1.5 GeV [66, 76–80] and an energy spread of about few percent.
Currently, laser based sources of electron beams are considered as a promising solution
for the first stage of traditional accelerators, for X-ray generation and for other applica-
tions. Nevertheless, increasing energy, reducing energy spread, tuning beam parameters
and increasing the repeatability remain the challenging problems for both theoretical and
experimental research aimed at widening the application area. Finally, the progress in this
field has recently initiated the broad discussion of a project aimed at reaching the level of
100 GeV using a relatively long distance of acceleration (∼ 30 m) [81].

1.3.2 Proton and light ion acceleration

In comparison with electrons, protons and light ions experience even less direct effect of
rapidly oscillating laser fields due to their significantly higher mass. Thus for their acceler-
ation the laser-plasma interaction plays the key role as a convertor of the electromagnetic
fields into a more appropriate form.

The concept called Target Normal Sheath Acceleration (TNSA) [82] is the most straight-
forward way to this goal. At the first stage it assumes the transformation of energy from
an incident laser pulse into kinetic energy of electrons in the near-surface layer of a thin
foil used as a target. As a result of having high enough energy (from tens of keV to sev-
eral MeV) these electrons pass through the foil almost without energy loss from collisions
with ions. After reaching the opposite side, the electrons go beyond the target due to
their inertia and form an electrostatic field of charge separation. At the last stage, this
electric field can accelerate protons and light ions from the rear side of the target. This
mechanism was responsible for the generation of energetic protons in early experiments
with thin foils irradiated by laser pulses [83]. From a theoretical point of view two basic
processes are involved and require analysis: laser energy transformation into the kinetic
energy of electrons and the self-consistent dynamics of electrons and protons (ions) beyond
the target. For the first problem the theory of resonant absorption [84, 85] and absorption
with the so-called Brunel mechanism [86, 87] were developed for the case of smooth and
rapid drop-off of plasma density respectively. The last mechanism can be more productive
providing an efficiency up to 70%. Apart from efficiency the key challenge for the second
problem is the generation of protons (ions) with a small energy spread, which is what is
required by the majority of applications. a simple consideration predicts an exponential
decay of energy, whereas more a realistic theory of self-consistent dynamics [88, 89] and
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simulations explain the presence of peaks in the spectra [90]. In 2006 the generation of a
quasi-monoenergetic (about 25% spread) beam of protons with energy of about 1.2 MeV
was demonstrated by means of placing accelerated protons into a thin covering layer with
the idea of providing equal initial conditions [91–93]. Despite the progress in this field the
most valuable potential applications of laser-driven ion acceleration have requirements that
still have not been satisfied with the NTSA concept. In particular in medicine, compact
laser sources of protons with energies of the order of of 100 MeV can replace traditional
large-scale accelerators used for hadron therapy and produce short-lived isotopes for can-
cer diagnostics. Nevertheless the robustness of the TNSA mechanisms provides various
possibilities for modifications [94–99] making it a promising technique for applications.

In comparison with the TNSA mechanism and its modifications, the cardinal step for-
ward can be achieved at sufficiently high intensities (> 1023 W/cm2) based on acceleration
by light pressure. The concept of Radiation Pressure ion Acceleration (RPA) [100–103]
also assumes using the kinetic energy of electrons as an intermediate form, but in a more
regular and efficient way. Here electrons are accelerated by light pressure in the form of
a layer moving in front of the laser pulse, which can provide an energy transformation up
to almost 100%. This layer can drag and accelerate a certain portion of protons or ions
by the Coulomb force. Note that, as we enter the relativistic regime of motion, particles
start to move almost together with the laser radiation, providing a long distance of accel-
eration, high efficiency of energy transformation, and good quality of particle beam. The
key problems for experimental realization of this mechanism are the strong requirements
for high intensity and instabilities of the electron layer [104–106].

1.3.3 Generation of attosecond pulses

One of the most important lines of development in the field of high intensity lasers was
reaching the utmost shortness of radiation for the diagnostics of matter at extremely
short time and space scales in the framework of so called pump-probe methodology. This
approach involves extracting information about elementary systems from their response
to a probe pulse after being excited in a certain way by a pump pulse (the pulses are
separated in time by a short controllable interval). Towards the close of the 20th century
the progress of laser technology had led to the reaching of a fundamental limit in optics
that is a pulse duration of the order of the wave period (few femtoseconds). Despite
the productive studies of temporal rotational-vibrational dynamics in molecules with such
pulses, the more specific studies of molecules and atoms require pulse durations in the
range of attoseconds, which corresponds to the typical times of electron dynamics in these
systems.

Historically, the first available method for the generation of attosecond pulses was
based on high order harmonics generation (HHG) by the molecules excited by the laser
pulses of intensity > 1014 W/cm2. The highly nonlinear response of the molecules appears
as a result of a three-step process [107]: 1) an electron detachment from a parent ion as
a result of tunnel ionization [108], 2) motion of the electron in the vicinity of the parent
ion under the effect of the oscillating laser field, 3) emission of high harmonics due to the
collision of the electron with the parent ion. This process results in the generation of a
train of attosecond pulses, which was indirectly observed in a number of experiments on
gas jets irradiated by laser pulses [109–112]. Currently there is a continuous interest in this
area from both an applied and a fundamental point of view [12]. Nevertheless, despite the
evident progress, the above described mechanism doesn’t provide an essential way either
for a further decreasing of the pulse duration or for an increasing of the efficiency and
intensity. Increasing the laser pulse intensity leads to rising an increase in the negative



1.3. APPLICATIONS OF HIGH INTENSITY LASERS 15

role of magnetic field and relativistic effects, whereas increasing the density of the target
causes the destructive effect of electron collisions with neighboring atoms.

Laser pulse interaction with solids provides a promising way for a dramatic step for-
ward. In this process laser radiation with high enough intensity causes rapid ionization
and the formation of overdense plasmas, whose complex self-consistent dynamics provides
a nonlinear response. Several mechanisms for the generation of high harmonics in this
process have been proposed and verified experimentally. The first mechanism assumes the
interaction of a laser pulse with a plasma having a smooth drop in density that appears
as a result of the thermal spread caused by the forerunning radiation (which is typical for
high intensity lasers due to technical reasons). The mechanism is based on the step-by-
step doubling of the frequency by excitation of plasma oscillations from surface to deeper
layers of the density ramp due to any kind of nonlinearity. The second mechanism, called
coherent wake emission (CWE) [113], also implies the presence of a smooth density drop,
but the plasma oscillations are excited by the electrons being dragged from the plasma due
to the Brunel mechanism [86]. Finally, the third mechanism, called relativistic oscillating
mirror (ROM), is based on laser radiation interaction with a sharp plasma surface [114–
116]. The mechanism implies the presence of an apparent reflection point (ARP) whose
position oscillates in such a way that the energy flux behind it is equal to zero constantly.
Considering ARP as an oscillating source of radiation leads to a universal law for the
spectrum: the energy of the n-th harmonic is proportional to n−8/3. This prediction was
confirmed in some way experimentally [117]. In the paper VI we propose a new mechanism
that takes into account temporal accumulation of energy in the form of internal fields of
charge separation in plasma.
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Chapter 2

Staged proton acceleration

2.1 Problem statement

Due to technical reasons generation of high intensity laser pulses is commonly accompa-
nied by the forerunning radiation having several orders of magnitude lower intensity at
the nanosecond timescales. Meanwhile this radiation also referred as prepulse can be suffi-
ciently intense to cause ionization of a target and consequent thermal spread of generated
plasma. Various techniques such as plasma mirror is used to improve contrast (reduce
prepulse) in order to avoid too large thermal spread before coming the laser pulse. In such
a way it is possible to provide conditions for the interaction of a laser pulse with plasma
that inherits spatial structure of a target. This opens up manifold opportunities for target
design with the aim of solving applied problems, proton acceleration in particular.

In the presented studies we are searching for plasma configurations that under the
effect of intense laser radiation can work as a source of energetic protons. In particular we
are focused at the rather moderate intensities in the range of 1020− 1023 W/cm2 that are
not sufficient for enabling RPA regime but are expected to be rather routinely available
in the nearest future as a tool for applied issues. In terms of proton beam parameters
we are aimed at generation of protons with energies from few tens to few hundreds of
MeV, those compact sources are especially desired for hadron therapy and for production
of short-lived isotopes for cancer diagnostics.

This chapter is devoted to two novel concepts of proton acceleration. The first concept
is based on the step-by-step destruction of an array of thin foils by a laser pulse with
circular polarization and relativistic intensity. Each destruction is caused by electron
expelling under the effect of ponderomotive force and results in temporal formation of a
longitudinal electric field that accelerates a beam of protons co-moving with the laser pulse.
The concept was proposed, proved and studied with numerical simulations (see paper II).
The second concept implies interaction with a hollow micro-scale spherical target with an
opening. First, the protons are accelerated in the TNSA regime from the internal surface
of the target. At the second stage protons are additionally accelerated when passing
opening by the electric fields of charge separation formed there due to the hot electron
recirculation. The second concept was analyzed numerically and studied experimentally
in collaboration with the group of Prof. Claes-Göran Wahlström from Lund University
(see paper III).
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2.2 General remarks

As the ionization commonly happens well before coming the laser pulse, it is reasonable
to exclude this process from the consideration and study the laser-plasma interaction
independently. In this thesis we follow this common approach. Besides, in the studied
cases the typical temperature of laser-generated plasma is order of MeV, thus electrons
behavior can hardly be affected by the collisions between each other and ions. Collisionless
dynamics of plasma interacting with laser radiation can be efficiently simulated based on
Particle-In-Cell (PIC) approach, which is widely used in the studies presented here.

It is convenient to use dimensionless variables for analysis of high-intensity laser-plasma
interaction. Plasma density can be considered in units of critical density, which is the
density providing plasma frequency equal to laser frequency:

ncr =
mω2

4πe2
≈ 1.11× 1021 cm−3 (λ/ (1 µm))−2 , (2.1)

where ω and λ = 2πc/ω are frequency and wavelength of laser radiation respectively, m
and e are electron mass and charge respectively, and c is the speed of light.

In the studied here cases the nonlinearity of laser-plasma interaction is caused by rela-
tivism of plasma electrons. Thus we count laser amplitude in the units of relativistic ampli-
tude, which is defined as the amplitude causing electron oscillatory energy e2E2

rel/
(
4ω2m

)
equal to quadruple rest energy mc2:

Erel =
mcω

|e|
. (2.2)

In case of linear polarization the density of electromagnetic energy flux oscillate in time
and has the averaged value for relativistic amplitude equal to:

Irel =
c

8π

(mcω
e

)2
≈ 1.37× 1018 W/cm2 × (λ/ (1 µm))−2 , (2.3)

which is commonly referred as relativistic intensity. One can also define relativistic in-
tensity for circular polarization, which has doubled value due to absence of temporal
oscillations.

The Lorentz force for an electron in electromagnetic wave also oscillates in time (for
linear polarization). The averaged effect is described by the so-called ponderomotive force:

Fpond = −ζmc2∇
(
E0

Erel

)2

, (2.4)

where E0 is wave amplitude and factor ζ is determined by polarization:

ζ =

{
1/2 for linear polarization;
1 for circular polarization.

(2.5)

Note that in case of circular polarization this force constantly coincides with the Lorentz
force and doesn’t oscillate in time. Thus it can be used to push electrons without causing
complex dynamics commonly followed by the rapid instability of Rayleigh–Taylor type.
The expression (2.4) can be generalized for the case of arbitrary particle in an evident way.
In particular, one can see that the direction of the ponderomotive force doesn’t depend on
particle’s charge. Besides, due to higher mass ions are less affected by the ponderomotive
force. Thus electrons can be naturally used for an intermediate step in the process of laser
energy conversion.



2.3. MULTISTAGE ACCELERATION USING THIN FOILS 19

Figure 2.1: Electric and magnetic field vectors for the incident (Bi, Ei), transmitted (Btr, Etr),
reflected (Br, Er) waves, as well as the resultant fields (Bs, Es) in the plane along the layer
irradiated.

2.3 Multistage acceleration using thin foils

Here we consider possibilities for proton acceleration based on two step process in the in-
teraction of laser pulses with thin overdense plasma layers. The first step implies electron
shifting (relatively heavy ions) as a result of pushing them by the direct effect of pon-
deromotive force of incident laser radiation. At the second stage protons are accelerated
by the electrostatic field of charge separation between heavy ions and shifted electrons.
This mechanism can be especially efficient in case of circular polarization and relativistic
intensity.

2.3.1 Relativistically induced slab transparency

The reflection of the incident laser radiation from the overdense plasma layer can be
interpreted as a result of emission of two electromagnetic waves by the collective motion
of plasma’s electrons. One is orientated towards the direction of incident radiation but has
exactly opposite phase, which ensures zero fields behind the layer. Another is orientated in
opposite direction and is just reflected wave. The maximum surface density of the current
of all plasma electrons is limited by the relativistic speed limit:

jmax = eNeLc, (2.6)

where Ne and L is the plasma density and the layer thickness in dimensional units. Thus,
the maximum intensity that can be reflected by the layer is determined by the expression:

Ith =
c

4π
(2πjmax)2 = πc (eNeL)2 . (2.7)

If the incident radiation overcomes this threshold value, a part of radiation penetrates
through the layer. In figure 2.1 we schematically demonstrate the resultant vectors of elec-
tric and magnetic components for the incident (Bi, Ei), transmitted (Btr, Etr), reflected
(Br, Er) waves, as well as the resultant fields (Bs, Es). Vectors v|| and v⊥ show the
averaged velocity of electrons along and transverse to vector Es respectively. The charge
surface density is defined as σ = eNeL. In the static case electrons in the layer rotate
under the effect of the resultant electric field Es according to equation

d

dt
p⊥ = −eEs. (2.8)
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In relativistic limit one can consider

v⊥ = 0, v|| = c
(Es/Erel)

2

1 + (Es/Erel)
2 ≈ c. (2.9)

Assuming this, from fig. 2.1 one can obtain relation between intensities of incident and
transmitted radiation:

Itr = I − Ith. (2.10)

In this regime we can determine the total force of light pressure per unit area:

Fl =
2

c
Ith. (2.11)

The obtained value exactly coincides with the maximal force of electrostatic attraction
between ions and electrons

Fe = 2π (eNeL)2 , (2.12)

which can be reached only in case of complete separation of charges due to electron shifting.
In such a way we have demonstrated that overcoming the threshold value of intensity

leads to penetration of a part of radiation and to electrons shifting to the rear surface of
the layer (that is opposite to the irradiated one). We call this effect relativistic induced
slab transparency (RIST).

Note that the state of shifted electrons established due to the RIST effect is a neutral
equilibrium. Thus electrons can be easily expelled beyond the layer by any kind of addi-
tional perturbation. In particular this happens in case of plasma layer interaction with a
short enough laser pulse, whose peak intensity surpasses the threshold value for the RIST
effect. Simulation of this process shown in figure 2.2 indicates presence of two different
phenomena.

The first phenomenon is electron expelling and dragging out by the ponderomotive
force at the leading edge of the transmitted radiation. One can estimate the total charge
taking away by equating the force of Coulomb attraction and the ponderomotive force at
the leading edge of the transmitted radiation:

σsep =
mc2

4πt
max

[
∂

∂t
Atr(z, t)

]
, (2.13)

where Atr(z, t) is vector potential of the transmitted radiation in dimensional units. Thus,
apart from the field of charge separation inside the layer, protons can be accelerated by the
electric field with the strength of about 2πσsep beyond the rear side of the layer. Note that
potential drop and consequently energy gain (when passing through) due to the internal
field is determined by the layer thickness:

∆ϕ = 2πσL = 2πeNeL
2, (2.14)

whereas the energy gain beyond the rear side can be larger even for relatively small taken
away charge σsep due to much longer distance of acceleration.

The second phenomenon is expelling a bunch of electrons beyond the rear side and its
further oscillation in the vicinity of the layer. This process can be clearly seen in fig. 2.2
and can be phenomenologically explained as follows. When the incident intensity rapidly
overcomes the threshold value (2.7) radiation immediately starts to penetrate through the
layer. Due to rapid changes in electron dynamics at this instant, electrons obtain an im-
pact (outside) due to temporal deviation from the state of equilibrium. As the equilibrium
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Figure 2.2: Transverse component of electric field Ez shown at the space-time diagram. The
distribution is obtained with 1D PIC simulation of 100 nm plasma layer normally irradiated by 30 fs
(FWHM for intensity) circularly polarized laser pulse having Gaussian shape and peak intensity
of 1022 W/cm2. Laser wavelength is 1 µm. Ions are assumed immobile.

is neutral, electrons start to move beyond the layer. Nevertheless, due to motion close
to the relativistic limit, the nonzero longitudinal component of the speed provides reduc-
tion of the transverse component that is responsible for the reflection capability. Thus
longitudinal motion of electrons causes reduction of the ponderomotive force and conse-
quent domination of Coulomb attraction to the ions. The balance can be again achieved
for the right most electron when the longitudinal motion stops. Other electrons start to
deviate back to the layer and again get an impact due to temporal deviation from the
state of equilibrium when entering inside the layer. Repeating of these processes leads to
oscillations.

2.3.2 Acceleration using a single thin foil

As one can see from fig. 2.2 RIST effect can be used for generation of a longitudinal electric
field of charge separation suitable for proton and light ion acceleration (for the sake of
simplicity we discuss protons further). In practice RIST effect can be achieved based
on short, circularly polarized, strong laser pulse interacting with a thin solid slab, those
ionization leads to formation of an overdense plasma layer. Due to good valleability gold
foils or other metal foils can be especially suitable for the target production. Certainly the
contrast of the laser pulse should be high enough to avoid too large thermal spread of the
target. Here we do not discuss in more detail these and other issues of practical feasibility
and are focused on the design of a plasma structure dedicated for proton acceleration.
Nevertheless, we are based on the values of the main laser pulse parameters (peak intensity,
duration, wavelength) that are rather realistic for the nearest future.

The longitudinal electric field provided by RIST effect rapidly changes in time. Thus
proton acceleration should be synchronized in an optimal way with appearance of RIST
effect. A short low density thin layer can be associated with a source of proton those
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Figure 2.3: Results of the simulation of protons acceleration using the source layer and the
accelerating layer properly spaced apart. The longitudinal component of the electric field is shown
with grayscale at the space-time diagram. The protons trajectories are shown with curves having
color depending on initial position (a). The proton energy at the output as a function of initial
position (b) and the distribution of protons energy in the generated beam (b) are shown in separate
panels. The laser pulse has the same parameters as in fig. 2.2

position in space provides us the way to control the timing. We consider a 100 nm layer
with equal density of electrons and protons Ne = Ni = 1.1× 1022 cm−3 as a source layer
and optimize its position relative to the accelerating layer (where RIST occurs) using the
following ideas. First, the source layer should be placed before the accelerating layer rather
than after it as in TNSA regime. This allows using internal longitudinal electric field of
the accelerating layer. Second, the position of the source layer at a small distance before
the accelerating layer can provide optimal delay that prevents proton penetration through
the accelerating layer before the maximum longitudinal field is formed there.

Due to lower density of the source layer, reflection (from it) breaks well before RIST
effect occurs. After this happens a standing wave is formed as a result of radiation re-
flection from the accelerating layer. Electrons from the source layer are trapped by the
effective ponderomotive potential and start to oscillate about the position of the nearest
electric field node that are equidistantly deposited with interval λ/2 (the closest node
position coincides with the surface of the accelerating layer). Due to mutual Coulomb
interaction protons start to follow electrons and are shifted towards position of the same
node. Hence, if the source layer is placed not far than λ/4 from the accelerating layer, the
protons are delivered to the accelerating layer with some delay. This analysis completely
fits the results of numerical simulations.

As the protons are assumed to pass through the accelerating layer, one could ask if they
lose much energy due to collisions with ions of the accelerating layer. Assuming described
above process we can estimate that due to attraction to the electrons from the source layer
protons reach the accelerating layer having energy order of 1 MeV. One can estimate that
the scattering mean free path for such energies is much longer than the accelerating layer
thickness. Thus collisions do not affect the process and we can neglect this effect.

In order to determine the optimal position of the source layer we have carried out an
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array of simulations varying the distance between the layers from zero to a quarter of
wavelength. We determined that the distance of 200 nm provides the highest energy of
protons at the output. The results of simulations for this case are shown in fig. 2.3. As
one can see, the process provides formation of a quasi-monoenergetic proton beam with
energy order of 50 MeV. Apart from that, specific temporal dynamics of the longitudinal
electric field results in a large part of protons are grouped into a bunch having spatial
spread order of 100 nm. In terms of protons trajectories this can be interpreted as a
“lens” in the coordinate-time space.

2.3.3 Acceleration using an array of thin foils

When reaching the threshold value of intensity incident radiation starts to penetrate
through the layer. In case of rapid transition to this regime an essential number of elec-
trons can be dragged out beyond the layer. This causes reduction of the layer capability to
reflect radiation and leads to further growth of the part of radiation that passes through.
The longitudinal electric field of charge separation generated in this process can produce
a bunch of protons localized in space and moving in the same direction as transmitted
radiation. This allows repeating the RIST mechanism of proton acceleration using other
thin foils behind the first one. In fact this can allow sequential using of energy of different
parts of laser pulse.

To achieve the highest energy of protons in the generated beam one should synchronize
its motion with the instances when the highest accelerating electric field is formed by each
layer. The process of acceleration can be controlled by matching the distances between
accelerating layers as well as their thicknesses and densities. As the radiation does not
pass though before RIST occurs, the optimization of the comprised target can be carried
out step-by-step from the first to the last accelerating layer. However, proton acceleration
can be affected by the radiation reflected from the next accelerating layer. In addition, at
each step one should match the parameters in such a way that the proton beam maintains
localization in space in order it can be accelerated without spreading at the next stage. In
other words we should use effect of space-time lens in each step to prevent proton beam
spread.

As an example of this optimization we have designed a target comprised of four identical
foils properly spaced apart. The parameters of each layer as well as of the source layer
are the same as in previous simulations. The results are demonstrated in fig. 2.4. The
simulation indicates generation of a proton bunch with mean energy of about 220 MeV
and spread of just 2.3%. Assuming the transverse size of about few µm we can estimate
that the generated beam can contain order of 109 protons that well satisfies a number of
applications including hadron therapy. This simulation is intended for demonstration of
principals of the proposed concept but should not be considered as a detailed prediction
of the target structure. Nevertheless the target structure for the experimental verification
can be optimized in the same step-by-step ideology based on varying parameters of the
accelerating foils and distances between them.

The foregoing study is based on 1D consideration and thus it neglects the transverse
dynamics that can affect the acceleration process. In particular, transverse instabilities
of plasma structures can dramatically limit acceleration process. Nevertheless, the pro-
posed concept assumes relatively rapid acceleration of protons, whereas the transverse
instabilities need time for development. Thus, if the transverse distribution of intensity
in laser pulse has a plateau the process essentially remain one dimensional. In fig. 2.5 we
demonstrate 3D simulation of the proton acceleration for the above optimized (based on
1D simulations) target irradiated by the laser pulse having Gaussian shape with 4.75 µm
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Figure 2.4: Results of simulation for the case of a target comprising the source and four accel-
erating layers properly spaced apart and irradiated by a 30 fs laser pulse of peak intensity 1022

W/cm2. Trajectories of a number of protons having different initial positions are shown with
colored curves at the space-time diagram (a). The black-to-white shades show the longitudinal
accelerating electric field as well. Diagram of final energy as a function of initial proton positions
and final proton energy distribution are shown in panels (b) and (c) respectively.

Figure 2.5: Results of simulation carried out in 3D geometry for the same target and laser pulse
as in fig. 2.4. The electromagnetic energy density (blue), electron density (green), proton density
(red) are shown in 3D space (a), as well as in 2D (b) and 1D (c) central section.
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size in transverse direction (FWHM for intensity). One can see that the process is affected
by the transverse dynamics but essentially remains the same.

2.4 Staged proton acceleration using hollow spherical target

The first stage of TNSA mechanism implies laser energy transformation into kinetic energy
of electrons. However the process of laser pulse interaction with overdense plasma surface
(generated as a result of the target ionization) typically leads to omnidirectional motion
of electrons. Thus only a fraction of the electrons’ kinetic energy is used to generate
charge separation field in the vicinity of the rear side, whereas a large fraction of energy
is taken away by the electrons moving in lateral direction (along the surface). In this
section we discuss possibilities of using this kind of energy. In particular we study energy
transformation in the kinetic energy of electrons motion along the surface and determine
optimal parameters for the case of relativistic intensity and sharp plasma density drop
at the surface. Further, we study possibility of using spherical target as a way to guide
lateral stream of electrons and use their energy for additional acceleration of a proton
beam generated early by the TNSA mechanism.

2.4.1 Lateral electron transport and edge field

The idea of energy transmission via lateral transfer of laser-heated electrons has been
experimentally demonstrated in 2007 at the Vulcan facility in Rutherford Appleton Lab-
oratory [118]. Aluminum and gold plates of 4 mm × 10 mm ×10 µm size have been
obliquely irradiated by a 1 ps laser pulse having peak intensity above 1019 W/cm2. The
detector has revealed that carbon ions with charge from 1 to 5 had been emitted from
the plates’ edges. The accumulated data and numerical simulations confirm the following
scenario. First, the laser-target interaction leads to plasma formation and heating that in
turn results in generation of electrons moving along the plate. Next, a stream of such elec-
trons propagates along the plate and reaches its edge. Like in TNSA mechanism electrons’
inertia leads to leaving the target and to formation of an electric field of charge separation,
which we call edge field further. This field causes carbon ionization and acceleration. The
most important result of this study was experimental demonstration of lateral electron
transport at a significantly long distance.

To understand mechanism of the lateral electron transport in more details we carried
out the following simulation in 2D geometry. A plasma layer with density of 1.1×1023 cm−3

and thickness of 0.5 µm is obliquely irradiated by a 30 fs laser pulse with P-polarization
and peak intensity of 1019 W/cm2. In fig. 2.6 we show instant before (left half) and after
(right half) interaction.

The detailed phenomenological analysis indicates that the mechanism of the lateral
electron transport can be interpreted as follows. Energetic electrons generated by the
plasma heating at the irradiated surface propagate through the target. Due to high enough
energy collisions with ions do not affect the electrons motion and do not cause noticeable
energy loses. As soon as the electrons reach the surface of the target (associated with the
position of heavy ions that are not affected too much in this process) they leave it due
to inertia and form electrostatic field of charge separation that prevents other electrons
to leave the target, reflecting them back. Potential drops are generated in such a way at
the both rear and front sides of the layer and form a potential well having depth equal to
(or slightly less than) the electrons’ maximal kinetic energy. Less energetic electrons are
reflected from the walls of this well and are bounded by the target limits. In particular,
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Figure 2.6: Simulation results intended for demonstration of lateral electron transport and for-
mation of edge field. Electron distribution in the space of longitudinal coordinate and lateral
momentum is shown at the left panels for the instance before (left half) and after (right half) in-
teraction. Spatial distribution of ion density (yellow), electron density (green) and lateral electric
field (blue-white-red) are shown at the right panels of both halves. The temporal dynamics of the
potential drop at the upper edge is shown in the insert.

these electrons can travel along the plasma layer, recirculating between the walls of the
potential well.

Note that in ideal case electrons do not change lateral component of the momentum
when reflecting from the walls. Thus, if laser-plasma interaction leads to electron acceler-
ation mostly towards lateral direction rather than longitudinal, the potential drop formed
at the edge can be higher than at the sides of the layer. Besides, due to self-consistent
dynamics of electrons the potential drop can have a temporal dynamics having peak that
coincides with the instant of most energetic electrons reaching the edge (see fig. 2.6).

2.4.2 Hollow spherical target

The mechanism of the lateral electron transport reveals the possibility to guide streams
of energetic electrons. This opens up possibilities for controlling energy transfer in 3D
geometry. In particular, energy can be concentrated down to sub-wavelength space scales
using target in the form of a conic-shaped foil for guiding streams of electrons towards the
peak of the cone. Another opportunity is bending the irradiated foil in order to produce
the edge field at the path of a proton beam generated by TNSA mechanism.

The concept intended for implementation of this idea has been recently proposed by
the group of Prof. Claes-Göran Wahlström from Lund University. The concept assumes
using hollow spherical target with an opening at the side opposite to the irradiated one
(see fig. 2.7). At the first stage laser radiation interacts with the surface of the target and
generates energetic electros. As a result protons are accelerated from the internal surface
due to TNSA mechanism and start to move towards the opening. At the same time
energetic electrons start to spread being guided along the target’s wall due to mechanism
of lateral electron transport. As the energetic electrons reach the edge of the opening they
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Figure 2.7: Scheme of two-stage proton acceleration using hollow spherical target with an opening.

form an edge field there. At the second stage protons are additionally accelerated by this
field when passing through the opening.

For detailed analysis of this process we have carried out numerical simulation with PIC
code ELMIS (see Appendix). The processes involved in the setup are essentially of two-
dimensional nature. Thus, we performed 2D simulation in order to consider the spatial
scales that are related to the real experiments carried out in parallel by the group from
Lund University. The laser pulse parameters have been taken exactly the same as in these
experiments.

In the simulations a linearly polarized laser pulse (electric field lies in the plane of
simulation) with τl = 50 fs duration (Gaussian profile, FWHM) and a total energy of 1 J
is focused to a 10 µm spot on the target surface. The laser field reaches a maximum field
strength equal to ∼ 3.5, which corresponds to a maximum intensity of 2 × 1019 W/cm2.
The target has a shape of a hollow cylinder (associated with a sphere in 3D geometry) with
DS = 32 µm diameter and a 10 µm opening. The wall of the cylinder is a 0.5 µm thick
plasma layer, which consist of electrons and Au6+ ions with density of 50ncrit and 50ncrit/6
respectively, where ncrit = 1.1×1021cm−3 is the critical density for laser wavelength equal
to 1 µm. A layer of plasma with electron and proton density of 10ncrit covering the internal
surface of the target was considered as a source of protons.

Four intermediate instances of the simulated process are shown in fig. 2.8, whereas
other results and the detailed analysis of the simulation are presented in paper III. In
particular the results indicate that the lateral stream of energetic electrons is generated
in the form of a spatially localized bunch that circulates along the surface (being reflected
from the opening’s edge) several times before being spread out. This bunch does not
effectively carry any charges due to cold return currents within the plasma. Nevertheless
the bunch is responsible for formation of a charge separation field in the surrounding
region. Whenever the bunch is reflected from the opening’s edge the edge field peaks.
Thus one should match the instance of edge field peak and the instance when protons pass
through the opening. The earlier peaks are preferable as they provides higher accelerating
field. This and other conclusions indirectly coincide with results obtained in experiments.

In the carried out simulation only the third peak was used for additional acceleration
of protons, thus the outcome was only a little (but visible) modification of proton spec-
trum. This explains a moderate modification of spectrum observed in real experiments.
Meanwhile our study can be considered as a proof of principles for such setups. Moreover,
several target’s modifications were proposed in the paper III to enhance the effect of the
second stage.
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Figure 2.8: Results of PIC simulation for the process of two-stage proton acceleration with
hollow spherical target. Potential (blue-white-red) and proton density (white-black) are shown for
different instances.



Chapter 3

Problems of electron laser
wakefield acceleration (LWFA)

Despite of a relatively long history, laser wakefield acceleration (LWFA) remains one of
the most active research areas in the field of high intensity lasers. On the one hand, it
is because this mechanism is rather robust and thus can be experimentally observed in a
wide region of parameters without raising such problems as high contrast of a laser pulse.
On the other hand, the progress in this area has approached close to a number of urgent
applications such as compact sources for further acceleration in traditional accelerators.
Meanwhile there are still several problems that remain essential obstacles for the applied
implementation. In particular, repeatability and control of beam’s parameters are of
big challenge for this technology. In the framework of the current dissertation we were
supporting two experimental programs in this field of physics.

The first program was carried out in 2010-2011 at the PEARL facility in the Institute
of Applied Physics of Russian Academy of Sciences (IAP RAS). Providing up to 560
TW peak power, this setup was one of the most powerful facilities in the world (and
the most powerful laser system in Russia) at the time. Our study was aimed at finding
optimal parameters of the target and clarifying the physics behind experimental results.
In particular, we have demonstrated that low repeatability of electron beam is most likely
inherited by the variability of laser pulse parameters, which was essentially predetermined
by the technical reasons. The results are discussed in a joint manuscript that is paper IV
of the current thesis.

The second program was carried out in 2011-2012 by the group of Prof. Claes-Göran
Wahlström in Lund University (LU) and was based on the laser setup that had been
providing lower peak power but relatively good repeatability. The study was aimed at
developing new concept for electron loading in LWFA based on density ramps, which were
produced by a wire installed inside a supersonic gas jet used as a target. Our role in
this joint project was to reveal the initiated processes and understand the physics behind
them. In particular, we have demonstrated that the setup provides possibilities to control
the process of acceleration and the parameters of the electron beam. We have also noted
possible use of the setup for increasing repeatability. Finally, we have indicated possibility
to transfer electron beam from the first to the second cavity (of the plasma density)
generated behind the laser pulse. Partially the results were published in joint paper listed
as paper V of the current thesis.

Our role in both of the studies was essentially based on PIC simulation of LWFA
process. For this goal we have carefully developed special numerical tools for simulation
of LWFA in various geometries. The first section of the current chapter is devoted to some
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details of PIC simulation for LWFA mechanism.

3.1 Details of simulation of LWFA process

Simulation of LWFA plays a central role in studies of LWFA as the most efficient way to
analyse underlying physics, verify theories and predict results. Of late years the simulation
of LWFA based on PIC approach became one the most actively discussed applications of
this approach. Currently LWFA is even being used for verification and comparison of
different implementation of the PIC method. Apart from great interest to LWFA, this
tendency is caused by an especial complexity of the required numerical setup.

The first reason of this complexity is associated with absence of possibility to reduce the
dimensionality of the problem. This is because the Coulomb force decays in an essentially
different way in one- and two-dimensional consideration that affects LWFA in a dramatic
way. In addition, it is important that plasma electrons are able to bypass the laser pulse
around but not just pass through it.

Second, LWFA experiments commonly assume rather long distance of electron acceler-
ation. The distance of LWFA in gas jets typically varies from one to several mm, whereas
acceleration in special cells used for laser pulse guiding can last for several cm. Moreover,
recent projects intend to run LWFA at a distance of several tens of meters. In terms of
numerical simulation the acceleration distance and laser wavelength (∼ 1 µm) are two
space scales that differ by a factor of order of 103−106. Certainly, there is no need to sim-
ulate the plasma at the whole path of acceleration simultaneously. The technique called
moving window assumes simulation of only a part where the acceleration takes place. This
technique implies regular shifts of all the particles and the electromagnetic field relatively
to the region of simulation in the direction opposite to the laser pulse propagation. At
the same time, undisturbed plasma is generated after each shift in the released part of the
space. The shifts are used to maintain the presence of laser pulse and generated wakefield
structure within the region of simulation and provide, in such a way, simulation of LWFA
process solely in the region of interest. To avoid numerical effects one should implement
special techniques of boundary conditions to absorb outgoing radiation and plasma waves.
We have implemented the moving window technique in our PIC code ELMIS and have
tested it in details.

A long distance of acceleration also causes a particularly high sensitivity of LWFA
mechanism to various computational errors. The most widely used Finite-difference time-
domain (FDTD) method for solving Maxwell’s equations leads to deviation from the exact
dispersion relation of EM waves (especially for short wavelengths compare to spacestep),
which is commonly related to the problem of numerical dispersion. Consideration of
typical spatial scales of laser pulse and resultant plasma structure in three-dimensional
space force one to have order of just 10 space steps per laser wavelength. As a result the
speed of the laser pulse propagation in simulation turns out to be slightly less than the
exact speed of light. In the LWFA the laser pulse propagates for a long distance together
with the electrons being accelerated. Thus even small difference in the speed of laser pulse
propagation can lead to a dramatic deviation from the real process (see fig. 3.1). Special
modifications of traditional FDTD can be used to compensate for numerical dispersion. We
have implemented rather unique and rare solution of this problem (for parallel codes). Our
solver of Maxwell’s equations is based on Fast Fourier Transform and completely devoid
of numerical dispersion independently on size of time and space step (see Appendix).

Apart from all the above mentioned computational difficulties, the required numerical
setup commonly demands much of computational sources. The realistic simulations are



3.2. SUPPORTING LWFA EXPERIMENTS ON THE PEARL FACILITY 31

y,
 1

0-3
сm

y,
 1

0-3
сm

18 22
x, 10-3 сm

18
x, 10-3 сm

22

FFT (dispersion-free)

FDTD
     Retardation due to 

      numerical dispersion of 
   EM waves

Figure 3.1: The effect of numerical dispersion on the LWFA process. The LWFA process is shown
with electron density (green) and field strength (blue-white-red) distribution obtained based on
FDTD technique (bottom) and the FFT based dispersion-free method implemented in ELMIS code
(top). Laser pulse propagates from the left to the right.

usually carried out on supercomputers. The strong point of our PIC code ELMIS and all
its additional tools is high-efficient parallel implementation that allows us to employ up
to several hundreds of cores simultaneously.

3.2 Supporting LWFA experiments on the PEARL facility

The PEARL facility was able to routinely produce 60 fs laser pulses at a wavelength of
910 nm and energy up to 10 J (in the optimized operating mode the pulse energy was
25 J with a duration of 45 fs [8]). In the experimental program devoted to LWFA the
laser pulses were focused at a supersonic gas jet forming the focal spot sizes of about
7 µm (FWHM intensity) providing amplitudes of about 7 in relativistic units. The gas
jets of helium and nitrogen with tunable density were formed with a supersonic conical
nozzle having diameters 2, 5, and 10 mm. The diagnostic provided detailed information
about the density distribution at the path of the laser pulse as well as energy and angle
distribution of generated electron beams.

To support experimental program of LWFA on the PEARL facility we have carried
out a number of simulations with the aim of finding optimal parameters and interpreting
physics behind collected data. In fig. 3.2 we demonstrate how LWFA process depends on
plasma density and pulse’s amplitude.

LWFA mechanism is based on formation of a cavitational structure in plasma by laser
pulse, which pushes electrons away by the ponderomotive force. Despite this process is
rather robust the highest energy of electrons can be achieved in case of reaching a long and
stable regime of acceleration. To surpass the Rayleigh length the self-consistent dynamics
of plasma should compensate for a laser diffraction spreading. A special plasma cavity
can be used to guide the laser pulse but in the current experimental program a laser-
plasma self-guiding was used, which requests finding optimal parameters. Fig. 3.2 (a)
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Figure 3.2: Demonstration of cavitational structures in numerical experiments carried out for
different amplitude of laser pulse a and plasma density Ne. Plasma density distribution (white-
green-black) and transverse component of EM field strength (blue-white-red) are shown in a plane
passing through the line of the laser path.

demonstrates dominance of the diffraction spreading, whereas a stable propagation with
lower amplitude is shown in fig. 3.2 (c). Higher density can also prevent spreading but it
can also cause highly nonlinear regime that rapidly saturates laser energy (see fig. 3.2 (b)).
The electrons final energy in this regime is lower, but their number is larger. As the
balance between all unnecessary scenarios we have predicted that the optimal density
for the PEARL facility is between 2.5 × 1018 cm−3 and 1019 cm−3, which fits well data
collected in experiments.

The PEARL facility was a single short system. Due to need in cooling of amplifying
media it was able to produce approximately one laser pulse per hour. This was causing
a rather large variation of laser pulse’s parameters from short to short. The number of
electrons in generated beams as well as their energy was also rather irregular. To explain
how this irregularity can be inherited by the properties of laser pulse we have carried out
two numerical experiments.

In the first simulation the initial pulse had the transverse size D ≈ 20 µm and was first
compressed down to the size, which corresponds to a self-consisted regime (fig. 3.3(a)). In
the second experiment the laser pulse had the size corresponding to the regime of stable
propagation already at the entrance to the plasma (fig. 3.3(b)). The plasma densety was
5 × 1018 W/cm2 in both simulations. It is clear from fig. 3.3 that at least three electron
beams are entrapped and gain energy in a rather similar way in both simulations. These
beams correspond to electrons being entrapped by the diffeerent cavities of plasma that
are almost identical in both cases. However, in the first case, entrapping occurs when the
phase of laser pulse compression (shown as ”stage I” in fig. 3.3) is over; whereas in the
second case it takes place immediately at the entrance to plasma. As a result the amount
of the entrapped electrons is more than 10 times larger in the second case due to the sharp
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Figure 3.3: Electron energy distribution function as a function of propagation distance obtained
in simulations for the case of laser pulse having transverse size equal (b) and larger (a) than the
size that corresponds to the self-consistent regime.

plasma boundary. In such a way we have demonstrated that even a small (order of 10 µm)
variation of focus point position relatively to the gas jet can lead to a large variation of
electrons number and energy in the generated beam.

The results of this collaboration are partially presented in paper IV.

3.3 Electron injection in LWFA experiments in Lund Uni-
versity

The phenomenon of laser pulse self-guiding turns out to be robust and reachable in a
wide range of parameters thus providing a fairly easy way to generate both linear and
nonlinear plasma waves suitable for electron acceleration. As was demonstrated above,
electron injection into the accelerating phase in opposite can be rather weak and sensi-
tive process and thus it preferably requires external controllable stimulation. Apart from
satisfying the conditions of non-stimulated self-injection [119–122] there were proposed
and experimentally demonstrated a number of methods for stimulated injection, including
colliding pulse technique [60–62], ionization injection [80, 123] and plasma density down-
ramp technique [67, 68]. Use of plasma density downramps [69, 124–126] provides the way
to control the process of LWFA and thus looks as a promising concept for generation of
electron bunches with properties (charge, energy, divergence, energy spread, repeatability,
tunability) suitable for applied issues.

The experimental program in Lund Laser Center in 2011-2013 was aimed at study of
controllable injection of electrons into the accelerating phase by means of density ramps,
which were created by a thin wire introduced into the flow of a supersonic gas jet. The
study was based on a traditional Ti:Sa CPA laser, which provided pulses at 800 nm
central wavelength with 42 fs duration at an energy of approximately 1 J on target. It is
less powerful than the PEARL facility, but it had high repetition rate and consequently
parameters of the laser pulse were quite stable. The laser was focused at the boundary of
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Figure 3.4: Electron energy distribution as a function of the laser pulse position and plasma
density distribution (white curve).

the gas jet producing a spot with 15 µm intensity FWHM diameter.

In order to reveal the scenario of LWFA in the proposed setup we have carried out PIC
simulations with a plasma target having a modified density distribution due to presence
of the wire. The parameters of the laser pulse were the same as in real experiments. The
plasma density distribution was taken to be a broken-line function. As the resolution for
the measured plasma densities was limited to ∼ 100 µm, the exact distribution of density
was unknown. Thus we have considered two extreme cases, that both can give rise to the
same interferometric data collected at the setup.

In case one, inspired by Wang et al. [127], shock waves are placed to the outwards
expanding front. The corresponding densities are approximated by the broken-line func-
tion in fig. 3.4. When traversing region I, the laser pulse gets focused transversely and
generates a highly nonlinear plasma wave, which does not reach breaking and thus facil-
itates neither longitudinal nor transverse self-injection of electrons. In line with previous
studies [67, 68, 124] at the density downramp the cavities of the nonlinear plasma wave
rapidly expand behind the laser pulse and thereby catch electrons accumulated between
the buckets. In region II these electrons form an electron bunch. At the entry to region III,
the cavity size shrinks again. With these shallow gradients however, injected electrons are
dephased after the transition and cannot be accelerated further. In contrast, the outward
density shock wave enables injection of a new bunch into the second plasma wave period,
which is accelerated in region III.

In case two, sharp density transitions are assumed at the inward boundaries to region
II. This may resemble the flow of a cold gas or when shooting closer to the wire. The
dynamics are comparable to case one above, except that electron injection occurs into the
first plasma wave period during the transition from region I to region II. However upon
reaching the boundary to region III, the previously injected electron bunch is moved to
the second plasma wave period but not necessarily to its accelerating phase. Therefore
electrons may now decelerate and fall further behind until they reach the acceleration
phase of the second plasma wave period, as depicted in fig. 3.5(a). If the distance between
the laser pulse and the electron bunch remains constant while passing the density upramp,
the size of the plasma cavity in the high density region should ideally be half the size of
what it has been in the low density region in order to match acceleration phases. Thus
densities should roughly differ by a factor four under the premise that either the laser pulse
can traverse region II with sufficient guiding by the plasma or region II being sufficiently
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(b) (a) 

Figure 3.5: (a) Electron energy distribution as a function of the laser pulse position within the
gas jet and plasma density distribution shown with white curve with scale of values shown leftward.
(b) Plasma electron density distribution (green), accelerated electron bunch (red) and transverse
field strength (blue) shown at the axial section for the instant of laser pulse passing the first high
density region (I), the low density region (II) and the second high density region (III).

short. However, the allowed density regime is not too sensitive to actual plasma densities
and gradients.

As a conclusion of this numerical study we can state the following new aspect of the
staged electron acceleration concept. The considered modification of density distribution
can be used to control the process of electron injection and acceleration. The density
downramp can cause electron injection into the leading plasma cavity in a tunable point
of the gas jet, whereas generated electron bunch can be transferred into the plasma cavity
following the leading one. First, it can provide possibility to control electron energy and
other parameters of electron beam. Second, splitting the interaction process into two
stages (self-focusing and self-injection at the controlled point) can increase repeatability
because the self-injection process occurs after passing the self-compression stage, which
vanishes irregular deviations of the laser pulse shape, plasma boundary and its position
relative to the focus point.

The carried out numerical study is generally in a good agreement with the data ob-
tained in experiments. The results were partially published in a joint manuscript that is
paper V of the thesis.
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Chapter 4

Ultrarelativistic nanoplasmonics

In comparison with underdense plasma (generated from supersonic gas jets) highly over-
dense plasmas resultant ionization of solid targets can essentially resist penetration of laser
radiation. Nevertheless currently available sources of ultra-intense laser pulses (>1022 W/cm2)
can strongly perturb plasma initiating complex self-consistent dynamics. The initiated dy-
namic opens up new possibilities for creation of secondary sources of radiation with unique
properties such as hard-to-reach frequency range, extremely short duration and ultimately
high intensity. Such sources in turn can be used for fundamental studies of matter and
vacuum at extremely short time and space scales. In particular, high enough intensity of
generated radiation can cause nonlinear behavior of vacuum and provide possibility for
experimental verification of quantum electrodynamics.

Here we theoretically study the processes initiated at the surface of overdense plasma
by a linearly polarized laser radiation of ultrarelativistic intensity. First, we perform a
comprehensive numerical study and identify general natural laws. Then, we carry out a
detailed phenomenological analysis and reveal the physics behind the plasma dynamics.
Next, we develop a theoretical model to describe the process mathematically and use this
model to explain the entire variety of possible regimes, and the effect of giant attosecond
pulse generation in particular. Finally, we find optimal parameters for this process and
propose a new concept of reaching intensities >1026 W/cm2 capable of probing nonlinear
properties of vacuum.

4.1 Interaction of overdense plasma with ultra-intense ra-
diation

The process of high intensity laser radiation interaction with overdense plasma and sub-
sequent HHG are under both theoretical and experimental study for more than 10 years
[21, 117, 128]. As of today, in case of sharp plasma boundary the most prominent theoret-
ical model used for HHG analysis is the so-called oscillating mirror model (OMM) (also
known as the model of relativistic oscillating mirror (ROM)). In the OMM, one considers
the backradiation from an overdense plasma by taking into account the retarded emission
from the oscillating source. This approach was first proposed by Bulanov et al. [114]
and developed further in Ref. [129]. Lately, the OMM approach has been reexamined by
Gordienko et al. [115], who proposed that at each moment of time there exists a so-called
apparent reflection point (ARP) at which the energy flux vanishes. This assumption im-
plies a local (in time) energy conservation or, phrased differently, the approach neglects
the energy accumulated by the plasma, in the form of the fields due to charge separation
caused by the light pressure. An asymptotic analysis of the ARP dynamics in the strongly

37
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Figure 4.1: The dynamically accumulated plasma energy δ obtained from 1D PIC simulations
of a plasma with density Ne, at oblique irradiation (θ = 60◦, P-polarization) by a wave with
constant intensity I and 1µm wavelength during one optical cycle. S is the ultrarelativistic simi-
larity parameter, defined as the quotient between the dimensionless density and the dimensionless
amplitude.

relativistic limit [116] indicates some universal properties of the HHG spectra: the inten-
sity of the nth harmonic scales as n−8/3, and the cutoff goes as γ3

max, where γmax is the
maximal relativistic factor of the ARP. These results agree with experiments [117].

Nevertheless, the assumption of the OMM concerning local energy conservation (i.e.
abscence of energy accomulation by plamsa) is valid only for restricted values of the plasma
density and laser intensity. The dimensionless parameter δ used in Fig. 4.1 indicates the
peak portion of the energy dynamically accumulated by plasma, and is defined as

δ =
Emax
p − Efin

p

Ecycle
, (4.1)

where Emax
p and Efin

p are the maximum and final values, respectively, of the energy accu-
mulated in the form of the internal plasma fields and the electrons motion from the process
of plasma interaction with one cycle of radiation having energy Ecycle, i.e. the parameter
δ describes part of the energy accumulated by plasma that is later re-emitted back.

In the bottom left corner of the figure we find the region labeled “OMM”, for which
δ � 1 holds. Here the energy accumulation can be neglected as implicitly assumed in
the OMM. In the top right corner the region of relativistically self-induced transparency
(RSIT) is shown. As one can see, there is a large parameter region in between that so far
has not been covered by any theoretical model and for which δ ∼ 1 such that the OMM’s
assumption of local energy conservation is no longer valid.

The remarkable feature of the laser-plasma interaction in this region is possibility for
the reflected radiation to have amplitude higher than the incident one. In particular
for some specific parameters the backward radiation from the irradiated plasma consists
of attosecond bursts of radiation having intensity few orders of magnitude higher than
the incident one. This is in evident and strong contradiction to the basic assumption
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Figure 4.2: Transformation to a moving reference frame. Here the plasma density n, wave
amplitude a, and frequency ω have subscript 0 denoting the moving frame.

of the OMM, which implies that the incident and backradiated amplitudes at the ARP
are equal (in accordance with the Leontovich boundary conditions, which are in direct
correspondence to the local energy conservation). As was reported previously [130] and
explained phenomenologically [131] the spectrum of HHG in this regime indeed can deviate
significantly from the universal law predicted by the OMM.

To analyze the physics behind the observed phenomenon it is convenient to consider
the problem in the reference frame moving along the plasma surface with the velocity
c sin θ, where θ is the incident angle. In this reference frame we have normal incidence and
lateral plasma streaming, thus the problem turns out to be one dimensional (see fig. 4.2).
Using subscript 0 to denote values in the moving frame we can write the following relation
with the values in laboratory frame:

n0 = n/ cos θ,
a0 = a cos θ,
ω0 = ω cos θ,

(4.2)

where ω is the carrier laser frequency.

For time and coordinate we use dimensionless quantities which can be expressed in
terms of dimensional time t̂ and coordinate x̂ according to

t = ω cos θt̂, x =
ω cos θ

c
x̂. (4.3)

PIC simulations indicate that in the region of interest (δ ∼ 1) the self-consistent dy-
namics of ultrarelativistic electrons and strong incident radiation can give rise to formation
of a nanoscale near-surface layer of electrons, which has several times higher density. The
energy accumulation by plasma in this process appears mainly in the form of charge sep-
aration between electrons of this layer and plasma ions. The oscillating energy flux of
incident radiation leads to periodic motion of the layer, which determines the back radia-
tion of plasma.

To understand why electrons tend to be concentrated in a thin layer we made the
following rough estimate for the layer thickness in the quasistatic approximation at the in-
stant of maximum displacement. The balance of the forces acting on an arbitrary electron
with coordinate x inside the layer near the boundary is given by

n0
x

cos θ
−

x∫
xb

N (χ)
dχ

cos θ
= vy (x)

2a0 + n0x tan θ −
x∫

xb

N (χ) vy (χ)
dχ

cos θ

 , (4.4)
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where the left-hand side corresponds to the electric part of the Lorentz force, whereas the
terms on the right-hand side describe the magnetic part due to the incident radiation mag-
netic field and the magnetic field generated by the ion and electron currents, respectively;
a0 and n0 are the radiation electric field amplitude and unperturbed plasma density in the
moving frame, xb is the coordinate of the frontier electron between the plasma and vacuum
(see fig. 4.3(c)), N(χ) is the electron density distribution, and vy(χ) is the distribution of
the electrons velocity y component (in the speed of light units), which is the same for all
electrons with coordinate χ in the quasistatic approximation due to generalized transverse
momentum conservation. The plasma ions assumed to be immobile in the laboratory
frame. The first-order consideration (x = xb) of Eq. (4.4) gives the layer position in the
form

xs =
2a0

n0 (1− sin θ)
, (4.5)

while the second-order consideration (x = xb + dx, dx � 1) in the ultrarelativistic limit
(vy ≈ c) gives the estimate for the electron density near the boundary in the form

ns ≈ n0
1− sin θvy (xs)

1− v2
y (xs)

≈ p2
y (xs) (1− sin θ) , (4.6)

where py (x) is the electron momentum y component. Assuming that the layer has a
squared shape for the electron density distribution and contains all the electrons shifted
from the region (0 < x < xs), we can estimate the layer thickness:

Ls ≈
2a0

n0 (1− sin θ)2

1

p2
y

. (4.7)

The vector potential y component can be estimated through integrating from infinity to x
the z component of the magnetic field of the current separation, neglecting the magnetic
field of the laser radiation:

Ay (xs) ≈
a0

1− sin θ
Ls. (4.8)

Finally, using (4.7), (4.8) and the generalized transverse momentum conservation (py −
Ay = sin θ) we derive the estimate for the layer thickness Ls:

Ls ≈ 2
1
3S−

1
3a−

2
3 , (4.9)

where S = n/a is the relativistic similarity parameter [132], while a and n are the dimen-
sionless electric field amplitude and unperturbed plasma density in the laboratory frame,
respectively. Despite the roughness of the involved assumptions, the negative power of
the amplitude in the obtained estimate allows us to make an important conclusion: the
thickness of the boundary layer tends to zero as the laser intensity increases and, in the
ultrarelativistic limit, is much smaller than both the laser wavelength and the shift deep-
ness xs = 2S−1 cos2 θ/ (1− sin θ) (see Eq. (4.5)), i.e. it is negligible in comparison with all
the other spatial scales involved in the process. The analytical consideration demonstrates
that this phenomenon is not caused by the sharp plasma boundary, but is related to the
ultrarelativistic character of the electrons motion.

4.2 Theoretical model of Relativistic Electronic Spring (RES)

A model describing the dynamics of the thin near-surface layer (which we call boundary
layer further) and the generation of attosecond bursts may be formulated starting from
three intuitively clear and physically justified prerequisities that was verified using PIC
simulation:
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• First, we will assume that at each moment of time the plasma electrons are repre-
sented by two fractions: one infinitely narrow layer of shifted electrons at a certain
moving point xs, where all the electrons from the region 0 < x < xs are accumulated,
and one population of electrons with unperturbed density at x > xs.

• As all the electrons within the boundary layer have the same velocity x component
βx moving the same way along the x-direction, in the ultrarelativistic limit these
electrons have the same velocity y component β2

y ≈ 1 − β2
x as well, which is the

second assumption.

• Third, we will suppose that the motion of the electrons in the boundary layer to-
gether with the flow of uncompensated ions in the 0 < x < xs region generates the
radiation which completely compensates the incident electromagnetic radiation in
the unperturbed part of the plasma at x > xs.

It is readily shown from Maxwell’s equations that in a one-dimensional geometry a mov-
ing charged layer with surface charge σ emits electromagnetic flows with amplitudes
2πσβy/ (1− βx) and 2πσβy/ (1 + βx) in the positive and negative directions of the x-
axis, respectively. Consequently, the expression for the incident wave compensation may
be written in the form

sin (xs − t) =
S

2 cos3 θ

(
sin θ − βy

1− βx

)
xs, (4.10)

where the left-hand side corresponds to the incident wave, whereas the terms on the
right-hand side describe the radiation of the uncompensated ions and the boundary layer,
respectively. Analogous to Eq. (4.10), the electric field, as a function of retarded time
ξ = x+ t, emitted by the plasma in the negative x direction is given by

ag [ξ = xs(t) + t] = a0
S

2 cos3 θ

(
βy

1 + βx
− sin θ

)
xs(t). (4.11)

The layer dynamics is determined by the equation

d

dt
xs = βx (4.12)

with the initial condition xs(t = 0) = 0. By virtue of the ultrarelativistic motion, the
position of the layer may be found by assuming that the full particle velocity is equal to
the speed of light:

β2
x + β2

y = 1. (4.13)

As one can see, the last assumption (4.13) completes the equations (4.10) and (4.12) to a
self-consistent system of differential equation describing the layer dynamics, which in turn
describes backward radiation via equation (4.11). The analytical results provided by the
proposed model are in a very good agreement with PIC simulations for entire region of
parameters where δ ∼ 1 (for example see fig. 4.3).

According to the similarity theory and fig. 4.1 the region of δ ∼ 1 can be described by
the similarity parameter as 0.5 < S < 5.

Note that by a simple modification of Eqs. (4.10) and (4.11), the RES model can
be easily generalized to take into account an arbitrary plasma density profile, as well as
arbitrary laser pulse shape and polarization.
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Figure 4.3: (a) Space-time distribution of electrons density N (green), amplitudes of incident
ain (red) and backradiated ag (blue) electromagnetic fluxes obtained from 1D PIC simulation of
plasma with density 4 × 1023 cm−3 at oblique irradiation (θ = 11.25◦) by a wave with constant
intensity 5× 1022 W/cm2 and 1 µm wavelength during three optical cycles. The red curve shows
position of the thin layer obtained using the RES model. (b) Backradiated signal obtained by PIC
simulation (blue) and using the RES model (red). (c) Electron density distribution N(x) at the
instant of maximum displacement (t = 3.19).
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4.3 Regimes of interaction

Equations (4.13), (4.10) and (4.12) allow us to describe the layer motion by a first-order
nonautonomous ordinary differential equation or by an autonomous system

du

dτ
=

(
u2 − 1

)
(sin θ − u)± 4 cos3 θS−1

[
1− η2 (sin θ − u)2

]1/2

η (u2 + 1)
dη

dτ
=
u2 − 1

u2 + 1

(4.14)

for the variables η(τ) = xsS/
(
2 cos3 θ

)
, u(τ) = βy/ (1− βx), where τ = tS/

(
2cos3θ

)
.

The solution of Eq. (4.14) depends on two dimensionless variables S and θ and may be
analyzed in the plane {η, u}. The trajectories at this plane follow one of two vector fields
according to the sign in Eq. (4.14). For each trajectory the guiding vector field changes
whenever the sign changes.

The topology of the phase plane is characterized by the existence of a stable limit cycle
(see Fig. 4.4). It is convenient to classify the form of the solution by the number of η-axis
intersections of u(τ) or, equivalently, by βy(t) in the η > 0 (xs > 0) region. This takes
place when βx → −1 and Eq. (4.11) becomes singular, which corresponds to the emission
of the attosecond burst. There may occur either two such events (Fig. 4.4(c)), one (Fig.
4.4(e)), or none (Fig. 4.4(d)) in each optical period. Accordingly, two bipolar, one bipolar,
or one unipolar attosecond pulses are generated. It is clear that we have the emission
of two evenly spaced identical bursts in the case of normal incidence (Fig. 4.4(b)). With
increasing angle θ, the second burst either disappears due to amplitude decay down to
zero ((c) → (e) transition) or two bipolar pulses merge into one unipolar pulse as a result
of convergence of their generation times ((c) → (d) bifurcation).

The obtained regimes of interaction can be interpreted by qualitative analysis of tra-
jectories of electrons from the boundary layer in the moving reference frame (see fig. 4.5).
The direction to the observer shown in the figure is the direction normal to the plasma
surface in the moving reference frame. In case of relativistic motion, the charged particle
radiation pattern has two narrow lobes “pressed” towards the direction of motion. There-
fore, given the trajectory in fig. 4.5(b), the reflected signal is shaped as two bipolar bursts,
each corresponding to the instant when the electron moves exactly towards the observer.
If the second instant of radiation occurs when x < 0 (fig. 4.5(c)), the second bipolar burst
is absent. This is because according to the model the boundary layer contains zero charge
when reaching the point x = 0. Finally, if the trajectory is as shown in fig. 4.5(d), then
only one of the lobes provides emission and the profile has the form of a unipolar pulse.
At the triple bifurcation point, the trajectory is shaped as in fig. 4.5(e). In this case,
the electron emits for an especially long time with a maximum amplitude, thus providing
optimal conditions for coherent radiation by all electrons present in the boundary layer
of a small but finite size. We show in the next section that the coherence plays a key
role. Thus this case corresponds to the maximum amplitude of the attosecond pulse being
generated.

4.4 Giant attosecond pulse generation

The most interesting regime of interaction in the discovered process is generation of a
sequence of attosecond bursts with intensity greatly exceeding the incident one, which
we called a phenomenon of giant attosecond pulse generation. This phenomenon appears
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Figure 4.4: (a) Regions on the plane of parameters S, θ corresponding to qualitatively different
forms of solution of Eq. (4.14); (b) − (f) form of solution on the plane {η, u} (red), its limit cycle
(black), lines of phase portrait for the “+” sign (blue) and the “−” sign (green) in Eq. (4.14), and
the corresponding form of electromagnetic backradiation from the plasma.



4.4. GIANT ATTOSECOND PULSE GENERATION 45

Figure 4.5: (a) Regions on the plane of parameters S and θ corresponding to qualitatively different
regimes of interaction. (b-e) Schematic representation of trajectories of electrons from the boundary
layer, their emission pattern at the moments of the peak of emission, and the corresponding pulse
being generated.

as a result of a coherent emission by the ultrarelativistic nanoplasmonic structure and is
related to the singularity of the boundary layer radiation at the instant when βy changes
the sign and βx → −1 (see Eq. (4.11)).

In order to find the amplitude and duration of the pulse generated near βy = 0 one

has to take into account the finite value of the relativistic factor γ =
(
1− β2

x − β2
y

)−1/2
,

which is an external parameter for the RES model. Asymptotic analysis of the first term
in the right-hand side of Eq. (4.11) near the point βy = 0 gives an analytical expression
for the burst shape in the following form

ag(ξ) = Agf

(
ξ − ξ|βy=0

τg

)
, (4.15)

where α =
∂βy
∂t

∣∣∣
βy=0

, f(ν) = 2ν/
(
ν2 + 1

)
, Ag = a0Sγ xs|βy=0 /

(
2 cos3 θ

)
is the pulse

amplitude, τg =
(
2αγ3

)−1
is its characteristic duration.

Depending on the thickness ls of the radiating electron layer, the radiation can be either
coherent, for ls < τg, or incoherent, for ls > τg. In the latter case, when assessing the giant
pulse amplitude one needs to take into consideration that only some fraction of electrons
radiate coherently. The radiating electron layer thickness ls may be estimated assuming
that, starting from the time of maximum displacement, it decreases proportionally to the
number of electrons in the layer. Using the estimate for the layer thickness at the instant
of maximum displacement (4.9) we can write the following estimate for the correction
factor:

C = χ
τg
ls

= χ
1
3
√

2

1

αγ3

xmax
xs|βy=0

S1/3a2/3, (4.16)
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Figure 4.6: Giant pulse generation moment ξg, pulse amplitude ag/a0 and its duration τg obtained
from the RES model with γ = 10 and χ = 70 (d, e, f) and from 1D PIC simulations (a, b, c)
of semi-infinite plasma obliquely irradiated by one optical cycle pulse with 1 µm wavelength and
amplitude a = 191.1, which corresponds to 1023 W/cm2 intensity. For the PIC simulations, the
pulse duration was assessed as a distance between maximum and minimum electric field points,
and the region of unipolar pulse generation is given in white.

where xmax is the maximum value of xs, and χ is a dimensionless constant that is needed
to account for arbitrary choice of the estimated values entering this expression.

In fig. 4.6 the RES model results, i.e. the results of the numerical solution of Eqs. (4.10)
and (4.12), are compared with PIC simulations for different values of incidence angle θ
and similarity parameter S. For all PIC simulations the intensity I = 5 × 1022 W/cm2,
while the plasma density is determined in accordance with the value of S. The considered
value of intensity also defines the parameter γ for the RES model; so as can be seen from
fig. 4.6 (c, f) the value γ = 10 provides a fairly good quantative agreement for the giant
pulse duration τg, while an excellent agreement of the moment of giant pulse generation
ξg (see fig. 4.6 (a, d)) is not related to the choice of γ, because ξg reaches asymptotics and
changes insignificantly with the growth of γ in the ultrarelativistic limit γ > 10. The giant
pulse amplitude determined with the RES model, including the correction factor (4.16)
with χ = 70, is also in a good agreement with the PIC simulations results (see fig. 4.6 (b,
e)).

The diagrams in fig. 4.6 (b, e) allow us to distinguish the zone with the center

θg ≈ 62◦, Sg ≈ 1/2, (4.17)

and the boundaries 50◦ < θ < 70◦, 1/4 < S < 1 as the region of the most powerful
attosecond pulse generation. The optimal parameters (4.17) correspond to the triple point
in the S and θ plane (fig. 4.4(a)), which can be explained as follows. At the triple point
(fig. 4.4(f)), the limit cycle touches the η-axis providing the longest time of electron moving
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Figure 4.7: The amplitude increase factor ag/a0 obtained from 1D PIC simulations with the
same parameters as in fig. 4.1.

with βy ≈ 0 and thus the largest duration of attosecond pulse generated by each electron.
Therefore, this point corresponds to the optimal conditions for coherent radiation of all
electrons within the boundary layer and consequently the maximum amplitude of the giant
attosecond pulse. In such a way we indirectly see that coherency plays the dominant role.

Both the RES model and the PIC simulations indicate the existence of optimal condi-
tion (4.17) for the phenomenon of giant attosecond pulse generation, which may serve as
a guiding message for the basic experimental implementation: the phenomenon of giant
attosecond pulse generation and concomitant anomalous efficient HHG can be observed
in case of planar target oblique irradiation with incident angle θ ≈ 62◦ and consistent
dimensionless laser pulse amplitude a and plasma density n consistent, so that n/a ≈ 1/2.
The laser pulse contrast should of course be high enough but it is not a crucial point, as
the step-like plasma density profile doesn’t play the key role. To check the possibility of
observing the phenomenon for lower intensities in fig. 4.7 we ploted the amplitude increase
factor ag/a0 as a function of plasma density Ne and intensity I for the close to optimal
incidence angle θ = 60◦. It is clearly seen that as a confirmation of the RES theory, the op-
timal conditions for the phenomenon are determined by the similarity parameter S ≈ 1/2,
while the amplitude increase factor depends on incident intensity and has a notable value
ag/a0 > 7 at intensities I > 5× 1021 W/cm2.

4.5 Concept of a groove-shaped target for QED experiments

One of the most intrigues opportunities of secondary sources based on laser-plasma inter-
action is reaching intensity required to observe nonlinear properties of vacuum and carry
out, in such a way, fundamental experimental verification of quantum electrodynamics. In-
deed, when reaching diffraction limit at focusing, higher frequency of secondary radiation
(obtained based on some HHG mechanism) provides possibility to compress electromag-
netic energy to a significantly smaller volume. This idea was proposed several years ago
and currently can be considered as an interesting alternative to the experimental programs
at the proposed international laser facilities of next generation.
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Figure 4.8: (a) Schematic representation of the concept of groove-shaped target. (b) Intensity
distribution at focusing instant obtained from 2D PIC simulation: a linearly polarized wave with
intensity 5 × 1022 W/cm2 and wavelength 1 µm obliquely incident at an optimal angle θg = 62◦

on a parabolic groove-shaped target with density 0.85×1023 cm−3, which corresponds to S = 0.4.
PIC simulation in the moving frame implies that the transverse size of the laser pulse is fairly large
compared to the wavelength, which is a rather weak restriction. 8 µm × 8 µm region is represented
by 8192×8192 cells; plasma ions are taken to be Au6+; each target cell contains approximately 100
virtual particles of each type; the time step is 3 as; the laser pulse front has a sine-squared profile
with two wave periods duration.

There could be distinguished three early proposed concepts of the idea implementation.
The first concept implies focusing of attosecond pulses generated at the spherical surface
of overdense plasma in the OMM regime [133]. The second concept called relativistic
flying mirror is based on focusing of a laser pulse by its reflecting from electron sheet
moving with relativistic speed (giving frequency upshift), which appears as a result of
braking a plasma wave, generated by a counter-propagating laser pulse [134]. The third
concept also assumes focusing via reflection from electron sheet moving with relativistic
speed, but it is proposed to generate the sheet by expelling electrons from a thin film by
a counter-propagating laser pulse [135].

The main obstacles for the implementation of the above listed concepts are relatively
small efficiency of energy transformation in HHG and/or insufficient spatial coherency of
secondary radiation. In this context the phenomenon of giant attosecond pulse generation
looks very promising. First, it provides unprecedentedly high efficiency. In fact, in optimal
regime the energy of incident radiation within each cycle is essentially redistributed into an
attosecond burst of secondary radiation. Second, the phase of the giant attosecond pulse
is tightly determined by the process and controlled in such a way with a high precision.

The existence of the optimal incidence angle changes the presently accepted view of
the spherical geometry as an optimal one for the attosecond radiation focusing mechanism.
Our idea is to focus the giant burst formed in the regime described above by using a slightly
grooved surface of the obliquely irradiated target at the optimal parameters (4.17), with
the guiding line of the groove located in the plane of incidence (see fig. 4.8(a)). The PIC
simulation of the proposed concept shows that the intensity 2×1026 W/cm2 can be reached
in the zone with the size of order 10 nm with a 10 PW laser pulse, as can be seen in fig.
4.8(b). In the laboratory frame the high field zone moves along the guiding line with speed
c/ sin θ. We note that the size of laser pulse along the transverse direction may be only a
few wavelengths. The data shown in fig. 4.6 may be used to modify surface profile and
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target density to allow using a laser pulse with a more complicated intensity profile in the
transverse direction.

Several PIC simulations of the proposed scheme with the parameter slightly varied
close to the optimal ones (4.17) show that the effect is quite robust, thus we consider the
proposed concept to be very promising for the experimental implementation in comparison
with all the previously proposed concepts [133, 134].
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Chapter 5

Particle dynamics in e-dipole pulse

Technologies of high intensity lasers have recently approached close to the threshold of
probing nonlinear properties of vacuum. Surpassing certain level of electromagnetic field
strength is predicted to enable opportunity for studying electron-positron pair production
either stimulated by hard photon (I ∼ 1025 W/cm2) or caused solely by electromagnetic
field strength (I ∼ 1028 W/cm2). Besides, emission of hard photons by electrons and
positrons in strong laser fields can cause self-sustained electromagnetic cascades giving
rise to exponential growth of electron-positron plasma. Despite a number of alternative
possibilities for observation of electron-positron pair production (Bremsstrahlung, colliding
electron and laser beams [136]) the direct observation based on laser field of extreme
intensity is currently considered as a way for the most explicit experimental verification
of quantum electrodynamics.

Reaching highest possible strength of electromagnetic radiation at a laser facility raises
a question of an optimal focusing configuration. For example, traditional focusing of a
single laser beam using an off-axis parabolic mirror can be improved by a factor of

√
2

just by splitting laser beam into two equal parts and colliding them at the focus in a
counter-propagating configuration. It was shown analytically that the optimal way for
focusing radiation of a fixed power is the configuration of the so-called e-dipole pulse.

In this chapter we discuss how the e-dipole pulse configuration can be implemented at
a multi-channel facilities of next generation. Next, we study particle motion under effect
of a converging e-dipole pulse. In particular, we estimate level of vacuum required to avoid
initiating beam-depleting cascades in the experiments on probing nonperturbative QED
phenomena (paper VII of the thesis). Finally, we reveal and study a new phenomenon of
anomalous radiative trapping (paper VIII of the thesis).

5.1 e-dipole pulse

The peak field strength E0 that can be obtained by focusing monochromatic light of
wavelength λ and cycle-averaged power P is bounded above. Defining P = P/(4πε0c), the
peak field obeys [137]:

E0 ≤
8π√

3

√
P
λ
' 14.51

√
P
λ
. (5.1)

The focused fields which saturate this upper bound are called e-dipole pulses, see [138] for
full details. E-dipole pulses take their name from structural similarities with dipole fields,
but do not contain singularities. They describe a converging pulse of light, with the ideal
case of 4π focusing. The formation of this focused pulse can be pictured as the reverse
process of emission from a dipole antenna.

51
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The e-dipole pulse has the following form. Let R2 = x2 + y2 + z2 and define the vector
Z by

Z = z0
d

R

[
g(t+R/c)− g(t−R/c)

]
, (5.2)

where the driving function g is arbitrary and the virtual dipole moment d is a constant.
The electromagnetic fields of an e-dipole pulse are then given in terms of Z by

E = −∇×∇× Z, B = − 1

c2
∇× Ż. (5.3)

These fields are exact solutions of Maxwell’s equations in vacuum. It is easily confirmed
that there is no singularity at the focus point (R = 0). Far from the focus, the electric and
magnetic field amplitudes of the e-dipole pulse are proportional to dR−1g̈ (t±R/c), and
have an angular distribution proportional to sin2 θ, with θ the polar angle. In the focus
one has E(0, t) = z04d

...
g (t)/

(
3c3
)
, B(0, t) = 0. In general we are interested in pulses with,

say, Gaussian frequency spreads as for the following driving function

g(τ) = e−(τ2/D2) ln 4 sin(ωτ), (5.4)

in which ω is the central frequency and D is the FWHM duration for intensity. We call such
a pulse ‘quasi-Gaussian’ since, far from the focus, the envelope g̈ has the same Gaussian
frequency spread as g. Such pulses are compactly supported in all four directions, which is
one advantage of e-dipole pulses over other models in the literature; they describe genuine
pulses without sacrificing Maxwell’s equations.

5.2 Mimicking e-dipole pulse with a finite number of beams

The e-dipole pulse constitutes the optimal way of energy focusing for achieving maximal
strength of electric field. Nevertheless it assumes energy coming from almost all direc-
tions, something that looks rather sophisticated from the practical point of view. Here
we demonstrate how close we can come to the theoretical maximum by means of sev-
eral separate laser channels ideally synchronized and having circular shape in transverse
direction.

In order to optimize focusing of the channels we should reconstruct in space the diagram
of dipole antenna emission with several cones each of those represents emission diagram
of one of the channels. The surface of a cone can be associated with the surface of all
peripheral paths of a beam. We propose so-called belt and double-belt geometries for this
problem.

The belt geometry implies several cones touching each other and having axes lying
in the same plane (fig. 5.1 (b)). The polarization direction of all beams is perpendicular
to this plane thus all beams contribute optimally to the strength of the electric field in
the center. We define the main line of the configuration as the line which passes through
the center point and is perpendicular to the plane. Considering the total power of all the
beams is fixed, the bigger number of beams we use the less part of the space of directions
we cover and the more diffraction loses we have at the focus (this is because for bigger
number of beams f-number is larger and consequently energy is focused to a larger spot).
Nevertheless the use of just few beams assumes f-number well less than unity that is rather
challenging in terms of practical manufacturing of optics. Moreover for the ELI/XCELS
projects total power of order of 200 PW requires splitting power into at least 10 channels
due to cooling issues.
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Figure 5.1: Detailed optimization of e-dipole pulse reconstruction with finite number of beams.
(a) Comparison of the belt geometry (squares) and the double-belt geometry (circles) for different
number of channels in terms of effective intensity assumming total power of all the channels is
equal to 200 PW and the wavelength is 810 nm. Solid line shows the level of intensity in ideal
case of the e-dipole pulse, whereas the dashed line corresponds to the basic case of single beam
focusing with f-number = 1.2 optics. Pictures (b) and (c) show examples of geometries in the
cone formalism for the case of 6 channels in belt configuration and 12 channels in double-belt
configuration respectively.

In order to cover larger part of the space of directions with bigger number of beams
we propose double-belt geometry that can be explained as follows. We take two identical
sets of cones in the belt configurations those main lines coincide and those cones form a
staggered order. The double-belt geometry appears as a result of all the cones movement
to each other in such a way that they all have the same peak point and each cone touches
two neighbors of its initial set and also two neighboring cones of the other set of cones
(see fig. 5.1 (c)).

For comparing efficiency of above mentioned geometries in terms of electric field
strength we define effective intensity in the center in the form

I =
c

8π
E2

max, (5.5)

that gives exactly the commonly used average intensity ((c/4π) [E×B]) for a plane prop-
agating wave but can be also used for a standing-wave, which has B = 0 and thus
[E×B] = 0 in the center.

In order to compare both geometries for different number of channels in fig. 5.1 we plot
effective intensity as a function of number of channels, assuming the total power is equal
to 200 PW and the wavelength is 810 nm. The ideal case of e-dipole pulse is shown with
the solid line, whereas the dashed line is used to show the intensity resulting focusing of
a single beam by means of optics with f-number equal to 1.2 that we consider as a basic
case. As the use of 3 beams in belt geometry requires unrealistic value of f-number we
can conclude that 10 or 12 beams configured in the double-belt geometry give us the best
result that turns out to be rather close to the theoretical maximum and much higher than
the intensity in the basic case.

To clarify the way we can implement the double-belt focusing in fig. 5.2 we show in
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Figure 5.2: Scheme of the beam focusing in the double-belt geometry for 12 channels.

details the scheme of laser energy delivering to the center point for the case of 12 channels.
Laser channels are divided into two sets of 6 beams that placed in the form of ”Revolver’s
cylinder” each. Beams are shown in red whereas the polarization orientation for each beam
(the electric field vector) is shown with blue double ended arrow. The beams of both the
sets propagate in the opposite directions and are reflected by the off-axis parabolic mirrors
that are shown in yellow. The mirrors have the shapes and positions that correspond to
their surfaces lie along one paraboloid for each set of channels. Both paraboloids have
the same symmetry axis shown with dashed line and the same focus point but orientated
towards the opposite directions. Channels are undersigned with numbers in circles. The
beam reflecting is shown for channels number 5 and 6 through the red surfaces formed
by the peripheral paths. The resulting structure of beams in the mentioned above cone
formalism is shown in the insert. Sure there are a plenty of another ways to deliver energy
in the form of double-belt geometry that could be more suitable from the experimental
point of view. Here we are only aimed at the demonstration of a feasibility of the double-
belt geometry from the geometrical point of view and propose one of the possibilities.

Finally we compare different geometries in table 5.3 assuming total power is equal to
200 PW. As a characteristic of geometry efficiency here we also use so called equivalent
power, which is defined as a needed power for achieving the same electric field strength
by means of a single beam focused with optics having f-number equal to 1.2. In a more
fundamental way we compare different geometries by dimensionless parameter of focusing
efficiency fE that we define as

Emax = fE

√
P

λ
√
c
, (5.6)

where P is the total power and λ is the wavelength. As can be seen this parameter
characterize geometry independent on the total power and the wavelength. For the e-
dipole pulse this parameter gives theoretical maximum fE = 8π/

√
3 ≈ 14.5.
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Geometry Intensity, 
× 1026 W/cm2

Equivalent 
power

Focusing 
efficiency  

Single beam         
f-number = 1.2 0.15 200 PW 3.6

Belt-8
f-number = 1.2 1.23 1.6 EW 10.0

Belt-3
f-number = 0.3 1.93 2.5 EW 12.6

Double-Belt-12
f-number = 0.96 2.05 2.7 EW 13.0

e-dipole wave 2.55 3.3 EW 14.5

Figure 5.3: Comparison of different geometries. The double-belt-12 geometry gives the best
result and also implies realistic value of f-number (unlike the case of blet-3 geometry).

5.3 Estimating level of vacuum required for QED experi-
ments

Fundamental study of nonlinear vacuum properties is the driving interest for the extreme
intensity laser facilities of next generation. Meanwhile, theoretical studies predict that
surpassing intensity level of 1025 W/cm2 can lead to avalanche of electron-positron pair
production. The resulting beam depletion, or beam scattering from an emerging electron-
positron plasma, then reduces the beam intensity. Even when the effect on the laser
radiation is small, generated particles could hinder observation of nonperturbative effects
by producing a background which swamps the signals of interest. In an experiment,
an avalanche of pair production is (perturbatively) triggered when particles/photons are
dragged/emitted into regions of high strength field. Here we estimate the level of vacuum,
allowing intensities to be raised high enough for nonperturbative pair production to be
experimentally observed using e-dipole pulse configuration.

A potential barrier to the observation of nonperturbative pair production is the back-
ground generated by the interactions between the laser and stray particles in the imperfect
vacuum of an experimental chamber. If, though, we could guarantee that within the focal
volume there were no high energy electrons and photons initiating perturbative processes
(or rather, that such events had a low probability), then we could focus beams to the
intensities required to trigger nonperturbative pair creation, without first initiating cas-
cades.

To investigate this prospect, one can determine the volume of space from which elec-
trons can initiate cascades, as a function of the initial electron density (initial level of
vacuum), and then require that this volume contain less than one particle. We there-
fore carried out a simulation of a large number of initially uniformly distributed electrons
moving (with radiation reaction accounted for by the Landau-Lifshitz equation) in the
fields of a converging e-dipole pulse, wavelength 810 nm, pulse duration 30 fs (consistent
with candidate Ti-sapphire technology for future laser facilities [10, 11]) and total power
P = 1000 PW that has been extimated to be enough for the observation of nonperturba-
tive QED phenomena (see paper VII of the thesis). Laser experiments are now routinely
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performed in technical vacua of stray molecule density 10−8–10−9 mbar, and lower pres-
sures are accessible. We will assume an initial density of 105 cm−3, equivalent to a pressure
of 10−12 mbar. This figure is at the limit of what is achievable today, so is a reasonable
assumption for future facilities. The incoming laser pulse will ionise stray molecules and
produce electrons. Now, we are interested only in whether electrons are pushed into the
focus or not, based on their initial position. Thus, for the determination of the required
vacuum quality, we can associate every molecule with a single electron, independent of the
level of ionisation. We therefore take the initial electron density to be 105 cm−3.

The results of our simulation are shown in fig. 5.4. We show here the average number of
electrons initially distributed within (N0, calculated from the initial density), or dragged
into (N), a sphere of radius R around the focus, as a function of R. We see that for
the chosen initial density, the final number N of particles drops below one at a radius of
around R∗ = 30µm; this is much larger than the focus of the dipole pulse.

We immediately perform two checks on this result. First, we should only base our
conclusions on data from regions of space in which quantum effects are negligible. Second,
though particles remain outside the focus, they may still emit hard photons capable of
initiating cascades. We therefore tracked in our simulation two parameters, χ and ξ. The
first, χ, is the quantum efficiency parameter of the particles [139], calculated along their
orbits. This parameter estimates the importance of quantum effects and is, for a particle
of momentum pµ in a field with energy-momentum tensor Tµν [139]

χ =
e~
m3c4

√
pµTµνpν ∼ γ

E

ES
, (5.7)

with γ the electron gamma factor. As χ approaches unity, quantum effects become im-
portant. The second parameter, ξ, estimates the energy of emitted photons, in ratio
to twice the rest mass of an electron. Recall that the typical energy ~ωs of photons
emitted by an ultra-relativistic electron is given in the synchrotron approximation by
ωs = γ2(eE/mc) [140]. We therefore define ξ = ~ωs

2mc2
≈ 1

2γχ. For ξ � 1 we should be able
to neglect the emission of hard photons with energy approaching 2mc2.

Returning to our simulation, fig. 5.4 also shows the maximum value (over all electrons)
of χ and ξ outside the sphere of radius R. We conclude first that the classical description
is valid (χ � 1) at least outside the sphere of radius R∗, so our estimate of the density
increase within this sphere (due to dragging from outside it) can be trusted. Second,
since ξ < 1, particles outside the sphere do not generate photons suitable for initiating
pair creation within the sphere; the constant field approximation, suitable for very intense
fields, shows that the photon-to-pair decay time is, at ξ < 1, orders of magnitude longer
than the pulse duration. Hence we conclude from fig. 5.4 that an initial density of less
than 105 cm−3 leads to an average of well less than one particle existing in or entering
into the sphere of radius R∗, and an absence of photons sufficiently hard to create pairs
within that sphere. Our estimate for the required initial density is overly cautious: more
accurate estimates which include data on, e.g. the emission direction of radiation could
significantly reduce the stated requirements. (Our simulations show that hard photons
are typically emitted away from, rather than toward, the focus.)

Other details of the proposed experiment are described in the paper VII of the thesis.

5.4 Anomalous radiative trapping

Progress in laser technology has opened up possibilities for creating ultra-intense light
sources [10, 11, 141] with the aim of studying phenomena at the interface of high-field and
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Figure 5.4: Simulation results for electron motion under the influence of an e-dipole pulse. Left
scale: initial number (N0) and final average number (N) of electrons dragged into a sphere of
radius R about the focus, as a function of R. Right scale: maximum values of χ and ξ, taken over
all electrons outside the sphere with radius R.

high-energy physics [75]. Among these, radiation dominated particle dynamics and quan-
tum electrodynamics effects are of current topical interest and are guiding the direction
of upcoming laser programs.

Here we reveal the existence of a new regime of particle dynamics in ultra-intense light.
We show that charged particles in a sufficiently intense standing wave are compressed
toward, and oscillate synchronously at, the maxima of the electric field, rather than the
minima. This unusual behaviour, which we call anomalous radiative trapping (ART), is
due to radiation friction. We demonstrate in a specific geometry that ART can be used for
particle control for studying fundamental physics, and for the generation of multi-GeV,
directed, gamma rays and collimated, energetic particle beams.

To investigate physics in intense standing waves (such as those provided by the e-dipole
pulse) we simulate the relativistic dynamics of (initially uniformly distributed) particles
in a converging e-dipole pulse generated by laser pulses with a Gaussian profile of 30 fs
duration (FWHM for intensity), wavelength λ = 810 nm, and peak total power of 200 PW
(averaged over the central period), as is expected to be available at future international
projects [10, 11].

Particle motion is due to both the Lorentz force and the particle’s own recoil when
it radiates, an effect which rises with intensity. Our code contains a classical particle
pusher, propagating electrons according to the Lorentz equation. Emission and recoil are
implemented at each time step using the quantum theory via statistical routines, using
inverse sampling. See [142] for a description of the event generator, and [139] for the
probability of emission in ultra-intense fields. We neglect secondary QED processes here,
as well as the mutual Coulomb interaction, but the relevance of the latter we will address
below.

In fig. 5.5 (a) we plot the time evolution (top to bottom) of the electron density in
the focus, z = 0, as a function of transverse position x. (There is rotational symmetry
about the z-axis, see fig. 5.2.) One sees immediately the accumulation and trapping
of electrons in different regimes. When the front edge of the pulse reaches the centre



58 CHAPTER 5. PARTICLE DYNAMICS IN E-DIPOLE PULSE

-100 

0 

t,
 f

s 

-2 

-50 

50 

x, µm 
-1 0 1 2 3 4 5 

electric 

magnetic 

ponderomotive 
trapping 

normal 
radiative 
trapping 

anomalous 
radiative trapping 

a 

10 GeV 

1 GeV 

10-7 

10-8 

10-9 

10-10 

  in

-31cm

n

W








c 

b t = 0 

-3 0 3 
x, µm 

-3 

0 

3 

z,
 µ

m
 103 

102 

10 

1 

104 

105 

inn

n

Figure 5.5: Simulation results for electron motion in the dipole wave. a, time evolution of the
electron density (divided by the initial density) on the x-axis, z = 0. Peak electric field locations
are shown with dashed lines. b, density distribution at the instance of peak field strength; photons
with energy exceeding 3 GeV are shown in cyan on the right hand side. c, photon emission
distribution as a function of angle and energy (radial coordinate, log scale).

it first forms a standing-wave with moderate amplitude. As a result electrons become
trapped in the minima of the ponderomotive potential (describing the average effect of
the Lorentz force), coinciding with the positions of the electric field minima. Due to
relativistic effects, electrons are released from this ponderomotive trapping as the field
amplitude rises [143, 144]. As the role of radiation losses increases, it is known that the
particles subsequently become trapped once more, and in the same positions [145]. We
call this effect normal radiative trapping (NRT). But remarkably, beginning around t = 0,
the moment of maximum electric field, the electrons become focussed toward and trapped
around the positions of the electric field maxima, i.e. at the maxima of the ponderomotive
potential; fig. 5.5 (b) shows the density distribution at the instance of peak field strength
(t = 0). We call this counter-intuitive behaviour anomalous radiative trapping (ART). We
first outline some potential applications of ART, before considering its physical origins.

Our simulations indicate that, even for uniform initial density, the ponderomotive force
causes the front edge of the converging dipole wave to push particles toward the centre of
the pulse, where large numbers of them are trapped by ART. We refer to electrons trapped
in the vicinity of a particular magnetic field node as being in a particular ‘trapping state’.
The number of particles in each trapping state can in fact be controlled by the shape of the
pulse’s front edge and by the initial particle distribution. The spatial structure of the wave
is such that the only channel for electrons to leave the trapping states is along, and in the
vicinity of, the z-axis. As well as this well collimated source of highly energetic electrons,
ART also provides a novel source of well collimated hard photons. In fig. 5.5 (c) we plot
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Figure 5.6: a, The long-term density distribution of electrons in a standing wave as a function
of wave amplitude a. The spatial distribution of the electric and magnetic fields, and the pon-
deromotive potential, are sketched with red, blue and grey lines, respectively. Radiation reaction
is included via quantum emission. b, The same density distribution calculated using classical
radiation reaction. c, Typical particle trajectories. The first and third are in the NRT and ART
regimes respectively, while the second shows the transition between them. Dotted red (blue) lines
show the peak locations of the electric (magnetic) field.

the emitted photon distribution, with energies extending up to 6 GeV (the maximum
electron energy). One can distinguish the most energetic peak with energies above 3 GeV
and an angular spread of about 10◦. These photons, also shown in fig. 5.5 (b), are emitted
by electrons in the central trapping state. (A supplementary video to this paper shows
the time evolution of the electron density and the emitted photons.)

The maximum number of electrons which could populate the central state is limited
by their mutual Coulomb interaction. As a rough estimate for this number, we equate
the amplitude of the dipole wave with the total Coulombic field strength of N electrons
at the distance of the typical spatial spread of particles in this state (0.1 µm). This gives
Nmax ∼ 1011. Using data from fig. 5.5 (b, c) we can then estimate the maximum number
of photons in the 1 GeV range emitted by these electrons as Nh ∼ 1012, corresponding to
a total energy (100 J) of order 1% of the initial laser energy.

To understand the basic physics behind ART, we turn to the simpler model of particles
in a plane standing wave. From here on position x, time t and field strength a are given
in units of λ/2π, λ/2πc and 2πmc2/eλ respectively. To assess the relevance of quantum
effects, we performed two simulations, calculating the long-term spatial distribution of
initially uniformly distributed electrons, for different wave amplitudes. The first simulation
used the same approach as above, that is emission was treated quantum mechanically. The
results are shown in fig. 5.6 (a). The second simulation was entirely classical, with the
Landau Lifshitz equation used to describe a radiating particle. The results are shown in
fig. 5.6 (b). The standing wave simulations were started with a uniform distribution of
particles, and the long-term distribution was extracted, at the instant of vanishing electric
field, after 100 oscillations of the standing wave, when it was observed that the particle
distribution had stabilised.

Fig. 5.6 (a) (the fully quantum simulation) shows ponderomotive trapping, relativistic
chaos [143, 144], relativistic reversal [146, 147], and the two radiative trapping effects,
NRT [145] and ART. The uniform electric (magnetic) field of the standing wave is ori-
entated along the z (y)-axis and is shown schematically in red (blue). Comparing with
fig. 5.6 (b) we see that quantised emission causes a broadening of the particle distributions,



60 CHAPTER 5. PARTICLE DYNAMICS IN E-DIPOLE PULSE

but that NRT and ART are present both with and without quantum effects. We therefore
proceed to use classical radiation reaction to explain NRT and ART.

We first note the dominant role of the magnetic field in causing radiation losses. In
the ultra-relativistic limit, these are determined predominantly by the particle’s acceler-
ation transverse to it’s velocity. The magnetic component of the Lorentz force is always
transverse to velocity, whereas the electric component accelerates parallel to the electric
field. Thus, its contribution to transverse acceleration depends on the relative orientation
of the field and particle velocity. On average, the rate of radiative loss is therefore higher
in the vicinity of magnetic field maxima. In the NRT regime this causes the particles to
lose their energy and rotate close to the magnetic field maxima, see the first trajectory in
fig. 5.6 (c).

In the NRT regime radiation losses play a small role, and lead to the particle spiralling
around the magnetic field maxima in a rather irregular form. As the wave amplitude rises,
radiation losses increase and the particles lose essentially all of their energy whenever the
magnetic field peaks. Thus, during every temporal maximum of the electric field, the
particles are accelerated almost parallel to the electric field, see the second trajectory in
fig. 5.6 (c). This ‘radiation dominated motion’ [148, 149] is regular (and iterative) and
with rising field amplitude causes net migration toward the spatial maxima of the electric
field, see the final trajectory of fig. 5.6 (c), by the following mechanism.

During periods of acceleration by the electric field, the magnetic field turns particles
toward the E×B direction, while the simultaneous presence of the electric field leads to
a drift in the E×B direction. In a standing wave, E×B is orientated toward the electric
(magnetic) field maximum while the electric field is rising (falling). Thus the particle
is shifted toward the electric (magnetic) field maximum when the electric field is rising
(falling); call these times stages one and two.

If the particle’s dynamics were symmetric with respect to the rising/falling of the
electric field, both shifts would be equal. But because the particle gains energy due to
electric field and, as explained above, loses it mostly due to the magnetic field, the gamma
factor is larger in stage two than in stage one. A higher gamma factor during stage two
means that the particle resists the magnetic field, so the shift away from the electric field
maximum is smaller in stage two than the shift toward the maximum in stage one. See
fig. 5.7. Thus, particles migrate toward the electric field maximum in the ART regime
within a few oscillations of the standing wave.

When particles reach the vicinity of the electric field maximum they all sit on stable
attractors. The typical spatial spread of particles can be estimated as the distance xr at
which the magnetic field can drag particles away from the maxima. This can be roughly
estimated as the diameter of rotation in the magnetic field. The typical magnetic field
strength during rotation can be estimated as a sinxr ' axr. At this distance the magnetic
field dominates over the electric for a time interval of roughly 2xr, which we use as an
estimate for the time of rotation. Assuming a half turn during this time interval gives
us the relation πγr/2 ≈ x2

ra, where γr is the typical gamma factor during rotation. We
then assume that up to phase of rotation electric field is roughly balanced by the radiation
reaction force, consequently

xra ≈
4π

3

re
λ
γ2
rx

2
ra

2 , (5.8)

where we suppose both electric and magnetic field are equal to xra. In such a way we
obtain

xr ≈ 0.9

(
λ

a3re

)1/5

, (5.9)
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Figure 5.7: Particle trajectory (black) and gamma factor (red) in the ART regime. Red (blue)
regions correspond to electric (magnetic) field dominance, E > B (B > E). Green lines describe
the low energy limit, in which particles mainly gyrate with drift velocity cE × B/B2 in the blue
regions and move essentially linearly in the red regions, with velocity going to cE×B/E2. In the
ART regime, there is no net change in position when the magnetic field dominates. When the
electric field dominates there is a clear migration toward the electric field maximum x = 0.

as a rough estimate for the particle spread. This estimate, shown at the top of fig. 5.6 (b)
with dashed red lines, clearly fits the numerical results well, and explains why particles
are concentrated toward the electric field maxima with rising amplitude.

The classical equations of motion have, in the ultra-relativistic regime, a similarity
parameter δ = (re/λ) a3 [149] defining the transition between relativistic stochastic mo-
tion [144] and the regimes of NRT and ART. Based on the data of fig. 5.6 (b) we can
identify the threshold values of δ for both regimes, δNRTth ≈ 0.5, δARTth ≈ 600, correspond-
ing to threshold intensities in terms of I = (c/8π)E2

max:

INRTth ≈ 5× 1023 W

cm2
×
(

0.81µm

λ

) 4
3

,

IARTth ≈ 6× 1025 W

cm2
×
(

0.81µm

λ

) 4
3

.

(5.10)

Experimental demonstration of NRT is possible using a configuration of two counterprop-
agating pulses [145] or with optimal focussing; this would require a total power of 1-2 PW,
which is within the reach of several current and proposed facilities. ART could be demon-
strated at proposed international high intensity facilities such as ELI and XCELS, for
which the dipole setup provides Imax ≈ 2× 1026 W/cm2.
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Chapter 6

Appendix: PIC code ELMIS

Almost all the studies carried out in the framework of the current thesis are essentially
supported by numerical simulations based on Particle-In-Cell (PIC) approach. In essence,
PIC simulations have been used as a way to analyze evolution of a complex system that
includes self-consistent dynamics of electromagnetic field and a large ensemble of charged
particles, which is a basic classical interpretation of plasma. General methodology of
the studies includes development of a relevant numerical code, carrying out numerical
experiments, looking at dependence on parameters, revealing empirical natural laws, phe-
nomenological analysis of the observable processes, and developing physical interpretation
and mathematical models capable of essential description. Thus PIC simulations helped
us to reveal phenomena and explain underlying physics, but we didn’t use them to make
any conclusions without understanding the physical origin.

In the framework of the current thesis an original implementation of the PIC approach
has been created and used. The developed code called Extreme Laser-Matter Interaction
Simulator (ELMIS) is based on a unique original method for dispersion-free Maxwell
solver that provides the code with a number of important distinguishing features. In this
section we briefly describe the PIC approach in general and discuss in more details original
numerical methods that we have developed and used in our PIC code.

6.1 PIC approach

The Particle-In-Cell (PIC) approach for plasma simulation is known as one of the most ef-
ficient and productive methods for many problems of plasma physics and for high-intensity
laser-plasma interaction in particular. The method implies classical interpretation of
plasma as an ensemble of charged particles that move under the effect of electromag-
netic field and serve as a source of radiation at the same time. The particles’ dynamics is
described by the relativistic classical equation of motion:

dp

dt
= q

[
E +

1

c
(v ×B)

]
,

dr

dt
= v = p

1

m

(
1 +

( p

mc

)2
)−1/2

,

(6.1)

where q, m, r, p and v are charge, mass, coordinate, momentum and speed of a particle
respectively; E and B are vectors of electric and magnetic fields in the point of the particle
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position. Evolution of electromagnetic field (E,B) obeys Maxwell’s equations:

rotB =
4π

c
j +

1

c

∂E

∂t
,

rotE = −1

c

∂B

∂t
,

(6.2)

which include vector field of the current density j generated by the particles:

j (r) =
∑

particles

viqiδ (r− ri) , (6.3)

where δ (r) is the Dirac delta function. The initial electromagnetic field must satisfy

divB = 0,
divE = 4πρ,

(6.4)

where ρ is charge density, which can be defined as

ρ (r) =
∑

particles

qiδ (r− ri) . (6.5)

Mutual Coulomb interaction between charged particles appears as a result of simultaneous
solving the equation listed above (Particle-Mesh approach).

The central idea of the PIC approach is representing of a commonly big number of
charged particles with a smaller number of so-called super-particles. Since each super-
particle has the same charge to mass ratio as a real one, it moves just like a real particle
and thus can efficiently represent dynamics of a number of real particles. The PIC ap-
proach assumes that the charge of a super-particle is distributed continuously in its vicinity
according to some form factor, which defines the way of counting contribution of each par-
ticle to the charge and current density at the grid, as well as the way of electromagnetic
field interpolation in the position of each particle. In our code we use the most common
form factor, which corresponds to uniform charge distribution in a cubic cell with size
equal to the grid step.

Our code is based on the well known Boris method for solving the equation of particles’
motion [150]. The code is also equipped with a number of simple additional tools like mov-
ing window technique (for LWFA) and various diagnostics. Meanwhile we have developed
and implemented a rather unconventional way for solver of Maxwell’s equations, which is
based on Fast Fourier Transform (FFT). In the next section we describe the method and
its implementation based on our original algorithm of parallel FFT for supercomputers.

6.2 FFT based solver of Maxwell’s equations

For description of our method we use representation of electromagnetic field via vector
field of complex numbers:

F = E + iB. (6.6)

Maxwell’s equations for the vector field F has the following view:

[∇,F] =
4πi

c
j +

i

c

∂

∂t
F,

(∇,F) = 4πρ.
(6.7)
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Applying Fourier transform to the functions F(r), j(r) and ρ(r), we can go from the
coordinate space to the space of wave-vector k:

1

c

∂

∂t
F = [k,F]− 4π

c
j,

(k,F) = −4πiρ.
(6.8)

The second term in the first equation describes emission of the current, whereas the first
term is responsible for propagation of electromagnetic radiation. In this representation, the
first term corresponds to rotation of vector F about the vector k with frequency ck, where
k = |k|. Thus, in case of absence of currents the evolution of electromagnetic field can be
calculated for arbitrary large time step. The second equation describes electromagnetic
field generated by the charges and actually corresponds to the initial conditions. Once
the electromagnetic field has been determined according to this equation, the evolution
of electromagnetic field maintains this equation being satisfied that is ensured by the
continuity equation for charge and current:

divj +
∂

∂t
ρ = 0. (6.9)

Numerical deviation from this relation causes a well known problem of charge conservation
for the FDTD method. The problem appears as formation of electromagnetic field that
does not correspond to any real charges, which happens as a result of numerical error
accumulation. In the approach based on Fourier transform we can simply avoid this
problem completely by correcting the F vector according to the second equation of (6.8)
at each time step.

The symmetrized propagator for the described approach can be written in the form:

F (t+ ∆t) = F̂
−1
{

2π∆tM(k)j +
(

R̂ck∆t + K̂ρ

)(
2π∆tM(k)j + F̂F(t)

)}
, (6.10)

where R̂α is operator of vector rotation on angle α about the vector k, K̂ρ is operator,
which makes the projection to the vector k equal to −4πiρ, M(k) is the mask function for

noise filtering, F̂ and F̂
−1

are forward and backward Fourire transform respectively. For
the mask function we use:

M(k) = exp

(
−
[

2k∆x

π

]32
)
, (6.11)

where ∆x is the space step. This function corresponds to suppression of all radiation with
wavelength less than 4 space steps.

The operator of vector rotation can be implemented in the following form. First, we
represent initial vector in the form of sum of two components that are perpendicular and
parallel to the vector k:

F = F|| + F⊥,

F|| = k
(F,k)

k2
,

F⊥ = F− k
(F,k)

k2
.

(6.12)

The parallel component remains the same after rotation. The result of the perpendicular
component rotation can be represented as a sum of vectors along F⊥ and along [k,F]:

R̂αF = F|| + F⊥cosα+
[k,F]

k
sinα. (6.13)
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For the K̂ρ operator we use the following form:

K̂ρF = F− (k,F)

k2
k− 4πiρ

k
k. (6.14)

Using (6.12), (6.13) and (6.14), the result of R̂α and K̂ρ operators can be written in the
following form:(

R̂α + K̂ρ

)
F =

(
F− k

(k,F)

k2

)
cosα+

[k,F]

k
sinα− 4πiρ

k
k, (6.15)

which can be written in the matrix form:

(
R̂α + K̂ρ

)FxFy
Fz

 = −4πiρ

k

kxky
kz

+

+
1

k2

 (
1− k2

x

)
cosα −kxkycosα+ kzksinα −kxkzcosα− kyksinα

−kxkycosα− kzksinα
(
1− k2

y

)
cosα −kykzcosα+ kxksinα

−kxkzcosα+ kyksinα −kykzcosα− kxksinα
(
1− k2

z

)
cosα

FxFy
Fz

 .

(6.16)
As a result, our solver of Maxwell’s equations consists of:

1. forward FFT for the matrices of electromagnetic field F, current density j and charge
density ρ;

2. applying propagator (6.10) for each cell of the wave-vector space;

3. backward FFT for the matrix of electromagnetic field F.

FFT algorithm for three-dimensional matrix implies non-local data processing with
the speed commonly close to the speed of access to memory. Thus, its efficient parallel
implementation for supercomputers is known as a difficult problem. For our PIC code we
have used our original algorithm. The main idea of this algorithm, called Parallel FFT
(PFFT), is distributed computing of one-dimensional FFT carried out simultaneously
with a special exchange of data between computer nodes. For 1D FFT component the
free “fftw3” library is used. The PFFT can utilize any number of cores which is a power
of two and which doesn’t exceed the matrix size in each direction. The PFFT uniformly
and asynchronously uses all enabled cores both for computation and data allocation. It
requires rather intensive data exchange rate between the cores, estimated to be around
[6/Dim] Gb/Tflop (normalized to the node performance), where Dim is the number of
dimensions. It was shown that the algorithm has a good scalability (see fig. 6.1).

The PFFT algorithm implies matrix domain decomposition into layers with equal
thickness. The PIC implementation based on PFFT inherits this type of decomposition
(see fig. 6.2). The scalability for the Maxwell solver follows precisely the PFFT’s scalability,
whereas the scalability for the solver of particles’ motion is determined by the rate of the
particle migration between computational domains, and this rate can vary significantly
depending on the problem.

The ELMIS code has been presented and discussed at specialized conferences [151, 152].
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Summary of Papers

Paper I

Horizons of petawatt laser technology
In this paper we review the progress in high intensity lasers. We collect up-to-date

information about the most remarkable laser facilities all over the world and put it in a
single list. Apart from reviewing the technologies and prospects of high intensity lasers we
discuss several actual applications including electron and ion laser-driven acceleration and
the generation of attosecond radiation. a few concepts of these applications are considered
in more detail.

In this paper I contributed essentially to the overview of high-intensity laser applica-
tions. I participated in the analysis of the concept of a gamma source from laser electron
acceleration. I also prepared the section about generation of attosecond radiation, which
includes several results obtained by myself.

Paper II

Multicascade proton acceleration by a superintense laser pulse in the regime
of relativistically induced slab transparency

In this paper we propose a new concept of proton and light ion laser-driven acceleration.
The mechanism of acceleration is based on electron charge displacement under the action
of the laser ponderomotive force, which temporarily appears in the vicinity of irradiated
plasma layer. This process is followed by the phenomenon of relativistically induced slab
transparency, which allows for the act of acceleration to be repeated in a controllable
way. It is shown that a target comprising of several thin foils properly spaced apart can
optimize the acceleration process and give at the output a quasi-monoenergetic beam of
protons with energies up to hundreds of MeV with an energy spread of just a few percent.

My contribution to this paper included the proposition of the idea, revealing and devel-
oping the explanation of the phenomenon of relativistically induced slab transparency and
the numerical study of the concept.

Paper III

Hollow microspheres as targets for staged laser-driven proton acceleration
In this paper we introduce a coated hollow core microsphere as a novel target for

staged laser-driven proton acceleration. The proposed concept combines conventional
target normal sheath acceleration (TNSA) and an additional stage of acceleration by the
field of charge separation generated by hot laterally spreading electrons. During TNSA of
protons from one area of the sphere surface, laterally spreading hot electrons form a wave
of charge separation. Due to the spherical geometry, this wave refocuses on the opposite
side of the sphere, where an opening has been laser micromachined. This leads to a strong
transient charge separation field being set up there, which can post-accelerate those TNSA
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protons passing through the hole at the right time. Experimentally, the feasibility of using
such targets is demonstrated.

My contribution to this paper was carrying out PIC simulations, interpreting and an-
alyzing numerical results, explaining the underlying physics and discussing possible ways
of further developing the concept.

Paper IV

Fast electron generation using PW-class PEARL facility

In this paper we present results of using the PW-class PEARL facility to study fast
electron beam generation during high intensity laser pulse interaction with a supersonic
gas jet. We show that electron beams with several hundreds of MeV and relatively large
charges, of hundreds of pC and more, can be effectively produced without any guiding
structures. PIC simulations also confirm the obtained experimental data and provide
optimized conditions of laser–plasma interaction for high-charged beam production. Based
on numerical results we also demonstrate that variability of electron beam parameters can
be inherited by fluctuations of the laser pulse and of the gas jet interface.

My contribution to this paper was to carry out and interpret PIC simulations, to find
optimal parameters for the gas jet based on numerical results, and to explain the variability
of in the electron beam parameters.

Paper V

Laser wakefield acceleration using wire produced double density ramps

In this paper a novel approach to implement and control electron injection into the
accelerating phase of a laser wakefield accelerator is presented. It utilizes a wire, which
is introduced into the flow of a supersonic gas jet creating shock waves and three regions
of differing plasma electron density. If tailored appropriately, the laser plasma interaction
takes place in three stages: Laser self-compression, electron injection, and acceleration in
the second plasma wave period. Compared to self-injection by wave breaking of a nonlinear
plasma wave in a constant density plasma, this scheme increases beam charge by up to 1
order of magnitude in the quasimonoenergetic regime. Electron acceleration in the second
plasma wave period reduces electron beam divergence by 25%, and the localized injection
at the density downramps results in spectra with less than a few percent relative spread.

My contribution to this paper was to support experimental studies with PIC simulations
by revealing the process of staged electron acceleration and discussing the physics involved.

Paper VI

Ultrarelativistic nanoplasmonics as a route towards extreme intensity attosec-
ond pulses

In this paper we demonstrate that a laser irradiated plasma surface can act as an
efficient converter from the femto- to the attosecond range, giving a dramatic rise in pulse
intensity. We present a new model describing the nonlinear process of relativistic laser-
plasma interaction. This model, which is applicable to a multitude of phenomena, is
shown to be in excellent agreement with particle-in-cell simulations. We provide, through
our model, the necessary details for an experiment to be performed. We reveal and
explain a phenomenon of a giant attosecond pulse generation and propose a concept of a
groove-shaped target, which can provide intensities above 1026 W/cm2, using upcoming
10 petawatt laser sources.
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My contribution to this paper includes conducting a comprehensive numerical study
of the process, revealing the effect of giant attosecond pulse generation, explaining the
underlying physics and developing a theoretical model of the relativistic electronic spring.
I have also proposed and verified numerically the concept of a groove-shaped target.

Paper VII

Probing nonperturbative QED with optimally focused laser pulses
In this paper we study nonperturbative pair production in intense, focused laser fields

called e-dipole pulses. We address the conditions required, such as the quality of the vac-
uum, for reaching high intensities without initiating beam-depleting cascades, the number
of pairs which can be created, and experimental detection of the created pairs. We find
that e-dipole pulses offer an optimal method of investigating nonperturbative QED.

My contribution to this paper was to develop an appropriate numerical method, to
simulate the dynamics of a large number of electrons under the effect of the e-dipole pulse
and to determine requirements as to the quality of the vacuum (to avoid initiation of
cascades of pair creation).

Paper VIII

Anomalous radiative trapping in laser fields of extreme intensity
In this article we report the existence of a new regime of particle dynamics in ultra-

intense light. We demonstrate that charged particles in a sufficiently intense standing
wave are compressed toward, and oscillate synchronously at, the maxima of the electric
field, rather than the minima. This unusual trapping behaviour, which we call anomalous
radiative trapping (ART), opens up new possibilities for the generation of radiation and
particle beams, both of which are high-energy, directed and collimated. ART also provides
a mechanism for particle control in high-intensity QED experiments.

My contribution to this paper includes comprehensive numerical study of particles dy-
namics (affected by the radiation friction) in a standing wave, revealing and explanation of
the ART phenomenon, carrying out numerical study and analysis of the ART phenomenon
in the e-dipole pulse.



72 SUMMARY OF PAPERS



Acknowledgements

It was a great pleasure for me to spend time as a PhD student in the wonderful city of
Ume̊a feeling the awesome care and kindness of people from the Physics department of
Ume̊a University.

First of all I would like to thank my primary supervisor Prof. Mattias Marklund, who
has dramatically changed my life in late 2008 by inviting me for a PhD study under his
supervision. He gave me an amazing freedom in scientific activity, always encouraging my
interests and inspiring me with brilliant ideas. I am extremely grateful for his responsive
guidance and care that went far beyond the formal duties of a supervisor.

I would like to thank my second supervisor Prof. Gert Brodin and many other guys
who I met in the physics department of Ume̊a University (Michael, Joakim, Jens, Erik,
Martin, Mats, Anton, Chris, Dmitry and many others) for a great atmosphere of a big
friendly family with an excellent sense of humor. I am especially grateful to Joakim, Jens
and Erik for helping me in arranging my life in Sweden, as well as to Anton and Chris for
training my command of English.

I would like to thank especially the administrators Katarina Hassler and Lena Burström
for their amazing care and help in everything. My family and I are exceptionally indebted
to them for fighting with all our bureaucratic troubles, the overcoming of which played a
decisive role in possibility for us to move to Sweden and enjoy a wonderful life here.

I would like to also thank Prof. Claes-Göran Wahlström, Matthias Burza and other
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