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Abstract
The interaction between high-intensity, ultrashort laser pulses with solid matter
is characterised by unique properties. In this thesis, various experimental studies
investigating different fields of physics resulting from the irradiation of (ultra-)thin
solid targets by a high-intensity (≈ 1020 W/cm2) and ultrashort (≈ 30 fs) high power
laser are carried out. The double-chirped pulse amplification (CPA) architecture
of the Arcturus laser facility at the Heinrich-Heine-University in Düsseldorf is
exploited in order to address different experimental configurations and therefore
different physical processes.
In the first part, the plasma dynamics from dual beam experiments are investigated
by employing various diagnostics. A striking feature in the experimental study of
the laser energy absorption by ultra-thin diamond-like carbon (DLC) foils could be
observed. Different physical parameters including the laser energy on target and
the target thickness are studied. Moreover, the ion acceleration from an already
exploded thin foil target in a dual beam configuration is investigated.
Furthermore, employing the proton probing technique, the parameters influencing
the electromagnetic pulse generated by the high-intensity laser and solid interaction
have been investigated. The parametric study, including laser pulse duration,
energy and intensity, revealed the strong dependence of the amplitude of the
electromagnetic pulse on the incident laser energy and pulse duration. A semi-
analytical model confirmed the experimentally obtained results and an optimum
pulse duration for a given laser energy was found to be close to 100 fs. Motivated by
the agreement between the experiments and the analytical model, simulations for
a larger range of laser energies are demonstrated in order to estimate the optimum
pulse duration of the electromagnetic pulse for example for future facilities.
Exploiting the properties of laser-accelerated proton beams, electric fields induced
by the laser-target interaction are diagnosed by employing the proton probing
technique. Due to the high temporal and spatial resolution, the proton probing
technique is a highly powerful tool to probe the distinct features of the laser-
target interaction. For the first time, the effect of the laser light polarisation
on the interaction could be demonstrated experimentally. In case of circularly
polarised light, the proton probing images show that the target is pushed forward
as a compressed layer due to the less efficient heating of the electrons (which is
evident for RPA), while in case of linearly polarised light, the target is significantly
decompressed, since the electrons are heated efficiently by the TNSA process.





Zusammenfassung
Die Wechselwirkung zwischen hochintensiven (≈ 1020 W/cm2), ultrakurzen Laser-
pulsen (≈ 30 fs) mit Festkörper-Targets zeichnet sich durch einzigartige Eigen-
schaften aus. In dieser Arbeit werden unterschiedliche experimentelle Studien
durchgeführt, die verschiedene Bereiche der Physik untersuchen, die sich aus der
Bestrahlung von (ultra-)dünnen Targets mit Hochleistungslasern ergeben. Mit
Hilfe der double-CPA-Architektur der Arcturus-Laseranlage an der Heinrich-Heine-
Universität Düsseldorf, werden unterschiedliche experimentelle Konfigurationen
und damit unterschiedliche physikalische Prozesse adressiert.
Im ersten Teil wird die Plasmadynamik aus Doppelstrahlexperimenten mit Hilfe ver-
schiedener Diagnostiken untersucht. Ein auffälliges Merkmal bei der experimentellen
Untersuchung der Absorption von Laserenergie durch ultradünne diamantähnliche
Kohlenstofffolien (DLC) konnte beobachtet werden. Verschiedene physikalische
Parameter, einschließlich der Laserenergie und der Targetdicke, werden untersucht.
Darüber hinaus wird die Ionenbeschleunigung von einem bereits explodierten, dün-
nen Folientarget in einer Doppelstrahlkonfiguration untersucht.
Darüber hinaus wurden unter Verwendung der Protonenradiographietechnik die
Parameter untersucht, die den elektromagnetischen Puls beeinflussen, der bei der
Laser-Target-Wechselwirkung erzeugt wird. Die parametrische Studie zeigte die
starke Abhängigkeit des elektromagnetischen Pulses von der einfallenden Laseren-
ergie und Pulsdauer. Ein semi-analytisches Modell bestätigte die experimentellen
Ergebnisse und eine optimale Pulsdauer nahe bei 100 fs wurde bestimmt. Motiviert
durch die Übereinstimmung der Experimente und dem analytischen Modell werden
Simulationen für einen größeren Bereich von Laserenergien demonstriert, um die
optimale Pulsdauer beispielsweise für zukünftige Einrichtungen abzuschätzen.
Die Eigenschaften laserbeschleunigter Protonenstrahlen werden ausgenutzt, um
elektrische Felder, die durch die Laser-Target-Wechselwirkung induziert werden,
mit Hilfe der Protonenradiographietechnik zu diagnostizieren. Aufgrund der ho-
hen zeitlichen und räumlichen Auflösung ist diese ein äußerst leistungsfähiges
Werkzeug, um den Einfluss der Laserlichtpolarisation auf die Wechselwirkung
nachzuweisen. Zum ersten Mal konnte experimentell demonstriert werden, dass bei
zirkular polarisiertem Licht das Target aufgrund der weniger effizienten Erwärmung
der Elektronen (ein Indiz für RPA) als komprimierte Schicht nach vorne gedrückt
wird, während bei linear polarisiertem Licht das Target signifikant dekomprimiert
wird, da die Elektronen durch den TNSA-Prozess effizient erwärmt werden.
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1 Introduction

Since the invention of the first operative laser in 1960 by Ted Maiman [1], the main
aim was to reach shorter and shorter pulses [2]. Nowadays, pulse durations in the
femtosecond range can be achieved easily. For these ultrashort pulse durations the
commonly used chirped-pulse amplification (CPA)-technique is crucial [3] [4]. With
the development of the CPA technique, high-intensity and ultra-short laser pulses
can now be generated, which yield the opportunity of producing and investigating
rapidly heated matter. Peak powers of the laser pulse up to petawatt range can
be achieved [5] [6]. Focusing the CPA generated laser pulse to a few µm enables
reaching intensities up to 1021 W/cm2. Laser pulses ionise targets (solids or gases)
rapidly and generate a plasma at high intensities. Different physical processes can
be observed depending on the laser intensity and target density. The experimental
and theoretical investigations of the interaction between solid targets and ultra-
short and high-intensity laser pulses have become an active research area in the
last decades.
Advances in high-intensity and ultra-short pulses made it possible to generate
energetic particles from laser-plasma interaction, like relativistic electrons[7] [8],
γ-rays [9] and multi-MeV ions [10] [11] [12]. Particularly laser-driven protons have
attracted great attention. Their potential for various applications such as proton
probing [13] [14], fast ignition in inertial fusion [15] [16], proton therapy in oncology
[17] [18] etc. leads to an intense research interest.
During the interaction of a high-intensity laser pulse with a (thin) metallic foil target,
protons and heavier ions are accelerated by an electric field formation. Protons
which are originating from hydrocarbon contamination layers on the surfaces of the
foil are usually accelerated easier than heavier ions, unless prepared in a particular
way [19] [20] [21].
Compared to conventional accelerators, laser-driven ions/protons have several
advantages: high brightness (∼ 1012 protons on a picosecond time scale) [22], high
intensity, ultra-low emittance [23], high laminarity [24], multi MeV-energy spectral
cut-off and short pulse durations. Since all "peak" quantities are high compared
to conventional accelerators, laser-driven ions are most suitable for time-resolved
and single-shot applications. However, the average beam properties of laser-based
accelerators are quite low since repetition rates are limited due to current technology
standards regarding requirements for average optical powers and thermal load.
Nevertheless, the reduced acceleration length of laser-based particle accelerators is
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one of the greatest advantages. While conventional accelerator facilities have large
dimensions, laser-based accelerators are more compact and can be used on smaller
laboratory scales.
The most extensively studied laser-driven ion acceleration mechanism is the target
normal sheath acceleration (TNSA) scheme. Irradiating a foil target with a high-
intensity laser pulse leads to a build-up of TV/m electric fields at the rear side
of the target, which is emerging due to relativistic electrons generated from the
laser-irradiated side of the foil. The electrons are typically heated via the oscillating
~j × ~B-heating mechanism of the linearly polarised laser pulse [21] [25] [26].
Another approach of accelerating ions using thin foil targets is based on using
circularly polarised laser light. Irradiating a target with circularly polarised light,
a strong electrostatic field is established, since the oscillating component of the
~j × ~B-heating is vanished and the heating of the electrons is suppressed. Electrons
are piled up into a compressed layer which induces a strong charge separating field
[27] [28] [29].
The properties of laser-accelerated particles appoint them attractive for different
applications. Short-pulsed radiation sources like X-rays are well suited for the
study of the structures and properties of matter on the atomic scale length [30].
Radiation therapy is a commonly used method in cancer treatment. For tumours
which are close to risk organs, for which a surgery would be not trivial, radiation
therapy is chosen. High-energy ions have several advantages compared to electron
beams or Bremsstrahlung. Since ions have a well-defined penetration depth and a
distinct Bragg peak at the end of the penetration path, they are of great importance
for radiation therapy. The stopping power increases towards the end of the range
and reaches a maximum (the Bragg peak) right before it drops to zero. Combined
with small side scatterings, they are rather convenient in oncology, since healthy
tissue around the tumour tissue is exposed to much less dose. Ion beams are found
to induce a greater damage up to a factor of six compared to Bremsstrahlung [30].
However, conventional accelerators in ion beam therapy are large and expensive.
Hence research in laser-driven ions is getting into focus [17] [31].

The experimental studies in this thesis concentrate on the properties of plasmas
generated by the interaction of high intensity, high-contrast laser pulses with (ultra-)
thin solid targets. The experiments were carried out at the Arcturus laser facility
at the Heinrich-Heine-University in Düsseldorf, Germany. The unique property
of the Arcturus laser facility allows to use a dual beam configuration in which
the laser parameters of each beam can be adjusted separately. A plasma mirror
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system is enhancing the laser contrast up to 10−12 on a time scale of a few tens of
picoseconds before the main peak. Especially for very thin and delicate targets an
excellent contrast is desirable, since the pre-pulse of the laser pulse can already
destroy the target.
The architecture of the Arcturus laser facility allows to address different physical
processes. In this thesis, the fundamental processes of laser energy transfer and ion
acceleration using laser absorption measurements, ion spectrometers and different
imaging diagnostics were investigated.
Furthermore, the generation and optimisation of a laser-driven electro-magnetic
pulse on solid surfaces is presented. A parametric study is performed in order to
optimise laser parameters.
Moreover, the dynamics of the laser and ultra-thin foil interaction are visualised by
employing the proton imaging technique. The impact of different polarisations of
the laser light (linear and circular) is shown.

This thesis is structured as follows:

• First, in chapter 2, an introduction of the main physical parameters of laser
induced plasmas is given. The dynamics of the motion of a free electron in
the electromagnetic field are described.
Further, the relevant physical processes occurring during the interaction
between the laser and a solid target are presented. Primary effects such
as ionisation processes are described, including their characteristics and
validity domains. Different collisional and collisionless absorption mechanisms
are summarised. The absorption coefficient for the different processes is
given. An overview for the main ion acceleration mechanisms is given. Front
and rear surface ion acceleration are discussed. In the last section of this
chapter, relativistic effects such as relativistic transparency and relativistic
self-focusing are reviewed. The main conditions and processes for these effects
are presented.

• In chapter 3, the experimental methods and diagnostics used to obtain the
experimental results in this thesis are introduced. The high power Arcturus
laser system is presented to begin with, followed by the description of the
ion detection diagnostics such as a Thomson-parabola-MCP assembly and
radiochromic films. Last, the principles of the proton probing technique are
discussed.

3
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• Chapter 4 presents the study for controlled plasma dynamics from dual
beam experiments. Various methods and diagnostics are used in order to
investigate the absorption and ion acceleration mechanisms. The results
indicate a significant decrease of the transmission laser energy fraction at
a specific delay between the two pulses. Simultaneously, an increase in the
proton energy can be observed. Intriguingly, the minimum in transmission is
shifting with the laser energy. Increasing the laser energy leads to a drop in
transmission at earlier delays.
The channelling of a laser pulse through a plasma is probed by a simple
imaging system. A dependence between the channelling and the density of
the plasma could be found.

• A parametric study of an intense-laser driven electromagnetic pulse is pre-
sented in chapter 5. The dependence of an electromagnetic pulse on the laser
parameters (such as energy, pulse duration and intensity) is investigated by
employing the proton probing technique. Using wire targets engineered in a
special way supports the study of the dynamics of the electromagnetic pulse.
The square wave pattern allows to control the spatial confinement of the
charge pulse, thus increasing the field of view of the probing proton pulse.
An optimum for the electromagnetic amplitude is found around 100 fs of the
laser pulse duration.

• In Chapter 6, the study of dynamics of thin foils irradiated by a high intensity
laser pulse with two different polarisations (linear and circular) is described.
By employing the proton probing technique, one is able to investigate the
interaction at different moments of time in one single shot. The study shows
that the polarisation has a great impact on the interaction. The acceleration
mechanism for each polarisation is different. While the target is decompressed
and the laser pulse creates a hole in the target in the linearly polarised case,
the whole foil is pushed forward as a dense compressed layer in the circularly
polarised case.

• The final chapter summarises the experimental and simulation results in this
thesis. Last but not least, an outlook for future investigations is given.

Role of author
The experiments presented in this thesis were carried out at the Arcturus laser
facility in Düsseldorf. The author was involved as a main investigator in planning,
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setting up and running the experimental diagnostics under the supervision of Dr.
Rajendra Prasad.
Some parts of the theoretical background presented in chapter 2 are adopted from
the author’s master thesis.
The analysis of the experimentally obtained data is entirely conducted by the
author. Some analysis tools and simulations were provided externally.
The evaluation of proton energy in chapter 4 is done by using a Matlab code
developed by A. Alejo Alonso. Analytical calculations for the interpretation of the
experimental observations are provided by A. P. L. Robinson.
A C++ code developed by A. Shiavi [32] is used in order to obtain the linear charge
pulse density presented in chapter 5. Semi-analytical simulations confirming the
experimental data are provided by A. Poyé. Some parts of this chapter are already
published in [139].
The 2D PIC simulations presented are carried out by Dr. Rajendra Prasad. The
particle tracer simulations are provided by L. Romagnani.
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2 Physical processes in laser-plasma
interaction

In this chapter, the main physical processes relevant for the interaction between a
laser pulse and matter are presented. The effect of the electromagnetic field of the
laser pulse on the solid matter surface strongly depends on its intensity. In order to
ionise matter and create a plasma, high intensities well above the surface damage
threshold are needed. Therefore the laser energy needs to exceed the ionisation
energy, which is the minimum energy required to remove the valence electron of
a neutral atom or molecule. Usually, single photons are not energetic enough to
ionise the atom. An atom can be ionised by either absorbing one high-frequency
photon or several lower frequency photons. Multi-photon effects depend on the
number of photons required for the ionisation process. High-intensity lasers make
it possible to reach high photon-densities. In case of ultra-short, high-intensity
laser pulses, the laser field is rapidly coupled into the solid matter which leads to a
fast ionisation of the target surface within the first few laser pulse cycles.
This chapter presents an overview of the physical parameters relevant for charac-
terisation of the laser induced plasma. Since electrons are the main energy carriers
in ultra-short laser pulse interactions, the dynamics of the motion of a free electron
in an electromagnetic field will be presented.
Subsequently, ionisation mechanisms dominant at different intensity regimes are
introduced. The consecutive interaction of laser and plasma are depending on
the laser intensity and the energy absorption efficiency. The relevant absorption
mechanisms depending on the laser parameters are demonstrated.
Laser accelerated ion beams have become a highly interesting and active research
area. Multi MeV ion beams accelerated during the interaction of short and intense
laser pulses with thin solid foils have provided a dynamic tool to explore the fast
dynamics of laser produced plasmas [33] [34]. The main mechanisms and properties
of accelerated ion beams will be discussed.
Finally, relativistic effects, such as relativistic transparency and relativistic self-
focusing, are going to be described. Since the laser intensities achieved in the
experiments in this thesis reach the relativistic regime, relativistic effects play an
important role.



2 Physical processes in laser-plasma interaction

2.1 Laser pulse interaction with solid matter

Being exposed to high intensity irradiation, matter is ionised rapidly. The released
electrons will immediately be captured in the electromagnetic field of the laser and
start oscillating with a distinctive energy. The interaction of the electrons and the
electric and magnetic field influence a wide variety of laser-plasma processes.
In general, electrons determine the interaction physics of laser radiation with matter,
since the electromagnetic field couples the energy to the electrons.
During laser and matter interaction, several processes occur due to the electro-
magnetic field of the laser pulse. The laser parameters have an impact on the
interaction and affect the physical processes.
In the following, the motion of a single electron in an electromagnetic field and the
related most significant laser parameters will be presented.

2.1.1 Dynamics of a free electron in the electromagnetic field

Plasmas are difficult to analyse, since sometimes they behave like fluids and
sometimes like a collection of individual particles. In a first step, it is important to
understand the behaviour of a single particle in an electric and magnetic field.
Considering uniform ~E− and ~B−fields, which are assumed to be described and
not affected by charged particles, the motion of a particle in the presence of an
electromagnetic field can be described by the Lorentz equation

d~p

dt
= d(γme~v)

dt
= −q

(
~E + 1

c
~ve × ~B

)
, (2.1.1)

where ~p is the momentum, me the electron mass, ve the electron velocity, q the
charge and γ the relativistic factor γ = 1/

√
1− ( v

c2 ). The motion is a superposition
of two motions: a circular Larmor gyration and a drift of the guiding centre, linear
along the magnetic field. Considering a plane and linearly polarised electromagnetic
field, the electric and magnetic field components are given by:

~E(~r, t) = ~E0cos(ωt− ~k~z)
~B(~r, t) = ~B0sin(ωt− ~k~z),

(2.1.2)

where ω = 2πc
λ

is the angular laser frequency and ~k the propagation factor. In the
non-relativistic case, the magnetic term ~v× ~B of the Lorentz force can be neglected,
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2.1 Laser pulse interaction with solid matter

thus reducing the equation of motion to

d~v

dt
= − q

m
~E. (2.1.3)

Assuming the initial conditions ~x(t = 0) = 0 and ~v(t = 0) = 0, the motion of an
electron can easily be calculated by integrating the momentum over time, which
yields a transverse harmonic oscillation in the electric field with an amplitude
x0 = eE0

meω2 , with a maximum velocity of v0 = eE0
meω

.
The transition from non-relativistic to relativistic particle motions can be described
by means of the dimensionless parameter

ao = eEL
meωc

= eE0λ

2πmec2 = Eosc
E0

= 0.85×
√

1 + Iλ2/1018, (2.1.4)

where e represents the electron charge, me the electron mass, c the speed of light
and EL the field strength of the laser. In other words, the dimensionless parameter
a0 can be described by the ratio of the momentum of an electron moving in the
laser field, divided by its rest momentum. A non-relativistic case can be considered
for a0 � 1 and a relativistic case for a0 ≥ 1. In the relativistic case, the relativistic
factor γ = 1√

1−v2/c2
becomes crucial.

The effect of the laser field strength on the electrons can be described using
the dimensionless parameter. Considering a laser beam with a radial profile
E(r) = E0exp(−r2/2σ2) and the dimensionless parameter, the electromagnetic
field can be redefined in practical units as follows:

E0 = m2πc2

λe
a0 ∼=

a0

λ[µm]3.2× 1012[V/m] (2.1.5)

B0 = E

c
= m2πc

λe
a0 ∼=

a0

λ[µm]1.067× 104[T]. (2.1.6)

This implies for the intensity:

I = cε0

2 E2
0 = cε0

2

[
m2πc2

λe
a0

]2

. (2.1.7)

Note that the above mentioned parameters 2.1.4 - 2.1.7 are only valid for electrons.
Further, the total laser power is described by the relation:

PL = πcε0

∫ ∞
0
E(r)2r dx. (2.1.8)
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2 Physical processes in laser-plasma interaction

In a practical units, the intensity can be calculated as follows

I = E

τπR2 , (2.1.9)

where R indicates the beam radius, E the beam energy and τ the laser pulse
duration.
Electrons with an energy E > E0 and a0 ≥ 1 become relativistic and have a
velocity close to the speed of light (e.g. E = 1 MeV, v = 0.28 × 109 m/s = 0.93c).
High energy electrons generated by high intense laser pulses are at the origin of
a large number of processes in plasma like acceleration of ions [29], high energy
radiation, self induced transparency [35] etc.. Therefore, the understanding of
electron acceleration and the dynamics in the laser field are of key importance in
the further approach of these processes.
If electrons approach the speed of light, relativistic effects become relevant. The
threshold for relativistic effects is 〈v〉 =

√
2kBT
m
≥ 0.3c.

In addition to the linear acceleration of electrons, there is a “sidewise“motion which
is called “drift“. This drift motion occurs if a force (i.e. magnetic and gravitational
field, time- and/or space-dependent magnetic/electric field) acts on a free particle.
If the magnetic field exerts sufficient force on an electron, a nonlinear, average
forward drift of the electron in the direction of propagation is caused. This drift
velocity can be defined as follows:

~vD = vx = c
a2

0
4 + a2

0
. (2.1.10)

The drift motion allows particles to escape the magnetic confinement by moving
across the magnetic field lines. Figure 2.1 illustrates the motion of an electron in
a linearly polarised electromagnetic field in the laboratory reference frame. The
electrons have a sidewise drift motion in propagation direction and an oscillation
in polarisation direction of the electric field. Regarding a reference frame, which
is moving with the drift velocity, the shape of the electrons’ motion turns into a
figure of eight (cf. figure 2.1). Considering an electron at rest, the free electron
gets a drift motion in propagation direction during the presence of a laser pulse
and rests again afterwards. Ultimately, the electrons net-energy does not change.
Due to the focusing, the laser field becomes inhomogeneous and an intensity
gradient is present which needs to be taken into account. Electrons are moving
(oscillating) slightly off-centre of the focussed beam. After the first half of the
laser cycle, the repelling force becomes smaller, as the laser field strength decreases
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2.1 Laser pulse interaction with solid matter

Figure 2.1: Motion of an electron in a linear polarised electromagnetic field in a)
laboratory reference frame and b) in the rest frame moving with an
average drift velocity (cf. [59] [36]).

with distance from the laser axis. The electrons cannot return to their place of
origin. The electrons will be accelerated away from the laser axis, i.e. from an

Figure 2.2: Schematic imaging of the electron motion caused by the ponderomo-
tive force fp. The electron is accelerated away from the laser axis
towards the area with lower intensity [36].

area of high intensity towards an area of lower intensity. This effect is caused by
the ponderomotive force, which can be defined as the gradient of the oscillation
potential which is averaged over time (cf. figure 2.2) using the already mentioned
dimensionless parameter a0 (cf. equation 2.1.4) the ponderomotive potential can
be described as [36]

UP = me

2
e2E2

0
2meω2 = mec

2 a
2
0

4γ̄ (2.1.11)

where γ̄ is the γ-factor of an electron averaged over one period. For laser light at
an incidence angle normal to the target, the ponderomotive force per unit volume
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2 Physical processes in laser-plasma interaction

can be identified by following the deviation in [36] as

fP = m
∂v2

y

∂t
= − e2

4mω2
∂E2

0
∂y

= −5 UP . (2.1.12)

Note that the space dependent electric field is averaged over one laser oscillating
period while the laser pulse propagates in z-direction. The ponderomotive force is
non-linear. A slow time scale force is induced by a high-frequency laser field.
In the relativistic regime at high intensities (≥ 1018 W/cm2), the magnetic field
component of the Lorentz force is no longer negligible. Similar to the non-relativistic
regime, the ponderomotive force pushes the electrons away from regions of higher
intensity. A single electron will drift forward due to the magnetic field and will
experience a relativistic mass increase during the first half of the laser cycle. In the
second half of the laser cycle, the repelling force is weaker due to the lower intensity,
and thus the electron moves sidewise and forward. To derive the relativistic
ponderomotive force, in [36] the electron motion is separated into slow (ps) and fast
(pf) components which leads to the relativistic expression of the ponderomotive
force:

f relP = dps

dt
= −mc25 γ̄, (2.1.13)

where γ =
(
1 + p2

s

m2c2 + 1
2a

2
0

)1/2
is the relativistic factor and ps the momentum of

the electron motion’s slow component.

2.2 Laser produced plasmas

The energy which is needed for creating a plasma can be gained by different
processes such as thermal excitation, electrical gas discharge, electromagnetic fields
or excitation by radiation.
The exact effects of the laser pulse strongly depend on its intensity. If the intensity
is high enough to ionise the electrons, the electrons start oscillating freely in the
field of the electromagnetic wave. If the energy which is added to the electrons is
high enough, the electrons can release more electrons by collisions with neutral
atoms which likewise start oscillating in the electromagnetic field. The quantity
of free electrons and positive ions starts to grow in an avalanche-manner. The
electron temperature increases rapidly, which leads to an expansion of the plasma.
Ionised gas can be classified as a plasma, if the following criteria are fulfilled: high
quantity of particles, shielding of charge and quasi-neutrality. In the following,
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2.2 Laser produced plasmas

characteristic lengths and periods of time in a plasma will be presented.
Considering a positive test charge +Ze in a plasma, it will attract electrons in spite
of thermal motion, which tends to randomise the charge distribution. The positive
test charge will be screened by the electrons which leads to electrical neutrality.
Starting with Poisson’s equation in one dimension and Z = 1

O2φ = − ρ

ε0
= e

ε0
(ne − ni), (2.2.1)

where ne and ni are the electron and ion density, respectively, the shielding distance
can be calculated. In thermal equilibrium, the electron density follows a Boltzmann
distribution and is given by:

ne = n0exp(
eφ

kBTe
), (2.2.2)

where n0 is the number density at φ = 0, φ = e
4πεorexp(−r/λD) the screened

Coulomb potential, kB the Boltzmann constant and Te the electron temperature.
Assuming ions are heavy and thus they do not move on a time scale of interest,
the ion density is found to be ni = n0. For |eφ/kBTe � 1|, the exponential can
be expanded in a Taylor series. The region where |eφ/kBTe| is large does not
contribute much to the sheath, since the potential decreases rapidly. Keeping only
the linear terms, the Debye length can be defined as

λD =
(
kBTe

4πnee2

)1/2

. (2.2.3)

This is the characteristic length at which the electrostatic potential decreases to
the 1/e-fold amount. The Debye length gives the radius of a volume which is called
Debye sphere. The amount of charged particles within the Debye sphere is crucial
for classifying a plasma. The charge within the Debye sphere is shielded from the
outside. The number of particles within the Debye sphere can be calculated by the
plasma parameter:

ND = 4π
3 λ3

Dne. (2.2.4)

For ND � 1, an ionised gas can be called a plasma. From a macroscopic point of
view a plasma behaves neutrally. The electrons are oscillating around the much
heavier and inert ions. The frequency of this oscillation can be derived using
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2 Physical processes in laser-plasma interaction

Poisson’s equation and Newton’s second law, which yields the plasma frequency

ωP =
√
e2ne
ε0me

∼= 5.6× 104√ne[cm−3][s−1]. (2.2.5)

For an electromagnetic wave E = E0exp(kx−ωt) with the wave vector |~k|= k = 2 π/λ,
the plasma dispersion relation in a plasma can be defined as [37]:

ω2 = ω2
P + c2k2. (2.2.6)

Light propagation through a plasma is only possible for ωL > ωP . The condition
ωL < ωP would lead to an imaginary wave vector, and thus light propagation would
not be possible because the electrons can follow the field, which leads to a shielding
of the laser light.
Using the limiting case ω2

L − ω2
P = c2k2 = 0 and equation 2.2.5, the critical density

can be defined as

nc = ε0me

e2 · ω2
P ≈ 1.1× 1021(λ2/(µm)2)cm−3. (2.2.7)

This is the density at which the plasma becomes opaque for electromagnetic waves.
A plasma is underdense if ω2

L

ω2
P

= ne
nc
� 1 and overdense if ω2

L

ω2
P

= ne
nc
� 1. The density

profile of a non-uniform plasma is shown in figure 2.3 as a function of the distance x.
The electromagnetic wave can penetrate into the plasma until the critical density
is reached. At this point, the plasma becomes overdense and the electromagnetic
wave will be reflected. Due to the propagation of light the electron density ne is
changing. The refractive index

η = ck

ω
=
√

1− ω2
P

ω2 =
√

1− ne
nc

(2.2.8)

is depending on both the critical density and the electron density.
At the critical density, electrons oscillate as fast as the wave. Propagating though
the plasma, a part of the light will be absorbed and, reaching the critical density,
reflection begins. Plasmas have temperature gradients, because the energy is
transported in form of electron heat conduction and x-rays from the area of high
density towards areas of lower density. The spatial dependence between temperature
and density can be seen in figure 2.4. The plasma generated by a laser starts
expanding and streams away from the surface of the irradiated material with a
high velocity due to the plasma pressure which is created during the heating of the
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2.2 Laser produced plasmas

Figure 2.3: Schematic representation of light propagation in a non-uniform plasma.
The plasma density is plotted against the distance x. The critical
density is approximately ncr ∼ 1021 for 800 nm.

material. The velocity of the expansion is almost equal to the ion acoustic velocity
cs = (Z× kBTe/mi)1/2, where Z∗ represents the effective ion charge and mi the ion
mass. Assuming isothermal expansion of the plasma, a decreasing density profile
with a well-defined scale length is obtained [38]

L = csτL ≈ 3
(
Te
keV

)1/2 (Z∗
A

)1/2
τ [Å]. (2.2.9)

Reaching a steep density gradient, the laser pulse immediately interacts with the
created plasma.
Laser driven plasmas can be divided into two categories: thermal and non-thermal
laser plasmas. The plasma pressure in thermal plasmas is rather high, thus
increasing the amount of collisions between particles and favouring the energy
transfer between them. The radiation within the plasma has a Planck-like spectrum.
Such plasmas can convert a large part of the applied laser energy into hard radiation.
Non-thermal plasmas have a lower pressure than thermal plasmas. Here, the
mean-free-path is large, and thus no other considerable energy transfer between the
particles can be observed except for electron collisions. There is no thermodynamical
equilibrium present. The plasma temperature is inhomogeneous, since a certain
part of the plasma consists of high energy electrons (20 keV - 10 MeV).
Defining the plasma temperature is only possible close to the equilibrium state.
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2 Physical processes in laser-plasma interaction

Figure 2.4: Schematics of the density and temperature spatial dependence (1D)
in laser generated plasmas. Until reaching the critical density, the
temperature decreases very fast and a shockwave arises.

Here, the average kinetic energy strongly depends on the temperature, hence a
definition of the plasma temperature in units of the energy is only possible close to
the equilibrium state. Laser produced plasmas can have temperatures of several
MeV. The temperature is often given in eV and the energy corresponding to kBTe
can be derived by kBTe = 1 eV = 1.6 × 10−19 J, which rearranged yields:

T = 1.6× 10−19

1.38× 10−23 = 11600.

Thus the conversion factor follows: 1 eV = 11600 K [39].
Summarising, a plasma is defined as a quasineutral gas consisting of charged and
neutral particles which features collective behaviour. An ionised gas needs to satisfy
three conditions to be entitled as a plasma:

• It needs to be dense enough, dimensions of a plasma L must be much larger
than the Debye length λD (L� λD),

• The number of particles within the Debye sphere must be much greater than
one to fulfil the requirement of collective behaviour (ND ≫ 1),

• The last requirement can be derived by considering ωp as the frequency of
the plasma oscillation and τ as the mean time between collisions with neutral
atoms. The product of the plasma frequency and the collision time needs to
be larger than one (ωpτ > 1).
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2.3 Ionisation processes

2.3 Ionisation processes
To understand the phenomena which are playing a significant role in laser plasma
interaction, the dynamics of the interaction between light and matter and how the
plasma state is reached needs to be analysed. For the approach of describing the
processes, mainly reference [36] was used.
In the following, the simple example of the hydrogen atom is going to be used to
describe the relevant processes. From the Bohr model of the hydrogen atom, a
threshold for the laser intensity to induce ionisation can be derived. The Bohr
radius is defined as:

aB = 4πε0~2

mec2 ≈ 5.3× 10−9cm, (2.3.1)

where ~ is the reduced Planck constant ~ = h
2π . The electric field of the laser needs

to reach and overcome the Coulomb binding potential between the electron and
the nucleus of the hydrogen atom which is given by

Ea = e

4πε0a2
B

∼= 5.1× 109V/m. (2.3.2)

Photoionisation
The above mentioned field strength corresponds the atomic intensity

Ia = ε0cE
2
a

2
∼= 3.51× 1016 W/cm2, (2.3.3)

which is the intensity at which the laser field is equal to the binding strength of an
electron to the atom. In order to ionise an atom, the laser intensity IL needs to
exceed the atomic intensity Ia. One atom can absorb one single photon with high
frequency, as can also be observed during the photoionisation process, or several
photons with lower frequency, respectively. In 1905, Einstein postulated that one
atom or molecule ionises by absorbing electromagnetic radiation. If the energy of
the photon is higher than the ionisation energy of the particle Eion, ionisation can
take place. The ionisation energy is given by:

Eion = hν − Ekin, (2.3.4)

where the excess energy is being released as kinetic energy Ekin of the free electron.

Multiphoton-ionisation
Usually the energy of one photon is not enough to ionise the irradiated material.
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2 Physical processes in laser-plasma interaction

For example, using a wavelength of 800 nm photon energies of approximately
1.55 eV can be reached. Comparing this energy to the ionisation energy of the
hydrogen atom (13.6 eV), it can directly seen that the energy of one single photon
is not enough and almost one order of magnitude less than needed to ionise the
atom. However, the ionisation process can take place way under this threshold via
multiphoton-ionisation.
The ionisation probability strongly depends on the light intensity or particularly
on the photon density. The n-photon ionisation rate is given by:

Γn = σnI
n
L. (2.3.5)

The cross section σn obviously decreases with the amount of photons n, but the
InL-dependence guarantees that ionisation of nth-order can occur.
An electron can escape from the atomic nucleus if it gets enough energy for the
transition from the ground state to an excited state (cf. figure 2.5). At intensities

Figure 2.5: a) Schematic representation of multiphoton-ionisation. An electron
with binding energy Eion absorbs n photons with energy ~ω. Subse-
quently it can be released from the atom. b) In the middle part of the
figure the schematic representation of the above threshold ionisation
is shown. Here, one electron absorbs more photons than needed for
ionisation. c) Schematic representation of tunnel ionisation. The
electron is able to tunnel through the potential barrier (cf.[36]).

� 1010 W/cm2, multiphoton-ionisation can be observed.

Above-threshold ionisation
At intensities up to approximately >1014 W/cm2, an electron can absorb more
photons than needed for ionisation. In this case, electron energies far above the
ionisation energy can occur, which would be expected during the interaction with
one photon. This phenomenon is called above-threshold ionisation (ATI). The
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2.3 Ionisation processes

kinetic energy of the electrons is given by an extended version of Einstein’s formula:

Ef = (n+ s)~ω − Eion, (2.3.6)

where n is the minimum number of photons which are required for the multiphoton-
ionisation process and s the number of additionally absorbed photons.
Figure 2.5 a)-b) shows the multiphoton- and above-threshold ionisation in compari-
son. As can be seen in the figure, for ATI the number of photons absorbed by the
electrons is much higher than needed for the ionisation process.

Tunnel ionisation
In case of multiphoton-ionisation, it can be assumed that the atomic binding
potential is not disturbed by the laser field. In the high intensity regime, the laser
field is strong enough to modify the Coulomb potential, thus lowering the binding
energy. This allows an electron to overcome the Coulomb barrier. The effective
Coulomb potential experienced by an electron at a distance x from the nucleus is
given by

V (x) = −ze
2

x
− eEx. (2.3.7)

During tunnel ionisation, the distance the electrons need to travel to overcome the
Coulomb barrier decreases. This is true up to the point where the laser field is
strong enough and the Coulomb potential gets distorted. Therefore, the quantum
mechanical probability for electrons to tunnel through a potential barrier increases.
Tunnel ionisation is the dominating process for intensities >1015 W/cm2.
For an atom of ionisation energy Eion, the regimes of multiphoton- and tunnel
ionisation are distinguished by the KELDYSH-parameter, which is defined as:

γK = ωL

√
2Eion
IL

(2.3.8)

where is ωL the laser frequency and IL the laser intensity. Tunnel ionisation
outweighs for large wavelengths, high laser intensities and a KELDYSH-parameter
of γK < 1, whereas multiphoton-ionisation dominates for γK > 1 [40]. In figure
2.5 c), the process of tunnel ionisation is presented. The Coulomb potential gets
distorted and the distance for electrons to overcome the barrier decreases.

Barrier suppression ionisation
If the barrier falls under the binding energy Eion, the electron can escape sponta-
neously, directly and without tunnelling. This is called over-the-barrier ionisation
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2 Physical processes in laser-plasma interaction

or barrier suppression ionisation. This process is characterised by the appearance
intensity:

Iapp = ε0c

2 E2
c = cπ2ε3

0
2e6

E4
ion

Z4 ≈ 4× 1019
(
Eion
eV

)4
Z−2 W/cm2. (2.3.9)

This intensity corresponds to a threshold critical laser electric field Ec = E2
ion/4Ze3,

at which the Coulomb potential is compensated. For the simplest case of hydrogen
(Z = 1, Eion = 13.61 eV), the appearance intensity is found to be
IHapp ≈ 1.37 × 1014 W/cm2.

2.4 Absorption processes

Irradiating a target with a high intensity laser beam ionises the matter rapidly and
at the surface of the target, a plasma emerges within a few laser cycles (cf. section
2.3). The subsequent interactions between laser and plasma strongly depend on the
laser intensity. The energy absorption efficiency is essential for many effects and
applications. Many different approaches of descriptions of absorption mechanisms
were made in the last decades [41] [36].
For long pulses and rather moderate intensity regimes, collisional and classical
collisionless resonance absorption are the main dominating absorption mechanisms.
In ultrashort, high intensity laser pulse regimes, collisionless mechanisms such as
~j × ~B - heating and vacuum heating become relevant. In the following section, an
overview of the most significant mechanisms will be given.

2.4.1 Propagation of electromagnetic waves

Absorption mechanisms play an important role in coupling the laser energy into an
overdense plasma. In order to understand the energy coupling and the different
absorption mechanisms, the propagation of electromagnetic waves in plasmas needs
to be studied. For this purpose, Maxwell’s equations are considered:

~∇ · ~E = ρ

ε0
~∇ · ~B = 0

~∇× ~E = −∂
~B

∂t

~∇× ~B = µ0~j + µ0ε0
∂ ~E

∂t
.

(2.4.1)
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Furthermore, small field amplitudes and relativistic field dynamics are assumed.
The motion of electrons is described by the Lorentz equation

m
∂~v

∂t
= −e

(
~E + ~v

c
× ~B

)
−mνei~v, (2.4.2)

where νei describes the electron-ion-collision frequency which is defined as

νei = 4(2π)2

3
neZe

4

m2v3
te

lnΛ. (2.4.3)

Z defines the number of free electrons per atom, Te the electron temperature
and lnΛ is the Coulomb logarithm, accounting for the limits of the electron-ion
scattering cross-section. They are determined by the classical distance of the closest
approach and the Debye length, respectively, leading to

Λ = bmax
bmin

= λD ·
kBTe
Ze2 = 9ND

Z
. (2.4.4)

An induced current ~J = −en0~v = σe ~E is obtained, where the electrical conductivity
σe is defined as σe = iωp2

4π(ωL+iνei) . Solving the Helmholtz equations, which result
from Maxwell’s equations, numerically [36]

∇2 · ~E − 1
c2
∂2 ~E

∂t2
= µ0

∂ ~J

∂t
+∇(∇ · ~E) (2.4.5)

∇2 · ~B − 1
c2
∂2 ~B

∂t2
= −µ0∇× ~J (2.4.6)

the propagation of electromagnetic waves can be described. For a plane, transverse
electromagnetic wave, the dispersion relation is defined as:

− k2 + ω2

c2

(
1−

ω2
p

ω2
L(1 + ν̃ei)

)
= 0. (2.4.7)

Arising thereby, a dielectric constant ε ≡
(
kc
ωL

)2
is obtained, which is related to the

refractive index ε(x) = n2(x).
Considering a plane wave incident on the density gradient of an inhomogeneous
plasma, the propagation wave can be simplified to

~E = (0, 0, Ezeikysinθ) (2.4.8)
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2 Physical processes in laser-plasma interaction

and the Helmholtz equation for the ~E-field 2.4.1 reduces to

∂2Ez
∂x2 + k2(ε− sin2θ)Ez = 0. (2.4.9)

The electrical field is transverse to the plane of incidence, whereby the electrostatic
coupling of s-polarised waves into the plasma is not possible. For p-polarised waves
with ~E = (Ex, Ey, 0) and ~E = (0, 0, Bz)eikysinθ, there is a field component along
the density gradient, which allows plasma waves to occur. The Helmholtz equation
for the ~B-field 2.4.1 reduces to the following form:

∂2Bz

∂x2 + 1
ε

∂ε

∂x

∂B

∂x
k2(ε− sin2θ)Bz = 0. (2.4.10)

For a slowly increasing density profile kL� 1 and a slowly changing dielectric con-
stant ε(x), the Helmholtz equations for the E- and B-field with the so-called Wentzel-
Kramer-Brillouin (WKB) Approximation [36] can be solved. This approximation is
only valid in the range of large scale lengths kL� 1. For femto-second-interactions,
the reverse limiting case (kL� 1) is reached and the WKB-approximation cannot
be used anymore. For large scale lengths, a solution for s-polarised light by using the
WKB-approximation or resonance absorption for p-polarised light can be obtained.
The latter one will be explained later in this section.

2.4.2 Absorption coefficient

Considering a step-like density gradient and assuming the plasma behaves like a
metal surface with finite conductivity due to the effect of electron-ion collisions,
Fresnel’s law from metal optics can be used. Fresnel’s equations for the reflectivity
of s- and p-polarised light (Rs and Rp, respectively) are defined as [36]

Rs =
∣∣∣∣∣sin(θ − θt)
sin(θ + θt)

∣∣∣∣∣
2

(2.4.11)

Rp =
∣∣∣∣∣tan(θ − θt)
tan(θ + θt)

∣∣∣∣∣
2

, (2.4.12)

where θ is the incidence angle and θt = sin−1{ sinθ
n
} the generalised, complex angle

for transmitted light.
Furthermore the absorption fraction is given by

η = 1−R. (2.4.13)
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For an arbitrary density profile, a solution by solving the Helmholtz equations can
be directly found. This method is more general and leads to the same characteristic
Fresnel behaviour for L

λ
→ 0. The angular dependence of the absorption coefficient

for different scale lengths is shown in figure 2.6. The main variable parameters are

Figure 2.6: The absorption is depending on the angle. This figure shows the
dependence for different scale lenghts (The following scale lengths are
shown in the figure: solid line l

λ
= 1 , dashed line l

λ
= 0.1, dotted

line l
λ
= 0.01) [36].

the scale length, the collision frequency and the angle of incidence. For a given
scale length, a characteristic angular dependence of the absorption can be found.
An optimum absorption for p-polarised light can be achieved for an incident angle
which is getting larger with an increasing density gradient.

Collisional absorption
At very high energies, which are for example needed for laser-fusion, multiphoton
effects become important. Due to oscillations in the laser field, an electron is able to
absorb the laser energy. Collisions with ions lead to absorption. In the nanosecond
regime, Inverse Bremsstrahlung is the dominating process with a typical scale
length of L/λ ∼ 100. At intensities between 1012-1014 W/cm2, collisions dominate
the absorption mechanism. The density profile of the plasma is the main parameter
determining the absorption mechanism. At a steep density profile, the laser field
can propagate to much higher densities. In this regime, the plasma in general is
highly collisional. Inverse Bremsstrahlung is one of the significant mechanisms
for transporting laser light energy into matter. It appears that for high particle
temperatures, collisions become inefficient and do not contribute to the absorption
mechanism. In the picosecond regime, lengths in the region of L/λ ≤ 1 would be

23
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expected [42] [43].
The absorption coefficient for collisional absorption and s-polarised light for an
exponential profile is givenby [38] :

ηcoll = 1− exp
(
−8νeiL

3c cos3θ
)
. (2.4.14)

Inverse Bremsstrahlung
As long as the electrons oscillate in phase with the laser pulse, absorption cannot
take place. If electrons collide with ions or atoms, they will get out of phase
and their oscillation energy will be transferred to thermal energy. The absorption
coefficient for Inverse Bremsstrahlung scales with

ηIB ∼
n2
eZ

T
3/2
e

√
1− ne

nc

. (2.4.15)

As can be seen, the absorption is highest for high densities, highly charged ions,
low temperatures and short wavelength laser light. If the medium is heating up,
the absorption will cease. As the plasma temperature rises very fast, collisions
become less efficient during the interaction.

Resonance absorption
The electron-ion-collision frequency decreases with increasing laser intensity
(IL > 1015 W/cm2). Hence, the collisional absorption mechanisms become ineffi-
cient and collisionless mechanisms become dominant [44].
In the standard picture, a p-polarised wave can tunnel up to the critical surface
(ne = nc). Also, regarding the mathematical description by considering the solution
of Maxwell’s equations for p-polarised light incident on a steep-density gradient
plasma at an oblique incidence angle, a singularity in the magnitude of the os-
cillating electric field can be seen [45] [46] [47]. This electric field can resonantly
drive up a plasma wave. Over a number of laser periods, the plasma wave grows
and is damped either by particle trapping and wave breaking at high intensities or
collisions at low intensities [38].
The main feature of resonance absorption is the creation of hot electrons. In
contrast to Inverse Bremsstrahlung, where all the electrons are heated, only a small
part of the electrons gain most of the absorbed energy.
If a strong laser pulse is obliquely incident on a overcritical plasma, the electrons
start oscillating resonantly at the critical density nc with a velocity of vos = eE

mω
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(quiver velocity). The quiver velocity becomes comparable to the thermal velocity.
Light which is able to tunnel through the plasma drives up a plasma wave. The
basic principle of the resonance absorption is shown in figure 2.7. A wave incident

Figure 2.7: Geometry of a plane wave incident on a plasma density profile. The
figure shows the standard schematic illustration of resonance absorp-
tion (b). A p-polarised wave tunnels through the critical density nc
and a plasma wave arises [36] [37]. The corresponding electron density
is shown in (a) and the electric field in the plasma in (c), respectively.

on the plasma at an angle of θ will be refracted due to the density gradient. If the
density gradient is smaller than the critical density, the incident wave will already
be reflected at ne(θ) = nccos

2(θ). P-polarised light has an electric field component
parallel to the plane of incidence. The electric field is in the plane which is built up
by the k-vector and the density gradient. In this case, the electrical field is parallel
to the density gradient at the turning point. A part of the electrical field can
tunnel through the density gradient up to the critical density where it eventually
resonantly drives a plasma wave. The resonance absorption is effective even if the
electron-ion collision frequency νei is small, since the damping of the plasma wave
is possible by collision or collisionless processes [37].
If the electric field is perpendicular to the plane of incidence (s-polarised), there
will be no component along the density gradient and therefore no plasma wave can
emerge. For large angles of incidence θ, the surface of reflection is too far away
from the critical surface and the area for tunnelling becomes too large. However, if
the angle is too small, the component of the electric field along the density gradient
will also be too small. Therefore, resonant electron oscillations are not possible
anymore.
The optimum angle of incidence can be obtained by maximising the Denisov-
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function. The angular dependent behaviour is shown in figure 2.8. For large scale

Figure 2.8: For high scale lengths the Denisov-funtion is a good approximation
for the behaviour of resonance absorption. The Denisov-function is
plotted against the parameter ξ [36].

lengths (kL� 1), the absorption is depending on the parameter ξ = (kL)1/3sinθ,
where θ is the angle of incidence.
A good approximation for the Denisov-function is given by:

φ(ξ) ∼= 2.3ξexp(−2ξ3/3). (2.4.16)

For the optimum angle of incidence

sinθmax ≈ 0.8(c/ωL)1/3 (2.4.17)

one can get maximum absorption of about 60% [36]. With a steep density profile,
which can occur at high laser intensities, short pulses and good contrast, the
distance for tunnelling to reach the critical density gets smaller [36].
The absorption coefficient for resonance absorption is given by

ηRA = 1
2φ

2(ξ) (2.4.18)

If a small pump-amplitude is provided, this absorption behaviour is more or less
independent of the damping mechanism.

Vacuum heating
At very steep density gradients, resonance absorption ceases to work in its usual
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2.4 Absorption processes

way. To illustrate this, a plasma wave with a field amplitude Ep which is resonantly
driven at the critical density can be considered. In a sharp-edged density profile,
the field amplitude roughly matches with the amplitude of the incident laser
field EL. The electrons oscillate along the density gradient with an amplitude
of xp ' eEL/meω

2 = vos/ω. If the amplitude is larger than the scale length
(vos/ω > L), the resonance breaks down. Electrons near the edge of abrupt change
in the plasma-vacuum interface will directly be exposed to the laser field. If an
electron is in the laser cycle near this interface at the right moment, the electron
can be dragged out far beyond the boundary layer, the so-called Debye sheath. The
Debye sheath is determined by the Debye length. As soon as the field reverses its
direction, the electron will be accelerated back into the plasma. Since the plasma
is highly overdense, the electric field can just penetrate to the skin depth ∼ c/ωp.
This mechanism has the most significant contribution if the plasma density is way
above the critical density [44] [48].

For this "not-so-resonant, resonant"-absorption, F. Brunel developed an analytical
model (cf. [49]). To describe this mechanism, the simple case of a one-dimensional
condensator is considered. The magnetic field of the plasma is neglected. Fur-
thermore, it is assumed that the electric field of the laser EL has a component Ed
normal to the target surface. This component accelerated the electrons back and
forth beyond their equilibrium state. If the wave is incident at an angle θ on a plane,
reflective surface, the driving electric field can be described as Ed = 2ELsinθ. The
electrons are accelerated out of the plasma with a velocity of vd = eEd

meω
' 2vossinθ.

At low intensities, for the absorption coefficient

ηlowV H = a0

2πf
3α(θ), (2.4.19)

with a0 = vosc
c
, α(θ) = sin3(θ)

cosθ
and f = 4

π
a0α(θ) is obtained.

At higher intensities, in the relativistic regime (fa0sinθ � 1), the absorption
coefficient scales with

ηrelV H = f 2

π

α(θ)
sinθ

. (2.4.20)

In the intensity regime between Iλ2 = 1016-1018 Wcm−2µ m2, Vacuum Heating is
the dominating process at oblique incidence. At high radiation intensities and small
scale lengths, absorption already saturates at 10-15%. However at an intermediate
intensity regime, for example at an intensity of Iλ2 = 1016 Wcm−2µ m2 and a scale
length of L

λ
∼ 0.1 , an absorption rate of about 70% is obtained [36].
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2 Physical processes in laser-plasma interaction

Sheath inverse Bremsstrahlung
The anomalous skin effect as well as the sheath inverse Bremsstrahlung are both
limiting cases of the same collisionless absorption mechanism. In the regime
ω2c2 � ω2

pv
2
e , the sheath inverse Bremsstrahlung and in the regime ωec2 � ωepv

2
e ,

the anomalous skin effect are the dominating process. Other than in the anomalous
skin effect process, the electron transit time trough the skin depth is larger than
one laser period. Both mechanisms are complementary to vacuum heating [50] [51].
Classical inverse Bremsstrahlung is ineffective for high energetic electrons. At higher
velocities, the sheath inverse-Bremsstrahlung becomes more effective. The sheath
inverse-Bremsstrahlung model, which was first established in 1977 by P.J. Catto
and R. M. More, can be modified by adding a ~v× ~B-term in the equation of motion,
and thus the shrinking magnetic field becomes larger than the complementary
electric field. Without this ~v × ~B-term, the absorption is mistakenly interpreted as
the electron temperature [51]. In an analytical way, the absorption coefficient can
be expressed as:

ηsib = 8√
2π

vte
c

a[(a+ 1)exp(a)E1(a)− 1]
0.5 +

√
πa
2 exp(a)erfc(a1/2)

, (2.4.21)

with a = ω2l2s
2v2
te
, E1(a) =

∫∞
a

exp(−t2)
t

dt.
For most applications, the absorption rate is not particularly high for normal
incidence. Considering two plasma layers with each a temperature of 5 keV and
electron densities of ne

nc
= 5 and 400, for the first case sheath inverse-Bremsstrahlung

and for the latter one the anomalous skin effect outweighs. In both cases, the
absorption is about 5%. [36]. This can be increased at oblique incident.

~j × ~B-Heating
Another collisionless absorption mechanism which is similar to Vacuum Heating
is the ~j × ~B-heating mechanism. Like in the Vacuum Heating mechanism case,
electrons are directly accelerated by the laser field. The driving factor is given
by the ~v × ~B component of the Lorentz force. The magnetic force is no longer
negligible, which is the main difference between both mechanisms. In 2.9 both
mechanisms are illustrated in comparison. Electrons are accelerated in different
directions. With a linearly polarised electromagnetic wave and a field amplitude of
E = E0 = ŷsinωt, the longitudinal force is obtained by[52]:

fP = −m4
∂v2

os

∂x
(1− cos2ωt). (2.4.22)
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2.4 Absorption processes

Figure 2.9: The figure shows a comparison between the vacuum heating (left)
and the ~v × ~B-Heating (right). The main difference is the direction
of hot electrons (cf. [53]).

The first term on the right-hand-side represents the ponderomotive force, which is
driving the electrons in the direction of the laser. The second high frequent term
leads to a ~j × ~B-term similar to the component parallel to the density gradient of
a p-polarised electrical field. This component is only present for p- and s-polarised,
but not for circularly polarised light and is most effective for normal incidence.
The electrons are heated by the damping of the longitudinal oscillation. The ~j× ~B-
heating mechanism is including two different processes, depending on the initial
conditions of the laser and the plasma. At moderate intensities, the ponderomotive
force of the laser light can generate a great, resonant plasma wave at ne = 4γnc.
This energy is transferred to the plasma during the damping process. The resonance
is ceasing for ne > 4γnc, but the longitudinal component of the oscillation can lead
to an absorption mechanism similar to Vacuum Heating [54].
The absorption in this regime can be estimated by:

η~j× ~B = γosc − 1
πa2

0
Na, (2.4.23)

where Na = 2
∫ ξb
ξa
Ne(ξ) dξ gives the number of electrons extracted out of the density

profile.
The deeper the electromagnetic wave can penetrate into the plasma, the more
absorption can occur. With increasing skin depth (i.e. decreasing density and
increasing intensity), the absorption is increasing. Since the ponderomotive force is
modifying the density profile very fast, the skin depth and absorption rate are not
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2 Physical processes in laser-plasma interaction

changing considerably.
At very high intensities, the ~j × ~B-heating mechanism is the dominating process
and can lead to absorption rates up to 90 % [55].

2.5 Ion acceleration by laser-plasma interaction

Since the development of the CPA technique, reaching intensities well above
1018 W/cm2 on the target became possible. In this relativistic laser-plasma
interaction regime, many opportunities for discovering highly interesting and new
physical phenomena arise. Among these, the acceleration of high energy proton
beams [20] [10] [56] has been one of the most attractive research areas. Contrary
to earlier experiments [57] [58], protons are accelerated in forward direction. The
characteristics of the forward emission of protons, such as high brightness, high
degree of collimation and laminarity and high spectral cut-off arouses interest
in fundamental research and potential applications. These include, for example,
cancer therapy, plasma probing by laser-driven proton beams [14] [33], fast ignition
and inertial confinement fusion [15].
In the following, the main acceleration mechanisms and physical properties of
accelerated ion beams will be discussed.

2.5.1 Front and rear surface acceleration

Electrons generated during laser-plasma interaction are accelerated forward inside
of the target. Due to a charge separation by a collective displacement of electrons,
strong and quasi-static fields arise. These fields accelerate ions until charge neu-
trality is restored again. As soon as charge neutrality is re-established again, ions
and electrons will move together in a ballistic way [59].
Besides the investigation of the driving acceleration mechanism, an argument about
the actual region where the ions are accelerated arose.

Front surface acceleration/Radiation Pressure Acceleration
Different research groups independently published the discovery of proton beams
with multi-MeV energy around the same time [56] [20] [60]. Since then, many other
experimental work, reported a forward accelerated proton beam being emitted
along the target normal irrespective of the angle of incidence of the laser beam on
the target.
The origin of the radiation pressure lies in the momentum of the electromagnetic
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2.5 Ion acceleration by laser-plasma interaction

wave which is delivered to a nontrasparent medium. For a plane monochromatic
electromagnetic wave, the radiation pressure is given by [59]:

Prad = (1 +R− T )I
c

= (2R + A)I
c
, (2.5.1)

where R, T and A are the reflection, transmission and absorption coefficient,
respectively. An electrostatic field which acts on the ions and accelerates them is
created.
Analytical models show that the final ion energy should scale with ∼ (Iτ/σ)α,
where I is the laser intensity, τ the pulse duration and σ the areal mass of the
target. The exponent α, is found to be α = 2 for vfinal � c and α → 1

3 in the
ultrarelativistic regime [61].
The mechanism clearly changes for circularly polarised light. The oscillating
component of the ~j × ~B-force vanishes, thus suppressing the heating of electrons.
The electrons are mostly, on a time scale of ion motion, in a mechanical equilibrium,
thus the electrostatic and ponderomotive force balancing each other. The ions
are accelerated by a compressed, dense electron layer. If the radiation pressure
equals the restoring force given by the charge separation field, electrons and ions
propagate balistically as a quasineutral plasma bunch [28]. Depending on the target
thickness, two different regimes can be identified.

Hole boring regime
At the front surface of the target, the density profile is steepening as the target
is pushed inwards and the surface is bend by the intense radiation pressure of
the laser pulse. Commonly, this process is called hole boring. Note that different
definitions such as “sweeping acceleration “[25] or “laser piston“ [62] are also used.
The process of the electron sweeping is shown in figure 2.10.
The hole boring velocity can be estimated by balancing the electromagnetic and
mass momentum flows [59], which yields for the hole boring velocity and hole
boring time respectively:

vHB =
√

I

cnimi

, tHB = d

vHB
, (2.5.2)

where d stands for the target thickness and nmimi = ρ for the target density.
Considering a dynamical model [63], simulations show that ions pile up into a
compressed layer at the end of the skin layer and produce a sharp density spike.
The electron equilibrium collapses and leads to the production of fast ions. These
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2 Physical processes in laser-plasma interaction

Figure 2.10: An illustration of the electron sweeping. The sweeping length is
close to the Debye length λD (cf. [25]).

electrons penetrate into the plasma bulk with a velocity of vHB. Eventually, the
quasiequilibrium is restored again and the whole process repeats itself.
The proton energy can be scaled as a function of expected energy due to hole boring:
E = 1

2m(2vHB)2 = 4I/nc, with density n and laser intensity I, as mentioned in
[64]. The ion energy is found to scale linearly with increasing I/n.

Light sail regime
The hole boring regime discussed above applies for thick targets, i.e. for target
thicknesses larger than the skin layer. If the target is thin enough, all ions are
accelerated before the end of the laser pulse (complete hole boring). The ions
are not screened by a background plasma like in the hole boring regime, thus
accelerating more ions to higher energies. In other words, the light sail regime
applies for targets thin enough to be accelerated as a whole. For long enough pulse
durations vHBτ > `, with ` the target thickness, the hole boring through the target
is complete and all ions are displaced [29]. The main characteristics of the light
sail regime are the monoenergetic ion spectrum and the possibility to reach high
ion energies.
For a thin target, the radiation pressure at normal incidence, neglecting absorption
is given by:

P = 2RI
c
. (2.5.3)

Note that radiation pressure vanishes for R = 0, which is different from the thick
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target case.
In a laboratory frame for the equation of motion of thin targets, the following
equation is obtained [29][65]

d

dt
(βγ) = 2I(trit)

mini`c

1− β
1 + β

R(ω′), (2.5.4)

where β = v/c is the velocity of the foil in units of the speed of light,
ω′ = ω

√
(1− β)/(1 + β) the frequency in the rest frame and trit the retarded

time at the foil position.
The solution for the final foil velocity at perfect reflectivity (R = 1) is found to be:

β = [1 + ε]2 − 1
[1 + ε]2 + 1 , ε ' 2πZ

A

me

mp

a2
0τ

ξ
, (2.5.5)

with the surface density ξ = π(ne/nc)(`/λ).
As discussed in [66], the light sail stage will dominate for thin targets and high
intensities. Since in this regime tHB � tL ' tLS ,the efficiency of the light sail
stage is higher with respect to hole boring. In this case, the ion energy is scaling
quadratically as in Eion ∼

(
a2

0
ctL
λ
/ξ
)2

with ξ = `%/mpnc
λ

.
However, there are a number of effects limiting the energy transfer from the laser
to the ions [67]. One of the limiting effects is the target transparency. In order
to transfer the energy from the laser to the target efficiently, the target should
remain opaque for radiation during the acceleration process. However, opaque foils
have high densities and/or are rather thick, which increases the number of ions in
the irradiated spot and decreases the laser energy transfer per ion. Therefore, the
acceleration should be performed at the threshold of the foil transparency/opacity,
which is given by the reflection coefficient. At this threshold, the opaqueness of
the foil is ensured by a minimum number of ions. Thus, the condition for optimal
acceleration was found to be a(t) = γ(t)εp(t), where εP = 2πe2nel

meωc
denotes the

normalised surface density [67] [68]. Another limiting effect is the laser group
velocity. If the effect of the laser group velocity is taken into account, the energy
gain is proportional to the difference between the instantaneous foil velocity and
the laser group velocity. Note that a laser pulse cannot accelerate a foil to velocities
larger than its group velocity [68] [68]. Also the transverse target expansion needs
to be taken into account. The target areal density is decreased by the diffraction of
the tightly focused laser pulse, which terminates the acceleration. Another limiting
factor is the angle of incidence of the laser pulse. Usually, off-normal incidence is
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used in the experiments in order to reduce the probability of damaging the laser
system by reflected light. The maximum ion velocity is given by vmax = vgcos(θ),
where vg is the group velocity of the laser pulse and θ the incidence angle. At some
point during the interaction, the longitudinal component of the electromagnetic
wave vector vanishes due to the large foil velocity, which is giving the limiting
factor for the maximum velocity. The limiting factors are reviewed in more detailed
way in [67].

Rear surface acceleration
Target Normal Sheath Acceleration
The origin of the Target Normal Sheath Acceleration (TNSA) is found to be a
large charge separation generated by hot electrons heated by the laser and reaching
the rear side of the target. A cloud of relativistic electrons is formed, penetrating
and extending out of the target for several Debye lengths. Due to the target’s
capacitance, only a small part of the electrons can escape before the target is
sufficiently charged [69]. The electrons which cannot escape are electrostatically
confined and move back and forth through the target. An extremely intense electric
field of the order of several teravolts per metre is formed on both sides of the
target. At the rear surface, there is no screening plasma. Ions are accelerated
perpendicularly to the surface. The electric field generated at the rear side of the
target depends on the properties of the electron distribution, electron temperature,
number of electrons, divergence and as well as on the density profile of the surface.
Particle-in-cell simulations [21] [70] indicate that the hot electron temperature scales
with the ponderomotive potential and is given by the cycle averaged oscillation
energy in the laser field [59] [71] [72]

Thot ∼= mc2(γ − 1) = mc2
(√

1 + a2
0/2− 1

)
≈ mc2(1 + (1 + Iλ2/1.37× 1018)1/2 − 1).

(2.5.6)

Only a fraction of the laser energy is converted to hot electrons

n0 = ηEL
cτLπr2

0kBThot
. (2.5.7)

The number of electrons is following a scaling with the intensity [71]:

η = 1.2× 10−15I0.74. (2.5.8)
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2.5 Ion acceleration by laser-plasma interaction

The electron density at the rear side of the target strongly depends on the laser
intensity and is inversely proportional to the square of the target thickness

ne,0 = ηEL
cτLπ(r0 + dtanθ/2)2kBThot

, (2.5.9)

where r0 denotes the laser spot radius, d the target thickness and θ the broadening
angle of the distribution.
When the electrons reach the rear side of the target, the much more inert ions
provide a positive charge, creating a charge separation sheath which leads to the
accelerating field. Protons are accelerated most efficiently, but the heavier ions can
also be accelerated effectively on a longer time scale, if the number of protons is
not high enough to compensate the charge of the escaping electrons. A schematic

Figure 2.11: Schematic representation of the Target Normal Sheath Acceleration.
a) A laser pulse is impinging on a solid thin foil target (i.e. 5 - 50 µm)
and due to the prepulse of the laser, a pre-plasma is generated. b)
Hot electrons are generated and pushed towards the rear side of the
target. c) An electric field is built up due to the charge separation. d)
The electric field is strong enough to accelerate the ions (or protons
from a contamination layer) normal to the target.

description of the Target Normal Sheath Acceleration is shown in figure 2.11.
Snavely et al. [11] have already shown that the ions are emitted normal to the rear
surface of the target. The maximum cutoff energy of the protons can be calculated
as denoted in [71]:

Emax = 2Thot
[
ln(tp + (t2p + 1)1/2

]2
, (2.5.10)

where tp = ωpitacc/
√

2exp is the normalised acceleration time and
ωpi =

√
ne0Ze2/ε0mp the ion plasma frequency. The effective acceleration time (or

limit time) is found to be tacc ∼ 1.3τL [71].
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2.6 Relativistic Effects

Almost instantly after the first demonstration of a laser in the early 1960s, nonlinear
effects were observed. Electromagnetic field intensities exceeding 1018 W/cm2 lead
to relativistic electron motion in the laser field, where eE0λ > 2πmec

2. In this
relativistic regime, matter can be moved more effectively and most importantly in
the direction of laser propagation [73]. These relativistic phenomena can be utilised
for various applications, e.g. the fast ignition of an inertially confined fusion target
by a short laser pulse [74] [16].
In the following, the two most relevant effects for the experiments carried out in
this thesis will be presented. First of all, the effects and conditions for relativistic
transparency will be discussed and secondly, the condition for relativistic self-
focusing will be described.

2.6.1 Relativistic Transparency

Overdense plasmas are generally opaque for laser light. The plasma reflects the
laser light, because the plasma density is higher than the critical density. However,
if the intensity is high enough to accelerate the electrons close to the speed of
light, the mass increases by the Lorentz-factor γ =

√
1− v2

c2 , whereby the laser light
observes a reduced plasma density of ne

γ
. The plasma becomes transparent. This

process takes place within a few picoseconds [35].
Due to a change in the plasma density, the reflective index changes to n =

√
1− ne

γnc
.

At the same time, the electron density decreases because of the expansion of the
plasma layer. This fulfils the condition for relativistic transparency. It determines
that the effective plasma density has to be smaller than the critical density (ne

γ
≤ nc)

[75] [76]. Optically, the plasma changes from opaque to transparent, whereby it
enables the propagation of light. The increasing mass is slowing down the motion
of the electrons in such a way that they cannot shield the plasma from the incident
light any more.
The effect of relativistic transparency can be seen in the reflected, as well as in the
transmitted intensity profile of the laser. Considering the incident temporal profile,
a temporal limit can be observed [35]. In figure 2.12, the schematic representation
of the relativistic transparency is shown. An electromagnetic wave can propagate
through a plasma, if the displacement current is higher than the plasma current.
For intensities smaller than the limit for penetration of electromagnetic fields, the
underdense plasma is fully reflecting the radiation. For higher intensities, the
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Figure 2.12: Schematic representation of the relativistic transparency. a) The
incident laser pulse is heating the medium and an overdense plasma
is generated. The laser pulse is reflected by the overdense plasma.
b) The criterion for relativistic transparency is fulfilled and the laser
pulse can propagate through the medium. c) Further expansion of
the plasma leads to an underdense plasma (cf. [35]).

electromagnetic wave is propagating in form of non-linear plane waves.
In the non-relativistic regime, the electromagnetic wave can propagate under the
condition ω > ωp. If the electromagnetic wave is strong enough, the electrons will
be accelerated to relativistic velocities, thus modifying the plasma frequency by
relativistic effects depending on polarisation of the wave.
Since in the relativistic regime the mass of the electrons is increasing and at the same
time the plasma frequency is decreasing, it is possible for intense electromagnetic
fields to propagate through an overcritical plasma. For a circularly polarised wave,
the ~v× ~B-term of the dispersion relation can be neglected and the absolute values of
the electric field strength and the electron velocities stay constant. The dispersion
relation is given by

ω2 =
ω2
p

γ
+ k2c2. (2.6.1)

The propagation of an electromagnetic wave in the relativistic case is only possible
if ω2 >

ω2
p

γ
.

For a linearly polarised wave, the ~v × ~B-term must be compensated by the term
which is created by the electrostatic field. The condition for transparency is
ω2 > 4ω2

p/πa, where a gives the electric field strength.
In relativistic regimes, the propagation of electromagnetic waves in underdense
plasmas is possible, if the field strength is exceeding a certain limit. For circularly
and linearly polarised waves, the conditions are given as follows:

a2
circ =

(
ne
nc

)2
− 1 (2.6.2)

37



2 Physical processes in laser-plasma interaction

alin ≈
4
π

ne
nc
. (2.6.3)

If an electromagnetic wave is penetrating through a plasma, it is experiencing a
discontinuity in the reflective index at the wave front. Behind the edge of the laser
pulse, the Lorentz factor of the electrons is larger than in the undisturbed plasma.
The discontinuity works like a mirror for the incident laser light which is then
reflected with a Doppler shift. The refractive index is not constant anymore.

2.6.2 Relativistic self-focusing

Generally the laser intensity in the centre of the laser beam is higher than in the
outer regions. As a consequence, the reflective index has its maximum on the laser
axis (dη

dr
< 0), which corresponds to a positive (or focusing) lens. Self-focusing

occurs in a relativistic plasma because of a transverse gradient in the refractive
index. The radial dependence of the refractive index is given by [36]:

η(r) ≡ ck

ω
=

√√√√1−
ω2
p

ω2[1 + a(r)2/2]1/2 , (2.6.4)

where a(r) gives the profile of the laser. At relativistic intensities, the phase velocity
of the focusing laser beam in the plasma on the axis is slower, thus creating a
velocity difference of vp(r)

c
= ω2

p

8ω2a2
0e
r2/σ2

0
. The phase velocity in the plasma is shown

in figure 2.13. A limiting case for relativistic self-focusing is given by the critical
power:

Pc = mec
5ω2

e2w2
pe

' 17
(
ω0

ωp

)2

GW. (2.6.5)

The laser pulse can be self focused over a distance greater than the Rayleigh length
ZR = πω2

0
λ
.

Relativistic self-focusing corresponds to an instability in the filament formation.
In the weak relativistic case (|a| � 1), the condition for relativistic reflection is
P > Pcr. For P = Pcr, the diffractive expansion of the laser beam is compensated
by the radial inhomogeneity of the reflective index of the plasma which is created
because of the relativistic increasing of the electron mass. For P > Pcr, the axial
symmetric laser beam is becoming a field singularity within a short time duration
of ts−f = ZR

c

√
P
Pcr
− 1. In the very strong relativistic case (|a| ≥ 1), the relativistic

self-focusing cannot be considered separately from other dynamic processes.
Another important mechanism in the relativistic regime of self-focusing is the
creation of magnetic fields. The self-focusing channel interacts with the magnetic
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Figure 2.13: This figure shows a schematic representation of the phase front in a
plasma. At relativistic intensities, the group velocity of the focused
laser beam passing through a plasma is slower on axis. Due to the
transverse intensity gradient, different refractive indices occur. The
intensity gradient leads to different group velocities.

field. This interaction is due to the acceleration of the electrons in the self-focusing
laser pulse, which is creating an electrical flux in the plasma, that is accompanied
by a quasistatic magnetic field. The fast electrons are redistributed, which leads to
a change in the reflective index. The plasma frequency is smallest in the regions
with many fast electrons. Filaments with high intense laser radiation can merge
and deliver a mechanism for the transport of laser energy over large distances [73].
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3 Laser set-up and Diagnostics
A steady improvement of laser driven ion acceleration leads to a continuous increase
in ion energies and fluxes which require novel, high resolution ion diagnostics. The
detection of laser-accelerated ions is challenging due to high ion fluxes and short
interaction times.
This chapter gives an overview about the laser system and its specific parameters.
First, the generation of ultra-short laser pulses at high energies using the chirped
pulse amplification technique is described. In the ultra-short, high-intensity regime,
the chirped pulse amplification technique is essential. By stretching and compressing
the laser pulse in the time-domain an amplification without damaging the optical
components can be ensured. Secondly, the Arcturus laser system and its different
components are presented. Contrast improvement with the cross-polarising wave
technique (XPW) and plasma mirror set-up is going to be explained subsequently.
Different diagnostics used in this thesis especially for ion detection will be presented
afterwards. The main working principles of a Thomson parabola-MCP assembly
and radiochromic films are going to be described. Given the particular properties
of multi-MeV proton beams, they are suitable for different applications such as
radiographic probing. Accelerated protons can be employed as a particle probe
in order to detect electrical and magnetic fields. The high spatial and temporal
resolution designate accelerated multi-MeV proton beams as supremely convenient
for laser-plasma experiments.

3.1 Laser system

Chirped Pulse Amplification CPA
Amplifying very short laser pulses increases the laser power and fluence rapidly,
causing distortions and/or damages in the gain medium and other optics due to
undesirable non-linear effects (e.g. filamentation, self-focusing, etc.) generated by
the high radiation intensity in the amplification chain. To prevent and circum-
vent this undesirable effect, the chirped pulse amplification (CPA) technique is
exploited [3]. The basic principle of the chirped pulse amplification technique is
illustrated in figure 3.1. Short pulses are intentionally stretched several thousand
times in the time-domain, lowering the fluence accordingly without changing the
input pulse energy. Following this, the pulse is amplified by a factor of 106 - 1012

and is recompressed by the compressor several thousand times close to the initial
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Figure 3.1: Basic principle of the chirped pulse amplification technique. Firstly
the pulse is stretched to avoid non-linear effects during amplification.
Subsequently the pulse is compressed to (nearly) reach its initial
duration.

value. Stretching and compressing are realised by an arrangement of gratings as
shown in figure 3.2. The stretcher is a pair of gratings dispersing the spectrum and
shortening the optical path of longer wavelengths and elongating the optical path
of shorter wavelengths, respectively. The pulse is expanded to few hundreds of
picoseconds thus having a smaller intensity to be amplified without damaging any
optics. The main reason for reducing the intensity is the reduction of non-linear
effects which are proportional to the radiation electrical field. These non-linear
effects have some undesired consequences such as spatial and spectral distortion of
the laser phase and non-linear effects on the laser propagation which can result in
damages.
After passing through the stretcher, the pulse is extracted from the amplifier and
sent to the compressor. Here, its initial pulse duration is recovered and the disper-
sion which is introduced by the stretcher and amplifier needs to be compensated.
Therefore, another arrangement of gratings contrary to the stretcher is needed,
where rays with longer wavelengths travel a longer distance than shorter wave-
lengths. Hence, the dispersion can be compensated. These stretcher-compressor
arrangements allow to separate the pulse generation and amplification stages. Due
to thermal lensing caused by the energy from the pump beam, which leads to a
radial thermal gradient in the laser rod, the refractive index increases. The laser
rod acts like a positive lens and focuses the beam. Due to thermal aberrations, the
beam size increases and the available intensity decreases.
Femtosecond pulses are mode-locked. This means ultra-short pulses are a superpo-
sition of many electromagnetic waves (modes). The ultra-short pulse generation is
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Figure 3.2: Grating arrangements for a) stretcher and b) compressor. To amplify
the pulse without damaging, the beam is stretched and amplified
afterwards. In order to have a short pulse again, the beam is com-
pressed to its initial duration. In a) the arrangement of gratings for
the stretcher is shown. Longer wavelength rays travel shorter distance
than shorter wavelength. The short pulse is being stretched, and
thus it can be amplified without damaging the optics and the laser
pulse. The arrangement of gratings for a compressor (b) is contrary
to the stretcher arrangement. Longer wavelength rays travel a longer
distance than shorter wavelength rays.

transform- (or bandwidth-)limited by [36]

τp = 1
δν
. (3.1.1)

As can be seen, the limitation is highly depending on the bandwidth δν. To reach
short pulses, a large bandwidth is essential.

3.1.1 Düsseldorf Arcturus laser system

The Arcturus laser system at the Heinrich-Heine-University in Düsseldorf in the
institute of laser and plasma physics is a double beam, 200 TW commercial laser
system designed by Amplitude Technologies based on the CPA technique described
above. The system provides three separately compressible beams: two high power
main beams (200 TW) and one low power beam (30 TW), which gives the advantage
of flexibility of experimental parameters. The two main beams have pulse energies
up to 5 J at 10 Hz repetition rate and pulse durations between 23-30 fs at a
wavelength of 800 nm. Focusing the laser pulse, intensities up to 1020 W/cm2 can
be reached and relativistic effects become highly relevant. After an upgrade in
2017, energies up to 7 J at a repetition rate of 5 Hz and a wavelength of 800 nm can
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Figure 3.3: Illustration of the double CPA architecture of the Arcturus Laser
facility Düsseldorf. The pulse is generated in the oscillator, preampli-
fied and subsequently contrast enhanced in the XPW module. Before
being split into two parts (or three, respectively, two main beams and
one probe beam) the pulse in amplified in a second preamplifier and
the multipass 2A module. The two main beams are further amplified
in a main amplifier before being compressed and sent to the target
area.
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be achieved. The upgrade includes the installation of two more powerful additional
pump lasers. However, the experiments presented in this thesis have been carried
out before the upgrade.
The general architecture of the Arcturus laser system is shown in 3.3. It is divided
into three different parts: the front end, the amplification modules and the vacuum
compressor. The femtosecond front end and the main amplifier systems are installed
on two optical tables and the different modules such as booster, stretcher etc. are
set on bread-boards. The Arcturus laser facility is a double-CPA system with an
XPW unit in between.

Oscillator
All three beams originate from a mode-locked Synergy titanium-doped Sapphire
(Ti:Sa) oscillator by Femtolasers. The Ti:Sa laser is pumped through a 5 W CW-
diode laser (frequency doubled to 532 nm). With a central wavelength of 790 nm
(and a bandwidth of ± 50 nm) the oscillator delivers pules of about 5 nJ each at a
repetition rate of 76 MHz, when mode-locked.
The mode-locked technique is realised by exploiting the non-linearity of the refractive
index. The optical process of the Kerr effect allows the generation of short pulses of
a few femtoseconds (Kerr-lens-modelocking). The index distribution can be written
as [77]:

n(r) = n0 + 1
2n2I(r). (3.1.2)

For a positive refractive index of the gain medium n2, the refractive index increases
with the light intensity I. The laser beam is self-focusing while crossing a medium
with a positive refractive index. In figure 3.4, the relation between the refractive

Figure 3.4: Self-focusing of a laser beam while passing through a medium with
positive refractive index (n2 > 0). The phase delay induced by the
Kerr effect is highest on the beam axis and smaller outside the axis,
which leads to the focusing of the propagating laser pulse.
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index and the intensity is shown.

Booster
The beam is amplified by a compact 14-pass-amplifier up to microjoule level. It
is pumped by one arm of a 33 mJ Nd:YAG laser (CFR ultra) manufactured by
Quantel. The oscillator output is amplified and the temporal contrast is also
enhanced by a saturable absorber at the same time. A pulse picker (Pockels cell)
reduces the repetition rate to 10 Hz. A Pockels cell is an electro-optical modulator,
which is used as a voltage-controlled wave plate. It can rotate the polarisation of
the beam which passes through. Residual amplified spontaneous emission (ASE)
background is reduced by a saturable absorber.

First CPA module
Stretcher
The pulse is stretched up to roughly 500 ps by inducing a chirp, and thus the peak
intensity is reduced to avoid damages on the ensuing amplification stages. The
design of the stretcher is based on an all-reflective Öffner. It is a combination
composed of two spherical concentric mirrors where the first one is a concave and
the second one a convex mirror. It shows a complete symmetry, and thus only
spherical aberration and astigmatism can appear. Since all optical elements are
mirrors, no on-axis coma and thus no chromatic aberrations can appear.

Dazzler and Mazzler
Additionally, an acousto-optical filter, the Dazzler by Fastlite, is implemented
right after the Stretcher. It is used as a phase-modulator to pre-compensate the
dispersion and the phase distortions, which can occur throughout the laser system.
In order achieve an optimised laser output, the Dazzler is modulating the phase
and also the amplitude of the laser pulse. To de-correlate the phase compensation
and amplitude modulation, another acousto-optical device, the Mazzler, is used.
The Mazzler is slightly different to the Dazzler. The beam is diffracted by an
acoustic wave and the unwanted spectral components of the diffracted beam are
sent away from the laser cavity. In the non-diffracted beam (cavity beam), a hole
is created where the gain is highest, which results in gain flattening. The Mazzler
is improving the spectrum enlargement by flattening the global amplifier gain and
modulating the amplitude. The system consists of two Dazzlers and one Mazzler
behind the first and the second stretcher unit and one dazzler, in the second region.

Regenerative Amplifier
The first amplification stage is a regenerative amplifier (Regen), where the stretched
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pulse is amplified to an energy of 1 mJ. It consists of a cavity with a Ti:Sa crystal
pumped by the CRF Ultra Nd:YAG laser. Two Pockels cells are used to, on the
one hand, control the seeding of the stretched pulse into the regenerative cavity
and on the other hand to control the outcoupling from the cavity. After passing
through the regenerative amplifier, the beam is amplified by an additional five-pass
butterfly amplifier. The butterfly amplifier is also pumped by a CFR 200.

Compressor 1
The beam is compressed by a double-pass grating compressor after the preamplifier
stage.

Wizzler and XPW
Before entering the XPW module, the laser pulse can be characterised by a Wizzler,
measuring the pulse duration and the spectral phase.
The temporal contrast of the pulses is enhanced by using a non-linear temporal
filter, where the non-linear effect of generation of cross-polarised waves (XPW)
is exploited. XPW generation can take place in an isotropic crystal. Typically,
Barium Fluoride (BaF2) crystals are used [78]. An intense linearly polarised wave
with sufficient intensity incident on the crystal can generate a new wave with the
same wavelength but a polarisation orthogonal to the incident wave. The crystal
is placed between two polarisers, where the first one ensures a perfectly linearly
polarised input beam and the second one distinguishes the cross-polarised wave
from the fundamental wave. The less intense parts of the pulses, e.g. pre-pulses,
remain unconverted and are extracted by the second polariser from the beam path,
which leads to an enhancement of the pulse contrast. A hollow core fibre in front
of the XPW helps to spatially filter the beam. After the XPW, the outcoupled
energy is about 100 µJ.

Second CPA and main amplifier
A second Stretcher-Dazzler module follows the XPW. The operation mode is the
same as in the first stretcher. The beam is amplified by a second regenerative
amplifier and preamplifier with an additional Mazzler module (cf. above) after the
stretcher.
Three Pockels cells, two for the cavity of the regenerative amplifier and one in front
of the preamplifier clean the temporal profile of the pulse. The beam is expanded
by a telescope before entering the next amplification stage.

Multi-pass Amplifier
Three multi-pass amplifiers are used to further amplify the beams to their final
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energy. In the first amplification stage behind the front-end, the four-pass butterfly
amplifiers are pumped by a frequency doubled Propulse Nd:YAG 1 J laser manu-
factured by Amplitude Technologies. After this amplification stage, the beam has
an energy of roughly 300 mJ.
The beam is split into two arms by a beam splitter. One arm with 70 % of the
energy is used for the two main beams and the other arm with 30 % of the energy
for the probe beam. The probe is guided through a delay stage and to a designated
compressor. Another 50:50 beam splitter is dividing the arm of the beam with 70 %
of the energy equally into the beam path of beam 1 and beam 2 (main beams).
Each main beam is again amplified by a four-pass butterfly amplifier pumped by a
2 J Nd:YAG Propulse laser designed by Amplitude Technologies up to an energy of
approximately 300 mJ.

Main Amplifier
In the last amplification stage, each main beam is pumped by six Nd:YAG Propulse
lasers. The beams are going through a Titanium doped Sapphire crystal which is
cooled in a vacuum vessel by a Helium cryostat. Due to the high average power of
the pump beams, the gain medium needs to be cooled in order to avoid thermal
lensing. The cooling also ensures keeping the fluence below the damaging threshold
of the crystal’s anti-reflective coating (< 100 mJ/cm2). After the final amplification
stage, the beam is expanded to a diameter of 8 cm.

Compressors
Each beam is guided to its own designated compressor and is compressed to a
pulse duration of approximately 27 fs. In the compressor, the beam is passing two
gold gratings two times (on a different level) in a geometry which provides the
compensation of the beam dispersion. To prevent non-linear effects in air and to
achieve high output power, the compressor is placed in vacuum. Nevertheless, the
transmission efficiency of the compressor is 50-60 %.

3.1.2 Plasma Mirror

Besides the XPW module and the Pockels cell, further contrast enhancement can
be achieved by a plasma mirror. The operating principle of a plasma mirror set-up
is shown in figure 3.5. It is an additional element which can easily be implemented
into the beamlines if necessary. The first attempts for plasma mirrors were made
in the early 1990s by Kapteyn et al [79]. The laser pulse is focused to a focal spot
size of roughly 50 µm (FWHM) onto a coated glass substrate. When a high intense
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Figure 3.5: The basic working principle of a plasma mirror (left-hand-side) and
the schematic drawing of the set-up (right-hand-side). The incoming
laser pulse is focused on a substrate which is immediately ionised and
acts like a reflective mirror. The second parabolic mirror re-collimates
the reflected high contrast mirror.

laser pulse impinges on a polished surface, it generates a dense plasma which itself
acts like a high-flatness mirror. These so-called plasma mirrors do not only reflect
the remainder of the incident beam, but also act like active optical elements. The
pre-pulsed and the ASE pedestal are still transmitted but the rising edge of the
main pulse is igniting an overdense plasma reflecting the main pulse. When the
electron density exceeds the critical density, the plasma becomes dense enough
to screen the incident laser field and the target reflectivity strongly increases [80].
This plasma would be expected as unstable and hardly controllable, but unlike
the expectations, it expands just by a small fraction of the laser wavelength. The
contrast of a high power laser pulse can be improved by reflecting the laser pulse
on a dielectric target which has a low reflectivity initially. The magnitude of the
contrast enhancement depends on the ratio between the plasma and the initial
target reflectivities [80]:

�C = Rplasma

Rtarget

. (3.1.3)

The better the anti-reflective coating of the substrate, the better the contrast
enhancement. This is why anti-reflection-coated substrates are used to improve
the temporal contrast ratio.
The Arcturus laser facility has two separate, identical plasma mirror set up which
can be implemented as the experiment requires. Since they are not part of the
core design of the system it is convenient to adapt the module to the system. The
design of the plasma mirror systems is adapted to the facilities specifications, such
as space limitations, pulse duration and intensity. In the Arcturus system, the
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(a) B1 contrast (b) B2 contrast

Figure 3.6: Measurements for B1 (a) and B2 (b) contrast. Both graphs were
obtained by a Sequoia measurement before the upgrade of the laser
system. The contrast measurements were carried out without the
plasma mirror implemented.

laser pulse is injected into the plasma mirror configuration by a turning mirror
right after the compressor. It is focused onto an anti-reflective multi-layer-coated
substrate by an F/22 off-axis parabolic mirror. At this stage, the laser pulse has
an intensity of 1016 W/cm2 and the plasma has a reflectivity of approximately
80 %. The dependence of the plasma mirror reflectivity over an intensity range of
1016 W/cm2 - 1017 W/cm2 is recorded in [81].
The contrast of B1 and B2 under the same conditions as in the experiments is shown
in figure 3.6. The measurement is done by a Sequoia from Amplitude Technologies,
a state-of-the-art technology device to measure the temporal contrast of the laser
pulse. A contrast measurement with the plasma mirror system implemented can
be found in [81].

3.1.3 Target Area

After the beam passes through the compressor (or the plasma mirror, respectively),
it is sent through a tube system into the target chamber. The target chamber is
placed in the so-called "Bunker". It is a radiation shielded bunker, which is a very
important part of the Arcturus laser facility. Due to high intensities, which can
be reached during the experiments, ionised radiation is generated. The radiation
safety bunker is shielding the radiation and the accelerated particles.
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Figure 3.7: Schematic drawing of the lay out of the target area. The three
vacuum chambers (chamber 1, chamber 2 and medical chamber) and
the beamlines for the three different beams (two high intensity beams
(B1, B2) and the probe beam) are shown. For radiation safety reasons,
the walls of the target area consist of concrete with small implemented
iron spheres.

Its walls consist of concrete with small implemented iron spheres which are absorbing
the ionised and accelerated particles. Figure 3.7 shows the construction of the
target area in the Arcturus laser facility. The experiments in this thesis were carried
out in chamber 2.

3.2 Thomson Parabola - MCP assembly

For a quantitative analysis of ion beams originating from the laser plasma interaction,
a Thomson parabola spectrometer can be used. The first attempts on spectrometers
go back to J. J. Thomson in 1911 [82]. Nowadays, it is one of the easiest and most
commonly used diagnostic methods for laser accelerated ions [83] due to the great
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advantage of its simplicity in design and construction.
The equation of motion for ions passing the Thomson parabola can be described
by the Lorentz force

d~p

dt
= q

(
~E + ~p

mγ
× ~B

)
(3.2.1)

where ~p, q, ~E, m, γ and ~B are the relativistic momentum, the charge, the electric
field, the ion mass, the Lorentz factor and the magnetic field, respectively. Passing
through the fields the ion’s experience a drift motion. The deflection of the ions is
captured on a detector. The ion traces on the detector plane perpendicular to the
ion’s propagation direction can be determined as a function of their initial kinetic
energy and their charge to mass ration [84].
Using Newton’s second law and the kinematic equations, the particle deflection in
x (horizontally) and y (vertically) [85] [86] can be calculated as follows:

x = qElE
mv2

x

(
DE + lE

2

)
(3.2.2)

y = qElB
mv2

y

(
DB + lB

2

)
(3.2.3)

where lE and lB describe the electric and magnetic field length and DE and DB

the drift length, respectively. This finally leads to the parabola equation

y2 = qB2lB(DB + 0.5lB)2

mElE(DE + 0.5lE) x (3.2.4)

which is true for the non-relativistic case.
Equation 3.2 shows that a Thomson parabola provides a separation of all ion
species and charge states depending on q

m
. Every single parabolic trace belongs

to a different ion charge-to mass ratio. The deflection along the parabolic trace
contains information about the ion energy [87].
A Thomson parabola spectrometer is a simple arrangement of a few components: a
pinhole (here: 250 µm) at the entrance of the spectrometer to select a small fraction
of the ion beam for a higher detection resolution, a magnetic field, thus accelerating
the ions depending on their energy, an electric field, where the ions are separated
depending on their charge to mass ratio, and a detector (Microchannel-Plate (MCP)
detector coupled to a phosphor screen) to visualise the ion tracks.
The Thomson parabola spectrometer is placed in a vacuum chamber which is
separated from the target chamber by a shutter, and thus the target chamber
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can be vented without venting the Thomson parabola. A high vacuum (at least
10−5 mbar) is important to avoid a vacuum breakdown (sparking) between the two
electrodes which create the electric field.

Figure 3.8: Schematic representation of the Thomson parabola arrangement. The
ions are deflected while passing a magnetic and an electric field. An
exemplary raw image on the detector (MCP) is shown on the right.

The set up of the Thomson parabola is shown in 3.8. As described in the figure,
the Thomson parabola is based on a parallel magnetic and electric field. The fields
are parallel to each other and perpendicular to the ion propagation direction. A
yoked pair of permanent magnets with a length of 50 mm and a magnetic field
strength of 0.5 T is generating the magnetic field. To create the electric field, two
opposing electrodes (50 mm in length) with a potential of a few kV in between
are used. The gap between the electrodes is 10 mm. The electric and magnetic
fields can be assumed to be parallel with a gap of 7 mm between them. At the
edges of the electrodes/magnets, the fields are getting inhomogeneous, but since
the fields are quickly decreasing outside the electrodes/yoke, the inhomogeneity
can be neglected.
The main parameters affecting the intrinsic resolution of a Thomson parabola are
the drift length and the pinhole size. A stronger and longer magnetic field increases
the energy resolution by higher dispersion. Increasing the pinhole size decreases
the resolution since the ion beam spot size on the detector is increased [84]. Here,
the pinhole has a diameter of 250 μm.
For the ion detection, a double stage MCP detector in Chevron configuration from
Hamamatsu company is used, which consists of two MCPs rotated 90◦ from each
other producing a v-like (Chevron) shape as shown in figure 3.9. The ion feedback
in the device is reduced due to the angle between the channels. The advantage
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Figure 3.9: Single (top) and chevron (bottom) assembly of a microchannel plate.

compared to a single stage stage MCP is significantly higher gain at a given voltage.
An electron which exits the first plate induces a cascade in the second one. The
gain factor of the MCP used here is 106.
The schematic structure and working principle of a microchannel plate is shown
in figure 3.10. A great number of glass capillaries (channels) are assembled as an

Figure 3.10: a) Schematic structure of a microchannel plate. b) Working principle
of a microchannel plate.

array and form a thin disk with an effective diameter of 77 mm. Each channel
has a diameter of 21 ± 0.5 µm and a channel length of 840 µm, which leads to a
channel length to diameter ratio of 40:1. Their inner walls have proper electrical
resistance and secondary emissive properties. The walls consist of a semiconductor
material.
The charge saturation is depending on the channel diameter. A larger channel
diameter leads to a higher level of charge saturation. Another option to overcome
the saturation limit is the use of a two-stage MCP detector [87]. Each channel
acts like a photo-multiplier itself. If an electron impinges on the inner wall of the
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channel, secondary electrons will be emitted from the semi-conducting material.
These electrons are accelerated by the electric field which is created by the applied
voltage to the output end of the MCP. The channels are on the input and output
surfaces electrically connected in parallel by thin metal electrodes. The applied
MCP voltage is 1.3 kV. The accelerated electrons strike the opposite wall while
travelling along the channel and produce more secondary electrons. This process is
repeated many times along the channel thus increasing the number of electrons
exponentially. The principle of multiplication is shown in 3.10. Since this process
happens in each channel, the information about the position on the output electrode
stays the same.
To prevent the electrons passing through the channel without impinging on the
walls and to suppress ion back drifts from the rear side, the channels are slightly at
an angle. The MCP used in the experiments for this thesis has a bias angle of 6◦.
At the output electrode, the MCP the electrons are converted to visible light on
the phosphor screen. A voltage of 3.3 kV is applied on the screen. The screen is
imaged with a Stingray camera. MCP detectors allow an online measurement and
real time detection of the accelerated ions, which is a great advantage to other
detectors such as image plates or radiochromic films.

3.3 Stopping of energetic ions in matter

Soon after the emission of energetic particles from radioactive materials was
discovered, the attention and interest was drawn to the stopping of ions propagating
through matter. Already in 1898, Marie Curie argued that alpha rays can loose
their speed while traversing matter. Early attempts to explain the particle energy
loss failed because there was not an accurate and definite model of the atom yet.
After Niels Bohr presented his model of the atom in 1911 (Bohr model), a more
conclusive theory could be established [88]. One of Bohr’s original conclusions
was that the energy loss of ions passing though matter could be divided into two
components: nuclear stopping (energy loss to the medium’s atomic positive cores)
and electronic stopping (energy loss to the medium’s light electrons) [89]. Note
that the electronic contribution dominates the atomic contribution.
20 years later, Hans Bethe and Felix Bloch gave a quantum-mechanical description
of the mean rate of energy loss (stopping power) for a heavy, charged particle
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(m0 � me)[90] [91]:
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]
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where NA is Avogrado’s number, re the electron radius, A the mass of the absorber,
Zi the atomic number of the incident particle, ZA the atomic number of the
absorber, I the average ionisation energy, δ a density correction factor and β and γ
are relativistic parameters. Emax = 2mec

2β2γ2/(1 + 2γme/m0 + (me/m0)2) is the
maximum kinetic energy transferable to a free electron by a projectile of mass m0.
As can be seen, the stopping power is depending on the velocity and charge of the
particle and target material. Simplifying equation 3.3 to the first order (−dE

dx
= 1

v2 ),
it is noticed that the energy is inversely proportional to the velocity squared. Faster
ions loose less energy than slower particles. The stopping power is resulting in loss
of particle energy due to interaction with matter. Primarily, protons scatter due
to elastic Coulomb interactions with the target nuclei and thus loose their energy.
The energy loss is described by the Bragg curve. The characteristic feature of the
Bragg curve is the Bragg peak. Usually, the stopping power increases towards the
end of range and reaches a maximum. This maximum is the Bragg peak. Almost
immediately after reaching this Bragg peak, the energy drops to nearly zero. In
other words, ions are depositing their energy at almost exactly a specific penetration
depth. This feature is exploited for example in radiation therapy [92].
The Bethe-Bloch formula is valid for energies between 0.1 and 100 MeV. For
electrons and positrons, this formula cannot be used. Since the mass of these
particles is too low, they would just be deflected, and Bremsstrahlung becomes
the dominant mechanism. Using this formula for electrons, the particles would be
indistinguishable.

3.3.1 SRIM

However, the Bethe-Bloch equation is not solved directly. To calculate the stopping
of ions in different materials, a programme named SRIM (The Stopping and Range
of Ions and Matter) developed by James F. Ziegler is used [93]. SRIM allows
to calculate many characteristics of ion transport in matter. It includes software
packages for different calculations which provide for example tables of stopping
powers, straggling and range distribution for any ion at different energy ranges. A
great advantage of SRIM is the possibility to do more elaborate calculations like
multi-layer configurations. Different foil and stack thicknesses can be modelled and
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the propagation of an ion beam through various targets can be simulated.
Exemplary the stopping range for 7.4 MeV protons in the plastic layer of an RCF

Figure 3.11: Exemplary image of a typical output of a SRIM calculation. The
stopping range of 7.4 MeV protons (lhs) and the electronic (middle)
and atomic (rhs) contribution to the stopping power are presented.
Protons with an energy of 7.4 MeV correspond to the sixth RCF
layer in a typical stack used in the experiments. For each RCF layer
in a stack, SRIM calculations are performed, in order to determine
the proton energy in each layer. Note that it was taken into account
that the stack of RCFs is wrapped in 14 µm aluminium foil.

(mylar) is shown in figure 3.11. The same simulations are done for each RCF layer
and corresponding proton energy.

3.4 RadioChromic Films

Another detector for accelerated protons, Gafchromic ® Dosimetry Films type
HD-V2 manufactured by Ashland are used [94]. More generally, such dosimetry
media are referred to as (types of) radiochromic films (RCF). RCFs are transparent
plastic-based films designed for quantitative measurement of high-energy photons
and are usually used in medical imaging and dosimetry applications [94]. The
optical density of the films is proportional to the incident radiation dose, which
means the higher the radiation, the darker green/blue the film gets. The optical
density (o.d.) is related to the transmittance of a material. It is a measure for the
amount of energy that can pass through matter. The optical density is given by
[95]:

o.d. = −log10
%T
100 , (3.4.1)

where %T is the percentage of transmission of a material upon exposure to radiation
(e.g. ions, x-rays, γ-rays and electrons). The transmittance is described by the
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ratio between the incident power and resulting power (T = P0/P ) and gives the
effectiveness on transmitting radiant energy. Usually, RCFs are used for proton
detection even though they can also detect electrons and x-rays. However, since
electrons and x-rays are too fast, they cannot be detected in the energy range
which is used in the experiments in this thesis.
Figure 3.12 a) shows the RCF structure used in this thesis (type HD-V2), which
are comprised of a 10 µm active layer. The thickness can vary from batch to batch
approximately between ± 1 µm and ± 0.3 µm within a batch. The active layer is
the main radiation sensitive layer of the RCF. It contains the active component,
marker dye, stabilisers and other components giving the film its energy-independent
response and is coated on a clear polyester substrate with a thickness of 97 µm for
mechanical support [94]. In this layer, the thickness can vary ± 2.5 µm.

Figure 3.12: a) Structure of a radiochromic film type HD-V2. An RCF is com-
posed of two layers, a 10 µm active layer and a 97 µm polyester layer.
Both layers have similar densities (active layer: 1.25 g/cm3, polyester
layer: 1.35 g/cm3) but different chemical compositions. b) Different
colouring levels of radiochromic films in an RCF stack. Numbers on
the top right corner indicate the position of the film in the stack.
Accordingly, RCF number 1 is closer to the radiation source. Here,
a free-standing 110 nm parylene foil (C8H8) was irradiated by a high
contrast laser pulse with an intensity of 1 × 1020 W/cm2 [96].

After irradiating the RCF, a polymerisation process in the active layer of the active
organic dye takes place [97]. In figure 3.12 b), the different colouring levels of an
RCF stack irradiated by protons which are accelerated from a 110 nm parylene foil
are presented. The radiochromic film closest to the irradiation source (RCF number
1) has the darkest colouring level, and as can be shown in the SRIM calculations
(see below), lower energy protons are stopped within a few µm penetration depth.
Since the polymerisation reactions in the active layer do not spread between the
microcrystals, a high spatial resolution in sub-µm range can be achieved [94]. The
films should be read out at least 24-48 hours after the irradiation, since the colour
changing process will not be completed even though the biggest change will be
seen immediately after the irradiation within a few milliseconds [98].
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In order to obtain information about the particle flux, the transverse profile of the
particle energies and the spatial structures, a stack of RCF layers is used during
the experiments. The RCF stack is covered in 14 µm aluminium foil to prevent
the RCFs from being exposed to laser light and low energy ions (< 1 MeV). In the
experiments usually RCF stacks of four to five layers were used.
As described above (cf. chapter 3.3), ions are stopped while propagating through
matter and deposit most of their energy at the Bragg peak. Higher energy protons
will travel further through the material while lower energy protons will be stopped
faster. Using a stack of RCFs, each RCF layer will contain information about
protons of different certain energy. The energy loss for each proton energy is
depending on the target depth (i.e. different layers of the RCF stack) is calculated
via SRIM (cf. chapter 3.3.1). Figure 3.13 shows the Bragg curves for different

Figure 3.13: Energy deposition in each RCF layer as a function of penetration
depth and proton energy. The Bragg curves are simulated with
SRIM for the radiochromic films type HD-V2.

proton energies in each RCF layer.
As discussed above, the active layer of the RCFs, where the colouring dye is stored,
has a thickness of 10 µm. All protons reaching the RCF within this 10 µm can
activate the colouring dye. Considering for example the active layer of the second
RCF layer in the stack, the proton energies will be in the range of 3.14 MeV -
3.29 MeV. However, this 150 keV difference can be neglected.
Furthermore, the width of the Bragg peak needs to be taken into account. Not
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only protons with energies exactly at the maximum of the Bragg curve, but also
protons close to the Bragg peak can start the polymerisation process in the active
layer. This leads to an uncertainty of less than 5%, which will be considered in the
analysis.

3.5 Principles of proton probing

The proton imaging technique is one of the main diagnostic tools in the experimental
campaigns. This imaging technique is based on the deflection of charged particles
in a probe beam. The motion of a proton passing through an electromagnetic field
is described by the Lorentz equation (cf. chapter 2.1.1)

mp
d~vp
dt

= −e
(
~E(t) + 1

c
~vp(t)× ~B(t)

)
,

where mp and vp indicate the proton mass and velocity and ~E(t) and ~B(t) the time
dependent electric and magnetic field, respectively.
In figure 3.14, a schematic drawing is showing the principles of imaging via proton
deflection. A single proton crossing an electric and magnetic field distribution

Figure 3.14: Schematic representation of the proton imaging technique. A single
proton passing through the interaction area is deflected by the
electric and magnetic fields.

acquires a transverse velocity. Assuming the electromagnetic field distribution is
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restricted to a finite linear region, the transverse velocity is found to be:

δ~vy = e

mp

∫  ~E(t) + ~vp(t)× ~B(t)
c


y

dt

' e

mpvp

∫
d

~E(t) +
~vp(t)× ~B

c


y

dx.

(3.5.1)

Due to the laminar motion of the protons, the transverse motion is negligible
compared to the longitudinal motion. Assuming that the deflection of the protons
is small and neglecting the initial beam divergence, the longitudinal velocity can
be written as:

vx = dx

dt
' vp. (3.5.2)

Considering the time of flight of the protons 4t ' L
vp

and an initial proton energy
of Ep = 1

2mpv
2
p, the transverse displacement of the proton is given by:

ξ⊥ = δ~vp4 t = eL

2Ep

∫
d

 ~E(t) + ~vp(t)× ~B(t)
c


y

dx

= eLd

eEp

〈 ~E(t) + ~vp(t)× ~B(t)
c


y

〉
d

.

(3.5.3)

For a known displacement, the averaged field along the trajectory can be written
as: 〈 ~E(t) + ~vp(t)× ~B(t)

c


y

〉
d

= 1
d

∫
d

 ~E(t) + ~vp(t)× ~B(t)
c


y

dx ' 2Ep
eLd

ξ⊥.

(3.5.4)

A minimum detectable electric and/or magnetic field can be estimated from equation
3.5.3: ∣∣∣∣∣

 ~E(t) + ~vp(t)× ~B(t)
c


y

∣∣∣∣∣' 2Ep
eLd

ξ⊥. (3.5.5)

The deflected proton beam can be detected for example via RadioChromic films
(cf. chapter 3.4).
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3.5.1 Experimental set-up of the Proton Probing Technique

Multi-MeV protons generated during the interaction of ultra-intense short pulses
with thin solid targets can be used as a particle probe in laser-plasma experiments.
Their particular properties such as small source size, low divergence, short duration
and large number density make them most suitable for laser-plasma experiments
[99] [100].
The first attempts of employing TNSA-driven proton beams for radiographic prob-
ing applications were realised soon after the discovery of the TNSA process [101].
The unique ability to empower single-shot spatiotemporal investigation of electric
and magnetic fields induced during ultraintense laser-matter interactions makes
the proton probing technique highly interesting and relevant.
The proton imaging technique provides a high temporal and spatial resolution
in a point-projection scheme. Using multiple layers of dosimetric film, the broad
energy spectrum of the proton beam can be exploited and a temporal multiframe
capability can be achieved.
For the proton probing technique, the ability of the Arcturus laser facility providing
two separately controllable ultra-short laser pulses is exploited. The typical experi-
mental arrangement is shown in figure 3.15. An intense short pulse focused onto a

Figure 3.15: Schematic drawing of a proton probing set-up. A high-intense laser
pulse accelerates a proton beam from a thin metal foil. A second
target, the interaction target, is irradiated by a second high-intense
laser pulse. The protons are passing through this electric and/or
magnetic field and are deflected seen by the detector (RCFs).
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3.5 Principles of proton probing

metal foil (proton target) is accelerating a proton beam which is used as a charged
particle probe in order to detect electric and/or magnetic fields inside/around a
second target (interaction target). The second target is irradiated by a second
intense short laser pulse.
The protons accelerated from the proton target are passing through the electric and
magnetic fields of the interaction target which are generated during the interaction
with a high-intensity laser pulse. A projection of the probed region is obtained,
which indicates the electric and magnetic fields gradient distribution.
The physical source size at the rear side of the target was experimentally measured
and is found to be approximately between 10 and 100 µm depending on the laser
energy [102]. Such a small beam source size would lead to a poor spatial resolution.
Nevertheless, as a consequence of high laminarity, the TNSA-driven proton beam
can be assumed as a nearly point-like virtual source. The precise location of this
virtual source has been experimentally shown to originate a few hundred microns
from the front surface of the target (laser irradiated side) [103]. The geometrical
magnification of the point projection of the probed region is given by:

M = `S + L

`S + `T
' L+ `T

`T
, (3.5.6)

where `S is the distance between the virtual and the physical source, `T the distance
between the physical proton source and the interaction target and L the interaction
point to the detector displacement. As long as the condition `S � `T � L is
fulfilled, the origin of the proton probe beam can be assumed to originate from
a point-source and the magnification reduces to the expression given in equation
3.5.6.
It needs to be considered that the two beams are displaced by a few mm due to
geometrical reasons. B2 is displaced by 2.3 mm in the x-direction and 4 mm in the
z-direction.
In the experimental arrangement, usually `T is approximately 4.5 mm and L is
between 35-45 mm. These values lead to a magnification factor between 8 and 9.
The broad energy spectrum of the proton beam allows a temporal resolution within
one single laser shot. Using a capable detector, e.g. RCFs (cf. chapter 3.4),
and exploiting that protons of different energies have different time-of-flights, the
interaction target in only one single shot can be probed at different times. The
spectral multi-frame capability yields a temporal multi-frame capability. High
energy protons will reach the interaction point faster than low energy protons.
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3.6 PTRACE
In order to confirm the experimental data, the particle tracing simulation code
PTRACE developed by A. Shiavi was employed [32]. This code provides the
possibility to analyse the effects of an electric field on the proton beam. The
particle-tracing simulations are carried out by solving the relativistic equation of
motion of a charged particle. The equation of motion of protons in the presence of
an external electric (and/or magnetic) field is given by:

m
dvp
dt

= e
(
E + vp ×B

c

)
. (3.6.1)

The PTRACE code is solving the differential equation and computing the trajecto-
ries of the charged particles (protons). It is an effective tool for understanding the
interaction of a proton beam with various filamentary structures generated during
laser and plasma interaction. With this intention, a Runge-Kutta fourth-order
algorithm combined with an adaptive step size monitoring is used [104]. The
adaptive step-size routine guarantees smaller time steps at the examined dynamics
where the acting forces are larger, which assures a regulation of the computational
resources.
The C++ based programme is using different objects (functions and routines)
which are acting on each other. For example, the mass and charge of the traced
particle, the geometric parameters of the source and the time and space dependent
force acting on a particle are specified and computed. A flow chart presenting a

Figure 3.16: Flow chart of the particular components of the PTRACE simulation
code developed by A. Shiavi PTRACE.

schematic diagram of the PTRACE simulation is given in figure 3.16. The code
consists of a main loop and object components which can be varied. The different
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objects combine functions and routines and allow to trace single particles.
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4 Controlled plasma dynamics from
dual beam experiments

Since the development of the chirped-pulse-amplification technique made ultra-
short, high-intensity laser pulses available, the investigation of rapidly heated
matter has become a particularly active research area. The acceleration of ions and
the absorption of the laser energy are of special interest. The interaction between
solid targets and ultra-short high-intensity laser pulses offers many possibilities for
experimental and theoretical studies.
In this chapter, the experimental research concentrating on the properties of
laser induced plasmas are going to be presented. Here, the studies focus on
the interaction between ultra-thin foils and high-intensity, ultra-short laser pulses.
Various measurements are performed, including the measurements of the absorption
fraction of a high-intensity laser pulse by solid targets of different thicknesses (10s
of nm), the channelling of a laser pulse through an overdense plasma and the
acceleration of ions/protons.
A highly interesting behaviour of the transmission is observed. The investigations
include the study of the dependence of the transmission on the delay between the two
laser pulses and the laser intensity. The results indicate a notable dip in transmission
at a specific delay between the pulses. Analytical calculations show that at delays
investigated in the experiments, collisional absorption mechanisms become relevant.
At the same delay position where the transmission reaches a minimum, a maximum
in the collisional absorption is observed. Simultaneously, another exciting feature
could be observed. At the same delay position, an enhancement of the proton
energy is detected. With respect to single beam interaction, the proton energy is
enhanced by almost a factor of two in the dual beam configuration.
Additionally, an imaging system transversal to the interaction point is employed in
order to investigate the channelling of the high-intensity laser pulse through the
plasma. The dependence between the channel length and the delay between the
pulses and the laser intensity are recorded, respectively.
In the following, the experimental results of the interaction between a high-intensity
laser pulse and an expanding plasma will be presented. The results of the various
diagnostics will be discussed.



4 Controlled plasma dynamics from dual beam experiments

4.1 Experimental set-up

Figure 4.1 shows the experimental set-up of the dual beam experiments for the
study of controlled plasma dynamics. Since ultra-thin foils are investigated, a
special "ladder-like" target holder is needed, where the targets, which are attached
on meshes, are mounted. On the right-hand-side of figure 4.1 the target holder
along with targets on meshes is illustrated. The preparation and alignment of these
targets is presented later in this chapter.

Figure 4.1: Experimental set-up of the dual beam arrangement for the the study of
controlled plasma dynamics. The two off-axis-parabolas are arranged
in a 45◦ configuration. Various diagnostics are employed as shown
above: a simple 2ω-imaging system in order to observe the channelling
of the laser light through the plasma, a Thomson Parabola - MCP
assembly to investigate accelerated protons/ions and two calorimeters
for detecting the absorbed energy fraction. Since the transmission
calorimeter is blocking the Thomson Parabola, it is installed on a
movable stage, which in turn means, that the transmitted energy and
the ions accelerated in the laser direction cannot be observed at the
same time. On the right-hand-side of the figure, a close-up of the
target holder and the targets on meshes are shown.
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The target and diagnostics are arranged in target chamber II. It is octogonally
shaped and has a diameter of roughly 85 cm and a usable height of roughly 80 cm.
At the exit of the compressor, the beam size of both beams is roughly 80 mm.
In order to enhance the contrast and have a small scale length of the preplasma, a
plasma mirror is placed after the compressor, a few meters away from the target
chamber in both beam lines. After the plasma mirror, the beams are guided
through a tube system into the target chamber. Eventually, the beams are focused
by an off-axis-parabola (OAP) to the smallest spot size possible (∼ 5 µm) to attain
maximum intensity. The advantage of an off-axis parabola over a plano-convex
lens is that a parabola has no spherical and chromatic aberrations and provides
a smaller focus size. Using an uncorrected plano-convex lens for focusing, the
wave fronts get distorted and the pulse duration is elongated due to the difference
between phase- and group-velocity [105]. The optimisation of the focal spot needs
to be done after each pump down of the target chamber since the beam path is
slightly different in air than in vacuum.
At high intensities, non-linear effects come into play. Materials which are transmit-
ting visible light excellently fail at higher intensities. A measure for the non-linear
phase shift of light is the B-integral given by B = 2π

λ

∫
nI(x)dx. High intensities

can occur when an ultrashort laser pulses is amplified which leads to a B-integral
larger than 1. If the value is even higher self-focussing can occur. This non-linear
lensing effect can become so strong that the beam collapses to a very small radius
leading to an increase of the optical intensity and exceeding the damage threshold.
Due to the group-velocity dispersion, a lens that focused visible light well may
not focus an ultrashort pulse at all. Chromatic aberrations and non-trivial spatio-
temporal distortions occur. Since an ultrashort pulse is broadband and the lens
refractive index is disparate for different frequencies, the focusing spot for different
frequencies may vary. The group velocity dispersion and chromatic aberration can
be averted completely by using a mirror with a paraboloidal surface. An off-axis
parabola keeps the focus out of the optical axis of the beam. The throughput of the
compressor, the plasma mirror system and the beamline is approximately 25 % for
both beams. The nominal amplification energy after the last amplifier is 4 J and
thus the laser energy on the target is around 1 J. The best focal spot size for both
beams is 5 µm and the pulse duration at Full Width Half Maximum (FWHM) is
30 fs. Hence the laser intensity on the target is I = 6.4 × 1019 W/cm2. The intensity
of the drive laser (B1) is varied between 9.5 × 1019 W/cm2 and 1.4 × 1020 W/cm2.
The incidence angle of the drive laser on the target is 0◦ (normal incidence) and of
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the heater (B2) 45◦.
The beam is directed by a long working distance microscope objective (Mitutoyo)
through a glass window out of the vacuum onto a CCD camera (Basler) outside
of the chamber. In front of the camera are adjustable neutral density (ND) filters
which allow to regulate the brightness of the incoming beam. Further optimisations
concerning the brightness/gain can be done with the help of the camera’s software.
The vacuum pressure of the target chamber during normal operation is in the order
of a few 10−4 mbar.
In order to quantitatively analyse ion beams emerging from the laser plasma in-
teraction a Thomson Parabola - MCP assembly in the target normal direction is
used (cf. 3.2). Two calorimeters are placed to measure the reflected and trans-
mitted energies. Each calorimeter has a detector size of 10 cm. The calorimeter
for the transmitted energy is positioned 15 cm behind the target on the axis of
the driver beam. To determine the size and shape of the transmitted beam a
Polytetraf luorethylen (PTFE)-plate is mounted in front of the calorimeter without
obstructing the calorimeter’s detection area. A pellicle is placed in the beamline of
the driver beam as shown in figure 4.1 to measure the reflected energy. The pellicle
is splitting the beam into two separate paths, thus allowing to measure the reflected
laser energy. Here, a glass pellicle is used. It has a reflectivity of approximately
8% from both surfaces. This has to be taken into account for further calculations.
Since the transmission calorimeter is placed in the propagation direction of the laser
pulse, it is blocking the Thomson Parabola-MCP assembly. In order to investigate
the ions accelerated in target normal direction, the transmission calorimeter is
mounted on a movable stage.
Additionally, to measure the 2ω-self-emission, a simple imaging system is used. A
microscope objective (by the company Mitutoyo) is placed parallel to the target.
To ensure that only 2ω-light is detected, a 2ω-filter is mounted in front of the
objective.

4.1.1 Spatial and temporal synchronisation

The temporal synchronisation of both beams is done by first spatially overlapping
the beams on an angled thin glass slab. The position of the glass slab is fixed in
the focus diagnostic of one beam and the focus diagnostic of the second beam is
moved accordingly to the same focusing position at an angle of 45◦ .
The rough synchronisation in hundreds of picoseconds range is done with the help
of a photodiode. The path of the heater is variable in length with the help of a
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double-pass delay stage. The photodiode is seeing the reflection of both beams
and by moving the delay stage and thus lengthening/shortening the beam path, an
overlap between both beams is obtained.

Figure 4.2: Schematic illustration of the temporal synchronisation of the two
pulses. The driver is focused onto a glass slab, creating a damage spot
which is imaged with the heater. The delay between the two pulses is
changed until the damage spot is no longer visible. Eventually, the
delay is varied further in smaller steps until the damage spot is just
about to appear.

For a more precise temporal synchronisation of both beams, a small damage spot is
created by focusing the driver beam on the glass slap with low energy. A schematic
illustration is presented in figure 4.2. The damage spot created on the glass slab
is imaged by the focus diagnostic of the heater. In order to synchronise both
beams, the delay between the beams needs to be varied until the damage spot is
slightly visible (as small as possible). With this method, a temporal timing in the
picosecond range can be achieved.

4.1.2 Preparation and alignment of ultra-thin flat foil targets

Ultra-thin foils present a rather difficult handling and alignment procedure. How-
ever, laser-plasma experiments using ultra-thin foils is an extensively studied
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research topic. As demonstrated in [65], new acceleration mechanisms with im-
proved particle beam quality can be achieved by using targets of reduced size.
For the experiments presented in this chapter diamond-like carbon (DLC) foils
with a thickness of 50 nm and 100 nm are used. DLC is a type of amorphous
carbon which has characteristics similar to diamond such as chemical resistance,
mechanical firmness and optical transparency [106].
The DLC foils are stored on a glass plate. Before using the foils, they need to be
attached on a mount which is a small round mesh in this case. The meshes are
attached on a target holder afterwards. In order to detach the foil from the glass
plate the targets need to be floated in distilled water very carefully. Previous to the
floating process, the target is slightly cut (in the size and shape needed afterwards)
thus detatching easily from the glass plate as soon as getting in contact with water.
The detached pieces of the DLC foil will float on the water [107] [108]. Afterwards
the foils can be attached very carefully via adhesion on meshes. Since the targets
are rather delicate, they need to be handled very carefully. The process of pumping
down the vacuum chamber needs to be done very slowly. While aligning the target,
the irradiation with a focused high-intensity laser pulse should be avoided. The
target material is transparent, which makes it easy to image small structures such
as small dust particles. These small particles support the process of positioning
the target on the focal plane. Another advantage of the optical transparency of the
target is that damages/holes in the target or double layers can be detected easily.
The alignment process is repeated for each target.

4.2 Absorption measurements

The investigation of rapidly heated matter has become more attractive since the
invention of high-intense and ultra-short laser pulses. The absorption of the laser
energy takes place on a very short time scale, before significant hydrodynamic
plasma motion can develop. Absorption of an intense laser pulse during the inter-
action with solid matter has been the topic of many experimental and theoretical
papers before [109] [110] [111].
Dual beam interactions open up a new research area. Absorption processes of an
ultra-short laser pulse with a preheated plasma introduce a novel and attractive
research field. In order to identify the conditions for an efficient coupling of the
laser energy into solid matter, theoretical and and experimental attempts have
been made, concentrating on the efficent acceleration of ions [112] [113] [114].
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In this section, the absorption measurements of the double beam experiment for
different laser energies and delays between both beams are presented. The measure-
ments are performed for one experimental set-up configuration: the calorimeter is
positioned 15 cm behind the target on the driver laser axis. A second calorimeter
is employed to measure the reflected energy. For this purpose a pellicle is placed
in the beamline of the driver. The glass pellicle is splitting the beam into two
separate paths. In one path of the splitted beam a calorimeter is used in order to
measure the reflected energy. It has to be taken into account that both surfaces of
the pellicle have a reflectivity of roughly 8 %. By varying the parameters of the
driving laser, control the experimental conditions can be controlled. The driver is
interacting with the preformed plasma, which is expanding freely in vacuum.
The absorbed fraction of the laser energy can be estimated indirectly by measur-
ing the transmission and reflected energy. The total energy is comprised of the
transmitted energy less the reflected energy and can be calculated by:

ET = Etransmitted
EL,on target − Ereflected

× 100, (4.2.1)

where Etransmitted gives the measured transmitted energy, EL,on target the laser energy
on the target and Ereflected the total reflected energy.

4.2.1 Experimental results

In the following, the effect of the varying delay between the driver and the heater
is discussed. The experimental results are presented in 4.3. The transmitted driver
energy in % is plotted against the relative delay in ps. The intensity on the target
of the heater is 8.5 × 1019 W/cm2 and the intensity of the driver is varied between
1.23 × 1020 W/cm2 and 1.91 × 1020 W/cm2. The target thickness is 50 nm. A larger
delay between both beams leads to a higher transmission. The transmission is rising
with increasing delay. For example regarding the blue curve, which corresponds to
a driver intensity of 1.4 × 1020 W/cm2, the transmission is decreasing and reaching
a minimum at about 30 % at a delay of 400 ps. Soon after the minimum, the
transmission is again rising rapidly. Decreasing the laser energy and comparing the
transmission curves for the different energies, a similar trend can be seen. For all
laser intensities, the transmission is rising and then decreasing again, reaching a
minimum. The minimum in transmission is shifting with the driver laser intensity.
Decreasing the laser intensity, the minimum is shifting to larger delays. For a driver
intensity of 1.49 × 1020 W/cm2, the minimum in transmission is approximately
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Figure 4.3: Experimentally obtained transmitted energy values of the driver beam
at different times of expanded target conditions. The transmission
of the driver beam is given in % and is shown against the delay in
ps between the two pulses. As targets 50 nm DLC foils have been
used. A clear drop in transmission is observed at different time delays
depending on the laser energy. The minimum position is shifting
towards earlier delays with increasing laser energy. Each data point
corresponds to one single shot.

25 % and is occurring at 550 ps. Decreasing the intensity to 1.23 × 1020 W/cm2,
the minimum is shifting to 600 ps and a transmission value of 18 %.

4.2.2 Analytical model

The absorption processes are studied via an analytical model developed by A.P.L.
Robinson. The purpose of this model is to assess the extent of the effect of collisional
absorption on the propagation of a strongly focussed laser pulse through a plasma
of a pre-heated foil target.
In order to elucidate the key physical parameters of the present absorption process,
some assumptions are made to simplify the problem. A uniform plasma is treated
as expanding adiabatically. Thus the temperature scales with T = T0(`0/`)γ−1,
where ` gives the length of the plasma, which is assumed to be essentially planar
(ρ` = ρ0`0). As also the 2ω-transverse probing images indicate, the transverse
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expansion of the plasma is fairly weak compared to the longitudinal expansion.
The planar expansion is also confirmed by rad-hydro simulations performed by
A.P.L. Robinson.
By assuming paraxial approximation given by

I(x) = I0

1 + x
ξR

, (4.2.2)

where x is the position with the foil centred x = 0 and ξR the Rayleigh-length,
the propagation of the laser beam through the plasma is considered to be largely
undisturbed. Moreover, since the laser is assumed to be able to propagate relatively
undisturbed, any absorption process is rather weak and negligible.
Using the dispersion relation and assuming weak collisions, the collisional attenua-
tion coefficient can be obtained, which is given by

µ =
υeiω

2
p

c3k2
L

, (4.2.3)

where the electron-ion collision frequency is determined by

υei = Z2nie
4

2πε0

γme

p3 lnΛ. (4.2.4)

The electron momentum is defined by the largest velocity, either the laser quiver
velocity (vos = eE0/cω) or the electron thermal velocity (vth

√
3kBT/m).

Considering a thermal equilibrium, the expected amount of ionisation for a certain
temperature can be determined via the Saha equation [115]

nine
na

= 2Zi(T )
Za(T )

1
λ3
B

exp
(
−Ei− M Ei

kBT

)
, (4.2.5)

where λB =
√

2π}2

mekBT
gives the de Broglie length of an electron, M Ei ≈

√
2

4πε0
e2

λD
the

ionisation potential lowering and Z(T ) = ∑
m gm exp

(
− Em
kBT

)
the partition function

for the ion/atom. Here, the Saha equation is solved for a carbon plasma since
DLC targets are used. For each spatial position, the absorption contribution is
calculated by the ratio of the plasma area to the beam waist. The plasma area is
determined by rad-hydro simulations.
Figure 4.4 shows the collisional absorption (in %) depending on the length of the
plasma (in µm). The problem here is expressed in terms of plasma length rather
than the time (delay) as in the experimentally obtained data. However, time
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Figure 4.4: The collisional absorption fraction dependent on the plasma length.
The magnitude of the absorption fraction reaches about 20 %, which
is comparable to the magnitude of the minimum in transmission (cf.
figure 4.3). The absorption fraction is not varying monotonically but
is reaching a distinct maximum. The results are provided by A.P.L.
Robinson.

can just be translated in length, as it allows the plasma to expand further. For
the calculations the following parameter values are considered: ρ0 = 200 kg/m3,
`0 = 1 µm, T0 = 1 keV, λ = 1 µm, IL = 1020 W/cm2 (at focus), ω0 = 5 µm
and ξR = 20 µm. The effective area of the plasma is determined by assuming an
effective area of 50 µm throughout.
The absorption fraction is increasing with increasing length of the plasma, reaching
a distinct maximum. Rather than varying monotonically with the expansion time
(or plasma extent), the absorption fraction reaches a maximum at around 20 %,
which is comparable to the magnitude of the minimum in transmission recorded in
the experiments.
The analytical calculations indicate that collisional absorption delivers an adequate
explanation for the experimentally measured transmission data. Both the actual
minimum in transmission (maximum in absorption) and the magnitude of the effect
can be well correlated with the collisional absorption mechanism. Furthermore,
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(a) 600 ps (b) 650 ps

Figure 4.5: Two exemplary images of the calorimeter surrounded by a PTFE. On
the left-hand-side, the delay between both beams is 600 ps and on the
right-hand-side 650 ps. Comparing to the absorption measurements,
an apparent correlation can be seen. At the dip position, the beam
shape and size on the calorimeter are defocused compared to the
beam size at 650 ps.

other experimental diagnostics, such as 2ω-probing images and monitoring of the
calorimeter, support the experimental findings.

4.2.3 PTFE

By employing a Polytetraf luorethylen (PTFE) screen imaged by a camera the
actual beam size can be monitored. The PTFE screen is placed directly in front of
the calorimeter in the forward direction (laser direction). The detector part of the
calorimeter is not covered by the PTFE screen and thus the beam size and shape
can be monitored while measuring the absorption.
In figure 4.5, two exemplary images of the calorimeter with the PTFE in front of
it are shown. These two images show the calorimeter and the PTFE at different
experimental conditions. Both images are taken for the same driver and heater
intensities (driver: 1.27 × 1020 W/cm2, heater 8.9 × 1019 W/cm2) but at different
delays. The image on the left is for a delay of 600 ps and the image on the right is
for a delay of 650 ps.
It is noticeable that at 600 ps, at the minimum of the transmission curve, the
imprint of the beam on the calorimeter is much weaker. This feature is in good
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agreement with the measured transmission data.
The transmission is less at 650 ps and at the same delay, the beam imprint on
the calorimeter is weaker which indicates a higher absorption (less transmission).
Comparing to the images at other delays, it is obvious that the transmission is
scaling with the intensity of the beam imprint on the calorimeter.
However it is difficult to rescale the beam size by using the PTFE images. Since
the camera is integrated, it is difficult to distinguish between the background and
real beam. All the scattering from the various objects inside the target chamber
are contributing to the signal recorded on the camera, thus making it difficult to
reconstruct the actual beam size and shape. Nevertheless, the PTFE images are a
convenient indication for the interaction between the high intensity laser pulse and
plasma. The pulse shape on the calorimeter implies a diverged beam profile after
the interaction at the minimum transmission position.

4.3 2ω-probing

High intensity laser-plasma interactions are connected to the coupling of the laser
energy into plasma electrons. The interaction of the laser with the electrons is
mostly the main driver for different phenomena. For example, high harmonics
can be generated due to the oscillations of electrons at the critical surface [116].
Moreover quasistatic electric fields caused by charge separation can accelerate ion
beams (e.g. Coulomb explosion [117] [118], TNSA [60] or shock acceleration [119]).
As already shown in [112], for very thin already exploded targets, the ion acceleration
is enhanced, if the laser is able to propagate completely through the target. A
channel is formed and the hot electron beam is collimated due to the electric fields
within the channel. The electric fields on the rear side of the target are enhanced,
which results in an enhanced proton acceleration [120] [121].
In the following, the penetration of a high-intensity laser pulse through an already
exploded foil (and hence an expanded plasma) is investigated.
As already mentioned above, in this experimental arrangement, the heater (B2) is
impinging on a thin foil preforming a plasma and subsequently (few hundreds of
picoseconds later) the driver (B1) is interacting with the expanding plasma. Since
the delay between both pulses reaches few hundreds of picoseconds, the preformed
plasma has already expanded and the density has become low enough for the driver
beam to propagate through. The consequent channel formation is imaged by an
imaging system transverse to the driver direction, where the light collected by the
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objective of the imaging system is spectrally filtered, i.e. the second harmonic of
the interaction pulse. Consequently, time-integrated second harmonic emission
from the plasma is also imaged onto the camera. Plasma emission is in general
the generation of escaping radiation near the plasma frequency (or its harmonics)
[122]. Resulting from the high energy of a plasma, the atoms and ions in a plasma
are excited to higher electronic states. During the recombination from the excited
state, they emit light. The 2ω-emission gets more intense after the self-focusing of
the beam in a low density plasma [123].
For simplicity reasons, the propagation of the laser pulse through the plasma can
be derived by assuming the circular wave-guide equation. In the following, the
channel generation and the obtained experimental results will be discussed.

4.3.1 Channel formation

The formation of a channel in a plasma is depending on the electron acceleration
length. For near-critical density targets the acceleration length is determined by the
laser depletion length. This is the length at which all the laser energy is converted
into electron energy [124] [125].
Considering the interaction of an intense laser-pulse with a near-critical density
target, it can be assumed, that the walls of the self-generated channel will have high
density. Thus the laser pulse will not be able to penetrate these. Therefore, the
laser pulse will be contained completely inside the self-generated channel. Hence,
the laser pulse energy can be estimated by using the well-known solution for the
propagation of an electromagnetic wave inside a waveguide [126] [127].
Assuming the laser pulse energy is equal to the energy transferred to the plasma
by the electrons, the channel length can be derived. The laser pulse energy inside
a self-generated plasma waveguide is given by [124]:

EL = cτLπR
2Kmec

2nc
〈
a2
〉
, (4.3.1)

where R is the channel radius at the intensity 1/e2 and for linear polarisation 〈a2〉
is found to be 1

2a
2
o (the maximum value of the laser pulse dimensionless vector-

potential). The factor K is dependent on the spatial and temporal profiles of the
laser pulse. It is a result from the integration over the laser pulse volume [120].
The energy transferred to the plasma electrons is given by:

Ee = ε̄eneπR
2d, (4.3.2)
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with d the channel length and ε̄e the energy of an electron gained in the laser field.
For electrons being accelerated out of the channel in the transverse direction, the
electron energy can be estimated by ε̄e = a0mec

2 [124].
Using equations 4.3.1 and 4.3.2 and assuming the electron energy to be equal to
the laser energy, the channel length can be easily derived:

d = KcτL
a0

2
nc
ne
. (4.3.3)

Therefore, the channel length is proportional to a0 and is depending on ne.
Usually, laser light is unable to propagate through an overdense plasma, since the
plasma density is greater than the critical density (ne > ncr). If the laser intensity
is high enough, the electrons oscillate at close to the speed of light. This leads
to a reduced plasma density and switches the plasma from optically opaque to
transparent. The laser is then able to propagate though the plasma.

4.3.2 Experimental results

Employing a simple imaging system, the channel formation can be monitored. Fig-
ure 4.6 shows experimentally obtained transverse 2ω-probing images for different
time delays. The interaction target is a 50 nm DLC foil and the laser energy on
the target is 1.5 × 1020 W/cm2. The interaction is shown for 450 ps (a), 600 ps
(b) and 700 ps (c). The accuracy of the spatial overlap between the two beams is
10 µm. It is noticeable, that both beams are not impinging on the same spatial
point. The distance between the beams is 15-20 µm. However, since the heater
(B2) is coming earlier, the second beam (driver, B1) is interacting with an already
expanded almost homogeneous plasma. The spatial overlap between the two beams
will not cause a big error in the measurements since the expanded volume of the
plasma is greater than the accuracy in spatial overlap between the two beams.
A stronger signal in the 2ω-channel implies a stronger electron signal. More elec-
trons are interacting with the plasma channel and more self-emitted light can be
observed. A stronger signal indicates a stronger self-focusing of the laser beam.
Comparing the images in figure 4.6, it is striking, that for larger delays a stronger
signal can be seen. The stronger signal is occurring at the same delay as the dip
position in transmission is observed and a strong correlation between these two
values can be concluded. Since the beam is stronger focused while passing through
the plasma at a specific delay, more energy is absorbed and a drop in transmission is
observed. The experimentally obtained data is presented in figure 4.7. The second
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Figure 4.6: Experimentally obtained 2ω-transverse probing images showing the
channel formation at different time stages of the interaction. Exem-
plary, the interaction is shown at a) 450 ps , b) 600 ps and c) 700 ps
. All three images are taken at similar experimental conditions: the
target thickness is 50 nm DLC and the laser intensity on the target
is 1.5× 1020W/cm2. With increasing delay, the longitudinal channel
length is also increasing. A significant increase in transversal channel
width is not visible. A stronger focusing of the laser beam can be
observed at larger delays. The red arrow is indicating the direction
of the laser beam and the red bar is illustrating the position of the
target.

beam (heater) is always coming earlier than the interaction beam (driver). At a
fixed laser intensity, the longitudinal channel length is increasing with increasing
delay. The transversal channel length is not changing considerably with increasing
delay between two pulses.
Changing the laser intensity at a fixed delay also shows an increase in the longi-
tudinal channel length with increasing laser intensity. In figure 4.8, the channel
length is plotted against the dimensionless laser parameter a0. In both cases, the
longitudinal and transversal channel formation, the channel length is increasing
with increasing a0. Increasing the dimensionless parameter implies increasing the
laser intensity. With increasing intensity, the laser pulse can propagate longer
through the plasma and thus the channel length is larger. For the longitudinal case,
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the dependency is much clearer. The transversal channel length is not changing
significantly.

Figure 4.7: The graphs are showing the 2ω-channel length obtained during the
interaction of a high-intensity laser pulse with a pre-heated target.
On the top, the longitudinal channel length is presented with respect
to the delay between the heater and driver beam, whereas on the
bottom, the transversal channel length is demonstrated. A significant
behaviour can be identified regarding the two lengths. While the
longitudinal channel length is increasing with the delay, the transversal
channel length is not changing significantly.
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(a) Longitudinal channel length.

(b) Transversal channel length.

Figure 4.8: The two graphs are showing the longitudinal channel length (top) and
the transversal channel length (bottom) with respect to the dimen-
sionless laser parameter a0. The channel is increasing in both cases
with increasing dimensionless parameter a0. The longitudinal channel
length is increasing more significant with a0 than the transversal
channel.

As the delay between both pulses is increasing, the density of the plasma is
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decreasing and the plasma becomes underdense enough, and thus the penetrating
laser pulse can be self-focused. The limiting case for self-focusing can be determined
by formula (cf. equation 2.6.2). Therefore, the plasma density needs to be estimated,
which can be done using the formula 4.3.1. By assuming cylindrical geometry,
the volume of the expanding plasma can be calculated. As a starting volume, a
laser spot size of 1/e2 = 1.35 µm is chosen (almost 4 times larger compared to
FWHM = 0.5 µm). Assuming that the initial number of electrons stays the same,
the electron density at different delays and accordingly different stages of plasma
expansion can be calculated. For a laser energy of 1.35 J, the laser power on the
target is 45 TW. Compared to the critical power at a time delay of 450 ps which is
about 6.5 TW, the laser power on the target is above the threshold for relativistic
self-focusing. For early time delays, relativistic self-focusing cannot be observed,
since the plasma density is too high. As already seen in figure 4.3, the absorption
of the laser energy is higher at early time delays. Depending on the laser energy,
the plasma density at a specific time delay is low enough, and thus relativistic
self-focusing can occur. Due to relativistic self-focusing, the γ-factor is increasing
and changing the effective plasma frequency.

4.4 Ion acceleration

Laser-accelerated ions/protons are detected by a Thomson parabola spectrometer
assembled with an microchannel plate (MCP). The proton cut-off energies can be
derived from the traces obtained on the MCP (cf. chapter 3.2). For this purpose, a
MatLab code provided by A. Alejo Alonso is employed. For each recorded image
on the MCP, the ion traces are simmulated by the MatLab code by adjusting
the ion energies, ion species and parameters of the Thomson parabola settings.
Subsequently, the cut-off energies of each trace can be extracted.
In the following, the dependence of the proton cut-off energies on the two laser
pulses is going to be discussed. Different parameters such as laser pulse energy and
delay between both beams are varied.

4.4.1 Single beam interaction

Firstly, the single beam interaction will be presented. As mentioned above, the inten-
sity of the driver (B1) is varied between 1.23 × 1020 W/cm2 and 1.91 × 1020 W/cm2

the intensity of the heater (B2) is kept constant at 8.5 × 1019 W/cm2. In both
cases, 50 nm DLC targets are used. Exemplary MCP images for both cases are
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shown in figure 4.9.

(a) Reference image for driver. (b) Reference image for heater.

Figure 4.9: Ion traces on MCP for single beam interaction for one single shot.
The image on the left gives a reference for the driver and the right
one for the heater.

Here in this example, the laser energy on the target is Ed = 0.85 J for the driver
and Eh = 0.48 J for the heater. The different traces belong to different ions being
accelerated by the laser pulse. Both beams accelerate protons and carbon ions,
which originate from contamination layers on the foil target. The higher intensity
of the driver leads to a higher proton cut-off energy. Protons accelerated by the
driver reach a cut-off energy of Ep = 2.8 MeV and protons accelerated by the heater
Ep = 3.4 MeV.
Nevertheless, the main driver in the dual beam configuration is the heater (B2),
since in the experiments the heater is always coming earlier than the driver (B1).
In the following, the results for the proton/ion acceleration in the dual beam
configuration are going to be presented.

4.4.2 Dual beam interaction

An exemplary MCP image recorded during a dual beam interaction is shown in
figure 4.10.
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Figure 4.10: Accelerated ion traces on the MCP in a dual beam arrangement
recorded for one single shot. The delay between the two pulses is
600 ps.

The experimental conditions are comparable to the conditions during the absorption
measurements. As a target a 50 nm DLC foil is chosen, which is irradiated by
the two pulses with an energy (on the target) Ed = 0.775 J for the driver and
Eh = 0.55 J for the heater. Here, the delay between both beams is 600 ps.
Comparing the images to the single beam interaction a difference in the accelerated
ion traces can be seen. In case of dual beam interactions more ions traces seem to
appear. Apparently a larger fraction of the ions on the contamination layer are
accelerated during the dual beam interaction than in the single beam interaction.
Another striking feature of the dual beam interaction can be seen in the accelerated
proton energies. Figure 4.10 shows an exemplary MCP image of the double beam
interaction. The maximum cut-off energy of the protons is 5.9 MeV in this case.
An enhancement of approximately a factor of two is achieved.
As in the transmission measurement scan, the dependence of the proton (ion)
energy on the delay between the two pulses is investigated.
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Figure 4.11: Cut-off energies dependent on the delay. The energy of the heater
on the target is 0.5 J and of the driver 0.75 J. The red and blue spot
show the energies for a single beam shot for the driver and heater,
respectively. In order to provide a convenient resolution, the single
beam shots are presented at a delay of 200 ps. The energies are
averaged over several shots.

In figure 4.11, the maximum achieved proton energy dependent on the delay is
shown. The delay is varied in a picosecond-range up to 600 ps, where the heater
(B2) is always coming earlier. At late delays, the proton energy already exceeds
the energy of the accelerated protons with only one beam. Comparing the energy
of a single beam shot with only the heater and a double beam shot at 600 ps, it is
notable that the proton energy almost enhances by a factor of 2 with respect to
the single heater shot. Even though higher proton energies can be achieved with
the driver (since the intensity/energy is higher compared to the heater), the single
beam interaction with only the heater needs to be considered. Since the heater
is coming a few hundreds of picoseconds earlier than the driver, B1 has little/no
chance to accelerate protons via TNSA.
Interestingly, the maximum proton energy is coinciding with the dip position of
the transmission measurement. Figure 4.11 shows the accelerated proton energy
dependent on the delay between the two pulses. The same target and laser
conditions as shown in figure 4.3 are valid. Intriguingly, it can be seen that at
the same delay of 600 ps, where the minimum in the transmitted energy could be
measured, the maximum proton energy is recorded (cf. green curve in figure 4.3).
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Previous studies as in [128] demonstrated the efficient acceleration of protons
from already exploded foil targets. Generally, in laser-solid interactions the most
energetic ions are accelerated from the rear side of the target by the well-established
TNSA mechanism (cf. section 2.5.1). A strong electrostatic field on the rear side
of the target is generated by fast electrons, which is accelerating the protons.
Compared to the robust TNSA mechanism, an enhanced efficiency of the laser-
driven protons and ions is reported from already exploded foils. As discussed above,
the plasma density is quite low due to the already irradiated and expanded target
(cf. section 4.2). This low density leads to a heating of the electrons in a rather
large volume, which is yielding a higher absorption of the laser energy. A higher
absorption at a particular delay was confirmed experimentally as already presented
in the previous section.
At these low densities, ions are most likely accelerated via a shock-like mechanism.
This regime strongly depends on the features of the density gradient. In [128] [129],
the dependence of this shock-like acceleration mechanism on different target and
laser parameters was studied. The influence of the plasma scale length, target
density and length of the plasma on the efficiency of the acceleration process is
reported. For example, the maximum proton energy (in MeV) is given depending
on the target density. It was shown that a maximum in proton energy is found at a
target density around 0.15nc [114]. As also shown in [130], a collimated multi-MeV
ion beam was observed at high laser intensity in case of low density gas targets (i.e.
0.1nc).
In [112], the acceleration of laser-driven protons is studied for different target
thicknesses. The highest energies of laser accelerated protons are observed for
solid density foil targets and near-critical-density targets. Two effects are found
to conduce to the reduction of the accelerating field in thin targets. For thinner
targets, larger rear-surface gradients are observed and lower target densities reduce
the absorption fraction of the laser energy.
Similar ultra-thin foil targets are used in the experimental investigations presented
in this chapter. As already shown in figure 4.11 for a distinct delay (i.e. distinct
plasma density), an enhanced ion energy is observed. The absorption measurements
revealed that for this particular delay, collisional absorption comes into play, thus
diminishing the limiting factor of less absorption of the laser energy. Since the laser
is able to propagate through the plasma as observed in the 2ω-probing images,
more electrons can efficiently be generated at the rear side of the target/plasma
and the proton accelerating field (sheath) can be increased locally.
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Collisionless shock acceleration

High intensity laser pulses incident on a plasma can induce the formation of strong
electrostatic shocks.
Macroscopically, a shock can be described as a change of the medium along the
propagating transition layer [131]. Collisionless electrostatic shocks are propagating
for Mach numbers M > 1. The Mach number is a dimensionless quantity in fluid
dynamics, which is giving the ratio of flow velocity to the (local) speed of sound of
the surrounding medium (M = v

cs
). A shock wave can also be characterised by a

sheath moving through a plasma. The idealised potential of a shock wave is shown
in 4.12. The potential function φ(x) would be consistent in the frame moving with

Figure 4.12: Idealised potential distribution of an ion acoustic shock wave. The
wave is moving to the left and ions stream into the wave in the frame
of the wave. This potential is given for a soliton solution (cf. [39]).

the wave and ions would stream into the wave front with a velocity u0.
The radiation pressure of the laser light acts like a piston driving the shock. The
shock velocity can be estimated by a flow momentum balance (mi(nivp ∼ I/c)),
yielding [131]

vp =
(

I

minic

)1/2
=
(
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A

me

mp

ne
nc

)1/2

a0c. (4.4.1)

Note that the velocity of the ion piston is determining the shock velocity. For a
shock to be able to propagate through a hot plasma, vs ≈ up needs to be given,
which is the case for up > cs. Also, fast electron heating can drive a shock by
generating a strong density gradient.
Ions, which are ahead of the shock front, are reflected by the moving potential
φ, depending on the barrier height and initial ion energy. Initially at rest and
Zeφmax > miv

2
i /2, ions can reach velocities up to 2vs by elastic reflection from the
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moving barrier.

A combination of the collisionless shock acceleration and the target normal sheath
acceleration is reported in [113]. This combined mechanism is called low density
collisionless shock acceleration (LDCSA). In this acceleration mechanism, the shock
front acceleration mechanism is combined with the volumetric low density TNSA
mechanism and is most effective for low density plasmas with large scale gradients.
The shock is generated not by the laser but by the protons propagating downwards
the density gradient [113].
Firstly, ions are accelerated in the same way as in the TNSA mechanism described
in a previous chapter (cf. section 2.5.1) due to a sheath field generated by the hot
electrons. At the rear side of the target, a smooth density gradient is built up. The
electric field is decreasing monotonously and thus ions in the lower density region
are experiencing a lower electric field. An electrostatic shock front is formed as ions
from higher density regions overtake ions from lower density regions. Ions which
are ahead of the shock can be reflected by the shock front as described above. Note
that ions accelerated by collisionless shock acceleration are quite broadband due to
the non-uniformity of the plasma and the non-uniform velocities of the ions ahead
of the shock front, leading to a non-monoenergetic ion beam.

4.5 Previous simulation studies
Simulations performed in [112] showing the maximum accelerated proton energy
accelerated from a low density plasma are demonstrated in figure 4.13. The 1D PIC
simulations show the dependence of the proton energy and the absorption fraction
on the density. On the left-hand-side in figure 4.13 the maximum proton energy
(black circles, left scale) and the absorption fraction (green triangles, right scale)
are shown against the density profile, respectively. The simulations are carried
out at a peak density of 0.1nc. With an increasing density profile, the absorption
fraction is increasing while the maxium proton energy is decreasing. Note that
these simulations are 1D and different factors such as laser propagation through a
thin exploded target are not considered. Contrary to the results presented above,
the simulations do not show a maximum in the absorption fraction which might be
because collisional absorption processes are not considered. However, it is shown
in figure 4.13 b) that the maximum proton energy is strongly dependent on the
density profile of the plasma. The sharper the profile, the higher are the accelerated
proton energies. In [114] the evolution of the maximum proton energy is presented
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Figure 4.13: Simulations showing the maximum proton energy accelerated from
a low density plasma. On the left-hand-side of the image a)) the
maximum proton energy (left scale, black circles) and the absorption
fraction (right scale, green triangles) are presented against the density
profile. On the right hand side, the normalised plasma density profile
is presented. The absorption fraction and the maximum proton
energy are strongly dependent on the density profile. The highest
proton energies are achieved with a sharp plasma density profile
[112].

as a function of target density. Figure 4.14 shows the 1D PIC simulation results.
The simulations reveal that the shock like acceleration regime strongly depends on
the density gradient. As can be seen in figure 4.14, higher proton energies can be
achieved with lower density. A sharp density gradient, as in the TNSA mechanism,
the most energetic protons are accelerated at the back surface of the target. For
an intermediate density gradient, the most energetic protons are accelerated via a
shock-like acceleration mechanism. The protons are accelerated in the decreasing
density ramp. If the density gradient is too small, wave breaking is observed and
becomes the dominant acceleration mechanism.
The experimental data is comparable to the previous works mentioned above.
However, the absorption fraction in the previous papers is not coherent with
the ones measured in the experiments in this thesis. For future simulations and
investigations the collisional absorption processes, which seem to play an important
role as described above, need to be taken into account.

4.6 Conclusion
In this chapter the plasma dynamics from a dual beam experiment employing
two high-intensity, ultra-short laser pulses were presented. Various diagnostics
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Figure 4.14: The maximum proton energy (left scale) and maximum electrostatic
field on the laser axis (right scale) depending on the target density.
The time gives the expansion time of the target and thus translates
to the density of the target. Later times mean more expansion and
thus lower density. The maximum proton energy is increasing with
decreasing plasma extent. The simulations are performed in [114].

were used, in order to receive a broad analysis of the dynamics. Highly interesting
features which are confirmed by the different diagnostics could be observed. Varying
the delay between the two pulses, it was possible to investigate the interaction
between an expanding plasma and a high-intensity laser pulse. Considering rather
late delays where an already expanded and rather underdense plasmas would be
expected, the transmitted laser energy is reaching a minimum point. Analytical
calculations revealed that collisional absorption mechanisms become relevant at
late delays. The time delay between the two pulses just translates to the extent of
the expanded plasma. A maximum in the calculated absorption fraction is found,
which can explain the minimum in the experimentally measured transmission.
The results from previous studies [112] [114] [129] are comparable to the experi-
mental study presented in this thesis. However, future investigations should hold
out the prospect of performing simulations with the target parameters used in the
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experiments presented in this thesis, since these were slightly different in the above
mentioned papers. Additionally, collisional absorption processes should be taken
into account, since they seem to play an important role determining the absorption
fraction.
Another striking feature is observed in the accelerated ion/proton energies. While
the transmission is reaching a minimum, the energy of the accelerated protons is
reaching a maximum. Compared to the single beam interaction, the cut-off energy
of the accelerated protons is increased by almost a factor of two.
Employing an imaging system transverse to the interaction direction allows to
monitor the channel length of the laser pulse propagating through an expanding
plasma. By varying the delay between the two pulses, different stages of the
preheated target could be observed.
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5 Parametric study of laser-driven
electromagnetic pulses on solid
surfaces

Previous studies revealed positive charging of a laser irradiated target up to MV po-
tential range [100] [132], which is due to the escape of relativistic electrons from the
irradiated area. The following charge separation leads to a surface electromagnetic
pulse along the target. This electromagnetic pulse travels from the interaction point
towards the ground at nearly speed of light [132] and the targets are discharging.
Using two intense laser beams allows generating the electromagnetic pulse with
one beam and use the second beam to generate a proton beam for probing. Here,
the ultra-fast dynamics along a wire are analysed which allows controlling the
interaction. By folding the wire, the travelling path of the electromagnetic pulse
can be adjusted, and thus the interaction can be timed in such a way, that it
can be captured in the field of view of the probing protons. As discussed above,
the unique properties of a proton beam provide a temporal study of the transient
electromagnetic field. Another valuable advantage of the proton probing technique
is the visualisation of the interaction. It simplifies the analysis and illustrates
splendidly the dynamic process of the charging of a wire target.
An improved understanding and knowledge of the electromagnetic pulse will be a
guidance for the post acceleration mechanism [133] [134] [135] [136]. An analytical
model presented in [133] indicates an optimum laser pulse duration and a strong
dependence of the electromagnetic pulse amplitude on the laser energy.
Particle-tracing simulations are carried out by using the particle tracing code
PTRACE [32] in order to define the linear charge density. The particle tracer
allows identifying the charge at a fixed probing time and a certain position on the
wire target, taking the arrival time and time of flight of the probing protons into
account.
This chapter will present a detailed study of the parameters influencing the elec-
tromagnetic pulse which are essential for an efficient post-acceleration mechanism.
Additionally, the studies will set a benchmark for the scaling of the acceleration
efficiency at short pulse multi-petawatt laser facilities available in near future, e.g.
[137] [138]. Some parts of this chapter are already published in [139].



5 Parametric study of laser-driven electromagnetic pulses on solid surfaces

5.1 Experimental set-up

The set-up for the experimental study of the electromagnetic pulse is shown in
figure 5.1.
In a dual beam configuration, one of the ultra-intense laser pulses is irradiating
a 6 µm aluminium foil attached to a 80 µm Aluminium wire, while the second
ultra-intense pulse is irradiating a 10 µm gold foil generating the probe proton
beam. The angle of incidence on the target attached to the wire (interaction target)

Figure 5.1: a) Experimental set-up for probing of the electromagnetic pulse.
Two beams are employed to accelerate protons and to generate the
electromagnetic pulse, respectively. The square wave pattern of the
wire target allows observing more in the field of view of the proton
beam.

is 25◦. The beam is focused by an off-axis F/2 parabola to a Gaussian focal spot of
∼ 4 µm focal spot size at FWHM. This beam hereafter will be called interaction
beam in this experimental arrangement. The intensity of the interaction beam on
the target is varied between 4.3 × 1018 W/cm2 - 1.1 × 1020 W/cm2. The energy
and pulse duration are varied to investigate the effect on the electromagnetic pulse
amplitude. The second beam used for accelerating protons from a thin foil for
probing is also focused to a ∼ 4 µm focal spot size at FWHM by an F/2 off-axis
parabola, which will be called probe beam hereafter. The resulting intensity on the
proton target is I = 2 × 1020 W/cm2. The angle of incidence on the proton target
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is also 25◦.
A particular target (wire) design (as shown in figure 5.1) is used to investigate the
electromagnetic pulse relatively far away from the interaction region. In order to
maximise the observable wire length within the field of view of the probing beam,
the wire is folded to a square wave pattern (SWP). This shape of the target allows
to delay the electromagnetic pulse. The spatial confinement of the electromagnetic
pulse can be controlled and thus it can be captured in the field of view of the
proton beam.
As shown in figure 5.1 b), the SWP wire is folded into eight segments. Each
horizontal segment has a length of 5 mm ± 200 µm and each vertical one has a
length of roughly 500 µm ± 50 µm, and thus the spacing between two segments
is < 500 µm. The distance between the interaction foil and the top of the first
winding of the wire in the SWP arrangement is approximately 3.5 mm.
The geometrical magnification can be calculated as described in section 3.5. Con-
sidering L (the distance between the detector and the interaction point) to be
∼ 40± 1 mm and ` = 4.5 ± 0.5 mm (the distance between the proton target and
the interaction point) leads to a magnification of M ' 1 + L

`
≈ 8− 9.

As a detector, a stack of RCFs with a size of 5× 5 cm is used, positioned in the
direction of the probing beam (cf. chapter 3, section 3.4).

5.1.1 Spatial and temporal synchronisation

The spatial and temporal synchronisation in this experimental configuration is
performed by firstly overlapping both beams spatially. For this purpose, a thin
wire (∼ 20 µm Aluminium) is imaged in the focus diagnostic of the proton beam.
Subsequently, the position of the focus diagnostic and wire are fixed. The same
wire is imaged in the focus diagnostic of the interaction beam which is at an angle
of 45◦ to the proton beam. In this way, a spatial overlap between both beams in
µm-range is ensured.
A rough temporal synchronisation between the two pulses is determined with a fast
photodiode and oscilloscope. This method delivers a rough timing in nanosecond
range. A fine temporal synchronisation of the two beams is done by creating a
plasma in air with one beam and optically probing it with the other beam. A
plasma is created with one beam (from here on: proton beam) at low energy and
imaged by the focus diagnostic of the other beam (from here on: interaction beam).
By varying the delay between the two pulses, the evolution of the plasma created
in air can be observed. Similar to the temporal synchronisation with a glass slab
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Figure 5.2: a) Schematic illustration of the temporal synchronisation of the two
pulses in air. A plasma is generated with one of the two high-intensity
pulses by focusing with low energy in air. The second high intensity
pulse is employed as an imaging beam. By varying the delay between
the two pulses, a plasma in air at different stages of expansion can be
imaged. The delay is varied until both pulses reach the interaction
point at the same time. Images b) and c) show probing images at
different probing times. The reference image in b) shows the imaging
beam without the second beam (and thus no interaction is observed).
In c), the probing beam is reaching the interaction point 50 ps later
than the interaction beam and a plasma can be observed which is
indicated by a blue arrow.

as presented in chapter 4, the delay between the two pulses can be adjusted via
a double-pass delay stage in the beamline of the interaction beam, which can be
varied in µm steps. Images b) and c) in figure 5.2 show the interaction at different
probing times. In figure 5.2 b) a reference image without the interaction beam
(B1) is shown. If the probing beam reaches the interaction point later than the
interaction beam, a plasma/some filament can be observed as shown in figure 5.2 c).
Here, the probing beam is 50 ps later than the interaction beam. A blue arrow
indicates the observed filaments. The delay is varied until the plasma generated in
air is no longer visible in the imaging line of the proton beam. Hence, a temporal
synchronisation in picosecond range is obtained.

5.2 Electromagnetic pulse generation and its
characteristics

5.2.1 Generation mechanisms

Before demonstrating the experimental data, an overview of the generation mech-
anisms of the electromagnetic pulse will be given. For this section mainly the
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references [140] [141] [142] [143] are used.
The electromagnetic pulse generated during the interaction between a laser pulse
and solid target contains two different spectral components. One is due to the ejec-
tion of fast electrons from the target and the second one is due to the neutralisation
current flow [140] [141] [142] [143]. Different parameters such as the hot electron
temperature, laser heating, hot electron collisional cooling and the hot electron
ejection govern the electromagnetic pulse’s amplitude shape and temporal profile.
The interaction between an intense laser pulse and a solid target leads to electron
acceleration and heating. While some of these hot electrons are ejected from the
target, others dissipate their energy inside the target [143]. A fraction of the
electrons is travelling to a distance of the order of their Debye length. They are
ejected out of the target front surface, leaving a sheath potential. Additionally to
the sheath potential, another potential which is due to the net positive charge on
the target surface, is contributing to the potential barrier. Only the high energetic
electrons can escape this barrier and constitute an electric current which is charging
the target positively [143].
A simplified energy distribution can be described by a Maxwell-Juttner distribution
function [143]:

fh(Ee, Th) = γp

f
exp(−Ee/kBTh), (5.2.1)

where γ is the relativistic factor, p the electron momentum, and f a normalisation
factor. Electrons with an energy greater than the potential barrier (Ee ≥ e4 φ)
can escape the target.

5.2.2 Hot electron temperature

In the high-intensity regime, the escaping hot electrons are the energy carriers
in the collisionless absorption mechanism. Since the temperature of these hot
electrons strongly depends on the absorption mechanism, a scaling law for the
temperature using the absorption models can be derived. Depending on the laser
pulse intensity, duration and contrast, various mechanisms become dominant. Thus
different mechanisms contribute to the scaling laws.
Different approaches were made in order to estimate the hot electron temperature.
In [36], a short summary of different hot electron temperature measurements
in femtosecond laser-solid experiments is presented. Figure 5.3 summarises the
experimentally measured temperatures in comparison with various models such as:
[72], [49] and [44]. Generally, a dependence of the hot electron temperature on the
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Figure 5.3: Hot electron temperature for sub-picossecond laser-solid interactions
as a function of irradiance. Here, a comparison between different
models is presented. A detailed description of the scaling laws and
experimental conditions is given in [36].

product of Iλ2 is predicted in all models. For intensities exceeding 1018 W/cm2, the
relativistic regime is reached. As in stated [21], the scaling for the hot electrons is
not given by resonance absorption but by the ponderomotive potential, which leads
to a relativistic Maxwellian distribution. The effective hot electron temperature is
thus found to be:

Thot ∼= mc2
(

1 + 2UP
mc2

)1/2
. (5.2.2)

As can be seen, the hot electron temperature is scaling with the ponderomotive
potential UP [eV] = 9.33 × 10−14 I [W/cm2] λ2 [µm2]. For the parameters in the ex-
periments presented here in this chapter (I = 2× 1020 W/cm2, λ= 800 nm = 0.8 µm)
the hot electron temperature is found to be Thot ∼= 3.53 MeV. Other models for the
prediction of the hot electron temperature, e.g. by Haines et al. [144], are based on
a fully relativistic approach which principally is more appropriate for interactions
in the high intensity regime. The scaling by Haines et al. provides a slightly lower
electron temperature than the ponderomotive scaling given by Wilks et al. However,
both estimations yield electron temperatures of a few MeV Nevertheless, in general
the scaling by Wilks et al. is more established in the experimental interpretation.
Therefore, the scaling by Wilks with an exponential electron spectrum is chosen.
Moreover, as will be discussed later, a more thorough approach for modelling the
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hot electron spectrum is used in the analytical model included in the ChoCoLaT II
code, considering appropriate scaling models for different intensity ranges and
relativistic effects at high intensities. Since the analytical model is in agreement
with the simulations no significant variations using the Haines model are expected.

5.2.3 Hot electron dynamics

During the interaction of a high-intensity laser pulse with solid targets, a large
quantity of hot electrons is generated. Some of these hot electrons can escape
the target and leave behind a significant positive charge resulting in a strong
electromagnetic pulse. Three main effects modify the dynamics of the hot electrons:
laser heating, hot electron collisional cooling and hot electron ejection. These three
different effects modify the total energy of the hot electron cloud which is given by
the product of the cloud temperature and the number of electrons [143]. These
effects will be briefly described in the following.

Laser heating
The hot electrons generated by laser heating follow a Maxwell-Juttner distribution
at a temperature T0. Assuming a linear hot electron production within the pulse
duration, the total number of hot electrons is defined by the ratio between the
laser energy and the initial hot electron energy [143]:

Ntot = ηLEL
〈Ee〉0

. (5.2.3)

The hot electron production rate can be estimated by ∂tNh = Ntot
τL

, which is valid
for t < τL. Nh notes the electron number and τL the laser pulse duration.
During the pulse duration (injection period), the hot electron average energy and
temperature are constant following the energy conversation.

Hot electron collisional cooling
The hot electrons transfer their energy to the bulk electrons via collisional processes.
The collision time can be calculated by the ratio between the electron diffusion
length and the thermal speed and is averaged over the electron energy distribution.
First, assuming a constant temperature, the number of hot electrons is reduced due
to collisions with cold electrons. Some electrons disappear even before the laser is
completely gone for tmff � τL, where tmff is the mean free flight time (scattering
radius divided by the averaged hot electron speed). The reduction of number of
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electrons results in a loss term [143]:

∂tNtot = − Nh

tlife
, (5.2.4)

where tlife indicates the mean free flight time plus a cooling time 1. The loss term
is valid for t < τL.
Furthermore, the hot electron temperature is reduced linearly due to collisions.
The temperature of the electrons is then defined as:

∂tTh = −Th/tmff , (5.2.5)

which is valid for t > τL + tmff . For t > τL the mean energy of the electrons is
reduced instead of the number of electrons as in the case for t < τL.

Hot electron ejection
Hot electrons with an average energy higher than the potential barrier can escape
the electron cloud. The flux of the escaping electrons is defined by the current
[143]:

Jh = eΩβnhotπR
2
h

∫ ∞
|wMφ|

fhvdε, (5.2.6)

where Ωβ = (1− cosβ) /2 is the solid angle of the ejected electrons and Rh the
radius of the hot electron cloud.
The ejection of energetic electrons reduces the number of hot electrons in the hot
electron cloud, which can be described by the ejection current:

∂tNh = −Jh/e. (5.2.7)

The temperature of the hot electrons is proportional to their average energy
Th ∝ 〈Ee〉. The reduction of the energy of the hot electron cloud is given by:

∂tEh = −Jh
〈E〉hot
e

, (5.2.8)

which leads to the energy reduction of the hot electrons:

∂t 〈Ee〉 = −〈Ee〉 Jh
Nhe

(
1− 〈Ee〉hot

〈Ee〉

)
. (5.2.9)

1tlife is the time interval in which the temperature decreases from T0 to 0.01 T0 (i.e. tcool =∫ T0
0.01T0

tmff

t dx)

102



5.2 Electromagnetic pulse generation and its characteristics

The hot electron ejection is limited by the number of hot electrons which have an
energy high enough to escape the barrier.
On the one hand, the ejection current cannot be higher than the ejectable electrons
and on the other hand, there is a maximum number of ejectable electrons.
Summarising, the dynamics of the hot electrons generated during the interaction
of a high-intensity laser pulse and a solid target are affecting the target charging
and therefore the electromagnetic pulse. The charge is accumulated, since the hot
electrons heated in the laser plasma are leaving the target. This ejection time is
defined by the hot electron cooling time, which is mainly due to collisions with the
electrons and ions in the target. Therefore, it can be deduced that the accumulated
charge depends on the target material and it is decreasing with increasing target
density.

5.2.4 Experimental raw data

Now, having a general overview of the generation processes of the electromagnetic
pulse and its characteristics, the experimentally obtained data is presented and
described. Figure 5.4 shows a selection of raw data obtained in one single shot.
The state of the folded wire is described by the different layers of the RCF stack.
On each RCF layer, the propagation of the electromagnetic pulse along different
segments of the folded wire at different probing times can be seen. The colouring
level on the RCFs is proportional to the incident proton flux. A general formula
for the relative probing time of a proton with given initial energy crossing the wire
and arriving on the RCF stack may be expressed by:

trel(Ep) = ta(Ep)− t0, (5.2.10)

where ta = ` (mp/2Ep)1/2 with ` the distance between the proton target and the
interaction point, t0 the delay between the interaction and probing pulse an Ep the
proton energy.
Figure 5.4 b) shows for example that the wire in segment number 2 appears
positively charged, while the consecutive segment remains electrically neutral. The
conical shape of the charge (proton deflected region) is highlighted by red dashed
lines. The electric field is rising as the positive charge is flowing towards the
ground. The charge starts to rise from the side where the interaction target is
connected. Regarding later probing times (in the same shot) (cf. figure 5.4 c)), the
width of the proton depleted region in segment number 3 is increased. This is an
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Figure 5.4: Exemplary probing images of the electromagnetic pulse flowing along
the SWP at different probing times (a)-d)). These raw images were
obtained in a single shot. Each image corresponds to one RCF layer in
the stack detector, and to one proton energy accordingly (cf. labelling
in the bottom left corner of each image). The probing time in the
bottom right corner corresponds to the arrival time of the protons
of respective energy given by the time of flight of different energy
protons passing through the interaction region. The arrows indicate
the direction of the charge flow and the dashed lines provide a guideline
for the eye in order to identify the width of the proton depleted regions.
Image e) shows a reference image of the SWP target with a dashed
red circle representing the field of view of the probing proton beam.
The length of each horizontal wire segment in the SWP is ∼ 5 mm
and the vertical spacing between each segment is . 500 µm.

evidence that this segment has become charged by some positive potential. The
charge has moved from segment number 2 to segment number 3 within the time
difference between the two RCF layers. Apparently as can be seen in figure 5.4 c),
the wire in segment number 1 is going back to be electrically neutral as the shape
of the proton deflected region takes a conical form being narrower towards the
laser irradiated target side. Previous observations [132] [145] confirmed a surface
electromagnetic pulse generation and propagation. The positive charge is carried
towards the ground, lowering the target potential towards neutrality. The velocity
at which the charge moves along the wire has been measured to be approximately
close to the speed of light [132].
The proton signal deposited in the first layer is associated with late probing times,
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being generated by lower-energy protons.
Probing an electrically neutral metal wire, the shadow of the wire would be visible.
This shadow is a proton depleted region due to multiple small angle scatterings
of the probing protons in the wire. For a positively charged wire, the protons
will experience a strong Coulomb deflection. The extent of the depleted region
observed on the RCF is dependent on the strength of the electric field generated
around the wire and the energy of the probe protons. The probe protons experience
an electrostatic force as they encounter a charged region and are deflected away.
The protons are accumulated around the electrical field region which leads to a
depletion at the electrically active region. The RCFs show an evidence for the
presence of an outwards-pointing radial electric field decaying with distance from
the wire surface. Protons farther from the target experience a weaker deflection
due to the field distribution. The deflecting fields are travelling along the wire
towards the ground. This is why the proton deflections are visible across the entire
field of view, but not all segments of the wire have the same deflection.
A qualitative description of the characteristics of the electromagnetic pulse will be
presented in the following section.

5.2.5 Characterisation of dynamic wire charging

The observed transient charging of the wire shown in figure 5.4 is quantified by using
the particle tracer PTRACE (cf. section 3.6). The spatial nature and temporal
evolution of the quasi-static fields is inferred by finding a best match between the
experimentally measured proton density (np) an the particle tracer simulation. A
metallic wire with a constant linear charge density is probed by monoenergetic
protons. The energy of the protons and the distance between the proton source and
the wire are set according to the experimental set-up. For each RCF layer, the value
of the linear charge density λc(t) is varied repeatedly until a best-match between
the experimentally measured and simulated proton density behaviour is attained.
In figure 5.5, an illustrative example of the best-match obtained for the RCF layer
corresponding to a probing time of 185 ps is presented. A comparison between
the experimentally measured and particle tracer simulation output of the proton
density np modulation across the wire is performed. The best-match between the
experiment and simulation is achieved by varying the value for the linear charge
density until the deflection matches the experimentally measured value. Following
this procedure, the linear charge density can be obtained for each segment and
RCF layer. A temporal picture of the rise and decay of the electrical field can
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Figure 5.5: Comparison between experimentally measured and particle tracer sim-
ulation output of the proton density modulation across the wire. A line
out shows the best match between simulation and experiment. Since
in the simulations monoenergetic protons are used (Ep = 3.14 MeV),
the profiles look a bit different. The profile obtained from the experi-
mentally measured deflection is not uniform due to the multi-energy
and non-uniform proton beam flux. The value for the linear charge
density was varied until a best match between the experiment and
simulation was achieved. In this case, the linear charge density was
set to 4.74 µC/m.
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be determined. Since the multi-energy proton beam flux in the experiments is
non-uniform, the density modulation across the wire differs from the simulated
line-out. In the simulations, monoenergetic protons are used, which in this case
correspond to an energy of Ep = 3.14 MeV.

Temporal profile of the electromagnetic pulse
Quantitative information about the temporal profile of the electromagnetic pulse
can be obtained from the raw data shown in figure 5.4 by following the charging
and discharging of the wire in the square wave pattern in different RCF layers.
The proton energies (Ep) on each RCF layer are calculated with SRIM and refer to
protons reaching their Bragg peak in each RCF layer. The probing times correspond
to the time of arrival of the proton with the energy at their Bragg peak at the
centre of its field of view (cf. section 3.5). Due to the divergence of the probing
proton beam, the probing time of each proton varies within a few ps on the SWP.
The absolute probing time at a given point P(x,y,z) can by calculated by

tproton(Ep, x, y, z) '

√√√√x2 + y2 + z2

2Ep/mp

. (5.2.11)

As estimated in [134], the velocity of the electromagnetic pulse along the wire is
found to be vcharge = 0.96c. Now assuming the electromagnetic pulse is travelling
with constant velocity, the arrival time of the electromagnetic pulse at the point
P(x,y,z) can be written as tcharge = `charge/vcharge, where `charge is the distance of
the wire between the probing point and the proton source. For each analysed point
on the SWP, the travelling distance of the charge (`charge) is measured directly
from the reference image of the target. The reference images are taken prior to
each shot as can be seen in figure 5.4 e).
Accordingly, the electromagnetic pulse profile can be obtained by measuring the
linear charge density at different points on the wire and plotting the linear charge
density with respect to the relative probing time. The relative probing time is given
by t = tproton − tcharge. Therefore, the linear charge density at different probing
times needs to be determined by particle tracing simulations using PTRACE. In
that way, the temporal profile of the electromagnetic pulse can be reconstructed as
shown in figure 5.6. Although having a number of limited snapshots of the charge,
the shape of the electromagnetic pulse can be defined broadly as having a full
width at half maximum of ∼25 ps which is consistent with previous measurements
[100] [132] [134] [135].
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Figure 5.6: Temporal profile of the electromagnetic pulse travelling along a thin
aluminium wire. The linear charge density is plotted against the
relative probing time t = tcharge − tproton. Here, tcharge is the arrival
time of the peak of the electromagnetic pulse at a given point on the
wire and tproton the probing time of the protons at that given point.
The red dashed curve is a Gaussian fit and a guideline for the eye.

Electrical field growth and decay
Using the linear charge density presented in figure 5.6, the electrical field strength
can be determined. The electrical field strength within the wire can be quantified
by assuming a cylindrical geometry. Applying Gauss’s law now and using the
amount of free charge per unit length λc(t) determined via PTRACE, the electrical
field strength may be calculated by

Es(t) = λc(t)
2πε0rw

∝ 1
rw
, (5.2.12)

with rw the wire radius. The value of λc(t) is varied repeatedly in the particle
tracer until a best match between experimentally measured and the simulation is
achieved (cf. above).
In figure 5.7 a graph detailing the highly-transient electrical field growth and decay
as inferred from particle tracing simulations is presented. Over a temporal window
of ∼ 40 ps the electrical field is present in the wire surface is rising to its peak
magnitude of 1.2 GV/m and decaying subsequently below a measurable level. Note
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Figure 5.7: Electrical field growth and decay. The graphs presents the electrical
field strength for varying probing times. The blue line provides a
guide for the eye.

that following Gauss’s law, the free charge is most likely to be concentrated within a
very shallow skin layer close to the wire-vacuum interface. If ρAl = 2.82 × 10−8Ωm
[146] is the resistivity of Aluminium in vacuum, µ0 the permeability of free space
and dt the duration of charge-discharge cycle, the skin depth can be estimated to
be:

δ '
√

2ρAldt
πµ0

' 0.535µm. (5.2.13)

Hence the free charge and the related current are localised within a very small skin
layer at the wire surface. The electric and magnetic field will be zero in the bulk of
the wire. For r > rw, where r =

√
x2 + y2 is the radial distance from the wire, the

electrical field strength is decaying as 1
r
as shown in equation 5.2.5.

5.3 Parametric study for optimising the
electromagnetic pulse

As discussed in other studies before, analytical models indicate an optimum pulse
duration at a pulse duration of few hundreds of fs [133] [134]. Furthermore, the
electromagnetic pulse is strongly dependent on the laser energy and laser pulse
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duration. In order to study these dependencies, a detailed parametric study is
performed. These studies should also set up a benchmark for the scaling of the
acceleration efficiency at short pulse multipetawatt laser facilities which will be
available for experiments in the near future at ELI and APOLLON facilities [137]
[138]. The experiments are concentrating on the effect of the laser pulse duration
and laser energy on the electromagnetic pulse. The pulse duration is varied up
to 200 fs and the laser energy onto the target up to 400 mJ (in FWHM of focus
spot). In the following, the experimental and analytical findings are going to be
presented.

5.3.1 Effect of laser pulse duration

The effect of the laser pulse duration on the peak charge density of the electro-
magnetic pulse for two different laser energies is shown in figure 5.8. In order to

Figure 5.8: Dependence of the laser pulse duration on the linear charged density
at a fixed energy (cf. [139]). The dependence is shown for two
different energies on the target: 300 mJ (red squares) and 90 mJ (blue
diamonds). The dashed lines provide a guidance for the eye.

achieve different pulse durations, the compressor gratings of the interactions beam
are moved slightly (cf. section 3.1). For measuring the laser pulse duration a Spider
module from Amplitude Technologies was used. However, the Spider module cannot
measure pulse durations above 100 fs. For that reason, the laser pulse duration of
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30 fs was set to zero and the gratings were moved (in µm precision) accordingly
for the other investigated pulse durations. Two measurements for two different
laser energies, 300 mJ (red squares) and 90 mJ (blue circles) (onto the target) are
performed to investigate the effect of the pulse duration at different energies.
For a laser energy of 300 mJ on the target, the maximum linear peak charge density
of roughly 5 µC/m is found at 100 fs. Decreasing the laser energy to 90 mJ, the
linear charge density is also decreasing to roughly 2.4 µC/m. In this case, the
maximum linear charge density is not as obvious as in the 300 mJ case. However,
as the guidance indicates, a slight peak is visible again at 100 fs. It is in good
agreement with the predicted scaling [133].
The electron spectrum can be assumed to be a simple exponential function
dN/dE = (N0/Up) exp (E/Up), with Up = kBTe the ponderomotive potential of the
incident laser pulse, kB Boltzman’s constant and Te the hot electron temperature.
N0 is given by N0 = η × EL/kBTe, assuming an exponential spectrum, where η is
the laser to electron conversion efficiency and EL the laser energy on the target.
For lower intensity interactions a much lower Up and higher N0 is obtained. For
an infinite target this would mean a much higher number of escaping electrons.
However, for a target of finite size, a saturation of charging is reached depending
on the self-capacitance of the target Ctar. By calculating the potential barrier for
the maximum charge the saturation of the charging can be verified. The number
of escaping electrons can be mathematically written as:

Nesc = (ηEL/UP )exp(−eφ/UP ), (5.3.1)

where φ can be obtained from the energy balance equation

eNesc/Ctar = φ, (5.3.2)

with eNesc = Q =
∫∞
−∞ λdl where λ is the linear charge density per unit length.

The potential barrier is found to be

φ = Q

8ε0rtar
, (5.3.3)

where ε0 is the permittivity of free space and rtar the radius of the target.
The effect of the laser pulse duration on the linear charge density can be understood
analytically and will be discussed in the following.
Decreasing the intensity at a given energy (for instance by increasing the pulse
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duration), the total number of hot electrons (N0) generated during the interaction
is enhanced with a lower average energy. As a consequence, the net escaping
charge Q and the target potential φ are increasing. However, at low intensities,
the electron energy is less than the target potential and the net escaping charge
reduces, since fewer hot electrons overcome the potential barrier. For a given laser
energy and varying intensities, equation 5.3.1 provides that a maximum number of
escaping electrons is reached for eφ = UP , which in turn yields the condition for a
maximum hot electron escape

UP [MeV ] =
√

0.37ηeL/Ctar[pF]. (5.3.4)

Assuming that approximately 30% of the laser energy is transferred into hot
electrons [147] [148], the maximum temperature for a laser energy of 300 mJ is
found to be roughly ∼ 700 keV, which corresponds to a laser pulse duration of
∼ 150 fs. Regarding these estimated calculations, the experimentally obtained
numbers in figure 5.8 are in broad agreement.

5.3.2 Effect of laser energy at fixed pulse duration

Due to the escape of hot electrons, the target potential is temporally evolving,
which leads to a dynamic process of the electrical charging of the target during
the interaction. In principle, the collisional cooling of the hot electrons inside the
target can lead to a considerable loss of the electrons mean energy over several
picoseconds of the charging period.
Assuming 27 nC for the maximum charge and the foil target radius of rtar = 1.15 mm,
which can be calculated by assuming a circular disk equivalent to a square-shaped
target of 2.3×2.3 mm2 as was used in the experiment, the potential barrier discussed
in equation 5.3.1 is found to be 0.339 MeV. For various laser energies studied in
the experiments, the potential barrier is given in figure 5.9. The experiments
are carried out for three different laser pulse durations: 30 fs, 100 fs and 200 fs.
With increasing laser energy, the potential barrier is also increasing linearly. The
potential barrier is highest for a laser pulse duration of 100 fs and is also increasing
the fastest comparing to the other investigated pulse laser durations. The potential
barrier is significantly smaller than the hot electron temperature estimated above.
It is found to be a few mega-electron-volt by using the ponderomotive scaling.
Therefore, it is plausible to assume that the target size does not affect the electron
escape.
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Figure 5.9: Potential barrier for various laser energies investigated in the experi-
ment. The amount of charge (or the linear charge density, respectively)
was obtained using PTRACE. Three different pulse durations are
presented, where the cyan square stands for 30 fs, the red circle for
100 fs and the blue triangle for 200 fs, respectively. The dashed lines
are a guidance for the eye.

As stated in [143] for long pulse durations (& ps) the collisional electron cooling
can lead to a significant loss in the electron’s mean energy. The duration of the
charging process depends, as discussed above, on the lateral target size and the
cooling time of the hot electrons [133], the net charge escape from a 2 mm wire is
modelled using the ChoCoLaT code [143]. The target charging at different laser
pulse durations was modelled predicting an optimum pulse duration to be between
100 - 200 fs for a typical target size of a few mm. In the picosecond regime it can
be seen that the charge is reducing sharply. The duration of the electromagnetic
pulse is found to be roughly 25 ps (FWHM) for laser pulse durations between 30
and 600 ps. Two independent experiments carried out at the Arcturus (30 fs) and
Taranis (600 fs) laser facilities confirmed that the electromagnetic pulse duration
does not depend on the laser pulse duration [133].
Since the potential calculated above is significantly smaller than the hot electron
temperature estimated by the ponderomotive scaling to be a few mega-electron-volt
it is reasonable to assume that the target size does not affect the electron escape.
Consequently, for a sufficiently high electron temperature such that eφ < UP , an
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increasing laser energy would lead to an enhanced charged accumulation at a fixed
pulse duration. Equation 5.3.1 can be expressed as

Nesc(EL) ∼ k1

√
EL(1− k2φ

√
EL) (5.3.5)

by assuming a typical I1/2 scaling for the hot electron temperature [59]. In this
case, k1 and k2 are constants. This assumption implies that the target potential
scales with

√
EL and consequently the charge also scales with

√
EL, which is in

agreement with the experimentally obtained data.
Keeping the pulse duration fixed, the effect of the laser energy on the linear charge
density can be determined. Figure 5.10 shows the linear charge density as a
function of the laser energy on the target. Consequently, the collisional cooling
makes a significant contribution for long pulse durations (≥ ps), as suggested in
the theoretical models in [143] and [149]. Using the numbers for the stopping range
of electrons with an energy of 3.5 MeV obtained via ESTAR [150], the maximum
range is calculated to be 1.15 mm. A cooling time of ∼ 0.5 ps can be found for
these parameters which is significantly larger than the pulse durations discussed
here. Consequently, it is reasonable to neglect the electron cooling. The linear
density is determined for three different pulse durations, namely 30 fs, 100 fs and
200 fs. The green diamonds stand for 30 fs, the red squares for 100 fs and the
green triangles for 200 fs laser pulse duration. A linear dependency for all three
pulse durations is observed for the time scales and laser energies observed in the
experiments. Keeping the pulse duration fixed and increasing the laser intensity
(laser energy on the target), the linear charge density is increasing linearly. The
increase of the linear charge density (or total charge if integrated over the pulse
length) is mainly due to the enhancement of the hot electron population. However,
considering a larger range of energies, a more generic trend for the dependency can
be obtained. For instance, figure 5.11 shows the dependence of the total charge on
the laser energy. The total charge used here in this graph is obtained by simulations
using the ChoCoLaT II code which will be discussed in more detail in the following
section. Figure 5.11 depicts the dependence of the total charge which follows a
power law scaling, i.e. Q ∼ E0.65

L with almost the square root of the laser energy
(as discussed above) as expected for a dynamically evolving target potential. For
the energy range regarded in the experiments in this thesis a linear dependence
can be assumed, as can be concluded from the graph in figure 5.11.
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Figure 5.10: Dependence of the laser energy on the linear charge density at a
fixed laser pulse duration (cf. [139]). Three different pulse durations
are demonstrated: 30 fs (blue diamonds), 100 fs (red squares) and
200 fs (green triangles). A linear trend is observed for all three pulse
durations. The dashed lines provide a guidance for the eye.

5.3.3 Effect of laser energy at fixed intensity

In order to decouple the effect of the laser pulse duration and the laser energy, the
laser energy and the pulse duration are varied to keep the resulting laser intensity
fixed. In figure 5.12, the correlation of the amplitude of the electromagnetic pulse
and the laser energy at a fixed intensity of 8.5 × 1018 W/cm2 is shown. The graph
in figure 5.12 shows the linear charge density plotted against the laser energy on
the target. In order to keep the intensity of the laser pulse constant, the laser
energy is increased for longer pulse durations. As shown in the graph, the linear
charge density is increasing linearly with the laser energy on the target. However,
at higher energies (300 mJ on target and pulse duration of 200 fs), the linear charge
density is higher. Although the laser intensity is kept constant for all data points,
the linear charge density is increasing with the laser energy. At a fixed incident
laser intensity (i.e. fixed ponderomotive potential), a higher laser pulse energy leads
to an increasing flux of the hot electrons. Higher flux of hot electrons consequently
means a higher positive potential on the laser irradiated target.
The effect of the laser intensity on the linear charge density is shown in figure 5.12.
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5 Parametric study of laser-driven electromagnetic pulses on solid surfaces

Figure 5.11: Scaling of the total charge Q of the electromagnetic pulse with a
laser energy EL. The blue data points are the total charge obtained
by the ChoCoLaT II code which are shown in figure 5.14. The red
line is the fit using a power law. As also shown in the graph, the
total charge Q scales with ∼ E0.65

L .

The linear charge density is plotted against the laser energy on the target at three
different fixed pulse durations (30 fs, 100 fs and 200 fs). By varying the laser pulse
duration and laser energy at the same time, the effect of the laser intensity on the
total amount of charge can be decoupled from the laser energy. As can be seen,
increasing the laser intensity at a fixed pulse duration is leading to an increase in
the linear charge density. Comparing the three different pulse durations, the linear
charge density is increasing faster in the 30 fs case.

5.4 Analytical model

Simulations provided by A. Poyé considering the experimental parameters are
presented in this chapter. The effect of the laser intensity on the total charge
is studied in comparison to the experimentally obtained data. The simulations
are performed by using the semi-analytical target charging model employing the
ChoCoLaT II code [149]. A flowchart in figure 5.13 describes the schematic processes
of the equation solver. The main purpose of the programme is to solve the equations
for the evolution of a hot electron cloud during the interaction of a thin target with
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Figure 5.12: Linear charge density depending on the laser energy on the target
(cf. [139]). In order to keep the laser intensity constant, the laser
energy was varied according with the pulse duration. Here, the laser
intensity on the target is fixed at I = 8.5 × 1018 W/cm2. The dashed
red line provides a guidance for the eye. At a fixed intensity, the
linear charge density is increasing linearly with the laser energy on
the target.

a laser and calculating the amount of ejected electrons. Therefore, three different
physical phenomena are considered: hot electron collisional cooling, hot electron
ejection and hot electron creation by laser (cf. section 5.2.1). The ChoCoLaT II
code has a similar architecture as its previous version [143]. The temporal scheme
of the solver is a simple Euler’s scheme. However, in order to be conform with
the physics evolution, the different contributions are split. First, static values
such as the energy distribution of hot electrons in the target, the temperature
or the lifetime of hot electrons are calculated before iterative calculations of the
distribution function are made and averaged. Eventually, the potential and ejection
currents are calculated. The calculations stop when the hot electron cloud is empty
thus not affecting the charge anymore [149].
Figure 5.14 illustrates the comparison between experimentally obtained data and
simulations. The simulations are carried out for three different pulse durations
(30 fs, 100 fs, 200 fs) which were also investigated in the experimental studies. The
total amount of charge is calculated for assuming a pulse duration of 25 ps as shown
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5 Parametric study of laser-driven electromagnetic pulses on solid surfaces

Figure 5.13: Schematic description of the processes of the equation solver of the
ChoCoLaT code (cf. [143], [151]).

in figure 5.6 and also reported in [133], [136] (for picosecond and femtosceond
lasers). As illustrated in the graph in figure 5.14, the estimated total charge which
is recorded by performing simulations with the semi-analytical target charging
model is in good agreement with the experimentally obtained data. Keeping the
pulse duration constant and increasing the laser intensity on the target in the
simulations, the same behaviour as seen in the experiments is obtained.
With increasing laser energy, the total amount of charge is also increasing. At a
fixed laser pulse duration the linear charge density is increasing with the laser energy
on the target. The total charge scales with I0.54 similar to the phenomenological
model discussed above.
Motivated by the agreement between the experiment and simulations a parametric
study of the total charge for a range of laser energies and pulse durations is
performed by using the ChoCoLaT II code. Figure 5.15 illustrates a parametric
map of the total charge obtained using the ChoCoLaT II code. The total amount
of charge contained in the electromagnetic pulse is increasing with increasing
laser energy. However, for a given laser energy, an optimum pulse duration can
be found. The solid black line in the map highlights the optimum laser pulse
duration for different laser energies at which the charge of the electromagnetic pulse
reaches its maximum. The simulations are done for a 10 µm gold target, as used
in the experiments. The parameter range covered in the experiments is marked
by dashed white lines. For laser energies available in upcoming facilities such as
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Figure 5.14: Dependence of the total charge on the laser intensity for three
different laser pulse durations, viz. 200 fs (green triangle), 100
fs (red square) and 30 fs (blue diamond)(cf. [139]). The purple
circle is provided by the experiments carried out in [133]. Since the
experimental conditions are the same, it can be used here to show
the tendency. The solid lines are obtained from the ChoCoLaT II
code. The experimentally obtained total charge is in good agreement
with the simulations.

ELI-Beamlines, ELI-NP and APOLLON [137] [138], optimum pulse durations of
few ps are suggested by the simulations. As also discussed in [133] [134], higher
laser intensities lead to a larger acceleration gradient for post-acceleration of proton
beams. In order to maximise the total charge it is therefore necessary to vary the
laser energy (intensity) at the optimum pulse duration.
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Figure 5.15: Parametric scan of the total charge for various laser energies and
pulse durations obtained by using the ChoCoLaT II code (cf. [139]).
The white dashed square represents the parameter range for the
current and previous experiments. The solid black line marks the
pulse duration needed to maximise the total charge at a given laser
energy. A white arrow indicates the optimum pulse duration for
ELI-class lasers. The extended range of pulse durations and laser
energies require a varied step size on each axis in order to ensure
a good resolution. On the time axis, for the time intervals (10 fs,
100 fs), (100 fs, 1 ps), and (1 ps, 10 ps), the simulation step sizes
were 5 fs, 50 fs and 500 fs, respectively and similarly on the energy
axis, the step sizes for the energy ranges (10 mJ, 100 mJ), (100 mJ,
1 J), and (1 J, 20 J) were 5 mJ, 50 mJ, and 0.5 J, respectively.

5.5 Conclusion

In this chapter, the examination of the highly transient charging of a thin aluminium
wire irradiated by an ultraintense laser pulse was presented. Employing the proton
probing technique, a time resolved analysis of the transient electromagnetic pulse
was performed.
Furthermore, a detailed parametric study of the electromagnetic pulse was carried
out. Different laser parameters including energy, pulse duration and intensity are
varied in order to study the influence of these parameters on the amplitude of
the electromagnetic pulse. The experiments revealed that the amplitude of the
electromagnetic pulse strongly depends on the incident laser energy and pulse
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duration. The amplitude of the electromagnetic pulse is increasing with the laser
energy. An optimum pulse length for a given laser energy could be found. The
amount of total charge associated with the travelling electromagnetic pulse was
obtained with the particle tracer PTRACE. The experimental investigations demon-
strated that the net charge is dependent on the laser intensity. Compared to a
semi-analytical/empirical model, the experimentally obtained data is in good agree-
ment with the data predicted by the model. Simulations using the ChoCoLaT II
code confirmed the optimum laser pulse duration and maximum amount of total
charge. The optimum laser pulse duration is simulated over a large range of laser
parameters in order to predict and optimise the electromagnetic pulse for future
laser facilities.
The dynamics of the charging of the wire are important for different applications,
e.g. post-acceleration of proton beams [133] [134] [135] [136]. Investigating the
dynamics of the charging process improves the understanding of the parameters
significant for post-acceleration.

Contribution of the author
The results presented in this chapter are already published in [139]. All of the
experimental data presented in the figures and text were recorded and analysed by
the author. The text was adopted and rephrased only partially with adaptations
from the manuscript mentioned above. Some figures (figs. 5.8, 5.10, 5.12, 5.14 and
5.15 (also marked in the text)) are adopted with small changes from the already
published manuscript. All other figures are either referenced elsewhere or are
unpublished material all elaborated by the author. As a guide for the analysis
mainly references [133] [134] [135] [136] are used. The semi-analytical simulations
are provided by A. Poyé.
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6 Proton imaging of laser and
ultra-thin foil dynamics

The acceleration of Multi-MeV protons via the interaction of short and intense
laser pulses with solid targets is one of the most active research areas. In recent
years, particularly the use of laser-accelerated protons as a particle probe has been
increasing steadily. Due to their properties (high laminarity, low divergence, small
source size [103] [102]), proton beams are most suited for detection of electric fields
in laser-plasma interaction. The proton probing technique is providing a powerful
tool to investigate the fast dynamics of laser-produced plasmas. Laser accelerated
proton beams are employed as a charged particle probe for the detection of electric
and magnetic fields generated in laser-plasma interaction. Their unique properties
allow a time-resolved analysis of the fields, charge density and current distributions
in the probed plasma. The high temporal resolution (in ps range) makes the proton
beams favourable for the investigation of fast plasma dynamics.
In this chapter, a study of the interaction of (ultra-)thin foils and intense short laser
pulses is reported. Different conditions are explored, whereby the target thickness
and laser energy are varied.
The experiments are performed for two different polarisations (linear and circular)
of the interaction beam. The study shows that the polarisation has a great impact
on the acceleration scheme. By changing the polarisation different acceleration
schemes can be achieved. While for linear polarisation the target seems to explode,
for circular polarisation the whole target is pushed forward as a compressed layer
(away from laser axis) by the laser pulse. For linearly polarised light, the target
normal sheath acceleration (TNSA) (cf. chapter 2.5.1) is the dominating mechanism,
leading to the acceleration of multi-MeV ions from the nonirradiated surface of
the target [21]. Changing to circularly polarised light, electron heating is strongly
suppressed due to the absence of the oscillating component of the ~v× ~B force. Ions
are accelerated by a dense electron layer piled up in front of the laser pulse.
Moreover, the experimental results presented in this chapter confirm previous
simulation studies investigating the effect of the light polarisation on the interaction
between solid targets and high intensity laser pulses [28].



6 Proton imaging of laser and ultra-thin foil dynamics

6.1 Experimental set-up
For the experimental investigation of the interaction between a short intense laser
pulse and a(n) (ultra-)thin foil target, two independently controllable laser pulses
are employed.

Figure 6.1: Experimental configuration for proton probing.

The experimental set-up is shown in 6.1.
In order to investigate the interaction, the proton probing technique is used (cf 3.5).
The probe proton beam is generated by irradiating a foil target (proton target)
with one of the short pulses (B2, proton beam). The proton target is usually a
10 µm thick gold target attached on a small aluminium post.
The interaction target is attached on a small mesh. Different target thicknesses
varying between 50 and 800 nm are investigated. In order to minimise the shadow
of the mesh on the interaction, the mesh is cut in half thus some parts of the target
are (almost) free-standing. Eventually, the mesh is attached on a small glass needle
to avoid shadowing of a big target holder. In case of a 800 nm foil, the target is
directly attached on the glass needle without using a mesh.
The angle of incidence of both beams on each target is 25◦. Both beams are
focused by an off-axis F/2 parabola to a Gaussian focal spot of approximately
4 µm at FWHM. The intensity of the laser pulse on the interaction target is
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6.2 Effect of laser polarisation on laser-foil dynamics

1.5 × 1020 W/cm2 and 3 × 1020 W/cm2 on the proton target, respectively. A
double stage pulse cleaning system, including an XPW module at the laser front
end (cf. section 3.1.1) and a plasma mirror, is employed in the beam path of the
interaction beam in order to ensure the integrity of the interaction target before
the interaction with the main pulse.
The experiments are carried out using two different polarisations in the interaction
beam. In order to change the polarisation from linear to circular, a zero-order
quarter-waveplate is used. The quarter-waveplate is placed in the beam path of
the interaction beam after the plasma mirror.
As a detector Radiochromic films are used (cf. chapter 3.4), which give high spatial
and temporal resolution. The geometrical magnification can be calculated as
described in section 3.5. In these experiments, the distance between the interaction
point and the detector L is between 38 and 42 mm and the distance between the
interaction point and the proton target ` is 4.5 mm, which eventually leads to a
magnification of M ' 1 + L

`
≈ 9− 10. One stack of radiochromic films is employed

along the proton target normal direction. Any modification in the proton beam
due to the propagation through the interaction point can be detected. A second
detector stack along the interaction target normal direction captures the proton
signal.

Spatial and temporal synchronisation
The spatial and temporal synchronisation of both beams is done in the same
procedure as described in chapter 5. In order to synchronise the beams spatially, a
wire is imaged in tcc (target chamber centre) position in both focus diagnostics.
The temporal timing of the two beams is achieved by creating a plasma in air
with one beam and probing it with the second beam. As already mentioned, this
procedure is accurate within ps time scale. During the experiments, the delay
between the two beams is adjusted accordingly by elongating or shortening the
beam path of one beam (here, the beam path of the proton beam (beam 2) is
adjusted).

6.2 Effect of laser polarisation on laser-foil dynamics

In the following, the experimentally obtained proton probing results for the two
different polarisation cases are going to be presented. The probing images show
the distinct impact of the laser polarisation on the interaction dynamics.
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6.2.1 Experimental results for linear polarisation

An exemplary image of raw data obtained during one single shot is shown in figure
6.2. Each image stands for a different probing time in a single shot. The different

Figure 6.2: Proton probing images of a 100 nm DLC foil irradiated by a linearly
polarised high-intensity laser pulse. The probing protons were accel-
erated from a 10 µm gold foil irradiated by another high-intensity
laser pulse. All images are obtained from the same single shot. Small
white arrows indicate the expansion of the foil.

probing times are due to the time of flight of the protons with different energies.
In this case, the interaction target is a 100 nm thick diamond-like carbon (DLC)
foil and the proton target is a gold foil of 10 µm thickness.
The evolution of the interaction between the laser pulse and the thin foil at different
probing times can be seen. The interaction beam is linearly polarised and has an
energy of approximately 2.8 J. Considering a throughput of the system (up to the
interaction chamber) of 30 % the energy on the target is reaching 0.84 J. The delay
between the two pulses is 1160 ps (interaction beam coming earlier).
Each image (a)-d)) corresponds to an RCF in the RCF stack detector and thus to
a different probing time and proton energy (cf. 3.5). The corresponding proton
energy on each RCF is given in the bottom left corner and the probing time in the
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bottom right corner of each image.
The colouring on the RCFs is proportional to the proton flux. The darker the
colour on the RCF, the higher the proton flux.
The foil has expanded significantly in the central part. The expansion at the
center is about 185 µm and at the edges 34 µm. The effect of the linear polarised
laser pulse can be seen clearly: the target is decompressed significantly. For linear
polarisation, the decompression of the target is due to the electron heating.
Hatchett et al. presented in [60] a model describing the accelerated electrons.
Only a few electrons penetrating the target can actually escape. Thus the rest is
pulled back by the positive potential of the target. These electrons are drifting
traversely and are oscillating though the target. A cloud of hot electrons is built
up, resembling a sheath of the rear surface of the target. Due to this sheath, an
electric field is built up which is strong enough to accelerate ions (cf. 2.5.1). A
strong charge separation over a small scale length results in a strong electric field
given by:

| E |≈ kBThot
eλD

(6.2.1)

where λD = (ε0kBThot/e
2n2

e)1/2 is the Debye length. With kBThot ∼ 3.3 MeV and
ne = 1019cm−3, the Debye length is hence estimated to be λD = 4.3 µm, which
leads to an electrical field strength of E ∼ 1012 V/m. Until the electrons are cooled
down, the electric field is accelerating ions. Ions can be accelerated until the Debye
length becomes equal to the ion scale length λD = λion = cst, with cs the ion sound
speed. Reaching that point, a charge separation is no longer given [152].
Comparing the interaction between a linearly polarised beam and a thin foil target
to the interaction between a circularly polarised interaction beam and a thin foil,
major differences are observed.

6.2.2 Experimental results for circular polarisation

In figure 6.3, exemplary RCF images of a single shot interaction between a circularly
polarised interaction beam and a thin foil target are shown. The experimental
parameters are comparable to the linearly polarised case: the energy of the in-
teraction beam on the target is 0.84 J and the energy of the probing beam on
the proton target 1.8 J. The delay between the two pulses is 1160 ps, thus the
interaction beam is impinging almost 1 ns earlier on the target than the probing
beam. Contrary to the linearly polarised case the interaction between the high
intensity laser pulse and thin foil shows different features. The whole foil is pushed
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6 Proton imaging of laser and ultra-thin foil dynamics

Figure 6.3: Proton probing images of a 100 nm DLC foil irradiated by a circularly
polarised high-intensity laser pulse. As in the linearly polarised case,
the probing protons were accelerated from a 10 µm gold foil. The
images are obtained from one single shot. Corresponding probing
times are given in the bottom right corner. Small white arrows
indicate the expanding foil.

forward in a Gaussian shape.
It is remarkable that the target is deformed in almost a Gaussian-like shape and
has moved as a whole from its initial position (cf. figure 6.3). The width of the
central layer is 54 µm, which indicates a notable expansion of the initially 100 nm
foil target. Although the target has expanded significantly, it still moves as a dense
compressed layer. The ultra high contrast of the laser pulse (∼ 10−12) keeps the
integrity of the target intact during the interaction and ensures the ponderomotive
light pressure of approximately P = (1 + R)I/c ≈ 2I/c ≈ 100 Gbar (for solid
densities R ' 1) is sufficient enough to accelerate the target forward. Due to the
Gaussian intensity profile, the central region of the target has expanded more than
at the edges. While the central part of the foil shown in figure 6.3 b) has expanded
44 µm, the edges have expanded only 34 µm. The intensity of the laser pulse
is highest at the central region of the Gaussian profile, thus driving a stronger

128



6.2 Effect of laser polarisation on laser-foil dynamics

ponderomotive force. As also shown numerically and experimentally for example
in [28] [61], irradiating a thin solid foil target with a linearly polarised laser pulse
results in a strong expansion of the target induced by the hot electrons. Changing
the polarisation to circular, the foil is accelerated as a quasineutral plasma bunch.
The target is pushed forward as a dense compressed layer.
Considering the ponderomotive force acting on the electrons (cf. section 2.4.2)

fP = −m4
∂v2

os

∂x
(1− cos2ωt). (6.2.2)

the oscillating term is vanishing for circularly polarised laser light, which is given
by the second term of the above mentioned equation. The heating of the electrons
is suppressed leading to a mechanical equilibrium and thus the electrostatic and
ponderomotive force balancing each other. Only the non-oscillating term (left-
hand-side of the ponderomotive force term) is transferring a steady pressure to the
ions via space-charge.
The radiation pressure pushes the electrons in longitudinal direction, which eventu-
ally leads to the removal of the electrons from the foil. If the radiation pressure
equals the electrostatic pressure, a density distribution is created where all electrons
pile up at the rear surface of the target. Since for R ' 1 the ponderomotive force
and also the electrostatic field vanishes, no electrons are ejected from the rear
surface of the target [153].
The equilibrium between the electrostatic pulse and the ponderomotive force ceases
as soon as the laser pulse is off. The equilibrium is only reached if the charge
depletion length d is close to the target thickness ` [153]. The depletion depth d
can be estimated using the equilibrium condition

Pes = (2π/en0d)2 ' 2I/c

assuming a reflectivity of R ' 1. The depletion depth is found to be d ' `(a0/ξ) ≤ `.
Once the equilibrium vanishes, the hydrodynamic expansion commences. A sheath
field at the rear side of the target is built up by the hot electrons traversing the
target. Eventually, the TNSA phase is reached.
Since the probing time is very late, the very early acceleration of ions/protons
within a few ps after the interaction cannot be detected. Nevertheless, the acceler-
ation process can be retraced from the foil dynamics, since the foil dynamics and
acceleration process are closely related. Hence, the physical process during the
laser-foil interaction can be determined by the state of the foil at late probing times.
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On the radiochromic films a deflection of the charged proton of the edges of the
target can be seen. A charge field is build up at the edges due to the high density
gradient. Thus the state of the foil and the physical condition become visible.
Taking the laser and target parameters used here into account, it is identified that
the acceleration is mainly driven by the hole boring regime of the radiation pressure
acceleration.
Assuming a Gaussian intensity profile and a laser pulse duration of 30 fs, the
hole boring velocity can be estimated to be 108 cm/s (using formula 2.5.2). The
estimated foil velocity is one order of magnitude lower than the initial hole boring
velocity which is estimated to be 107 cm/s. This indicates that the target is moving
ballistically into the vacuum. The target is moving very slowly. Comparing the
images from the second and third layer (cf. figure 6.3), features in both images look
almost the same. Between these two RCF layers is a time interval of approximately
28 ps. Within this time interval, the expansion is only 17 µm.
Since the radiochromic films used here as detector have a time integration feature,
it is not possible to distinguish between hole-boring and TNSA driven protons.
The above mentioned hole boring velocity would correspond to a proton energy of
approximately 1 MeV. However, since the radiochromic films are always wrapped
in 14 µm Aluminium foil to protect the radiochromic films from direct exposure to
laser light, 1 MeV Protons are stopped by the Aluminium foil and do not reach the
radiochromic film. The first layer of the detector stack corresponds to a proton
energy of 3.14 MeV (cf. chapter 3.4).

6.3 Simulations

In order to confirm the experimental investigations, particle tracer and PIC-
simulations are going to be presented.
Particle tracer simulations performed by L. Romagnani via the 3D particle tracer
code qTrace [154] are demonstrated in figure 6.4. The spatial and temporal evolution
of the electric and magnetic fields can be inferred. Running the IDL based qTrace
simulations, three main steps are involved: a probe proton beam is generated at
the source (1) before propagating through the interaction region (2) and eventually
impinging on a detector (3).
By obtaining a match between the experimentally measured and the via particle
tracer computed proton density, the spatial character of the induced quasistatic
fields can be inferred. For the images shown in figure 6.4, a Gaussian density
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Figure 6.4: Particle tracing simulations results obtained via the particle tracer
code qTrace. Different expansion factors are shown in order to find the
best match between the experiments and simulations. The simulations
are performed by L. Romagnani.

profile is used and the total mass is conserved in order to obtain an improved
resemblance with the experimental data. Different expansion factors are considered
(200, 300 and 400) in order to determine the best match with the experimentally
recorded proton probing images. Furthermore, 2D PI simulations provided by R.
Prasad support the experimental investigations. The simulations are performed
using the open source PIC code EPOCH for high energy density physics [156]. For
the images shown in figure 6.5 a target density of 470 nc, a target thickness of
100 nm DLC, a plasma scale length of 30 nm and an angle of incidence of 25◦ are
chosen. The simulation run time is 150 fs in this case. Images a) and c) in figure 6.5
show a comparison of the carbon density distribution between the circularly (left)
and linearly (right) polarised laser light case. The simulation results confirm the
experimental investigations demonstrated above. In the circularly polarised case,
the whole target is pushed forward as a compressed layer. For a linearly polarised
laser pulse, the target is decompressed significantly. The simulations confirm and
support the experimentally obtained proton probing images of the heating process
with two different laser polarisations.
Similar results are obtained for the electron density distribution for both polarisation
cases. The same feature as in the ion density distribution can be observed. The
target is pushed forward as a dense compressed layer and a Gaussian shape can be
recognised in the circularly polarised case.
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Figure 6.5: 2D PIC simulation results for two different laser pulse polarisations
and intensities. On the left-hand-side the simulation results for circu-
larly polarised (a), b)) and on the right-hand-side for linearly polarised
laser light (c), d)) are given, respectively. In this case, the target is
pushed forward as a dense compressed layer. The simulation results
are provided by R. Prasad.

6.4 Conclusion

In this chapter, the experimental results showing the effect of linearly and circularly
polarised laser light on the target heating is presented. Proton probing images
showing the distinct impact of the change of the laser light polarisation are used
as a diagnostic tool providing high temporal and spatial resolution. While in the
linearly polarised case the target is significantly decompressed by the laser pulse,
in the circularly polarised case the whole target is pushed forward as a compressed
layer.
The experimental results confirm previous simulation studies exploring the central
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influence of the laser light polarisation. The experiments proved the crucial effect
of the light polarisation on the target heating. In case of linear polarisation, the
oscillarity term of the ponderomotive force is leading to a significant electron
heating suppressing the effect of the radiation pressure. For circularly polarised
light, the electron heating is reduced favouring the RPA process. The electron
population maintains its structure and is being pushed forward by the laser pulse.
For the first time, the effect of the laser light polarisation could be shown and
visualised experimentally. The proton probing technique is delivering a time-
resolved analysis with a high spatial and temporal resolution, which allows capturing
the interaction dynamics on radiographic images.
The study presented here will serve as a support to understand the RPA process
better and will lead the path for its applications in producing energetic and high-
quality proton beams.
Nevertheless, the 2D PIC simulations are only providing an indication of the electron
and ion density distributions. In order to have a more detailed description of the
heating process in both polarisation cases 3D simulations need to be provided.
However, the 2D simulation results are already a convenient support for the
experimentally observed effect of the polarisation in the heating process of a laser
irradiated thin foil target.
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7 Summary and Outlook

In this chapter, the experimental investigations and results are summarised and
conducted with prospect of future research possibilities.
The experiments presented in this thesis are based on the interaction of ultra-short,
high-intensity laser pulses with ultra-thin solid foil targets. Various experimental
investigations addressed different physical phenomena. The versatile Arcturus laser
facility empowers numerous possibilities of experimental campaigns.
In the first part of the experiments in this thesis, the investigations concentrate
on the absorption processes and ion acceleration mechanisms in a dual beam
experimental arrangement.
The plasma dynamics are investigated using various diagnostics. The delay between
the two high-intensity laser pulses is varied in order to investigate a plasma with
varying intensity. As the plasma is expanding with larger delays, the plasma
is getting underdense. Considering larger delays (i.e. an expanded and already
underdense plasma), a lower absorption fraction would be expected. However,
the experimental investigations revealed that depending on the laser energy, the
transmitted laser energy is reaching a minimum point at a specific delay. Analytical
calculations showed that collisional absorption mechanisms become relevant at late
delays and show a similar trend like the measured transmission data. A maximum
in the absorption fraction is reached at a specific delay (or rather plasma extend).
This maximum in the calculated absorption fraction is correlated with the minimum
in the measured transmitted energy.
The absorption measurements are confirmed by monitoring the laser energy in
laser direction. The beam shape and size could be monitored and showed a
correlation between the delay and the transmitted energy. At the recorded minimum
transmitted energy, less transmitted light was observed on the calorimeter and on
the PTFE around the calorimeter’s active area.
Moreover, a 2ω-imaging system transverse to the interaction direction could monitor
the channelling of the laser pulse through the expanding plasma. Using the solution
for the propagation of an electromagnetic wave inside a waveguide the laser pulse
energy can be estimated. The experimentally measured values for the channel
length of the laser pulse propagating through the pre-heated plasma are in good
agreement with the waveguide theorem.
Furthermore, another notable feature is observed in the accelerated proton energies.
While the transmission is reaching a minimum (and the absorption is reaching a
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maximum), the protons are accelerated to energies almost a factor of two higher
than in a single beam interaction. Previous studies from other working groups
demonstrated that in this density regime favourable conditions for a shock-like
acceleration mechanism are reached. However, previous studies did not show
the same behaviour in the absorption fraction/transmitted energy. In future
investigations, simulations also considering the collisional absorption mechanism
should be carried out in order to confirm the experimental investigations.

The second part of this thesis deals with the investigation of the positive charging
of a laser irradiated wire target by means of the proton probing technique. Protons
accelerated from a thin target by a high-intense laser pulse were employed to image
the interaction via a proton projection of the probed region. The spectral and
spatial properties of laser accelerated ions were exploited, yielding the resolving of
the transient field distribution and the evolution with high spatial and temporal
resolution. A detailed parametric study of the electromagnetic pulse was performed,
varying different laser parameters, including energy, pulse duration and intensity.
The studies revealed a strong dependence of these parameters on the amplitude of
the electromagnetic pulse. An optimum pulse length for a given laser energy could
be found. Furthermore, experiments could demonstrate the dependence of the net
charge on the laser intensity.
A semi-analytical/empirical model supported and confirmed the experimentally
obtained data. Using the ChoCoLaT II code, the optimum pulse duration and
total net charge could be verified. Furthermore, simulations over a wide range
of laser parameters allow to predict and optimise the electromagnetic pulse for
future laser facilities, since these will be able to reach higher laser energies and
intensities. While in the experimental regime investigated in this thesis pulse
durations of the electromagnetic pulse of approximately 150 fs are predicted, for
upcoming laser facilities with anticipated laser energies on target around 10s of
J, the pulse durations of the electromagnetic pulse are estimated to be around
a few ps. A benchmark for different laser parameters could be established. The
understanding of the dynamics of the (wire) target charging is important for various
applications. An improved understanding of the dynamics can be a guidance for
example for the post-acceleration of proton beams. Since laser-driven ion beams
still have limitations in peak ion energy, beam divergence and bandwidth of the
energy spectrum, new techniques like the helical coil structure for post-acceleration
need to be studied. Here, the laser-driven electromagnetic pulse is guided along a
helical coil wire target surrounding the laser-accelerated ion beam devoting to the
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deficiencies. The investigations in this thesis will support improving and adjusting
the experimental study of the post-acceleration mechanism. For future experiments,
the optimised laser parameters will already be provided, which will be conducive
and beneficial to the synchronisation of the electromagnetic pulse and time of
flight of the laser-accelerated ion/proton beam. Also, an optimum net charge and
amplitude of the electromagnetic pulse will be given.

The third and last part of this thesis is presenting the proton imaging of the dynam-
ics of the interaction between a high-intensity, high-contrast laser and ultra-thin
foil targets. For probing the interaction the proton probing technique is exploited
since the properties of the laser driven proton beams (i.e. high laminarity, low
divergence, small source size) are most suited for detecting electric fields. These
unique properties allows a time-resolved analysis and deliver a high temporal
resolution.
The experimental studies presented here consolidate former theoretical investiga-
tions on the effect of the light polarisation on the dynamics of the interaction
between (ultra-)thin solid targets and high-intensity laser pulses. Here, two different
polarisations, i.e. linear and circular polarisation, are considered. The proton
probing images revealed that the polarisation of the laser pulse has a great impact
on the acceleration scheme. In the linearly polarised case, target normal sheath
acceleration is the dominant process in accelerating the protons to multi-MeV-range.
Changing to circularly polarised light, the electron heating is reduced, which leads
to the radiation pressure acceleration.
For the first time, the difference between both acceleration mechanisms is demon-
strated by imaging the interaction experimentally via proton probing. The distinct
difference in the interaction between both polarisations can be seen. The proton
probing images precisely show that for circularly polarised light the target is being
pushed forward in the direction of the laser pulse propagation as a compressed layer,
whereas for linearly polarised light the interaction results in a strong expansion
of the foil target. For circular polarisation, the electron population maintains its
structure and is being pushed forward by the laser pulse. The Gaussian shape-size
of the tightly focused laser pulse can also be recognised in the shape of the accelera-
tion of the foil imaged by protons. Considering the linearly polarised case, electrons
are heated heavily, leading to a significantly higher expansion of the target.
The experimental investigations are supported by 2D PIC simulations showing
the effect of the laser polarisation on the efficiency of the electron heating process.
However, for future investigations 3D simulations have to be considered . The 2D
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7 Summary and Outlook

simulation results are only an indication for the heating processes, which are taking
place due to the irradiation of a thin foil target by a high-intensity laser pulse.
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