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Abstract

The reflection of a laser pulse from a mirror moving close to the speed of light could in prin-
ciple create an X-ray pulse with unprecedented high brightness owing to the increase in photon
energy and accompanying temporal compression by a factor of 4γ2, where γ is the Lorentz fac-
tor of the mirror. While this scheme is theoretically intriguingly simple and was first discussed
by A. Einstein more than a century ago, the generation of a relativistic structure which acts as
a mirror is demanding in many different aspects. Recently, the interaction of a high intensity
laser pulse with a nanometer thin foil has raised great interest as it promises the creation of a
dense, attosecond short, relativistic electron bunch capable of forming a mirror structure that
scatters counter-propagating light coherently and shifts its frequency to higher photon energies.
However, so far, this novel concept has been discussed only in theoretical studies using highly
idealized interaction parameters.
This thesis investigates the generation of a relativistic electron mirror from a nanometer foil
with current state-of-the-art high intensity laser pulses and demonstrates for the first time the
reflection from those structures in an experiment. To achieve this result, the electron accelera-
tion from high intensity laser nanometer foil interactions was studied in a series of experiments
using three inherently different high power laser systems and free-standing foils as thin as 3 nm.
A drastic increase in the electron energies was observed when reducing the target thickness
from the micrometer to the nanometer scale. Quasi-monoenergetic electron beams were mea-
sured for the first time from ultrathin (≤ 5 nm) foils, reaching energies up to ∼ 35 MeV. The
acceleration process was studied in simulations well-adapted to the experiments, indicating the
transition from plasma to free electron dynamics as the target thickness is reduced to the few
nanometer range. The experience gained from those studies allowed proceeding to the central
goal, the demonstration of the relativistically flying mirror, which was achieved at the Astra
Gemini dual beam laser facility. In this experiment, a frequency shift in the backscatter signal
from the visible (800 nm) to the extreme ultraviolet (∼60 nm) was observed when irradiating
the interaction region with a counter-propagating probe pulse simultaneously. Complementary
to the experimental observations, a detailed numerical study on the dual beam interaction is
presented, explaining the mirror formation and reflection process in great depth, indicating a
> 104 fold increase in the backscatter efficiency as compared to the expected incoherent signal.
The simulations show that the created electron mirrors propagate freely at relativistic velocities
while reflecting off the counter-propagating laser, thereby truly acting like the relativistic mirror
first discussed in Einstein’s thought experiment. The reported work gives an intriguing insight
into the electron dynamics in high intensity laser nanofoil interactions and constitutes a ma-
jor step towards the coherent backscattering from a relativistic electron mirror of solid density,
which could potentially generate bright bursts of X-rays on a micro-scale.





Zusammenfassung
Wird ein Lichtpuls von einem Spiegel reflektiert der sich mit nahezu Lichtgeschwindigkeit

bewegt, kommt es auf Grund des relativistischen Dopplereffektes zu einer Erhöhung der Photo-
nenenergie und einer damit verbundenen zeitlichen Kompression um einen Faktor 4γ2, wobei γ
der Lorentzfaktor des Spiegels ist. Dieses faszinierend einfache Konzept zur Generierung inten-
siver, kurzwelliger Strahlung wurde erstmals von A. Einstein vor mehr als einem Jahrhundert
diskutiert. Jedoch ist die Erzeugung einer relativistischen Struktur, die sich zudem auch noch
spiegelartig verhält, in vielerei Hinsicht äußerst anspruchsvoll. Kürzlich wurde gezeigt, dass die
Interaktion eines hochintensiven Laserpulses mit einer Nanometer dünnen Folie einen extrem
dichten, Attosekunden kurzen, relativistischen Elektronenpuls generieren könnte, der wiederum
in der Lage wäre, gegenläufiges Licht kohärent rückzustreuen und gleichzeitig zu höheren Pho-
tonenenergien zu verschieben. Dieses neuartige Konzept wurde bisher jedoch nur theoretisch
und mit stark idealisierten Laserpulsen untersucht.
In dieser Arbeit wird die Erzeugung eines relativistischen Elektronenspiegels durch die Inter-
aktion eines hochintensiven Laserpulses mit einer Nanometer dünnen Folie untersucht. Die
Reflektion von einer solchen relativistischen Struktur konnte zum ersten Mal experimentell
demonstriert werden. Dafür wurde zunächst die Elektronenbeschleunigung von einer Nano-
meter dünnen Folie in einer Reihe von Experimenten untersucht, wobei Lasersysteme mit un-
terschiedlichen Parametern und bis zu 3 nm dünne, freistehende Folien benutzt wurden. Ein
deutlicher Anstieg der Elektronenenergien konnte durch die Reduktion der Foliendicke von der
Mikrometer- zu der Nanometer-Skala beobachtet werden. Quasi-monoenergetische Elektronen-
strahlen mit Energien bis zu 35 MeV wurden zum ersten Mal von ultradünnen (≤ 5 nm) Folien
gemessen. Der Beschleunigungsmechanismus wurde anhand von Simulationen untersucht, die
zeigen, dass sich durch die Reduktion der Foliendicke die Elektronendynamik während der
Interaktion hin zu der eines freien Elektrons ändert. Die durch diese Studie gewonnenen Er-
kenntnisse ermöglichten das eigentliche Ziel, die Reflektion von einem relativistischen Spiegel,
experimentell an dem zweistrahligen Astra Gemini Laser zu demonstrieren. Ein gegenläufiger
Laserpuls mit 800 nm Wellenlänge wurde hierbei ins XUV (60 nm) verschoben. Die experi-
mentellen Beobachtungen wurden in der vorliegenden Arbeit in einer detailierten numerischen
Studie untersucht, die den Spiegelerzeugungs- und Reflektionsprozess umfassend erklärt und
die die Zunahme der Rückstreueffizienz um einen Faktor >104 verglichen mit dem erwarteten,
inkoherenten Signal aufzeigt. Die Simulationen zeigen deutlich, dass die generierten Elektro-
nenpulse sich während der Rückstreuung mit relativistischer Geschwindigkeit frei im Raum
bewegen und sich somit ähnlich wie der erstmals in Einstein’s Gedankenexperiment diskutier-
te, relativistische Spiegel verhalten. Die vorliegende Arbeit gibt einen faszinierenden Einblick
in die Elektronendynamik während der Interaktion eines hochintensiven Laserpulses mit einer
Nanometer dünnen Folie und wird grundlegend dazu beitragen, einen mikroskopischen, relati-
vistischen Elektronenspiegel zu generieren, der in der Lage ist, hochintensive Röntgenpulse zu
erzeugen.
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Chapter 1

Introduction

Soon after the first demonstration of the laser [1], the quest for a coherent light source
at even shorter wavelengths emerged. Nowadays, intense, brilliant X-ray beams are ob-
tained from large-scale synchrotrons and have become an indispensible tool in many areas
of science and technology. These intense X-ray light sources allow resolving matter on
the atomic level, give novel opportunities to condensed matter physics, enable the analysis
of large biomolecules and thus help developing new materials or future drugs. Recently,
free electron lasers have started operating in the X-ray regime providing X-ray pulses of
unprecedented high brightness exceeding those from conventional synchrotron sources
by orders of magnitude and now offering time resolution on the femtosecond scale [2, 3].
These next generation light sources are now being built at several laboratories around the
globe and will open a new era in many fields of science. However, due to their large cost
and size, the number of those facilities will be naturally limited to only a few.
The generation of intense (or even laser-like) XUV or X-ray radiation on a much smaller
scale has challenged researchers over decades. A promising route is the scattering of a
visible laser pulse from a relativistic electron beam. This scheme relies on the relativistic
Doppler effect, which causes a frequency shift in the backscattered photon signal by a
factor of 4γ2, where γ = (1 − β2)−1/2 is the Lorentz factor of the electron beam. Thus, the
radiation produced can in principle be tuned freely by varying the energy of the electron
beam. Compared to synchrotron or undulator radiation, electrons of rather low kinetic
energies are required, which allows reducing the size of the facility considerably.
The concept of using a high energetic electron beam from an accelerator to frequency up-
shift photons from the visible to the XUV or X-ray range was proposed more than half a
century ago [4–6] and has been envisioned as a promising route towards producing intense
short wavelength radiation every since. Over the last two decades, this scheme has ad-
vanced considerably triggered by major developments in laser and accelerator technology.



2 1. Introduction

For instance, high quality, 30 keV X-ray beams were demonstrated via the scattering of a
terawatt laser pulse from a conventional electron beam [7]. More recently, all optical con-
figurations using electron beams generated from laser plasma accelerators have become
subject to experimental [8] and theoretical investigations [9]. Moreover, newly developed
compact electron storage rings were combined with high power optical enhancement cav-
ities and are now commercially available as a compact, tunable bright X-ray source [10].
Unprecedented bright γ-ray beams (∼ 1 MeV) based on Compton backscattering with
Doppler upshift > 106 are now being developed (MEGa-ray [11, 12]) and will serve in
future as the γ-ray source for the ELI Nuclear Photonics project. These recent achieve-
ments are very promising with regard to the development of an intense, tunable X-ray
source that fits to the university-laboratory scale. However, owing to the long bunch du-
ration from conventional (or even laser plasma) accelerators, the radiation obtained from
these sources is incoherent.
On the contrary, attosecond short, coherent radiation with orders of magnitude higher
brightness could be achieved from the coherent backscattering from an extremely short,
dense electron bunch, if the thickness of the bunch is small compared to the wavelength of
the backscattered radiation. The radiation properties obtained from the coherent backscat-
tering, i.e. the mirror-like reflection, from such electron bunches are intriguing and were
first formulated by Einstein, who discussed the reflection from a relativistic mirror as a
working example in his paper on special relativity [13]. Upon reflection, the frequency
and the amplitude of the incident electromagnetic wave are enhanced by 4γ2, whereas the
pulse is compressed in time by 1/4γ2, overall resulting in a drastic increase in the peak
brightness of the back-reflected electromagnetic pulse. The light pulses that could be gen-
erated from the reflection off a relativistic mirror are impressive. For example, if a mirror
with γ = 10 could be produced a laser pulse with a duration of 10 fs and a wavelength of
800 nm would be upshifted to a wavelength of 2 nm and compressed to a pulse duration
of 25 as.
While theoretically extremely rewarding, the generation of a relativistic structure that
could act as a mirror is very demanding. The advent of high intensity lasers allows the
generation of coherent, relativistic structures on a micro-scale that can act as a mirror.
Various different schemes have been developed to create a relativistic mirror structure
from the interaction of a high intensity laser with a gaseous or solid density plasma. Most
prominent example is the high harmonic generation from a relativistically oscillating mir-
ror due to its ability to generate bright attosecond pulses. However, in this case, the mirror
acts in an oscillatory mode and hence the generated radiation intrinsically is very broad-
band [14–16]. Achieving a controlled narrowband upshift requires the generation of a
mirror structure propagating with constant velocity. A technique that was successfully
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demonstrated in experiment is to the reflect off a density spike formed in a laser-driven
plasma wakefield, generated in an underdense plasma [17]. In these studies, the reflection
from a plasma density wave with γ∼ 5 was deduced from the observed backscattered sig-
nal [18, 19]. However, this approach is limited by the fact that the gamma factor of the
density spike in the plasma is determined by the group velocity of the laser in the medium.
Thus, reaching high gamma factors requires decreasing the density of the plasma, which
however reduces the reflectivity of the mirror structure.
On the contrary, the interaction of a high intensity laser pulse with a nanoscale foil has
raised great interest as in this scheme, a freely propagating relativistic structure with re-
markably high density could be generated. In the limit of extremely fast rising pulses, it
was shown in simulation that all electrons within the nanometer foil could be blown out,
at once, in a single, coherent electron bunch, which fully separates from the ions and co-
propagates with the accelerating laser field over long distances in vacuum [20]. Numeri-
cal studies [21, 22] suggest that attosecond short, relativistic electron layers with density
close to solid could be achieved, which truly act as a relativistic mirror and frequency shift
counter-propagating light coherently (figure 1.1). However, these theoretical studies are
highly idealized using step-like rising laser pulses and intensities beyond those available
today. In contrast, the formation of dense electron bunches in more realistic interaction
scenarios using existing laser technology is largely unexplored and will be investigated in
the framework of this thesis.
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Fig. 1.1 | Laser-driven, relativistic electron mirror (REM) from a nanoscale foil a) An ide-
alized high intensity laser pulse, which rises to the peak intensity (5 × 1021 W/cm2) over one
single optical cycle, drives out all electrons from the nanofoil in a single, dense, relativistic elec-
tron bunch, which a counter-propagating probe pulse (5 × 1015 W/cm2) reflects from. b) Electric
field component of the probe pulse (zoom in). The backscattered pulse is frequency upshifted,
enhanced in its amplitude and temporally compressed (Pulse propagation directions: Drive: left to
right, Probe: right to left).



4 1. Introduction

1.1 Thesis Outline

The aim of this thesis is to investigate the relativistic electron dynamics in high intensity
laser-nanofoil interactions. Particular interest is given to the prospect of generating an
extremely dense electron bunch that could act as a relativistic mirror and frequency upshift
counter-propagating light coherently. This thesis is structures as follows:

chapter 2 introduces the theoretical framework needed to discuss the experimental re-
sults. First, the single electron motion in a strong laser field is derived analytically
and the electron dynamics in laser-solid-plasma interactions is discussed. Second,
the concept of electron mirror creation from nm scale foils is reviewed, the fre-
quency upshift is derived and the reflection process from laser generated electron
mirrors is explained in the framework of coherent scattering theory.

chapter 3 describes the experimental methods. A short introduction to high power laser
systems is given and the key characteristics of laser pulse contrast are discussed.
The nanometer thin foils used for the experimental studies are described as well as
the diagnostics developed to study the interactions.

chapter 4 summarizes the electron measurements obtained from different laser systems
and target thicknesses. Different interaction regimes are found and explained with
the aid of PIC simulations. Experimental data demonstrating the generation of
quasi-monoenergetic electron beams from laser-nanofoil interactions is presented
and theoretically discussed.

chapter 5 reports on the dual beam experiment investigating the coherent backscattering
from laser-driven electron mirrors. This chapter describes the experimental setup
and presents the observed backscatter signal from different interaction configura-
tions. The experimental findings are compared to PIC simulations and an in-depth
analysis of the reflection process is given.

chapter 6 summarizes the results and discusses future perspectives.

Appendix A Plasma mirrors for laser pulse contrast enhancement are discussed and dif-
ferent experimental configurations are described. The ATLAS Plasma Mirror de-
sign is presented in great detail.

Appendix B Supplementary information on the employed spectrometer setups is given
and a newly designed wide angle electron ion spectrometer is described.



Chapter 2

Theoretical Background

A high intensity laser pulse (>1018 W/cm2) incident on a nanometer thin foil rapidly ion-
izes the atoms of the irradiated material and thus interacts with a solid density plasma.
The ionization process sets in at comparably low intensities (∼1013 W/cm2) at the foot
of the pulse, and in strong fields, is well described through tunnel or barrier suppres-
sion ionization, covered by many textbooks [23]. This chapter introduces the theoretical
framework needed to understand the electron dynamics in laser plasma interactions, re-
views the concept of electron mirror generation from nanoscale foils and discusses the
reflection properties of relativistic electron mirror structures.

2.1 Fundamentals of Light

Electromagnetic radiation is described by Maxwell’s equations [24]. The electric and
magnetic fields E, B can be directly found from them. Introducing the potentials A, φ
such that

E = −∇φ − ∂
∂t

A

B = ∇ × A
(2.1)

and using the Lorenz Gauge ∇A + c−2∂φ/∂t = 0, Maxwell’s equations reduce to the
symmetric wave equations

∆φ − 1
c2

∂2

∂t2φ = −ρ/ε0

∆A − 1
c2

∂2

∂t2 A = −µ0 j
(2.2)
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where c denotes the speed of light, ε0 the electric permittivity and µ0 magnetic permeabil-
ity. In vacuum, the electric charge and current density vanish ( j = ρ = 0) and hence, a
laser pulse is simply described by

A(r, t) = AA(r, t) sin(kL · r − ωLt + φ) (2.3)

with the dispersion relation ωL = ckL and phase φ. Thus, the electric and magnetic fields
are given by

E(r, t) = EA(r, t) cos(kL · r − ωLt + φ)

B(r, t) = BA(r, t) cos(kL · r − ωLt + φ)
(2.4)

with envelope functions EA = cBA = ωL AA and EA ⊥ BA, EA ⊥ kL, BA ⊥ kL. For a
plane wave, EA(r, t) = E0, whereas for a gaussian pulse shape, the field distribution in the
focal point is EA(r, t) = E0 e−t2/τ2L e−(x2+y2)/w2

0 . Assuming a gaussian profile (in space and
time), the peak intensity of the pulse can be determined from the laser pulse energy E, the
FWHM pulse duration tFWHM and the FWHM focal spot size dFWHM using1

I0 =
0.82 · E

tFWHM d2
FWHM

(2.5)

Theoretically, the intensity of the pulse can be derived from the cycle-averaged Poynting
vector, thus I0 = 〈S 〉T = ε0c2 〈|E × B|〉T = cε0E2

0/2. Now, if we use the normalized vector
potential a = eA/mec to express the electric field of the laser E0 = mecωL/e · a0 we find
for the intensity

I0 =
1.37 · 1018 W/cm2

λ2[µm]
a2

0 (2.6)

Using that expression in combination with equation 2.5, we can deduce the a0 parameter
frequently used in theory and simulation. It is worth noting that the fields achieved with
the laser pulse are simply

EL = 3.2 · a0

λL[µm]
× 1012 V/m

BL = 1.07 · a0

λL[µm]
× 104 T

(2.7)

Thus, the laser pulses used in this thesis reach electric fields in the range of tens of TV/m
and magnetic fields on the order of 104-105 T.

1tFWHM =
√

2 ln 2τL, dFWHM =
√

2 ln 2w0
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2.2 Single Electron Motion in a Relativistic Laser Field

The interaction of an intense laser pulse with a solid density plasma is a very complex,
many body system, which in general cannot be described analytically. Nonetheless, to get
a better insight into the interaction dynamics, it is instructive to study the single electron
motion in an electromagnetic wave, as these dynamics very often can still be recovered
even in the large scale systems.
The equation of motion of an electron in an electromagnetic field is given by the Newton-
Lorentz equation

d
dt

p = −e (E + u × B) (2.8)

This set of coupled partial differential equations can by solved analytically following [21,
25]. However, a deeper understanding of the system can be gained using the Lagrangian
formalism and considering fundamental symmetries [26].

2.2.1 Symmetries and Invariants

In the following, we will work in relativistic units. The normalized variables are derived
from their counterparts in SI-units:

E → E′ =
E

mec2 Φ→ φ′ = eΦ
mec2 z→ z′ = kLz

p→ p′ =
p

mec
A→ a′ =

e A
mec

t → t′ = ωLt

Note that the energy of the particle is just E = γ with γ = (1 − β2)−1/2 =
√

1 + p′x2 + p′z2.
For the sake of simplicity we shall neglect the ′ in the following discussion. The rela-
tivistic Lagrangian function of an electron moving in an electromagnetic field with vector
potential A and electrostatic potential φ reads [24, 27]

L = −
√

1 − β2 − βa + φ (2.9)

from which we can derive the canonical momentum pcan = ∂L∂β = γβ − a = p − a. If we
now consider potentials that are dependent on the z coordinate only, i.e. a = a(z, t) ex

and φ = φ(z), the planar symmetry of the system ∂L/∂x = 0 implies that the canonical
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momentum in the transverse direction is conserved, that is

d
dt

pcan
x =

d
dt
∂L
∂βx
=
∂L
∂x
= 0⇒ px − a = const (2.10)

We can derive a second invariant if we neglect the electrostatic potential φ = 0 and con-
sider a wave form a = a(t−z). As a result, the system is anti-symmetric in the coordinates
z, t, which implies ∂L/∂t = −∂L/∂z. Making use of the relation dH/dt = −∂L/∂t for the
Hamiltonian function, we can write

dH
dt
= − ∂
∂t

L =
∂L
∂z
=

d
dt
∂L
∂βz
=

d
dt

pcan
z (2.11)

and we find the second integral of motion (H = γ)

d
dt

(
γ − pcan

z

)
= 0⇒ γ − pcan

z = const. (2.12)

We can now immediately solve the equations of motion making use of the integrals de-
rived in the previous section. Conservation of the transverse canonical momentum (equa-
tion 2.10) yields pcan

x (t) = pcan
x (t0) = α0, hence

px(t) = α0 + a(t) (2.13)

As for a plane wave az = 0, thus pcan
z = pz, we define the constant of motion κ0 =

(γ − pz) |t=t0 and obtain from the second invariant (equation 2.12)

γ(t) = κ0 + pz(t) (2.14)

which in combination with γ =
√

1 + p2
x + p2

z gives

pz(t) =
1

2κ0

(
1 − κ20 + p2

x(t)
)

(2.15)

Now, if we consider a plane wave with electric field eL = −a0 cos (τ + φ0) and vector
potential a = a0 sin (τ + φ0), where τ = t − z, we immediately find for the momenta

px(τ) = γβ⊥ = a0 sin (τ + φ0) + α0

pz(τ) = γβz =
1

2κ0

(
1 − κ20 +

[
a0 sin (τ + φ0) + α0

]2)

γ(τ) = κ0 +
1

2κ0

(
1 − κ20 +

[
a0 sin (τ + φ0) + α0

]2)
(2.16)
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where the constants of motion α0, κ0 can be determined from the initial conditions pz,0, px,0, φ0

α0 = px,0 − a0 sin φ0 κ0 = γ0 − pz,0 γ0 =
√

1 + p2
⊥,0 + p2

z,0 (2.17)

To obtain the electron trajectory, we make use of a change in variables which considerably
simplifies the integration of equations 2.16. Using τ = t − z as independent variable
implies dτ = (1 − βz) dt = κ0/γ dt 2, thus substitution gives dz/dτ = γ/κ0 dz/dt = pz/κ0

and dx/dτ = γ/κ0 dx/dt = px/κ0, which can be integrated

t = z + τ

x(τ) =
1
κ0

[
α0τ − a0 (cos (τ + φ0) − cos φ0)

]

z(τ) =
1
κ20

[(
1 + α2

0 − κ20 +
a2

0

2

)
τ

2
− a0

(
α0 cos (τ + φ0) +

a0

8
sin (2 (τ + φ0))

)

+ a0

(
α0 cos φ0 +

a0

8
sin 2φ0

)]

(2.18)

It is worth noting that for an electron initially at rest (pz,0 = px,0 = 0), equations 2.13-2.15
simplifiy considerably, as in this case

px(t) = a(t) − a(t0)

pz(t) =
1
2

p2
x(t)

γ(t) = 1 + pz(t)

(2.19)

Hence, the kinetic energy is just Ekin = (γ − 1) = p2
x/2, which reveals that the energy gain

of the particle stems from the transverse electric field, whereas the v × B term turns the
particle quiver motion into the forward direction without adding energy to it.
Figure 2.1 depicts the electron dynamics of an electron initially at rest. The particle
motion is strongly dependent on the initial phase, which crucially governs the maximal
energy achieved in the field γmax = 1 + a2

0
2 (1 + sin φ0)2. Moreover, depending on the

initial phase, the electron oscillates in transverse dimension with amplitude xmax = a0 or
gradually drifts in either one direction (figure 2.1d).

2(1 − βz) = (γ − pz)/γ = κ0/γ, using equation (2.14)
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Fig. 2.1 | Single electron motion in a plane wave. Depending on the injection phase φ0, the
electron is accelerated (deccelerated) within one quarter (φ0 = 0) to one half cycle (φ0 = π/2) of
the driving field (a0 = 5). Note the different scales of the abscissa and ordinate axis. Figures a-c)
depict the electron slippage over 2 laser cycles.

2.2.2 Single Electron Motion in a Finite Pulse

The solution derived so far is strictly speaking only valid for infinite plane waves. Im-
posing a more realistic temporally finite, gaussian shaped pulse the equations of mo-
tion cannot be solved analytically anymore and numerical methods (here: Fourth Order
Runge-Kuttta) need to be used. Figure 2.2 shows the numerical integration of an elec-
tron propagating in a gaussian shaped, finite pulse. The kinetic energy of the electron is
directly coupled to the light field and returns back to zero as soon as the (slightly slower
propagating) electron is overtaken by the laser pulse. This is a direct consequence of
the conservation of the transverse canonical momentum (equation 2.10). Since initially
px(t = −∞) = a(t = −∞) = 0 the final transverse momentum is px(t = ∞) = a(t = ∞) = 0
and likewise pz = p2

x/2 = 0, which means that a charged particle cannot gain energy from
a plane wave in vacuum. It needs the break up of symmetry for effective energy gain.
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Fig. 2.2 | Single electron in a finite pulse. Gaussian pulse shape (a0 = 5, τFWHM = 10 fs).

2.2.3 The Lawson Woodward Principle and its Limitations

The fundamental question under what conditions a free electron can extract energy from
an electromagnetic laser field has been a controversial debate over many years. General
starting point is the so called Lawson-Woodward Theorem [28, 29], which states that
the net energy gain of an isolated relativistic electron interacting with an electromagnetic
field is zero. However, the proof of this theorem is bound to a number of assumptions
[23, 30, 31]

• the laser field is in vacuum with no walls or boundaries present,

• the electron is ultra-relativistic along the acceleration path,

• no static electric or magnetic fields are present,

• the interaction region is infinite,

• nonlinear effects can be neglected.

Here, it should be noted that the Lorentz force u × B is linear in the ultra-relativistic case
(v → c) and does not violate the Lawson-Woodward Principle. Despite the vast number
of underlying assumptions, this theorem has proven its relevance over the years and was
recently confirmed in a test experiment [32].
Nonetheless, numerous acceleration schemes have been developed in theory violating
one or many of the underlying conditions in order to accelerate electrons in vacuum ef-
fectively. In the following, we will highlight only a few aspects of those schemes relevant
for this work.
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2.2.4 Acceleration in an Asymmetric Pulse

Breaking up symmetry in time and assuming that we could find a mechanism that could
inject electrons right into the middle of a pulse at time t0, the situation completely changes
and a non-zero energy gain can be extracted from the electromagnetic field [25, 33]. Using
equations 2.19, we find for the final energy of the electron

γ f inal = 1 +
1
2

(a(∞) − a(t0))2 = 1 +
1
2

a(t0)2 (2.20)

Thus, the energy gain strongly depends on the phase of the field at the injection time t0.
Approximating the vector potential of a gaussian pulse with a ≈ a0 exp(−t2/τ2

L) sin φ(t, x)
(adiabatic approximation) and taking into account that the electric field is eL = −∂a/∂t, we
find maximum energy gain for φ(t, x) = π/2 corresponding to eL ∝ cos(π/2) = 0. Hence,
electrons injected into the field at the zero points close to the peak of the pulse experience
substantial energy gain from the electromagnetic field as can be seen in figure 2.3.
A scheme that could potentially seed electrons right into the peak of the pulse is to exploit
the ionization dynamics of highly charged ions [34, 35]. As it was shown in simulation,
inner shell electrons of high Z atoms remain during the rise time of the laser pulse and
are released from the ionic core (and thus injected right into the maximal intensity region)
when the pulse reaches its peak intensity. Recently, it was pointed out that the laser
nanofoil interaction might exhibit similar dynamics, which could provide effective means
of accelerating electrons from semi-transparent solid plasmas and which will be discussed
in great detail in chapter 4.
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Fig. 2.3 | Single electron in an asymmetric pulse. The electron is injected into the laser field at
the peak of the pulse with px,0 = pz,0 = 0 and φ0 = π/2. Same pulse as in figure 2.2.
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2.2.5 Ponderomotive Scattering

To reach high intensities, laser pulses are focused tightly to within a few µm only and thus
the field distribution interacting with the electron in experiment is strongly dependent on
its radial position. While for a plane wave, the cycle-averaged Lorentz force acting on the
particle turns out to be zero3, inhomogeneous fields exhibit a nonzero component, which
causes the particle to drift from high intensity to low intensity regions. The origin of the
ponderomotive force can be easily understood if we consider a particle initially located at
the center of the focal spot. Owing to the transverse electric field, the electron is displaced
from its central position to regions of lowered intensities. Thus, as the oscillating field
changes sign the force driving the electron back to the center is smaller and therefore, the
electron does not return to its initial position. As a result, the oscillation center gradually
drifts from regions of high intensity to those of lower intensity while the mean kinetic
energy of the particle successively increases with every cycle.
This phenomenon is well known at sub-relativistic intensities and can be derived from
first order perturbation analysis of the Lorentz force around the oscillation center [23].4

In the relativistic regime, the longitudinal motion has to be taken into account. Assuming
that the particle motion can be separated into p = p̄+ p̃ where p̄ and p̃ denote the slowly
varying and the rapidly varying part with respect to the laser frequency, the generalized,
relativistic ponderomotive force reads [36, 37]

Fp = −
mec2

4γ̄
∇a2

A γ̄ =
√

1 + p̄2
z + p̄2

⊥ + a2
A/2 (2.21)

The main feature still applies: The electron drifts away from the high intensity region ow-
ing to the gradient of the intensity distribution and eventually scatters out of the focused
beam - thus, overall gaining energy from the electromagnetic field of the laser (figure 2.4).
While this process was observed in experiment at rather low intensities, accelerating elec-
trons up to few hundred keVs and scattering angles in excellent agreement with those
expected from single electron dynamics [38, 39], the ponderomotive scattering in the
high intensity regime [40, 41], which is expect to occur when the electron quiver ampli-
tude (x = a0) reaches the length scale of the beam waist at the focus has been discussed
quite controversial [37, 42]. In particular, it was shown that a rather simple treatment of
the electromagnetic field distribution in the focal plane using the paraxial Gaussian beam
approximation [40] fails considerably in predicting the final energy gain and angular dis-

3F ∝ p/γ · B ∝ sin τ cos τ ∝ sin 2τ, thus 〈F〉τ = 0
4At sub-relativistic intensities, the ponderomotive potential of the laser field is Φp =

e2E2
A

4meω2
L
= mec2

4 a2
A and

the ponderomotive force is just simply Fp = −∇Φp = −mec2

4 ∇a2
A
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Fig. 2.4 | Ponderomotive scattering. Single electron in a finite, Gaussian shaped pulse with
beam waist w0 = 2 µm and pulse duration τFWHM = 10 fs. a) Electron trajectory (white line)
and instantaneous position (red dot) at t/τL = −1.1 superimposed with a snapshot of the cycle-
averaged intensity distribution at that moment in time. b) Temporal evolution of the electron
energy and momentum.

tribution [37, 43]. Including higher order corrections, especially longitudinal fields, the
final energy gain is found to be significantly reduced, the scattering angle turns out to be
highly dependent on the initial position and is no longer limited to the polarization plane
only. Taking into account that the actual focal distribution of high intensity laser pulses is
rather sinc2 than Gaussian a direct application of numerous test particle studies is rather
difficult.
Figure 2.4 illustrates the ponderomotive scattering of an electron in a Gaussian mode
(lowest order approximation) clearly showing the effective energy gain of an electron
from a finite field distribution in space. Longitudinal field components appear in the next
order [37] which may play an important role. A correct field distribution up to all orders
is given in [37, 43], nonetheless, this may still be different from the actual experimental
conditions.
In conclusion, we find that the dynamics of a single electron injected into a relativistic,
tightly focused laser pulse is very complex with strong dependence on the exact field dis-
tribution in the focal region and the initial position of the electron.

2.2.6 Vacuum Acceleration Schemes

While in the case of ponderomotive scattering, electrons are quickly expelled from the
focused laser beam, certain regions surrounding the laser axis have been identified where
high energetic electrons can be trapped and accelerated for a long time [44–46]. Detailed
analysis of the diffracting laser beam reveals that in these sectors the effective phase ve-
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locity of the laser field is slightly smaller than the speed of light. Hence, relativistic elec-
trons injected into these regions are quasi-phase-matched with the accelerating field and
thus experience a drastic energy gain. Although it was argued that the so-called electron
capture and acceleration scenario (CAS) even works for electrons initially at rest when
accounting for the longitudinal field components of the focal spot [43], the mechanism
requires rather high intensities a0 ∼ 10 - 100, is critically dependent on the exact field dis-
tribution and thus still remains experimentally unexplored.
While in the high intensity regime, electrons initially at rest interacting with a tightly
focused beam tend to be scattered transversally long before the peak of the pulse has
reached, it was argued that a ring-like intensity profile would focus the accelerating par-
ticles towards the beam axis, owing to the off-axis potential well originating from the
intensity distribution [47, 48].
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2.3 Laser Propagation in a Plasma

We now turn our discussion from single particle interactions to a dense plasma. Here,
we shall briefly introduce the fundamental properties of a cold plasma, meaning that we
essentially neglect forces arising from the thermal pressure of the plasma. Derivations are
given in many textbooks [23, 26, 49].
In a neutral plasma, electrons displaced from their equilibrium position feel a restoring
force caused by the positive ion background and thus oscillate with the plasma frequency

ωp =

√
nee2

ε0meγ̄
(2.22)

where γ̄ is the cycle-averaged Lorentz factor in the plasma, often set to γ̄ =
√

1 + a2
0/2.

It is worth noting that due to their much higher mass, ions stay quasi immobile on the
time scale of the plasma frequency and thus can be viewed as a uniform background in
this context. From the dispersion relation of an electromagnetic wave propagating in a
plasma,

ω2
L = ω

2
p + c2k2

L (2.23)

we can derive the refractive index nR = c/vph

nR =

√

1 −
ω2

p

ω2
L

(2.24)

Thus, in the case of a rather low density plasma (ωp < ωL), light propagates with phase
velocity vph = c/nR and group velocity vg = cnR. However, ifωp > ωL, the refractive index
becomes imaginary. In this case, the response of the plasma electrons is much faster than
the frequency of the electromagnetic wave and therefore the incident wave is effectively
shielded at every moment in time in the plasma. Depending on the electron density, the
plasma can either be overdense (opaque) or underdense (transparent) to the incident light
field. The interaction dynamics are fundamentally different in these two scenarios and
we define the critical density at which ωp = ωL, to distinguish those two regimes. Using
equation 2.22, we find for the critical density

nc =
ε0me

e2 γ̄ ω
2
L = γ̄ ·

1.1 · 1021

λ[µm]2 cm−3 (2.25)

Hence, an electromagnetic wave incident on an overdense plasma reflects from the plasma
surface where it interacts as an evanescent wave within the skin layer of the plasma. For
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a step-like boundary, we can define the characteristic length scale over which the electric
field drops to 1/e, i.e. the plasma skin depth as

ls =
c

√
ω2

p − ω2
L

≈ c
ωp

(2.26)

2.3.1 Laser Interaction with an Overdense Plasma

A laser pulse normally incident on an overdense plasma is reflected and thus interacts as
a standing wave with the critical surface of the plasma. At relativistic intensities, the v×B
component of the resultant electromagnetic field drives the plasma surface in longitudinal
direction with

Fz = F0 (1 − cos 2ωLt) (2.27)

which oscillates at twice the frequency of the incident laser field.5 Note, that the driving
force does not change sign and thus on time average pushes the critical surface into the
plasma, whereas the oscillating high frequency component eventually leads to strong elec-
tron heating. At oblique incidence, the situation is quite similar. Here, the leading term
driving the critical surface is the electric field component pointing normal to the plasma
boundary, which however oscillates at a frequency of ωL, only, and acts in both directions.
In both cases, the interplay between the driving force and the restoring charge separation
field leads to the oscillation of the plasma surface at the frequency of the driving force.
This collective motion of the electrons at the plasma boundary can be modeled analyti-
cally [52] and is the key component for the generation of high harmonics from solids in
the relativistic regime.
Along with the oscillatory surface motion, at every half (full) cycle, a group of electrons
acquires high energies at the laser plasma boundary and is injected as a dense bunch into
the overdense region. As the laser field does not penetrate into the plasma interior, these
electrons immediately escape from the driving laser field with energies on the order of
several MeVs well above the bulk electron plasma temperature.
The periodic formation of these high energetic electron bunches at a sharp laser plasma
boundary is evident in simulations and has been confirmed experimentally probing the
optical transition radiation emitted from the generated hot electron current crossing the

5this rather general expression is readily derived from the ponderomotive force when including the fast
oscillating component [50], or alternatively from a perturbative model [51]. A more detailed theoretical
treatment is given in [52] using a one particle plasma model, which has proven good agreement with PIC
simulations.
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rear surface of the target. Here, the optical emission spectra were found to be spiked at
ωL and 2ωL, which hints that these bunches preserve their temporal periodicity to some
extend as they propagate through the plasma [53, 54]. In the vacuum region behind the
target, the expelled electron bunches quickly disperse in the electrostatic sheath field built
up during the interaction and eventually form a hot electron cloud surrounding the target
rear side, which in turn causes the acceleration of ions.
Although initially highly confined in space, the generated electron bunches are spectrally
very broadband. Moreover, the energy distribution of subsequent bunches fluctuates from
cycle to cycle and the overall, time-integrated electron spectra observed in experiment
and simulation resemble exponentially decaying distribution functions, with characteris-
tic slope commonly referred to as the hot electron temperature. As it was pointed out by
Bezzerides et al. [55], the spectral shape is a direct consequence of the stochastic nature
of the bunch formation process, as theoretically, the integration over many bunches with
random variations in the energy spectrum eventually leads to a Maxwellian distribution.
While exponential, hot electron distributions have been measured over decades in laser
plasma experiments [23, 56–60], the physical mechanism of the electron bunch formation
at the vacuum plasma interface is still not understood. Recently, a deeper insight into
the process was given by Mulser et al. [61] who showed that this phenomenon may be
explained by an anharmonic resonance in the attractive charge separation potential at the
plasma vacuum boundary. Here, electrons with large oscillation amplitude may be driven
into resonance thereby break up with the collective plasma motion and rapidly gain en-
ergy from the laser. Yet, owing to the stochastic nature of this process, no theory exists to
date, which could for a given set of parameters make a prediction on the electron number
within a bunch or anticipate its energy distribution.
Instead, numerous scalings have been developed predicting the slope of the time-integrated
hot electron distribution [62–65]. In the case of a normal incident laser pulse, Wilks et al.
[62] showed that the hot electron temperature can be related to the ponderomotive energy
of the laser pulse

kBT Wilks
hot = mec2

(√
1 + a2

0/2 − 1
)

(2.28)

This scaling is intriguingly simple and experimental configurations showing fairly good
agreement with the ponderomotive scaling were reported [66]. However, a more recent
theoretical study [65] showed that the ponderomotive scaling is actually only valid at sub-
relativisitic intensities, whereas the scaling increasingly overestimates the hot electron
temperatures at intensities clearly beyond the relativistic threshold (a0 0 1). Using that
the average kinetic energy of an electron ensemble can be obtained by averaging the single
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electron energy with respect to the phase, they find

kBT Kluge
hot = mec2

(
πa0

2 log 16 + 2 log a0
− 1
)

(2.29)

Yet, this scaling does not account for plasma properties and is only valid for step-like
density profiles. On the contrary, numerical studies indicate that the plasma density and
gradient do play an important role [67, 68]. In particular, it was found that shallow plasma
gradients can result in increased electron temperatures.
Closely related to the hot electron generation is the vigorously discussed question of laser
energy absorption in overdense plasmas. The generation of hot electrons is a prominent
example of coupling laser energy into a plasma, and every often is thought to be the dom-
inant absorption channel. Many different mechanisms eventually lead to the generation of
high energetic electrons [23, 49]. At relativistic intensities and steep plasmas gradients,
the most dominant absorption processes are j × B heating [50] and Brunel or vacuum
heating [69]. Both processes are physically very similar. In the case of oblique incidence,
electrons are driven in the electric field of the laser giving rise to the generation of MeV
electron bunches at a frequency of ωL whereas in the case of normal incidence the mag-
netic term of the Lorentz force dominates and repetitively generates hot electrons at a
frequency of 2ωL (see discussion above). In experiment, both mechanisms most likely
contribute to the measured electron distributions, as even under normal incidence the crit-
ical surface deforms during the interaction and eventually results in oblique incidence
angle at the side wings of the interaction volume. Owing to the vast variety of competing
absorption mechanisms, it is difficult to isolate and study a particular process in experi-
ment. Instead, many processes very often contribute to the recorded electron data making
the correct interpretation very complex. As of to date, no comprehensive theory exists
and thus the physical understanding of laser absorption still remains somewhat unclear.
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2.3.2 Relativistic Electron Mirrors from Nanometer Foils

The interaction of an intense laser pulse with solid density plasma has been envisioned
as a way to generate relativistic attosecond electron bunches with densities close to solid
[70]. In particular, numerous theoretical work has been devoted very recently to the laser-
nanofoil interaction at intensities high enough to achieve complete separation of all elec-
trons from the ions using foil thicknesses of only a few nm [20].
Figure 2.5 illustrates the interaction dynamics in this regime, showing a step-like laser
pulse with a0 = 48 incident on an ultrathin (effectively 4 nm) foil. The laser pulse acts
like a snowplow, drives out all electrons coherently as a single dense electron layer co-
moving with the laser field, whereas the ions rest at their initial position owing to their
high inertia. The created electron bunch gains energy as it surfs on the electromagnetic
wave of the laser and essentially acts as a superparticle following single electron dynam-
ics. Moreover, as the laser field prevails over the electrostatic fields of the plasma, the
electron bunch keeps its initial thickness and density over several laser cycles while being
accelerated.
To achieve full charge separation, the electric field of the laser has to exceed the electro-
static field arising from the complete separation of all electrons from the ions. Assuming
a top-hat laser pulse and a step-like plasma profile with thickness d, we can estimate when
the radiation pressure exceeds the electrostatic field pressure such that no force balance
can be reached

I
c
0 1

2
ε0E2

es (2.30)

The electrostatic field simply is Ees = ened/ε0 in the case of complete charge separation.
Using equation 2.22 and expressing the laser field in normalized units a0 = eE0/mcωL,
we can rewrite the electron blowout condition as

a0 0
ne

nc
kLd (2.31)

It is worth noting that this condition implies d/ls 1 a0/
√

N with N = ne/nc 0 1. Hence,
in order to drive out all electrons effectively, the plasma thickness should not be much
larger than the skin depth of the laser. Thus, in this scenario, the laser interacts with an
overcritical, yet, transparent plasma layer.
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This regime was first described by Kulagin et al. [20] and has been investigated in nu-
merous theoretical studies since then [21, 22, 71, 72].6 However, most of this theoretical
work relies on highly idealized laser pulses with infinitely steep rise time. Using more
realistic pulses with Gaussian rise spanning over many laser cycles [73, 74], the laser
nanofoil interaction becomes very complex and yet is very little understood. Advancing
this knowledge is the ambition of this thesis.

Fig. 2.5 | Laser-driven, relativistic electron mirror from a nanometer foil. Input parameter:
a0 = 48.3 (pulse shape: supergaussian), NkLd = 15.7 (N = 100nc) Here, t = 0 is defined as the
timestep when the laser pulse reaches the plasma layer.

6Using a flattop laser pulse profile, the generation of a relativistic electron mirror was studied in great
detail in [71] and an empirical lower threshold value ath = 0.9+1.3NkLd was derived from PIC simulations.
However, this threshold amplitude is strongly dependent on the temporal laser pulse shape that is employed
and might be very different for a more realistic few cycle laser pulses with Gaussian rise.
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2.4 Relativistic Doppler Effect

x''!

M
IR
R
O
R
!

!β

z''!

!k
′′

x!

z!
M
IR
R
O
R
!

x'!

z'!

!β

!k
′

!k
′x!

M
IR
R
O
R
!

!β

z!

!k

Fig. 2.6 | Relativistic Doppler effect. Illustration of the Lorentz transformations applied to the
system to discuss the reflection of a laser pulse from a counter-propagating mirror, moving with
relativistic velocity β.

The change in frequency and amplitude of an electromagnetic wave caused by the relative
motion of the source and observer was first discussed by Einstein in his work on special
relativity [13]. In his paper, Einstein calculates the reflection of an electromagnetic wave
from a relativistically fast moving mirror as a working example of Lorentz transforma-
tions. The underlying idea is to transform the problem to the rest frame of the mirror,
where the reflection of a light wave is well described by basic laws of optics. In the fol-
lowing, we shall briefly repeat Einstein’s discussion here, as the result will be an integral
part of this thesis.
Let the mirror propagate in +z direction with velocity β = v/c and the electromagnetic
wave in −z direction with wavevector ki = −ωL/c, as shown in figure 2.6. As a first step,
we transform the incident electromagnetic wave to the rest frame of the mirror making
use of the Lorentz boost [24].

ω′L/c = γωL/c − γβki = (1 + β)γωL/c

k′i =−γβωL/c − γki = (1 + β)γki

Thus, the incident laser field is blue shifted in the rest frame of the mirror. For the sake
of simplicity, we assume a perfect mirror, which reflects back the incident field with
k′r = −k′i . Now, the lab frame moves with −β with respect to the rest frame of the mirror.
Transforming the reflected light field back to the lab frame, we find

ω′′L/c = γω
′
L/c − γ(−β)k′r = (1 + β)γω′L/c

k′′r =−γ(−β)ω′L/c − γk′r = (1 + β)γk′r
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Using both equations, we find the prominent result for the reflection of an electromagnetic
wave from a moving mirror:

ω′′L = (1 + β)2γ2ωL ≈ 4γ2ωL

k′′r = (1 + β)2γ2ki ≈ 4γ2ki

(2.32)

Apart from the relativistic frequency upshift derived here, the amplitude and the duration
of the incident wave are changed accordingly as

E′′ = (1 + β)2γ2E (2.33)

and
τ′′ =

τ

(1 + β)2γ2 (2.34)

Equation 2.33 is obtained from the Lorentz transformation of the electromagnetic field
tensor [24]. The pulse compression (equation 2.34) stems from the fact that the phase is
an invariant under Lorentz transformations [24].
Thus, for an ideal relativistic mirror, the peak power of the reflected radiation can sub-
stantially exceed that of the incident radiation due to the increase in photon energy and
accompanying temporal compression.
While theoretically extremely rewarding, the generation of a relativistic structure, with
properties sufficient to act as a mirror, is extremely challenging. While electron bunches
with very high γ factors can be generated with conventional accelerators, they do not
form a reflecting structure analogous to a mirror due to their low density and long bunch
duration and therefore the backscattered radiation is incoherent. On the contrary, the
interaction of a high intensity laser pulse with a few nanometer thin free-standing foil
promises the creation of a solid density, attosecond short electron bunch, which may give
access to the coherent regime. In the next sections, we shall develop a deeper, microscopic
understanding of the mirror properties of such a unique structure.

2.5 Coherent Thomson Scattering

Light, incident on a charged particle, such as an electron, causes the particle to be ac-
celerated, which in turn emits radiation at the same frequency as the incident electro-
magnetic wave7. This process is referred to as Thomson scattering with cross section
σT = 6.65 × 10−25 cm2 [24].

7this is true as long as !ω 1 mec2, i.e. as long as the photon recoil !ω/c 1 mec is negligible. Otherwise,
the process is described in the framework of Compton scattering.
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While the reflection from a mirror is usually discussed quantitatively in the framework
of electrodynamics, we shall briefly analyze the reflection process from the perspective
of scattering theory, as this directly highlights the main challenges to create a mirror-like
structure. In scattering theory, the reflection process is a macroscopic manifestation of
scattering occurring on a microscopic level. In that sense, the process is very complex as
it requires the coherent behavior of a great number of individual scatterers.
In general, a mirror structure constitutes of a large ensemble of individual scatterers re-
emitting light at the interface of two media with a constant phase relation, imposed via
the incident light field.
Reflection, i.e. coherent scattering takes place, when many scatterers reside in a volume
λ′3, that is n′eλ′

3 0 1 [75], where λ′ is the wavelength of the incident light and n′e the
electron density, both values evaluated in the rest frame of the mirror.
In this scenario, the distance between adjacent scatterers is significantly shorter than the
wavelength of the emitted radiation, thus the relative phases of the interfering wavelets of
individual scatterers have to be taken into account to evaluate the resulting field. We shall
analyze this in depth in the next section, making use of the formalisms commonly used in
scattering theory.

2.5.1 Analytical Model

We start from the Thomson scattering of a single electron. The cross section is defined
in such a way that the scattered power is PT = σT Ii, where Ii is the incident energy flux,
i.e. intensity. For an electron bunch, consisting of N scattering electrons, we can deduce
the radiated power by summing over the scattering amplitudes of each individual electron
while taking into account the relative phase. In general, the spatial phase factor of two
scatterers separated by a distance r is φ = q · r, where q is the momentum transfer or
scattering vector [76]. Considering an electron bunch with cross section A, the power
incident on the bunch is Pi = AIi. Thus, we can write for the backscattered power

PT =
σT

A

∣∣∣∣∣∣∣

N∑

j=1

eiq·rj

∣∣∣∣∣∣∣

2

Pi (2.35)

The evaluation of this sum is well established in the theory of coherent synchrotron or
terahertz radiation [77, 78]. We adapt this method and write

PT =
σT

A
[N[1 − f (q)] + N2 f (q)]Pi (2.36)

where the form factor

f (q) =
∣∣∣∣∣

∫
eiq·rS (r)d3r

∣∣∣∣∣
2

(2.37)
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is the square amplitude of the Fourier transform of the normalized particle distribution
function S (r), thus owing to the normalizaion f (q) ≤ 1.
The first term of equation 2.36 scales with N and describes the incoherent Thomson scat-
tering, whereas the second term, scaling with N2 represents the coherent contribution. As
N is a large number, typically denoting 106 − 108 electrons, the coherent signal enhance-
ment N f (k) can be huge, making the Thomson scattering in the coherent regime highly
efficient.
In the following, we are interested in the coherent signal and define a coherent, or mirror-
like reflectivity of the bunch as

Rm =
σT

A
N2 f (q) (2.38)

Suppose, the electron bunch density can be modeled as a gaussian with ne(z) = n0e−z2/d2 .
Then, the number of electrons contributing to the coherent signal is N = A

∫
ne(z)dz =

√
πAn0d and we can construct

S (z) =
1
N

A ne(z) =
1√
πd

e−z2/d2
(2.39)

In the backscattering geometry q = 2kLez and we find for the form factor of an electron
bunch with gaussian bunch shape

f (q = 2kL) =
∣∣∣∣∣

∫
ei2kLzS (z)dz

∣∣∣∣∣
2

= e−2k2d2
(2.40)

Thus, we write for the reflectivity of the electron mirror at rest

Rm =
σT

A
N2e−2k2d2

(2.41)

Now, considering a mirror moving with relativistic velocity, we transform to the rest frame
of the mirror and make use of the previous discussion. In the rest frame of the mirror, the
incident light is blue-shifted k′L = (1 + β)γkL and the electron bunch thickness becomes
d′ = γd. Thus, the mirror reflectivity in the lab frame reads as

Rm = σTπAn2
0d2e−2ξ2

with ξ = (1 + β)γ2kLd
(2.42)

This formula describes the coherent backscattering from a N electron system. Note, that
the coherent enhancement was discussed only in the longitudinal dimension. Thus, the
cross-section A in this equation is limited to small values such that the overall quasi-one
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dimensional geometry of the system is preserved. In more detail, radiation with path
length difference of ∆ > λr/2 should not contribute to the coherent enhancement in zeroth
order. Thus, an electron located at a distance a from the center, contributes to the signal
on axis at a distance R only if ∆ ∼ a2/R 1 λr. In the following, we set a ∼ λr, thus
A = πλ2

r .
As an important result of the discussion, we can now define an upper limit on the electron
bunch thickness d. Obviously, in order to achieve high reflectivity of the mirror structure
ξ ! 1, thus

kLdopt ! 1/2γ2. (2.43)
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Fig. 2.7 | Dependence of the optimal electron bunch thickness on the upshifted radiation.
Here, the electron bunch thickness is defined by the FWHM value of a gaussian bunch distribution
and should not be much larger than dopt = 1/2kLγ2 as the reflectivity rapidly decreases for larger
values.

It is important to note that not only the length scale, but also the exact shape of the electron
distribution is crucial for the bunch reflectivity. Figure 2.8 illustrates that fact by showing
the form factor for different bunch shapes and thicknesses. As expected, the form fac-
tor drops off more rapidly for shorter wavelengths when increasing the bunch thickness
while keeping the bunch shape as a gaussian. However, changing the bunch profile to a
steeper, supergaussian profile while keeping the bunch thickness the same, does signif-
icantly reduce the fast decay of the form factor for shorter wavelengths. In essence, a
mirror structure requires both high density and a sharp mirror to vacuum interface. This
implies very steep density gradients, as the length scale of the discontinuity defining the
mirror surface needs to be abrupt, well below the wavelength of the emitted light as the
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Fig. 2.8 | Dependence of the electron bunch form factor on the electron bunch shape. The
input distribution functions are normalized such that

∫
ne(z)dz = 1.

backscattered amplitudes would rather cancel out each other in a gradual changing inter-
face [79].

2.5.2 Reflection Coefficients

We can define different reflection coefficients in the case of a moving mirror:

1. the ratio of incident and reflected power

RI =
Ir

Ii
= (1 + β)4γ4Rm (2.44)

2. the ratio of incident and reflected energy, corresponding to the mirror reflectivity of
an ordinary mirror

RE =
Er

Ei
=

Irτr

Iiτi
= (1 + β)2γ2Rm (2.45)

where the underlying assumption is that the mirror lifetime is long compared to the
duration of the incident pulse.

3. The ratio of the incident and reflected photon number

RPhot =
Nr

Ni
=

Er/!ωr

Ei/!ωi
= RE

ωi

ωr
= Rm (2.46)
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2.6 Frequency Upshift from Laser-Driven
Relativistic Electron Mirrors

Inherent to the electron motion in a laser field, forward momentum is bound to a transverse
momentum, thus each individual electron of the bunch propagates at an angle with respect
to the laser axis of the driving laser pulse.
A counter-propagating pulse, incident on such an electron bunch causes each particle to
emit dipole radiation8. However, as the radiating electron moves at relativistic velocity
the emission cone of the radiated field is bent towards the propagation direction of the
electron. In consequence, the main contribution of the incoherent signal points off-axis,
along the velocity vector β, as shown in figure 2.9.
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Fig. 2.9 | Dipole emission from a single electron. Angular dependence of the emitted dipole
radiation of an electron propagating with relativistic velocities β in different directions θ.

In contrast, the signal of the coherent scattering is governed by the collective emission
of all electrons, which is determined by the interference of the individual backscattered
wavelets. Just as in an ordinary reflection, the angle of emission crucially depends in that
case on the exact reflection geometry, that is the surface orientation of the scattering struc-
ture in connection with the angle of incidence of the impinging laser field and is discussed
for arbitrary configurations in [72, 75]. In the counter-propagating geometry, the coher-
ent backscatter signal adds up constructively in mirror surface normal direction, that is in
the specular direction, as one would expect intuitively. In contrast, the incoherent signal,
points off-axis in bunch velocity direction (figure 2.9), and is suppressed by destructive

8The electric field emitted from a moving charge is (consider field contributions scaling with R−1 only):

E =
e

4πε0c

(
n× [(n− β) × β̇]

R(1 − n · β)3

)
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interference. Thus, in the case of coherent backscattering, the frequency upshift is

ω′′L = (1 + βz)2γ2
zωL (2.47)

where γz is the effect γ factor of the mirror motion in mirror normal direction9

γz =
1

√
1 − β2

z

=
γ

√
1 + (p⊥/mc)2

. (2.48)

As p⊥ tends to be large due to the transverse field character of the driving laser pulse, γz

can be significantly smaller than the full γ factor.
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Fig. 2.10 | Relativistic Doppler upshift from laser-driven electron mirrors. The incoherent
signal points close to the direction of β and is fully suppressed by destructive interference in
the case of a mirror-like reflection. In contrast, the coherent signal is emitted in the direction
of specular reflection. Thus, the corresponding velocity component βz governs the relativistic
Doppler upshift ∼ 4γ2

z .

9γ2 = 1 + (pz/mec)2 + (p⊥/mec)2 = 1 + (γβz)2 + (p⊥/mec)2 ⇒ 1 + (p⊥/mec)2 = γ2(1 − β2
z ) = γ2γ−2

z
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Chapter 3

Experimental Methods:
Lasers, Targets and Detectors

3.1 High Power Laser Systems

Stretcher CompressorAmpli!er

Fig. 3.1 | Chirped pulse amplification (CPA) scheme The pulse is stretched by introducing a
temporal chirp to reduce the intensity and prevent damages to the optics during the amplification
process.

High power laser systems are based on the concept of chirped pulse amplification (CPA).
This technique was first successfully demonstrated for laser pulses by Strickland and
Mourou [80] in 1985, and nowadays is used to amplify ultrashort laser pulses up to the
petawatt level. The underlying concept of a CPA laser architecture is shown schematically
in figure 3.1.
To reach high peak powers, an ultrashort (10fs-20fs), low energetic (∼nJ) laser pulse
seeded from a mode locked oscillator is amplified in energy by more than 108 (or more)
orders of magnitude. However, owing to the incredibly high gain, the intensity of the
pulse would inevitably exceed the damage threshold of the optical components unless
being reduced by either increasing the beam diameter or the duration of the laser pulse.
While increasing the beam diameter seems rather simple, it imposes a considerable in-
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crease in size and cost upon the system due to the use of large aperture optics. Moreover,
it requires crystal sizes clearly beyond those currently available. On the contrary, stretch-
ing the pulse temporally prior to the amplification and restoring the initial pulse duration
by subsequent re-compression allows for small beam diameters on the gain media.
To stretch the pulse, spectral components of different frequency are set to different beam
paths with the aid of dispersive optics, resulting in a temporal elongation of the pulse typ-
ically on the order of 100s ps, with a linearly increasing instantaneous frequency (chirp).
After amplification, the frequency chirp is compensated by the grating setup of the com-
pressor, which is set up in vacuum and uses an expanded beam to avoid nonlinearities or
even optical damages caused by the drastic increase in intensity as the pulse gets com-
pressed. Brief descriptions of different stretcher and compressor setups can be found
here [81].
The amplification of the pulse is carried out in conventional systems by the use of an ac-
tive medium. Here, the bandwidth of the gain material determines the pulse duration that
can be realized. Nowadays, Ti:Sapphire is commonly used due to its broad amplification
bandwidth, good heat conductivity, and broad absorption bands in the visible making it
suitable for many pump light sources [82]. Ti:Sapphire systems with ∼100 - 20 fs pulse
duration, having 1s - 10s of joules of pulse energy, reaching peak powers up to the petawatt
level have become commercially available and are currently being built all over the world.
Pulses of much higher energy (100s of joules) can be obtained using Nd:Glass as an active
medium, which can be produced in large pieces with good optical quality. Here, the gain
material is relatively narrow-band and therefore is limited to rather long ∼100s of fs pulse
durations.
Ultrashort pulses, close to the single cycle limit can be amplified to high energies us-
ing the optical parametric chirped pulse amplification (OPCPA) scheme. Here, instead
of using an active medium, the chirped pulse is amplified parametrically in a nonlinear
crystal. This scheme is fundamentally different from the conventional laser amplification,
as in this nonlinear, three-wave mixing process the energy is directly transferred from
the pump to the seed rather than being stored in the active medium. The gain bandwidth
is determined by the phase matching condition of the interacting waves and under opti-
mized conditions can extend over a much broader spectral range than in any laser medium.
While few cycle pulses are desirable for many interaction schemes, OPCPA laser systems
are still in the development phase and to date, only one system exists reaching relativistic
intensities in experiments [83].
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Fig. 3.2 | Illustration of a typical laser pulse contrast curve. Three distinct features of the tem-
poral contrast are shown: ASE background, various pre-and post pulses and the coherent contrast
pedestal at the foot of the main pulse.

3.1.1 Laser Pulse Contrast

Apart from the ultrashort, femtosecond pulse duration, high intensity lasers reveal com-
plex time structures on much longer time scales, which is referred to as the laser pulse
contrast and turns out to be the key parameter for the use of a laser system in the exper-
iments presented in this thesis. The contrast of a laser pulse is defined as the ratio of the
peak intensity to intensity at a given time t and is determined by a great variety of different
processes, depicted schematically in figure 3.2.
On the nanosecond time scale, a rather constant background noise is typically observed
from the amplified spontaneous emission (ASE). Here, luminescent signal owing to spon-
taneous laser level transitions during the pumping of the gain medium builds up in the
amplifier chain. This process is inherent to the laser amplification, with time scales on
the order of the pump duration (ps - ns) and can partially be reduced by optimizing the
amplification stages [82]. In addition, discrete pre- or post-pulses can arise on the pi-
cosecond to nanosecond time scale. Post-pulses typically arise from multiple reflections
in reflective or transmissive optics in the laser system and can in principle be ruled out.
Prominent examples are the use of uncoated wave-plates or the confusion of the front and
back surface of a dielectric mirror. While at first sight, the suppression of post-pulses
seems dispensable, nonlinear coupling of the stretched pulse with its delayed (post-pulse)
replica in the gain medium can give rise to a spectral phase modulation, which after the
pulse compression results in the formation of a pre-pulse, and thereby degrades the laser
pulse contrast considerably [84]. The third and probably least understood characteristic is
the exponentially rising pedestal on the tens of picoseconds time scale, referred to as the
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coherent contrast [85]. This feature frequently observed at the foot of the main pulse usu-
ally rises to intensity levels well above the ionization threshold and therefore effectively
extends the leading edge of the pulse by a few picoseconds. Recent studies suggest that
these incompressible wings of the pulse are due to scatter from the diffraction gratings in
the laser pulse stretcher. Reducing the coherent pedestal of CPA high power lasers will be
a major challenge over the next years and is essential for the experimental use of future
laser systems with envisioned peak powers beyond the petawatt level.
Ultrahigh contrast laser pulses are the prerequisite for experiments with solid density
plasmas. In fact, the intensity on target should stay well below the ionization threshold
(∼ 1012 W/cm2) prior to the main pulse to avoid premature ionization and expansion of
the target. Thus, the intensity needs to rise by a factor of 108 or more in less than a pi-
cosecond - an ultrafast leap in intensity, which conventional CPA systems to date are not
capable to deliver.
Different pulse cleaning techniques have been developed to enhance the temporal con-
trast of the CPA systems on the few picosecond time scale. Among those most commonly
used is the cross-wave generation in a nonlinear crystal (XPW) [86] or the use of a plasma
mirror (PM) (appendix A). Nonlinear optical pulse cleaning schemes such as the XPW
are effectively loss free, offer high repetition rates and can be implemented directly into
the laser chain. However, they cannot be applied after the final compression owing to
optical damages (or limited crystal sizes) and therefore are implemented at an intermedi-
ate energy level (µJ-mJ) in the amplifier chain using an additional pulse compressor and
stretcher before and after the pulse filtering (double CPA [87]). In contrast, plasma mir-
rors have the great advantage that they can be operated after the final pulse compression.
In particular, side wings at the foot of the pulse due to spectral phase noise (coherent
pedestal) or imperfect re-compression can be efficiently suppressed. As to date, no other
technique is capable of providing such high contrast levels in the near vicinity of the main
pulse, plasma mirrors are still widely used in solid target experiments despite their obvi-
ous drawbacks such as energy loss, and low repetition rate.
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3.1.2 Utilized Laser Systems

The experimental work carried out in the framework of this thesis was conducted at var-
ious different high power laser systems, which shall be introduced very briefly in the
following.

Los Alamos National Laboratory (LANL)

The Trident laser facility is a Nd:Glass based, three beam laser system located at the Los
Alamos National Laboratory (LANL) in the USA [88]. The laser was originally designed
for laser fusion studies in the 1980s and still offers µs - ns pulses in beam A and B with
a variety of different pulse shapes. The third, short pulse beam C, was upgraded over
the years and nowadays reaches peak powers up to 200 TW by making use of the CPA
technique.
In spring 2008, right after the completion of the latest laser upgrade, the first thin foil ex-
periment was conducted at the Trident laser facility. At that time, the laser pulse contrast
was insufficient for nanometer scale targets and thus a double plasma mirror (DPM) was
set up in the target chamber right after the focusing off-axis parabolic mirror, to meet the
contrast requirements of the experiment (appendix A, figure A.2, [89]).
In proceeding campaigns, a newly developed pulse cleaning scheme [90] based on the
optical parametric amplification (OPA) [91] became available, which allowed omitting
the DPM setup and therefore approximately doubling the energy on target. To achieve the
intensity needed for the nonlinear filtering process (∼ GW/cm2), the pulse cleaner was
positioned in between an additional compressor and stretcher (double CPA), at the 250 µJ
level. Here, after a total gain of about ∼105, the pulse is recompressed and is split into
two replicas, which are used as frequency doubled pump and seed signal in a subsequent
OPA stage. The thus generated idler at the fundamental frequency exhibits an inherent
ultra-high contrast owing to the short pump pulse duration and is therefore used for further
amplification. Moreover, pre-pulses and ASE-pedestal are efficiently suppressed within
the amplification window due to the cubic intensity scaling between idler and seed signal.
While the idler signal right after the OPA pulse cleaning stage is almost background free
[90], the pulse picks up noise as it propagates through the amplifiers in the laser chain. A
contrast measurement of the laser pulse taken after the final re-compression is shown in
figure 3.3a. Since the first implementation of the nonlinear pulse cleaning, the contrast of
the laser has been improved further by moving the pulse cleaning to later amplification
stages.
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Max-Born-Institut (MBI)

During the MPQ ATLAS laser upgrade, experimental work on the high intensity laser
nanofoil interaction was carried out at the Max Born Institute in Berlin. The MBI labora-
tory hosts a 30 TW Ti:Sapphire laser system, which was optimized for high contrast, solid
target experiments. A detailed layout of the system is given in [92]. The laser system has
a rather good intrinsic contrast ratio of ∼ 10 7 at -5 ps before the arrival of the main pulse,
as can be seen from the autocorrelation measurement, shown in figure 3.3b. In addition,
a re-collimating double plasma mirror was implemented into the system [93], resulting in
an estimated contrast ratio of ∼ 1011 on the few ps time scale. The system has continu-
ously improved since the beginning of the collaboration and has become a workhorse for
laser nanofoil experiments in the recent years.

Rutherford Appleton Laboratory (RAL)

To date, the Astra Gemini laser is one of the most powerful Ti:Sapphire lasers in the
world. It provides two optically synchronized laser pulses, each of which reaching peak
powers of up to half of a petawatt [85]. Gemini is an extension of the Astra laser, which
served until 2004 and is now used as the input beam for the Gemini system. After the
final amplifier of the Astra laser system, the output beam is split into two halves and seed
into the Gemini system, which consists of two independent amplification stages including
pump lasers and subsequent pulse compressors. After re-compression, both beams are
sent to the target chamber independently.
A re-collimating double plasma mirror system was installed in the target chamber, which
can be used for either one of the beams to enhance the contrast of the laser pulse [94].
Due to the high contrast requirements needed for thin foil experiments, the contrast of the
system was carefully evaluated in the course of the experimental campaign in 2010/2011.
Here, as opposed to the contrast measurements presented from LANL and MBI, the full
power beam in combination with the double plasma mirror setup was used to obtain the
autocorrelation curves (figure 3.4). The measurement reveals that the double plasma mir-
ror enhances the contrast ratio by more than four orders of magnitude. As a result, the
ionization threshold of the target is reached at around -2 ps prior to the peak of the pulse.
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Max-Planck-Institut of Quantum Optics (MPQ)

At the time ultrathin DLC targets became available at the LMU, the MPQ ATLAS laser
system reached ∼20 TW peak power, but did not have sufficient contrast on the picosec-
ond time scale. The rather quick implementation of a double plasma mirror setup right in
front of the thin foil target, analogous to the one successfully used at Trident laser facility
(appendix A), was examined in an experimental study. However, it turned out that this
setup is impractical for the ATLAS laser system. The reason is that due to the rather low
energy of the ATLAS pulse and the fast focusing parabola (f/3) in the target chamber,
the fluence needed to operate a plasma mirror was reached only in the very close vicin-
ity of the target (∼1mm) and therefore the PM setup interfered considerably with target
alignment and focus diagnostics. In consequence, a re-collimating double plasma mirror
system was built, which is presented in great detail in the appendix A.1.

LANL MBI MPQ ASTRA
medium: Nd:Glass Ti:Sapph Ti:Sapph Ti:Sapph
wavelength (µm): 1.053 0.8 0.8 0.8
rep. rate: 1/45min 10Hz 10Hz 1/min
energy (J): 80 0.7 0.4 5
duration (fs): 500 45 30 55
pulse cleaning: OPA DPM DPM DPM
peak intensity (W/cm2): 3 × 1020 5 × 1019 8 × 1019 6 × 1020

norm. peak intensity: 15 5 6 17

Tab. 3.1 | Summary of the high power laser systems used for experimental studies. The
parameters given here are consistent with the ones seen in the experimental campaigns and my
vary slightly from best performance parameters of the systems given elsewhere. The stated energy
values refer to the pulse energy on target, taking into account losses from PMs and beamline
systems.
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a) b)

Fig. 3.3 |MBI, LANL laser pulse contrast. a) 3rd order cross-correlation (Del Mar Photonics) of
the Trident laser pulse using the OPA pulse cleaning front-end (blue curve). Positioning the pulse
cleaning at later amplification stages and replacing a mirror in the stretcher did increase the final
contrast further (magenta curve). Due to the low repetition rate of the laser system, the contrast
measurement was obtained without firing the final amplifiers, thus could potentially differ from
a full power shot on target (by courtesy of R. P. Johnson, LANL). b) 3rd order cross-correlation
of the MBI Ti:Sapphire laser. The contrast on target is further enhanced using a double plasma
mirror setup, which is not included in that measurement (by courtesy of S. Steinke, MBI).
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Fig. 3.4 | Astra Gemini laser pulse contrast. The contrast curves were obtained using a scanning
third order autocorrelator (Amplitude Sequoia), which was installed after the plasma mirror, next
to the target chamber. Astra High Power (blue curve), does not use the Gemini amplifiers and
therefore operates at 10 Hz, allowing for fast, high resolution scans.
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3.2 Diamond-Like Carbon (DLC) Foils

200 µm!

Fig. 3.5 |Microscope image of a sample of free-standing DLC targets.

Carbon exists in a great variety of different amorphous and crystallite structures due to
its ability to form atomic bonds in different hybridization states. Most prominent exam-
ples are diamond, characterized by its sp3 hybridized atomic orbitals, and graphite with
weaker sp2 bond configuration.
Diamond-like carbon (DLC) is a meta-stable form of amorphous carbon containing a mix-
ture of sp3 and sp2 carbon hybridization states. If a high fraction of sp3 bonds is reached,
one refers to tetrahedral amorphous carbon (ta-C), which recovers many of the extreme
properties of diamond such as mechanical hardness and chemical inertness. Moreover,
very similar to pure diamond, DLC is optically transparent and owns a wide bandgap.
DLC films have a wide range of applications in industry, where they are mostly used
as a protective coating. Owing to the exceptional mechanical properties, DLC films are
well-suited for the use as a free-standing foil. A good review article on DLC material
discussing the physical properties as well as many of the production and characteriza-
tion methods is given by [95]. In this chapter, the free-standing DLC foils used for the
experimental studies shall be briefly introduced.

Fabrication

Different deposition methods can be employed to produce DLC films [95]. The common
feature of all techniques is that the film is formed from a carbon or hydrocarbon ion beam
with particle energies on the order of 100 eV. The impact of these energetic ions on a
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growing film gives rise to the formation of sp3 bonds - the key component of the DLC
material. Depending on the production system, DLC films of various thickness and size
can be obtained.
At the LMU, a DLC target laboratory specialized on producing free-standing, nm thin
DLC foils was established over the recent years. Here, DLC films are produced employing
a cathodic arc deposition technique [96] and are subsequently attached free-standing to a
steel holder making use of a floating technique.
The cathodic arc deposition system relies on a low-voltage, high current plasma discharge.
Here, an arc is ignited in a pulsed mode on a graphite cathode, giving rise to the formation
of a dense carbon plasma. A fraction of ∼10 % of the induced arc current is carried
by carbon ions streaming towards the anode with a kinetic energy of ∼50 eV, which is
controlled by the applied bias voltage. Along with the plasma current, neutral macro-
particles are blown off the cathodic spot. To avoid contamination of the DLC film, a
90◦ magnetic duct is used to filter out neutral particles and guide the carbon ions to the
deposition substrate. As a result, a high fraction of sp3 bonds, up to 75 %, is achieved in
the grown film.
The DLC films are deposit on a silicon wafer, which is coated with a thin layer of water
soluble NaCl as the release agent. After production, the films are detached from the
silicon substrate by immersing them into distilled water, which causes them to release
from the wafer and float on the water surface. A steel holder with a regular hole pattern
is gently raised from below the floating foil and lift outside the water with the foil stuck
to the holder. The film attached to the holder now covers the holes of the target holder
free-standing as can be seen in figure 3.5.
With these methods, the LMU target fabrication is able to produce free-standing DLC foils
with thicknesses ranging from ∼60 nm down to ∼3 nm and mass density of ∼ 2.7 g/cm3.

Characterization

The characterization of extremely thin foils consisting of merely a few atomic layers is
challenging. To gain deeper knowledge on the properties of the produced foils, a great
variety of different characterization methods have been carried out at the LMU target
fabrication laboratory - many of them in close collaboration with different other groups.
Most of the employed methods are described in very detail in [97] and therefore shall be
given here in brief, only.
A key property with regard to high intensity laser nanofoil experiments is the target thick-
ness, which is determined by the use of an atomic force microscope (AFM). Despite the
AFM measurements with sub-nm precision, uncertainties in the actual target thickness
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persist owing to the fact that the AFM scans are restricted to small areas (tens of µm) and
therefore do not resolve the complete thickness topology of the DLC film. Major uncer-
tainties arise from potential inhomogeneities in the ion beam, which introduce thickness
gradients ranging over the length scale of the deposition area. To reduce the error, the
film is subdivided into six targets and each of those is assigned to an individual thickness
deduced from the AFM scan of the corresponding reference sample taken from the close
vicinity of each target.
Depending on the quality of the vacuum in the deposition chamber, the produced carbon
films can be contaminated with hydrogen ions. To investigate the foil composition in de-
tail, an elastic recoil detection analysis (ERDA) was carried out at the Munich tandem
accelerator using a 10 nm thin DLC foil [97]. The ERDA measurement is able to resolve
the depth-dependent target composition and revealed a rather constant 10 % hydrogen
content throughout the bulk material. Moreover, a ∼1 nm thin hydrocarbon contaminant
layer was found on the DLC surface.

Target Heating

An effective way to remove the hydrogen contami-

500μm

burn through

Fig. 3.6 | Image of a red-hot glowing
3 nm thin DLC foil.

nant layer from the target surface prior to the target
shot is to heat up the foil in a clean vacuum envi-
ronment, e.g. in the evacuated target chamber. The
heating process can be carried out by simply irradi-
ating the free-standing foil with a continuous wave
(CW) laser. To avoid heating and therefore expan-
sion of the target holder (which could easily cause
the breaking of the foil), it is crucial to focus the
CW beam carefully to the free-standing foil, exclu-
sively.
As the temperature rises, the hydrogen contami-
nant layer sublimates from the carbon bulk mate-
rial, which results in a slight reduction in target thickness. The removal of hydrogen con-
taminates is evident in the ion signal obtained from full laser shots on pre-heated targets,
which showed significantly less to no proton signal in the Thomson parabola spectrome-
ter.
The thermal stability of DLC films was studied in great detail by Kalish et al. [98]. Upon
heating, thermally induced relaxation processes can lead to sp3 to sp2 transformations
and clustering of sp2 domains, which in turn results in the formation of nanocrystallite
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graphite. However, in the aforementioned study it was found that the thermal stability of
the DLC matrix is considerably increased in the case of high sp3 bonding content. For
example, using a DLC film with 80 % sp3 bonding, no graphitization was observed at a
temperature as high as 1270 K.

Laser Damage Threshold

The laser damage threshold of the target

Fig. 3.7 |Target damage threshold intensity mea-
sured for different pulse lengths. By courtesy of
W. Ma and J. Bin.

material was evaluated in a simple ex-
periment. Here, a 5 nm thin DLC foil
was irradiated with the attenuated AT-
LAS laser pulse, at moderate intensities,
close to the ionization threshold. After
each shot, the foil surface was imaged
with the high magnification focal spot
diagnostic of the target chamber to iden-
tify potential target damage. As the in-
tensity on target is increased, a clear dam-
age (diameter ∼10 µm) is observed at ∼
2 × 1012 W/cm2. The experiment was
repeated changing the pulse duration of
the ATLAS laser to simulate potential
pre-pulses and ASE pedestal.
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3.3 Diagnostics

Within the framework of this thesis, various magnetic spectrometers were developed to
diagnose the laser-nanofoil interactions. Those spectrometers, which were used in the
experimental studies presented in the following chapters, shall be discussed here. First,
the underlying concept will be described. Second, the utilized spectrometers will be pre-
sented and finally, the employed detectors will be introduced.

3.3.1 Working Principle

A charged particle propagating with kinetic energy E, that enters a uniform magnetic
field B with orientation perpendicular to the propagation direction of the particle is forced
on a circular orbit with energy dependent radius

R =
meγβ

eB
=

me

eB

√(
1 +

E
mec2

)2
− 1 (3.1)

commonly referred to as the Larmor radius [24]. Thus, an electron bunch consisting of a
broad energy distribution is dispersed in space via the acting magnetic field. This is the
underlying principle of all magnetic spectrometers.
In a rather simple magnet-detector configuration, an analytic expression of the trajecto-
ries can be derived directly from equation 3.1, which holds true as long as the magnetic
field can be treated as a rather idealized constant field. Taking into account magnetic field
inhomogeneities, which can become important at the fringe regions of a magnet, addi-
tional field components arise and contribute to the particle deflection. While for common
magnetic ion detectors (e.g. Thomson parabolas), the fringe fields of a permanent magnet
are rather negligible, they do become important for electron measurements owing to the
reduced particle mass (factor of 1/1836 or more). Here, the deflection radii caused by
additional fringe fields are substantially smaller and thus in general have to be taken into
account.
A magnetic field, which accounts for the three-dimensional field distribution of a magnet
can be calculated numerically just from the geometry of the magnet using a magnetostatic
field solver (CST EM Studio [99]). The numerical results were compared to the actual
field distribution deduced from Hall probe measurements many times and generally show
excellent agreement to the actual field shape (appendix B, figure B.1). Thus, to obtain the
dispersion curve of the spectrometer, monochromatic electron beams of different energy
are tracked through the magnet-detector system in a numerical simulation, which solves
the equations of motion in the three-dimensional field distribution of the magnet. With the
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aid of this numerical approach, complex spectrometer configurations of any kind can be
treated, which in particular becomes important for rather advanced geometries (appendix
B, chapter B.1).

3.3.2 Electron Spectrometer

An electron spectrometer was designed to measure the hot electron distribution from laser
plasma interactions (figure 3.8). As the generated electron beams observed from different
laser systems differ fundamentally in their energy distribution, the spectrometer can be
equipped with two different magnets optimized for either low (few MeV) or high ener-
getic (several tens of MeV) electrons. In addition, the spectrometer can be operated with
either image plate detectors (chapter 3.3.4) or a scintillator screen (chapter 3.3.5). While
image plates provide high resolution and sensitivity and are in particular suitable for ex-
perimental campaigns carried out at low repetition rate Nd:Glass lasers, optical online
detection using a scintillator screen in combination with a camera is more appropriate
for experiments using Ti:Sapph laser systems, as those systems can be operated at higher
repetition rates.
The spectrometer was designed with the aid of numerical simulations (CST), as described
in chapter 3.3.1. The resulting dispersion curves are shown in (appendix B, figure B.2a,b).
The magnetic field distributions found from simulations show excellent agreement to the
magnetic field measurements taken from the assembled magnets (appendix B, figure B.1).
The electron signal S recorded on the detector was converted to electron numbers taking
into account the detector sensitivity C (chapter 3.3.4, 3.3.5). Electron beams incident at
an oblique angle on the detector give rise to an enhancement of the detector signal due to
the increase in path length ∝ 1/ cos θ and therefore energy deposition. To correct for that,
the angle of incidence θ is extracted from the simulation for different detector positions
(appendix B, figure B.2) and the detector signal is converted to particle numbers using
N = S C cos θ [100, 101].
To obtain a spectrum from the recorded data, the measured particle trace is subdivided
into spatial bins [xi, xi + ∆x], separated by the distance ∆x. Each bin corresponds to an
energy interval [E, E + ∆E], which can be deduced from the dispersion curve of the in-
strument. Owing to the nonlinear energy dispersion, the spectral bandwidth of the energy
intervals varies and is determined by the slope of the dispersion curve ∆E ∼ dE/dx∆x.
Thus, to calculate the spectrum, the number of particles ∆N within each bin is determined
and divided by the spectral bandwidth ∆E of the respective interval.

dN
dE
≈ ∆N
∆E
=
∆S
∆E

C cos θ (3.2)
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The bin size ∆x is constant and should be chosen not smaller than the size of the pin-
hole projected onto the detector. Thus, for a given pinhole size D the bin size ∆x =
(1 + M)D/ cos θ, where M = b/a is the magnification of the pinhole camera, that is the
ratio of the distances a: source - pinhole and b: pinhole - detector.
The spectrometer is versatile tool to record electron distributions from laser plasma ex-
periments and was used for the electron measurements presented in chapter 4.

Fig. 3.8 |Electron spectrometer. The CAD drawing depicts the spectrometer configuration which
employs a scintillating screen as detector. When using image plates instead, the acrylic glass
cover is replaced by a 1 mm thin Aluminum lid and the image plates are fielded from the outside
region, allowing fast detector readout and replacement without breaking the vacuum inside. The
spectrometer is equipped with a diode laser to facilitate the spectrometer alignment.
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3.3.3 Multi-Spectrometer

Electrons 

Ions 

XUV 

Fig. 3.9 | Photograph of the Multi-Spectrometer setup. Electrons are deflected upwards and
measured from the top using a scintillator imaged onto a EMCCD camera. The deflection in-
troduced to the ion and photon beam is significantly less and thus both signals are recorded in
transmission, at the back of the spectrometer using a MCP detector imaged onto an additional
camera. The length scale of the spectrometer was about 2 m.

High power laser systems are still in its infancy and very often subject to ongoing re-
search and development. Most of the systems suffer from unstable operation, or at least
significant shot-to-shot fluctuations of the laser pulse parameters. This poses grand chal-
lenges to experiments with very low repetition rate (or even single shot experiments) as
the recorded data very often exhibits significant variations from allegedly identical shots.
Apart from improving the laser performance, the best way of tackling this problem is to
capture as much information as needed simultaneously, in a single shot.
As part of the Astra Gemini campaign (chapter 5), a novel Multi-Spectrometer was de-
signed to capture the electron, ion and XUV distribution simultaneously. Figure 3.10
illustrates the setup of the Multi-Spectrometer schematically. The spectrometer essen-
tially consists of three dispersive elements: a magnet, a pair of electric field plates and
a transmission grating combined with a scintillator for electron detection and a micro-
channel plate (MCP) recording the ion and photon signal. Due to different sensitivities of
the detectors, two separate pinholes of different diameters are used to reach the particle
fluxes needed for good signal levels on each detector. To ensure sufficient flux on the
scintillating screen a pinhole with diameter D1: 2 mm is used and a smaller, D2: 200 µm
pinhole is chosen for the MCP detector. The distance in between both pinholes is ∼5 mm
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Fig. 3.10 | Setup of the Multi-Spectrometer.

(or 3.7 mrad with respect to the target), a separation which for most experimental studies
is rather negligible.
Permanent magnets typically used in Thomson parabola spectrometers have high mag-
netic fields (B ∼ 0.5 T) and hence are too strong for the detection of rather low energetic,
few MeV electrons. Therefore, a rather low dispersive magnet with a homogeneous field
B ∼ 130 mT extending over a rather long distance L: 225 mm [102] was employed to re-
solve electron energies in the range of 1 - 30 MeV on the scintillator screen. The scintilla-
tor was positioned inside the magnet, 15 mm above the entrance pinhole and the resultant
electron dispersion on the detector is given in appendix B, figure B.2c.
Magnetic and electric field combined act as a Thomson parabola spectrometer, capable
of resolving the energy distributions of different ion species and charge states in a sin-
gle shot. Here, the magnetic field disperses ions of different energy and the electric field
separates ions of different q/m ratios, which in sum gives rise to parabolic ion traces on
the detector. Thomsons parabola detectors are widely used in the field and extensively
discussed in literature [103–105]. In the Multi-Spectrometer setup, a long drift (669 mm)
between the deflecting magnet and the MCP detector is chosen to counterbalance the low
ion dispersion in the employed magnetic field.
In order to spectrally resolve the photon signal a transmission grating (TG) was carefully
positioned behind the electric field plates at a distance d = 482 mm with respect to the
MCP detector. At that position, a 50 MeV proton beam is deflected by ∼7 mm from the
zero axis, and thus does not interfere with the transmission grating located on axis.
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Both detectors were imaged with light efficient 50 mm f/1 lenses in combination with
low noise EMCCD cameras (Andor: iXon EMCCD). These cameras are capable of am-
plifying the recorded signal using an integrated electron multiplying (EM) gain, which
improves the signal-to-noise ratio and which was used for the detection of electron signal
from the scintillator.
The transmission grating implemented into the spectrometer is similar to the ones used
for the Low Energy Transmission Grating (LETG) on the Chandra X-Ray Observatory
satellite [106, 107]. The grating is made out of free-standing gold wires (period: G=1000
lines/mm), held by two different support mesh structures with lower periodicity. As these
supporting line structures act as a grating themselves, they are oriented in directions dif-
ferent from the dispersion axis such that the residual diffraction patterns do not interfere
with the dispersed signal. The transmission grating is optimized for 1st order diffraction.
The diffraction efficiency in higher orders is reduced by more than one order of magnitude
and thus can be neglected [106].
The transmission grating sets an almost linear dispersion dλ/dx∼ 1/Gd ∼2 nm/mm at the
detector plane and the wavelength of the recorded radiation can be determined from the
interference condition

λ =
1
G

sin
(
arctan

x
d

)
≈ 1

Gd
x (3.3)

The spectral resolution of the spectrometer can be estimated taking into account the imag-
ing properties of the instrument, which can be regarded as a combination of a pinhole
camera and a spectrometer. The resultant spot size of the signal S on the detector is es-
timated from geometrical considerations, which translates to the theoretically expected
spectral resolution [108]

∆λ =
dλ
dx

S =
1

Gd

(
D +

b
a

(p + D)
)

(3.4)

where p is the source size diameter. Neglecting the source size (p = 0 µm), ∆λ ∼0.7 nm,
whereas for a rather large source size p = 200 µm, ∆λ equates to ∼1 nm. Thus, the spec-
trometer has good resolution over a broad spectral range (10 - 100 nm) with ∆λ/λ < 10%.
In practice, the upper limit of the photon energies that can be detected is determined by the
saturated zero point, which blurs out to the adjacent short wavelength range. In the experi-
ment presented in chapter 5, the measurement was limited to wavelengths above > 10 nm.
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3.3.4 Image Plates

Image plates were developed in the early 1980s for diagnostic radiography as an alter-
native to conventional X-ray films [109]. They are nowadays routinely used in medical
applications as well as in fundamental research such as in X-ray crystallography [110].
Image plates contain an active layer of photostimulable phosphor crystals (BaFBr : Eu2+),
which is capable of storing a fraction of incident energy and releasing it, when stimulated
by visible light.
When ionizing radiation is absorbed in the sensitive phosphor layer, electrons of the Eu2+

ions are excited to the conduction band and trapped in color centers of the crystal lattice.
These electrons remain in this energetically higher, meta-stable state until exposed to visi-
ble or infrared light, which induces the release of the trapped electrons and the decay back
to the ground state, which in turn causes the emission of luminescent light (390nm). This
process known as photostimulated luminenscence (PSL) is in proportion to the number of
trapped electrons and therefore proportional to the incident radiation.
Image plates are read out after exposure with the use of commercial image plate scanners,
which stimulate the image plate with a HeNe laser (633nm) and detect the luminescent
signal with a photomultiplier tube (PMT). The output of the PMT is logarithmically am-
plified and stored as a digital image. Before proceeding with any data analysis, the log-
arithmic signal needs to be converted to linear PSL values, which can be done using the
conversion formula [111]:

PSL =
( res
100

)2 4000
S

10 L
( QL

65535−0.5
)

(3.5)

with scan parameters S: sensitivity, res: scan resolution, L: lattitude and QL: quantum
level (raw signal on logarithmic scale). After readout, the residual image stored on the
image plate can be erased completely through further illumination to white light, allowing
the image plate to be reused many times for data acquisition.
Image plates feature desirable detector characteristics such as high sensitivity, high dy-
namic range (∼105) and high resolution (∼25 µm). Moreover, they are resistant to strong
electromagnetic pulse (EMP) noise, which is typical for high intensity laser plasma inter-
actions and frequently causes problems when using sensitive electronic devices such as
cameras or controllers. To date, image plates have proven as a versatile detector in laser
plasma experiments and their response to electron [101, 112, 113], ion [114] and X-ray
[115, 116] beams has been studied in great detail.
In this work, electron spectrometers were equipped with image plates as a detector and the
calibrations given in [101, 112] were employed to convert the recorded signal to particle
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numbers. Image plates of type BAS-SR and BAS-TR (FujiFilm) were used in combina-
tion with the image plate scanner FujiFilm FLA-7000. The sensitivity to high energetic
electrons was found to be almost constant for electron energies above ∼1 MeV [101] with
∼ 0.01 PSL/electron in the case of the image plate BAS-SR. For BAS-TR, this value is re-
duced by a factor ∼3 owing to different thicknesses and densities of the active layer [112].

3.3.5 Scintillators

Scintillating phosphor screens imaged onto a CCD camera offer high repetition, online
detection and are nowadays widely used for the detection of electron beams in laser
wakefield acceleration (LWFA) experiments. As part of this thesis, scintillators were
introduced to solid density plasma experiments as an alternative to the low repetition
image plates commonly used in these experiments. Unlike the well-collimated, quasi-
monoenergetic electron beams from LWFA, electron distributions from solid density plas-
mas typically have large divergence angles corresponding to low electron fluxes at the
location of the electron spectrometer. Thus, the detection of electrons is crucially de-
pendent on the efficiency of the utilized screen and therefore the most sensitive screen
(Kodak Biomax MS, [117]) was used in the experiments. This screen emits in the visible
(546 nm) and was imaged with a light efficient objective lens on a low noise CCD cam-
era using shutter times (10 - 50 ms) much longer than the decay time of the scintillating
screen (∼ 1 ms).
When transferring the recorded signal to particle numbers the collection efficiency of the
optical imaging needs to be evaluated. To avoid absolute re-calibration of the optical
imaging system after every change in the setup, the scintillator signal was referenced to
a constant light source (scintillating tritium-filled capsule, mb-microtec) that was cross-
calibrated to the response of the scintillator in a previous study [117] using a well-defined
high energetic electron beam. In experiment, the constant light source was placed directly
on the scintillating screen next to the electron signal and both signals were recorded si-
multaneously. The direct comparison of the electron signal to the signal intensity of the
calibrated light source allowed for the conversion to electron numbers.
Simulation and experiments [118, 119] show that the energy deposition in the screen
can be assumed to be constant for electron energies above 1-3 MeV. The onset of this
plateau region depends on the exact layer composition of the screen and therefore may
vary slightly for different types of screens. In the experiments, a clear departure from
the exponential shape of the hot electron distributions was observed at electron energies
below ∼1 MeV, which was ascribed to the expected energy dependent response of the
detector at the low energy end.



Chapter 4

Electron Acceleration from
Laser-Nanofoil Interactions

While the generation of relativistic electron mirrors from nanoscale foils has attracted
great interest, the electron dynamics in high intensity laser nanofoil interactions has not
been given great attention, so far. The reason may be due to the well-known complexity
of the electron dynamics in laser solid interactions. A better understanding, however, is
indispensable for the envisioned application of X-ray generation via Thomson backscat-
tering as well as for the generation of high energetic ion beams.
The difficulty is not only of theoretical nature. To enter the regime of efficient electron
mirror generation it is clear that extremely thin, free-standing foils - consisting of only
a few atomic layers - are needed. At LMU, great efforts have been made to produce
free-standing DLC foils as thin as 3 nm in thickness. Irradiating such a foil with a high
contrast laser reaching a0 ∼ 15, one would expect to observe the onset of efficient electron
blowout as the driving laser field would clearly exceed any restoring electrostatic charge
separation field that could build up during the interaction (even in the case of full separa-
tion of all electrons from the ions Es ∼ NkLd ∼ 10, chapter 2.3.2).
The intention of this chapter is to investigate experimentally the electron beams generated
in laser-nanometer foil interactions using laser pulse and target parameters available with
present day technology. To get first an insight into the dynamics of laser-nanofoil inter-
action a PIC simulation well-adapted to the experimental configuration is discussed. In
the following, experimental data taken from three different laser systems is presented. We
observed an increase in the electron mean energies as the target thickness is reduced to
the nanometer scale. Quasi-monoenergetic electron beams were observed from ultrathin
3 nm and 5 nm thin foils using the MBI and LANL laser system.
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4.1 PIC Simulation

To elucidate the interaction dynamics of a high intensity laser pulse with a few nanome-
ter thin foil, two dimensional particle-in-cell simulations were carried out using realistic
laser pulse parameters. Here, we restrict our computational analysis to the short pulse,
MBI laser system, as for the (factor of ten) longer LANL laser pulse, considerably more
computational effort is needed. Hence, in the presented numerical study, we use a laser
pulse of 45 fs FWHM duration focused to a 4 µm FWHM spot. The initialized pulse is of
Gaussian shape both in space and time and reaches a peak field of a0 = 5. The simulation
box size was set to 24 µm × 20 µm in longitudinal and transverse dimension, discretized
by a grid of 6400 × 4000 cells corresponding to a spatial resolution of ∆z: 3.75 nm × ∆
x: 5.0 nm. The nanometer foil was modeled as a fully ionized carbon plasma with density
ne = 50 nc and 30 nm thickness (rectangular shape) using 1000 particles per cell, which
equates to a 3 nm foil at solid density.
Figure 4.1a) shows the electron density and the corresponding laser field relatively early in
the interaction, at ten cycles before the peak of the pulse. At this time, the electron density
is clearly above critical and thus prevents the laser to penetrate through the plasma. As a
result, the impinging laser is reflected and acts as a standing wave on the critical surface
of the plasma. Owing to the fast oscillating v × B force of the driving field, fast electrons
are generated at a frequency of 2ω and injected as a dense bunch into the plasma layer
(chapter 2.3.1). These electrons disperse in the vacuum region behind the target due to the
counteracting electrostatic charge separation field built up during the interaction. These
dynamics eventually result in the formation of a hot electron cloud at the target rear side
linked to a huge self-induced electrostatic field, which in turn governs the ion motion over
longer time scales. This scenario is characteristic for solid plasma interactions and dom-
inates to a large extend the regime of efficient ion acceleration. However, in the ultrathin
target thickness regime, the simulation indicates that the plasma turns transparent prior to
the peak of the pulse, changing the interaction dynamics completely in this phase.
Figure 4.1b) shows the electron density and laser field ten cycles after the peak of the pulse
has reached the target. In stark contrast to the early interaction phase, the plasma slab has
turned transparent to the laser and thus interacts with a propagating rather than a stand-
ing wave. Alongside with target transparency, short, equally spaced electron bunches
co-moving with the transmitted light field over long distances are evidently seen. The
electrons forming these bunches are decoupled from the ion background and propagate
freely in vacuum. Hence, rather than being subject to complex plasma dynamics the
ejected electrons simply follow single electron motion in the transmitted electromagnetic
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field as discussed in chapter 2.2.
The drastic change in plasma properties and electron dynamics becomes obvious in figure
4.3 showing the transmitted laser field ex and the longitudinal electron current jz mea-
sured two micrometer behind the target. While being overdense a rather constant electron
current is observed owing to the hot electron production at the critical surface as discussed
earlier. However, as the plasma turns transparent, periodically generated electron bunches
formed at the laser plasma interaction region are injected into the transmitted laser field
and effectively escape from the bulk plasma. Moreover, the ejected bunches can be seen
to be located in the wave buckets (i.e. ex = 0) of the driving laser field (figures 4.1, 4.3).
Note that, although initially injected "coherently", at every half cycle into the transmitted
light field, each bunch consists of electrons of different energies, which in turn result in
different electron trajectories in the transmitted light field. Hence, one would not expect to
observe a macroscopic bunch structure after a few micrometer of propagation. Nonethe-
less, as clearly seen in simulation, the electron density of the ejected electrons remains
bunched even after significant distances.
The macroscopic bunching of the extracted electrons can be well understood taking into
account the nonlinear electron quiver motion in the transmitted electromagnetic light field.
Consider a plane wave with vector potential ax = a0 sin(τ + φ0) and τ = t − z. The elec-
tric field is ex = a0 cos(τ + φ0) with field maxima at τmax = nπ − φ0 and zero points at
τmin = (2n + 1)π/2 − φ0. The time-dependent phase slippage τ(t) of the electron motion
is highly nonlinear and the time interval an electron spends within a given phase intervall
is characterized by dt/dτ. From single electron dynamics we know that dτ/dt = κ0/γ,
hence using equation 2.16

dt/dτ = γ/k0 = 1 +
1

2κ20

(
1 − κ20 +

[
a0 sin (τ + φ0) + α0

]2) (4.1)

with parameter κ0, α0, φ0 given by the initial momentum and phase of the injected elec-
tron defined in equation 2.17. Independent of these parameters, equation 4.1 reaches its
maximum at the zero points of the driving field τmin and its minimum at the points of
maximal field τmax. Considering a large number of electrons, this directly translates to
density peaks located in the wave buckets of the driving field and density minima at the
peaks of the driving field, consistent to what is seen in the simulation (figures 4.2). It is
the nonlinear phase slippage that imprints to a statistical ensemble of electrons a macro-
scopic structure.
The observed dynamics are clearly very different from the theoretically proposed, highly
idealized scenario of dense electron mirror generation from ultrathin foils (chapter 2.3.2).
Apart from the fact that in the simulated configuration the laser pulse intensity is still
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somewhat weak to overcome the restoring electrostatic fields, the fundamental difference
stems from the (adiabatic) Gaussian rise of the laser pulse employed here. The step-like
onset of the laser pulse used in the idealized, theoretical studies avoids electron heating,
thus preserves the delta-like character of the nm foil, which is crucial for the formation
of a coherent, nanometer thin relativistic structure. While this scheme may be accessible
with upcoming few cycle high power laser systems [83, 120], we shall see in chapter 5
that dense electron mirrors can still be created in a slightly different regime using nowa-
days (many cycle) high power laser pulses.
In summary, the simulation suggests strikingly different electron dynamics in the opaque
and transparent interaction regime. As soon as the plasma turns transparent, electrons are
effectively driven in the transmitted laser field and are accelerated to high energies, well
described by single electron dynamics. Clearly, the transparent phase favors high intensi-
ties and extremely thin foils. Thus, depending on the foil thickness and the intensity of the
driving laser pulse, the opaque or transparent phase prevails. The two different regimes
should be clearly distinguishable in experiment as we would expect to see a drastic change
in the spectral distribution of the high energetic electrons as soon as target transparency
sets in.
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Fig. 4.1 | PIC simulation snapshots (electron density, laser field). The simulation shows two
different phases of the interaction: a) in the early phase, the plasma layer is opaque to the laser
whereas at later times b) the plasma turns transparent. In this phase, electrons bunches are driven
out effectively.
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4.2 Experimental Setup
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Fig. 4.4 | Experimental setup LANL showing the experimental configuration of the Trident cam-
paign carried out in April 2009.

Over the course of this PhD thesis, multiple beam times were carried out at the Trident
laser located at the Los Alamos National Laboratory. The Trident laser delivers ∼ 80 J
of energy in a pulse of ∼ 500 fs FWHM duration at a central wavelength of 1053 nm
(chapter 3.1.2). The laser pulse was focused with a f/3 off-axis parabolic mirror to a
∼ 6 µm FWHM focal spot corresponding to an averaged (peak) intensity of 2×1020 W/cm2

(4 × 1020 W/cm2).
Free-standing foils with thicknesses ranging from µm to only a few nm were used as a
target. To cover such a broad range of foil thicknesses, different target materials were
used: In the regime of few nm thin foils, DLC targets with density of 2.7 g/cm3 were
employed and for thicker targets, diamond foils with density 3.5 g/cm3 were used.
The exact configuration of the electron and ion spectrometers varied slightly in different
beam times. The experimental setup shown in figure 4.4 illustrates the configuration used
in the beam time in April 2009, as the vast majority of the data presented in this section
was measured during that campaign. In that beam time, electrons were measured using
four identical magnetic spectrometers (chapter 3.3.2), probing the electron distribution at
0◦ with respect to the target normal direction as well as at 8◦ off normal direction both
along and perpendicular to the laser polarization axis. Each spectrometer was equipped
with an image plate (Fujifilm BAS-TR) detector (chapter 3.3.4), which were readout using
a commercial scanner system (Fujifilm FLA-7000). Ions were measured simultaneously
at 8◦ with respect to target normal direction using a Thomson parabola spectrometer. The
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electron (ion) spectrometers were fielded 1.1 m (1.3 m) away from the target resulting in
acceptance angles of 4 × 10−6 sr (10−8 sr) for the spectrometers respectively.

MBI

nm
 foil

 0°
10°

45fs,
700mJ70

pol. axis

cw
laser

electron
spectrometer

Fig. 4.5 | Experimental setup of the MBI campaign.

The experiment was performed at the 30TW Ti:sapph laser system located at the Max
Born Institute, delivering 0.7 J of energy in a pulse of 45 fs FWHM duration at a central
wavelength of 810 nm on target (chapter 3.1.2). The laser pulse was focused with a f/3
off-axis parabolic mirror to a 3.5 µm FWHM focal spot corresponding to a peak intensity
5 × 1019 W/cm2.
Electrons were measured using two identical magnetic spectrometers, installed at 0◦ and
10◦ with respect to the target normal direction at a distance of 0.68 m away from the target
(solid angle: ∼ 5 × 10−5sr). An optical imaging system in combination with a scintillator
screen (Biomax MS, Kodak) was used as a detector (chapter 3.3.5).
A CW laser (Verdi, Coherent) was installed at the target chamber to be able to remove the
surface contaminant layer prior to a target shot via laser target heating (chapter 3.2).

Astra Gemini

In parallel to the backscatter experiment presented in chapter 5, the electron distributions
generated from the interaction with nanoscale targets were measured along target normal
direction in the experimental campaign in 2010/2011. The experimental configuration
is presented in great detail in chapter 5.1. The Multi-Spectrometer setup was utilized to
record the electron distributions and is described in chapter 3.3.3.
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4.3 Ion Measurements

It is instructive to review the key results obtained from the ion acceleration experiments,
which were carried out at these laser systems in parallel to the presented work. Figure
4.6a shows the dependence of the C6+ ion cutoff energies on the target thickness observed
at the LANL laser facility. Reducing the target thickness from the µm to sub-µm scale
gives rise to a strong increase in the ion cutoff energies. Unprecedented high C6+ ion
energies of up 0.5 GeV were observed at a target thickness range of 50-200 nm [97, 121].
However, reducing the target thickness further does not benefit the ion acceleration and
low cutoff energies are observed from ultrathin, nm scale targets.
On the contrary, at the MBI laser system, the optimal target thickness with regard to ion
acceleration is in the range of a few nm, only (figure 4.6b). Best results were obtained
using 5 nm thin DLC foils, in which case the areal density of the target is matched to
the intensity of the laser pulse [122–124]. Here, proton energies ranging up to 13 MeV
and C6+ energies up to 71 MeV were achieved [125, 126]. Reducing the target thickness
further, again, results in a clear reduction in ion energies.
At Astra Gemini, the target thickness dependence is not that clear and still is under cur-
rent investigations. Proton energies on the order of ∼20 MeV and carbon C6+ energies
around ∼100 MeV were typically observed from nanoscale foils. These values are clearly
well below those expected from a petawatt class laser system and thus achieving higher
energies is subject to ongoing research.

a) b)

Fig. 4.6 | Ion energies observed at the LANL, a) and MBI, b) laser facilities. Courtesy of M.
Hegelich and A. Henig
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4.4 Target Thickness Scan

More than just presenting a few selected electron spectra, we shall discuss the overall de-
pendencies observed from the target thickness scans. To characterize the recorded elec-
tron distributions and allow for a comparison among a huge number of different electron
spectra, we deduce the electron mean energy <E> from each spectrum within the resolved
spectral range:

< E >=

∫ Emax

Emin
E dN

dE dE
∫ Emax

Emin

dN
dE dE

(4.2)

where Emin, Emax denote the minimal (maximal) electron energy measured by the spec-
trometer. In the case of an exponential distribution dN/dE = N0 exp(−E/Thot), we can
derive an analytical expression:

< E >=
Thot + Emin − (Thot + Emax)e−(Emax−Emin)/Thot

1 − e−(Emax−Emin)/Thot
(4.3)

Thus, if the resolved spectral range ∆E = Emax − Emin is large with respect to the hot
electron temperature Thot:

< E >≈ Thot + Emin (4.4)

This method provides means to characterize even those spectra, which do not follow an
exponential distribution. On the other hand, in the case of an exponential electron dis-
tribution, the hot electron temperature can be trivially deduced from Thot = <E> − Emin,
which allows for a direct comparison to the theoretical literature.

4.4.1 Experimental Observations

The electron spectra measured from µm to nm scale targets usually follow exponential dis-
tributions with energies typically ranging up to 1-5 MeV (MBI), 10-20 MeV (RAL) and
30-50 MeV (LANL). A few characteristic spectra are shown in figure 4.7. Yet, a more
nuanced picture on the target thickness dependence can be obtained when comparing the
electron mean energies of the measured spectral distribution. Figure 4.8 summarizes the
electron measurements carried out at the LANL, MBI and RAL laser system depicting
the electron mean energies deduced from more than two hundred electron spectra. The
analysis reveals a strong increase in the electron mean energy as the target thickness is
reduced to the nanometer scale. This enhancement in the measured electron energies is
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consistently observed at all three laser systems. Analogously, the ion energies can be in-
creased considerably as the target thickness is reduced. However, this holds true up to a
certain thickness optimal for ion acceleration, which strongly depends on the parameters
of the driving laser pulse. Reducing the target thickness even further, clearly beyond the
optimal target thickness range, the ion energies drop down considerably, while a signifi-
cant increase in the electron mean energies is observed. This transition was clearly seen at
the LANL and MBI laser system. At the Astra laser, however, the thickness dependence
on the ion acceleration is somewhat flattened out and only a slight drop in ion energies
is seen even in the case of a 5 nm foil. Likewise, although the electron mean energy in-
creases as the target thickness is reduced, the transition is not as sharp and the increase in
energy is not as high as in the other two cases.
At the LANL and MBI laser system, the target thickness could be reduced clearly beyond
the optimum for ion acceleration, down to a thickness range where the ion signal breaks
down completely. In this regime, a transition in the electron distributions from monoton-
ically decaying to quasi-monoenergetic is observed (chapter 4.5).
Evidently seen in figure 4.8, the spread in the recorded data increases significantly in the
regime of nm scale targets, which can be understood immediately taking into account the
fact that the interaction becomes increasingly more sensitive to the exact laser pulse pa-
rameters as well as target properties when reducing the target thickness. Recently, single
shot FROG measurements revealed variations in laser pulse shape of the Trident laser,
which could strongly affect the electron dynamics during the interaction [127]. Consid-
erable efforts have been carried out to improve the stability of the system and to monitor
the contrast and shape of the incident laser pulse by implementing a single shot autocor-
relator and FROG into the system. These diagnostics were not available at the time of the
experimental campaign making the interpretation of the data even more challenging.
Compared to the LANL measurements, the electron spectra obtained from the MBI and
Astra laser exhibit rather high reproducibility owing to the (one order of magnitude)
shorter pulse duration of the laser system in combination with a better contrast ratio on
the ps time scale.
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Fig. 4.7 | Typical electron spectra observed at a) LANL, b) MBI and c) RAL.
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4.4.2 Theoretical Discussion
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Fig. 4.8 | Electron mean energies observed from different laser systems and foil thicknesses.
The mean energies of the measured spectral distributions are renormalized to the low detection
threshold of the spectrometers Emin (LANL: 10 MeV, MBI: 1.5 MeV, ASTRA: 2 MeV). Each of the
depicted energy values <E> − Emin corresponds to the mean energy of an exponential spectrum
with spectral slope Thot. Gray, dashed lines: thickness dependence of the carbon C6+ energies
observed at the laser systems.

Despite the strong differences in the utilized laser systems, the presented electron mea-
surements reveal a similar dependence on the target thickness, which shall be discussed
in the following.
In the case of a thick, truly overdense target, high energetic electrons are generated at the
front-side laser plasma boundary throughout the whole interaction. In this regime, it is the
scale length (gradient) of the laser plasma interface rather than the thickness of the plasma
that determines the dynamics of the high energetic electrons resolved by the spectrometer.
Thus, we do not expect a strong dependence on target thickness and indeed that is what is
observed for all laser systems over a broad range of thicknesses.
The mean electron energies observed in this target thickness regime crucially depend on
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the laser pulse intensity as well as on the front side plasma gradient. The corresponding
hot electron temperatures predicted by the scaling law recently published by Kluge et al.
[65], (chapter 2.3.1, equation 2.29) almost perfectly match to the MBI and RAL measure-
ments, while at LANL, the experimentally deduced hot electron temperature (T LANL∼ 5 -
8 MeV) considerably deviates from the theoretically expected value (T LANL

Kluge = 1.7 MeV).
However, this apparent mismatch can be easily understood considering the fact that this
scaling law assumes a perfectly sharp laser plasma boundary. Thus, it seems just con-
sistent with the theoretical expectation that both short pulse laser systems using a double
plasma mirror for further contrast enhancement satisfy the underlying assumption of a
steep interface (and hence follow the scaling), whereas the long pulse laser having con-
siderably lower contrast on the few ps time scale (chapter 3.1.2, figure 3.3) does not. On
the contrary, the ponderomotive scaling by Wilks [62], (chapter 2.3.1, equation 2.28) is in
good agreement with the LANL measurements, whereas this scaling drastically fails for
the high contrast, short pulse interactions (T MBI

Wilks = 1.4 MeV, T Astra
Wilks = 5.7 MeV).

The interaction dynamics discussed above dominate as long as ne > γnc, i.e. in the case
of an opaque plasma. However, by reducing the target thickness to the nm scale, plasma
transparency starts to become important. The onset of transparency is determined by the
time evolution of the electron density during the interaction. The exact dynamics are
very complex. Insufficient contrast of the laser pulse can cause target pre-expansion and
density reduction of the target prior to the interaction with the main pulse. During the
interaction with the peak of the pulse, the front side density gets compressed owing to the
ponderomotive force of the laser pulse [68]. After a phase of compression, the density
eventually drops rapidly (figure 4.3). Depending on the intensity of the incident pulse, the
plasma turns transparent at a density well above the stationary critical density owing to
relativistically induced transparency. At present, theoretical studies modeling target trans-
parency are highly idealized (delta-like foil models [128, 129], plasma expansion models
[130, 131]) and do not grasp the complex dynamics of the electron density during the
interaction. Moreover, even PIC simulations have large uncertainty due to the unknown
initial density profile. Nonetheless, it is clear that transparency should become increas-
ingly more important as the thickness of the target is reduced.
As soon as transparency sets in, the incident laser pulse penetrates into the plasma and
effectively couples to all electrons within the interaction volume rather than acting as a
standing wave on the critical plasma surface, only. Clearly, this scenario is different from
the interaction of the laser with a sharp laser plasma interface and hence the scalings laws
discussed above are no longer valid. Instead, we observe a gradually rising electron mean
energy along with increasing laser transmission.
An upper limit for the electron mean energy expected in the transparency regime can be
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derived from single electron dynamics. In this rather simplistic scenario, the final energy
gain of an electron is determined by the initial phase the electron is born into the field
γ = 1 + a(φ)2/2 (chapter 2.2.4, equation 2.20). Assuming that electrons are continuously
injected into the laser field, the mean energy is determined by the average over all phases
thus TTrans = (2π)−1

∫ 2π
0 γ(φ) dφ, which yields TTrans = 1 + a2

0/4 for a plane wave [132].
Now, considering the fact that the initially opaque plasma turns transparent at some time
during the interaction, it is clear that the field driving the transparent target strongly de-
pends on the transmission function of the plasma and actually may not even reach the
peak field of the incident laser. While the optical shuttering properties of the expanding
plasma are unknown from the experiment, the measured time-integrated plasma trans-
mission allows making a rough estimate. Assuming a step-like transition from opaque
to transparent, it is clear that the peak field of the incident laser pulse is reached in the
transparent phase, only if the recorded transmission through the target exceeds 50%. In
fact, as the transition is not expected to be as sharp, even higher values may be needed.
The effect of plasma transparency is most evidently seen in the LANL data. In the target
thickness range of effective ion acceleration, that is in the regime where relativistically
induced transparency is expected to become important [130], we observe a gradually ris-
ing electron mean energy1. As the target thickness is reduced to the few nm scale, the
recorded ion energies break down, while the electron mean energies gradually increase
and eventually saturate at around 30 MeV. In this regime, simulations and experiments
indicate that the plasma turns transparent long before the peak of the pulse [89, 133], and
thus we would expect T LANL

Trans = 29 MeV. Likewise, at the MBI laser, a transmission as
high as 60% was observed from 3 nm pre-heated targets [125]. Thus, we argue that the
target turns transparent before the peak of the pulse and accordingly we observe good
agreement with the free electron limit (T MBI

Trans = 3.7 MeV). The electron mean energies
observed at the Astra Gemini laser, however, do not reach as high energy values as one
would expect from the high peak intensity of the laser pulse. While the reason is not
obvious, the observation is still consistent with the measured rather low transmission of
25% through a 5 nm thin foil.2 Hence, at Astra Gemini, it seems that transparency is not
expected to play a dominant role even for the thinnest targets. In the case of a 5 nm foil,
the reported transmission value allows for peak fields not much higher than a0/2 in the
transparent phase, hence electron mean energies of T Astra

Trans = 10 MeV would be expected.
The slight mismatch with the observed electron energies indicates that the simple free
electron scaling is only valid in the fully transparent regime.

1While in this thickness regime only little transmission values were reported, this may be very well
explained by enhanced laser absorption (and hence effective ion acceleration).

2private communication, W. Ma.
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In summary, the observed increase in the electron energies can be well explained by the
onset of plasma transparency. It is worth noting that this interpretation is supported by
the fact that the measured ion energies decrease considerably as the target thickness is
reduced to only a few nm. This observation can be intuitively understood considering
the fact that the PIC simulation (figure 4.3) indicates a clear drop in the electrostatic field
upon transparency.3 As a reduction in target thickness causes the plasma layers to turn
transparent increasingly early, a considerable decrease of the ion energies would be ex-
pected in excellent agreement with the experimental observations. On the contrary, the
collapse of the counteracting, longitudinal field allows a major fraction of the electrons to
escape from the target more effectively. In that sense, both electron and ion measurements
are complementary and are in line with the theoretical interpretation.4

3a simple way to explain this behavior is that, upon transparency, the ponderomotive force (radiation
pressure) of the laser on the plasma layer vanishes ( fp ∝ ∇E2

A).
4the counteracting, electrostatic fields in the semi-transparent regime may also explain the mismatch

with the free electron scaling found at the Astra Gemini laser.
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4.5 Electron Blowout

While the electron spectra observed from thick targets follow a monotonically decaying
exponential distribution, a clear departure from this purely thermal spectral behavior is
observed in the extreme thickness regime of a few nm thin foils. Here, the spectral shape
clearly changes from exponential to quasi-monoenergetic. The transition to the blowout
regime was consistently observed at the LANL and MBI laser facility and will be pre-
sented in detail in following section.

4.5.1 LANL
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Fig. 4.9 | LANL electron blowout spectra measured at 0 deg from 5 nm and 3 nm DLC foils.
No proton signal was measured from all of these shots. The low energy detection threshold of the
Thomson parabola setup is given in the figure label.

Figure 4.9 shows the electron spectra measured in target normal direction from 5 nm and
3 nm thin foils. In contrast to the typically observed exponential electron signal, the
recorded electron spectra clearly follow a quasi-monoenergetic spectral shape. Simul-
taneously, as mentioned before, the ion signal drops down drastically, to below the low
energy detection threshold in this extreme target thickness regime. While in the case of a
5 nm thin foil, the observed electron distributions are peaked at ∼ 20 MeV, the monoener-
getic feature evolves to ∼ 35 MeV when irradiating a 3 nm foil. Moreover, electrons are
extracted from the 3 nm thin foil more efficiently, as in this case, the number of electrons
recorded within the monoenergetic feature is significantly increased. Overall, this spectral
behavior was observed multiple times from various target shots, demonstrating a remark-
able reproducibility. To get an insight into the spatial distribution of the measured electron
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signal, four identical electron spectrometer were installed at different angles as depicted in
figure 4.4. As expected from a purely thermal distribution, the electron spectra measured
from a 300 nm thick foil (figure 4.10) are almost identical in all directions and in particu-
lar independent of the laser polarization axis. Moreover, the signal measured on-axis that
is in target normal direction does not exhibit any characteristics different from the off-axis
signal and is even identical in magnitude. This observation is of particular interest for
ion acceleration studies in the thick target regime, as it is sufficient to probe the electron
distribution at some off-axis angle for those target shots, a configuration which allows
measuring the ion distribution in target normal direction synchronously. In contrast to
the isotropic distributions observed from
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Fig. 4.10 | LANL electron spectra observed from
a 300 nm target measured simultaneously in dif-
ferent directions.

µm scale targets, the electron distribu-
tions obtained from ultrathin foils are
nonuniform. Figure 4.11 shows the elec-
tron spectra obtained from the 3 nm and
5 nm target shots measured at different
angles simultaneously. While the ex-
act signal does substantially vary in off-
axis direction, highest electron energies
are observed in target normal direction.
In addition to the spectral measurement
obtained from the multiple electron spec-
trometer setup, an image plate stack de-
tector was used to record a footprint of
the electron beam generated from a 3 nm thin foil. The detector consists of twelve image
plate films each separated by a stopping layer made of aluminum of varying thickness
(1-3 mm). The assembled stack was positioned ∼ 5 cm behind the target. Owing to the
continuous stopping characteristic of electrons in matter, the spectral deconvolution of the
data requires sophisticated MonteCarlo simulations [112] and shall not be discussed here.
Instead, the raw data of a single image plate positioned behind 44 mm thick alluminum
is presented in figure 4.12. The data suggests that the electron signal is predominantly
directed forward and is enhanced along the laser polarization direction, which is in good
agreement with the multiple spectrometer measurements.
The experimental findings allow making an estimate on the electron beam characteristics.

Taking the average of the 3 nm shots presented in figure 4.9, the peak energy is Epeak =

(33.9 ± 1.2) MeV and the energy spread (FWHM value) ∆EFWHM = (23.5 ± 4.1) MeV.
Assuming an emission cone with half apex angle of 5◦, the charge within the FWHM
energy spread of the measured electron beams is Q = (542 ± 70) pC.
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Fig. 4.11 | LANL electron blowout spectra: Angular dependence. Electron spectra measured
simultaneously at 0 deg and 8 deg with respect to the laser axis and in different directions with
respect to the laser polarization axis.
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Fig. 4.12 | LANL electron blowout spectra: Footprint The depicted electron beam profile was
recorded behind 44 mm thick aluminum. Hard X-rays, which could potentially penetrate the stop-
ping material and therefore cause a misleading signal, can be neglected due to the low image plate
sensitivity for photon energies above few tens of keV. The electron distribution recorded simulta-
neously along the target normal direction using a magnetic spectrometer is shown in b).
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4.5.2 MBI
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Fig. 4.13 | Electron blowout spectra: MBI. The target thickness of the 3 nm DLC foils is reduced
using target pre-heated. The exact target thickness is unknow. In the following, we refer to those
target shots as 2nm +/- 1nm thin targets.

Consistent with the observations from the LANL experiment, electron distributions of ap-
parently different, non-exponential shape were measured at the MBI laser system when
irradiating nanometer foils with ever decreasing thickness. In the thickness regime of
efficient ion acceleration, exponentially decaying electron distributions were found. The
recorded spectra were (within typical fluctuations) identical and independent of the obser-
vation angle. Even for the thinnest free-standing DLC foils available (3 nm), the electron
spectra did not reveal any significant change whereas moderate ion energies were still
achieved. To reduce the target thickness even further, 3 nm thin foils were heated in the
target chamber using a CW laser in order to remove the hydrogen contaminant layer from
the target surface prior to the laser shot. Despite the thermal stability of the DLC material,
the controlled heating of such an extremely thin free-standing foil is challenging and was
carried out with great care. In order to find appropriate heating parameters, the CW laser
power and the irradiation (heating) time was increased systematically in subsequent laser
target shots. Heating the foil with 200 mW output power for 30 - 50 s (FWHM focal spot
size ∼200 µm), a drastic change in the electron distribution is observed. Here, an addi-
tional spectral component clearly above the thermal electron background is found in the
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distributions, peaked at ∼4 MeV in target normal direction and at a slightly reduced energy
of ∼3 MeV at 10 deg. Moreover, when increasing the target heating further, we recover
the exponentially shaped, low temperature distributions as observed from regular target
shots. In this case, the target imaging system monitoring the heating process displayed
the burn through of the foil in the central region (chapter 3.2, figure 3.6) and therefore
the measured, residual electron signal originates from the low intensity side wings of the
interaction region. Although the exact thickness remains unknown in the case of target
heating, ion measurements denote significantly less proton signal and thereby indicate that
upon heating, hydrogen contaminants are effectively removed from the target surface.

4.5.3 Theoretical Discussion

The simulation presented in chapter 4.1 clearly indicates the formation of energetic elec-
tron bunches, accelerated in the transmitted laser field, which is in reasonable agreement
with the observation of target transparency and enhanced electron signal from ultrathin
foils. However, to extract the final energy distribution of the generated electron bunch
train and compare the simulation with the electron spectra observed in the experiments
considerably more computational effort is needed. The complexity stems from the fact
that in the transparency regime, large simulation box sizes are required as the acceler-
ated electrons co-propagate with the driving laser field over long distances. In order to
determine the final energy gain of the electrons the laser pulse needs to fully slip over
the relativistically moving electrons which translates to hundreds of µm to even mm long
distances and thus is very challenging given the high resolution needed to resolve the nm
foil at the beginning of the interaction.
Such a full scale simulation was recently carried out by Glazyrin et al. [134] modeling the
interaction of the LANL laser with a few nm thin foil using simulation parameters close
to the experimental configuration reported in Kiefer et al. [135]. Making use of advanced
computational techniques such as adaptive mesh refinement and a moving window, the
simulation was run until the laser had fully overtaken all electrons.
Glazyrin et al. report that in fact to explain the observed quasi-monoenergetic electron
distributions, ionization dynamics have to be taken into account. A direct comparison of
the energy spectra obtained from a fully pre-ionized 5 nm thin plasma target (typically
used in PIC simulations) and an initially neutral carbon foil is shown in figure 4.14. The
spectral peak observed from the initially neutral foil is remarkably close the observed
quasi-monoenergetic feature while the full plasma simulation does not reveal a secondary
high energetic spectral peak. Moreover, the peaked spectral component could not be ob-
served from a rather thick 42 nm target in agreement with the experimental observation.
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a) b)

Fig. 4.14 | Electron blowout spectrum: PIC simulation spectra and emission characteristic.
a) Electron distribution recorded after the pulse has fully slipped over the high energetic electrons
and corresponding angular distribution b). Both figures are taken from Glazyrin et al. [134].

Fig. 4.15 | Field ionization of carbon [134].

In the simulations, field ionization is ac-
counted for dynamically using the Ammosov-
Delone-Krainov (ADK) model. As a result,
electrons from different atomic shells are sub-
sequently released and injected into the laser
field as the pulse rises in intensity. The dy-
namic change in the electron population is ob-
served to give rise to essentially two different
groups of electrons. One species is formed by
electrons originating from outer atomic shells,
which are born early in the interaction, at sub-relativistic intensities due to their low ion-
ization potential (figure 4.15). These electrons build up a plasma, interacting with the
laser field not considerably different from what is seen in the case of an initially fully
ionized plasma target. A second group appears from the inner shell electrons, which is
released late, at relativistic intensities, close to the peak of the pulse. Upon the interaction
with the peak laser field, these electrons still have a narrow spread in phase space, as they
have not gone through many oscillation cycles during the rise of the pulse and thus can be
accelerated in a narrow spectrum.
While the simulation shows good agreement with the experimental results, the theoreti-
cal description of the acceleration process is still somewhat unclear. From the discussion
given in chapter 2.2.4, it is clear that considerable energy gain can be achieved from the
abrupt (nonadiabatic) seeding of electrons into the propagating laser field. Field ioniza-
tion takes place on short time scales compared to the laser period and thus provides such
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a mechanism. In fact, theoretical studies show that electrons born from high Z atoms
into the high intensity region of a strong laser pulse can be accelerated to GeV energies
directly in the laser field [34, 35]. However, the ionization potentials of carbon atoms
are comparably low and thus the energies expected from the equivalent process (∼1 MeV
[134]) would not explain the experimental observation.
The rapid formation of high energetic electron bunches from the plasma background,
nonetheless, may act analogous to the ionization event. Owing to the collective plasma
fields built up during the interaction, the electron plasma stays bound to the ion back-
ground and only a small fraction of electrons is released at every half cycle as a bunch.
These electrons rapidly acquire high momentum during the bunch formation process,
which allows them to overcome the counteracting charge separation field. The dynamics
of those electrons are observed in simulation to change rapidly from stochastic plasma
motion to the single electron dynamics and thus may very well undergo a non-adiabatic
seeding similar to the ionization event. In fact, it was pointed out by Mulser et al. [61] that
the break up of adiabaticity is a key feature of the electron bunch formation in an over-
dense plasma. Following this line of thought, the abrupt injection of an electron bunch
from the plasma into the peak of the propagating laser field would result in a final energy
gain E f = mec2a2

0/2. This quadratic scaling even holds when considering a focused laser
pulse [33, 48].
Figure 4.16 summarizes the experimentally observed electron peak energies measured
from different laser nanofoil configurations at the MBI and LANL laser. The experimen-
tal data clearly indicates a quadratic dependence on the a0 parameter and is strikingly
close to the single electron scaling motivated above. However, in a plasma, counteracting
electrostatic fields originating from the ion background are built up during the interaction
and thus we observe slightly reduced electron energies. Irradiating a thicker 5 nm foil,
these fields slightly increase and therefore lower energy values are found. This consider-
able drop in energy clearly illustrates that the efficient electron blowout requires ultrahigh
intensities combined with ultrathin foils. For a MBI type laser, the use of sub 3 nm foils
is indeed crucial.
While the measured electron energies can be remarkably well explained by the a2

0/2 scal-
ing, the underlying single electron model does not fully grasp the complexity of the inter-
action. In fact, in the single electron model given above, the energy gain of the electron is
directly bound to a transverse momentum gain (p⊥ ∼ a) and thus we would expect the for-
mation of two electron beams with emission angle tan θ∼ 2/a0 from the interaction, which
for LANL (MBI) corresponds to 8◦ (22◦). More sophisticated models (using higher order
field components [37, 43]) yield different ejection angles, however, none of them would
explain the experimentally observed narrow beam emission in forward direction (highest
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Fig. 4.16 | Electron blowout energy scaling. Electron blowout peak energies observed from
different laser-nanofoil configurations.

energies were consistently observed in 0 deg in both experiments). Standard PIC simula-
tions indeed indicate the off-axis emission of two electron beams as a result of the periodic
generation of relativistic electron bunches in alternating transverse directions [74]. This
characteristic emission pattern is also seen at early times in the large scale simulation by
Glazyrin et al. [134]. However, it is reported that this angular dependences blurs out after
long propagation distances due to space charge effects and thus eventually, a single beam
in forward direction is observed.
To address this question in detail and resolve the angular dependence in future experi-
ments more accurately, a novel, wide angle electron spectrometer was developed in the
framework of this thesis, capable of resolving electron energies within a detection angle
of ∼25◦ in a single shot. Preliminary experiments, however, did not exhibit the off-axis
emission of collimated electron beams, which hints that the off-axis emission pattern may
be indeed lost after long propagation distances.
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4.5.4 Competing Mechanisms

The observation of quasi-monoenergetic electron beams from laser nanofoil interactions
is an absolutely new discovery. While we find strong indication that these electrons are
accelerated directly by the laser pulse, we shall critically consider alternative interpreta-
tions, for example the laser wakefield acceleration (LWFA) mechanism in an underdense
plasma could also explain the experimental results. In fact, several groups have investi-
gated the generation of collimated electron jets from solid density targets by making use
of low laser pulse contrast conditions (or deliberately introducing a pre-pulse) to create a
short, low density plasma from a solid target.
For instance, in normal incidence configuration, quasi-monoenergetic electron beams of
rather low energy (∼ 0.6 MeV) were observed from a pre-exploded foil target (7.5 µm),
which was ionized by an intense pre-pulse ∼0.5 ns prior to the arrival of the main pulse
[136]. Likewise, a low divergent electron beam was observed at the LANL laser using low
ASE contrast (no pulse cleaning, target ionization at ∼0.5 ns) and a 100 nm thick target
irradiated at oblique incidence angle [137]. However, in the latter experiment, the spectral
distribution of the generated electron beam was poorly resolved (and from the given data
points seems exponential). In all experimental studies investigating the electron accel-
eration from pre-exploded foil targets [136–138], plasma density measurements or just
estimates on the plasma pre-expansion suggest the interaction of the main pulse with an
heavily expanded plasma of below critical density and few 100s µm scale length. Hence,
it was argued that in such an interaction scenario, the main pulse drives a wakefield in the
expanded, underdense plasma, accelerating electrons to MeV energies in a low divergent
beam (laser wakefield acceleration).
However, in clear contrast to those studies mentioned above, the experimental results ob-
tained in this thesis were performed with ultrahigh contrast laser pulses and nm scale
targets. Yet, the pre-expansion of the irradiated nm foils in advance of the main pulse
is essentially unknown. To get an idea, the contrast curves of the laser systems (chapter
3.1.2, figure 3.3) can be used as a guide to estimate the onset of the plasma formation.
From those curves we deduce that in the case of the MBI laser pulse ionization should not
take place earlier than -2 ps prior to the peak whereas at the LANL experiment the target
may already ionize at ∼ -50 ps in advance of the main pulse. Following the discussion
given in [137], we would expect a 3 nm thin (470 nc) target to expand to 30 nm (44 nc).
This estimate is consistent with the density scaling inferred from high harmonic measure-
ments from nm foils using the same laser system [139]. Hence, for the MBI experiment,
we have strong indication that even a few nm thin foils are truly overdense at the arrival
of the main pulse and thus any LWFA scenario does not apply. In the case of the LANL
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experiment, we estimate an expansion of ∼4 µm (hence ne∼ nc) for an initially 3 nm thin
foil and thus cannot exclude the interaction with an underdense plasma from those simple
estimates. However, even in such a situation, the generation of a quasi-monoenergetic
electron distribution can still not reasonably be explained by a LWFA scenario. In fact,
experiments at a very similar laser system (Vulcan laser: 160 J, 600 fs, a0 ∼ 15) using gas
jets covering a wide span of densities (5× 1018 cm−3 − 1 × 1020 cm−3) displayed - without
exception - monotonically decaying electron distributions [140]. This holds true when us-
ing foam targets of even higher, close to critical densities (0.9 - 3 nc) [141]. Another, com-
pletely different process relevant in this regime is the "direct laser acceleration" (DLA)
[142], which under the right conditions can prevail over the LWFA mechanism. Still, this
process does not give rise to a quasi-monoenergetic electron distribution [140, 143].
To date, no simulation or even experimental study exists that would show the generation
of a quasi-monoenergetic electron beam from an underdense plasma using a 500 fs long
laser pulse. Taken all together, we conclude that a LWFA scenario does not match to our
interaction parameters and cannot explain the experimental observations.



Chapter 5

Coherent Thomson Backscattering
from Relativistic Electron Mirrors

Having studied the electron dynamics in laser-nanofoil interactions in the previous chap-
ter, we shall now turn our interest to the envisioned application - the intense, short wave-
length generation via the reflection of a laser pulse from a relativistic electron mirror.
The experimental realization of the backscatter experiment is demanding for many rea-
sons. First, a high contrast, high intensity laser is required as the driving pulse. Achieving
both pulse parameters simultaneously is still a great challenge for state-of-the-art high
power laser systems. Second, a powerful probe pulse is needed, which is set up in counter-
propagating direction. Achieving good spatio-temporal overlap in the colliding beam
configuration, however, is experimentally not trivial. Last but not least, experiments with
nanometer thin foils are naturally limited to only a few shots and thus having full control
on both pulses in the experiment is crucial and in fact requires accurate preparation of
each target shot.
In this chapter, the first experimental study on the generation of a relativistic electron mir-
ror from a nanometer thin foil is presented. Complementary to the experimental results,
a complete numerical study on the electron mirror generation and reflection process is
given in full depth.

5.1 Experimental Setup

The experiment was conducted at the Astra Gemini dual beam laser facility. The laser
system is capable of delivering two optically synchronized laser pulses, which in the
following are referred to as the drive and the probe pulse. To cover a broad range of
target thicknesses, nanometer foils produced out of two different materials were used in
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Drive Beam:
I~6x1020 W/cm2 (a0~17)

Probe Beam:
I~1x1015 W/cm2

Ion, 
Electron, 
XUV Spec

Fig. 5.1 | Photograph of the experimental setup. The drive pulse is guided on the upper level
and focused with a f/2 off-axis parabolic mirror onto the target. The probe beam propagates on the
lower level, passes through a focusing lens (f/50) and ascends to a turning mirror, which re-directs
the beam to the target. To minimize the angle between drive and probe beam, the turning mirror
was carefully positioned in the close vicinity to observation axis of the Multi-Spectrometer, which
was set up along the drive beam axis. Only a fraction of the south beam was used as a probe (beam
diameter ∼ 17 mm) to ensure a compact probe beam setup relying on 1" optics.

the experiment: a) carbon foils with thicknesses of 200 nm, 100 nm, 50 nm and den-
sity ρC ∼ 2.1 g/cm3, and b) DLC foils with thicknesses of 25 nm, 10 nm, 5 nm and
ρDLC ∼ 2.8 g/cm3. To reach the contrast level required for those targets, additional
pulse cleaning was applied to the drive pulse. By introducing a re-collimating double
plasma mirror into the optical beam path, the contrast of the laser pulse was enhanced to
∼10−9 measured at -2.5 ps prior to the peak of the pulse (chapter 3.1.2, figure 3.4). Due
to the rather low contrast of the probe pulse on the few picosecond time scale (∼10−4 at
−2.5 ps), the peak intensity was set to ∼1015 W/cm2 such that intensities above the ioniza-
tion threshold ∼1012 W/cm2 were reached only a few hundred femtoseconds in advance
of the main pulse. To vary the polarization of the drive pulse in the experiment, a λ/4
wave-plate was positioned in the collimated beam right after the plasma mirror system.
The polarization was changed between linear and circular by rotating the wave-plate dur-
ing the experiment without breaking vacuum.
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Fig. 5.2 | Schematic illustration of the experimental configuration. The drive pulse (5 J, 55 fs)
is focused to a 3.5 µm FWHM focal spot, corresponding to a peak intensity of 6 × 1020 W/cm2.
The probe pulse (2 mJ, 55 fs) is shot simultaneously from the opposite side (angle between both
beam axis ∼1◦), focused to a 55 µm FWHM spot, which equates to 1 × 1015 W/cm2. The radiation
emitted from the foil is measured at 0◦ with respect to target normal direction using a transmission
grating spectrometer.

A photograph of the actual experimental setup is shown in figure 5.1 and a schematic
illustration of the experimental configuration is given in figure 5.2. The drive pulse
(∼5 J, 55 fs) is focused with a f/2 off-axis parabolic mirror to a focal spot of 3.5 µm
FWHM, reaching peak intensities of 6 × 1020 W/cm2. Simultaneously, the probe pulse
(∼2 mJ, 55 fs) is shot from the opposite side, quasi counter-propagating (angle between
both beam axis ∼1◦), focused with a f/50 lens to a 55 µm FWHM spot corresponding to a
peak intensity of 1 × 1015 W/cm2.
The radiation emitted from the foil is diagnosed at 0◦ with respect to the target normal di-
rection using a transmission grating spectrometer. The entrance of the spectrometer was
defined by a pinhole with a 200 µm diameter at a distance of 1.3 m, corresponding to a
detection angle of 1.7 × 10−8 sr. The transmission grating consists of free-standing gold
wires with 1000 lines/mm, supported by a triangular mesh structure. The backscattered
radiation was detected with a micro-channel plate (MCP) that was imaged onto a low
noise CCD camera. A detailed description of spectrometer is given in chapter 3.3.3.
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5.1.1 Spatio-Temporal Overlap

The precise overlap of the drive and probe pulse in space and time is of utmost importance
for the backscatter experiment. To relax the requirements on the beam pointing stability
and avoid potential jitter problems, the focal spot of the probe pulse was chosen rather
large. To achieve spatial overlap, the intersection point of the drive and probe pulse was
defined by the tip of a wire (diameter: 7 µm), which both beams were pointed onto, using
the high magnification focal spot diagnostic for the drive and a side view imaging system
for the probe.
The relative timing of both pulses was determined with the aid of plasma shadowgra-
phy using an additional transverse probe pulse, schematically shown in figure 5.3. Here,
the drive pulse was shot at atmospheric pressure at intensity levels well above the limit
of air breakdown, which thus caused the formation of a plasma channel in the focal re-
gion. Shadowgrams of the generated plasma channel were observed in the transverse
probe imaging, once the transverse probe, backlightening the plasma channel, was timed
to within the channel’s lifetime (∼ ns). Temporal synchronization of both pulses was
achieved tuning the probe pulse to the onset of the plasma channel formation, which could

South !
Beam!

Drive Beam!
(North Beam)!

Probe !
Beam!

Transverse!

Probe Beam!

Delay!

Delay!

Imaging!

Fig. 5.3 | Pulse synchronization. Drive and probe pulse
were timed relative to the transverse probe beam using
plasma shadowgraphy.

be determined to better than 30 fs.
Similarly, the probe pulse was
timed prompt relative to the trans-
verse probe by monitoring the
plasma channel generated with
the focused probe pulse using the
transverse probe as the backlighter.
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5.2 Experimental Results

As mentioned earlier, the complexity of the experimental setup including the employed,
cutting-edge laser system by itself restricts the experimental study to the proof-of-principle.
In particular, the probe data presented in the following was measured on a single day, right
after aligning both beams on target carefully.
Figure 5.4a shows the measured photon spectra using the drive laser pulse in linear polar-
ized (LP) configuration. A clear harmonic signal is observed from 200 nm thick carbon
foils when irradiating the target with the drive pulse, only. However, reducing the target
thickness to 50 nm and 10 nm thin foils, the harmonic signal breaks down and vanishes
in the background noise. This behavior changes substantially when irradiating the target
with the probe pulse synchronously. Here, a periodically modulated spectrum ranging
down to ∼ 60 nm wavelength was observed repeatedly.
The fundamental difference between the single and dual pulse interaction is evidently
seen when directly comparing the raw detector images obtained from two subsequent tar-
get shots, shown in figure 5.5. Irradiating the target with the drive pulse, only, the signal
obtained here is dominated by shot noise. Slight deviations from the background are
within the noise level and cannot be attributed to a signal. On the contrary, the subsequent
probe shot exhibits a periodically modulated signal, which clearly cannot be explained by
any background fluctuations. Although, the signal-to-noise ratio is not ideal due to the
small detection angle and could certainly be improved using a collection optic, it is clear
from that raw images that the signal is real and obvious to the naked eye. Towards shorter
wavelengths, however, the noise level increases and thus prevents detailed analysis.
The measurement was repeated changing the polarization of the incident drive pulse to
circular (CP), figure 5.4b. In clear contrast to the LP case, the harmonic emission observed
from the 200 nm carbon foils is strongly reduced in circular configuration. Accordingly,
no harmonic signal is observed from a 10 nm thin foil, when irradiating the target with
the CP drive laser pulse, only. In contrast, a clear backscatter signal was found irradiating
the target with both pulses simultaneously.
The experimental observations are summarized in figure 5.6, showing the integrated XUV
signal measured within 55 nm -100 nm for various interaction configurations. Owing to
the complexity of the experiment, the statistics of the experimental data taken is rather
limited. Nonetheless, the dataset clearly follows those trends discussed in figures 5.4 a,b.
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Fig. 5.4 |XUV spectra from different targets and laser pulse configurations. a) linear polarized
drive (LP), b) circular polarized drive (CP). The polarization of the probe was linear. Target
shots with the synchronized probe pulse are labeled as ’Probe’. Dashed lines: linear fit to the
background.
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Fig. 5.5 | Detector images (hot pixels removed) obtained from two subsequent 50 nm target shots,
using a) the drive pulse only, b) drive and probe pulse simultaneously. Dashed lines: spectrum
(red), background spectrum (gray), linear fit to the background (black).
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Fig. 5.6 | Signal within (55 -100) nm from different targets and laser pulse configurations.
Linear fits to the data points are given as a guide to the eye (dashed lines).
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Electron Signal

The Multi-Spectrometer allowed measuring simultaneously the emitted XUV radiation
and the generated electron distribution in target normal direction. The electron spectra
recorded from the same target shots, in which the presented XUV spectra were taken
(figures 5.4), are shown in figure 5.7. The electron distributions observed from single
and dual pulse interactions are almost identical. Slight deviations are within shot-to-shot
fluctuations, whereas the impact of the secondary pulse is negligible. In addition, neither
an XUV nor an electron signal was measured when irradiating the foil with the probe
pulse, exclusively.
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Fig. 5.7 | Electron spectra observed from single and dual beam interactions. The depicted
electron distributions were measured from the same target shots as the photon spectra shown in
figure 5.4.

Harmonic Signal

The observation of harmonic radiation in transmission of rather thick (100 nm - 200 nm)
foils is a new discovery and was for the first time observed at the Astra Gemini laser in
this experimental campaign. In fact, this signal was recently attributed to a new genera-
tion mechanism, dubbed ”Coherent Synchrotron Emission” (Dromey et al. [133]), which
is currently under theoretical and experimental investigations. However, this process is
inherently different to the coherent backscattering1 and seems to be efficient only for
much thicker targets as compared to the mirror case. The following theoretical analysis
will concentrate on the electron mirror generation from laser nanofoil interactions and in
particular on the understanding of the observed backscatter signal.

1the relativistic Doppler upshift is non-existent in transmission and thus cannot be attributed to the
observed signal.
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5.3 PIC Simulation
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Fig. 5.8 | PIC simulation configuration. Drive and probe pulse were initialized counter-
propagating, in cross-polarized configuration. The plasma layer was positioned at z=5 µm, the
detector recording the electric field at z=8 µm.

a0 I (W/cm2) τ (fs) w0 (µm)
Drive: 17 6 × 1020 50 (gaussian) 3 (gaussian)
Probe: 0.05 6 × 1015 100 (flattop) 50 (gaussian)

Tab. 5.1 | Laser pulse parameter used in the PIC simulation. The shape of the field envelope
is given in brackets. τ: pulse duration (FWHM), w0: focal spot size (FWHM).

In order to gain deeper insight into the interaction dynamics, two dimensional particle-
in-cell simulations were conducted using the PSC code [144]. The simulation of the dual
beam configuration in connection with a nanometer thin, solid density plasma is a non-
standard PIC simulation and various different tools had to be developed to diagnose the
simulation in great detail. Regarding the rather long rise time of a 50 fs gaussian laser
pulse, and the high spatio-temporal resolution needed to accurately resolve the mirror
structure, and accordingly the back-reflected short wavelength radiation, the simulations
carried out in this chapter were computationally expensive.
In more detail, the simulation box was 10 µm × 20 µm in longitudinal and transverse di-
mension, divided into 4000×4000 cells, which equates to a spatial resolution ∆z : 2.5 nm,
∆x : 5.0 nm. The nanometer foil was modeled as a fully ionized carbon plasma with den-
sity ne = 47 nc and thickness 100 nm (rectangular shape) using 200 particles per cell.
Taking into account a target pre-expansion and density reduction due to limited laser
pulse contrast conditions, the plasma parameters chosen in the simulation correspond to
a solid, 10 nm foil, as used in the experiment.
The laser pulse parameters used in the simulation are summarized in table 5.1. The drive
pulse profile is set to a gaussian in space and time with parameters matched to the ex-
perimental conditions. To ensure full overlap of the generated mirror structures and the
probe pulse, the temporal profile of the probe beam is set to a flattop shape, probing the
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whole interaction, whereas the spatial profile is kept as a gaussian. To resolve the field
components of the drive and probe pulse independently, the laser pulses were initialized
in cross-polarized configuration. In the following, the drive pulse has the electric field
component Ex, while the probe pulse is set to Ey, as shown in Fig. 5.8.
In order to monitor the radiation generated during the interaction at the rear side of the
foil, a detector was positioned at z=8 µm, recording the electric field components Ex, Ey
within x=4 µm and x=16 µm.
In the following, the simulation results are presented in two sections. First, the observed
radiation is analyzed in the spectral domain (section 5.3.1). In a second step, the interac-
tion is discussed in the temporal domain in very detail (section 5.3.2).

5.3.1 Spectral Analysis

The recorded time-dependent electric fields are Fourier transformed in both polarizations
to obtain the spectral intensity as a function of frequency ω and transverse dimension x.
Spectral lineouts shown below are obtained averaging in transverse dimension within the
spatial region indicated by the dashed lines.
In accordance with the experimental observation, the time-integrated spectrum of the
electromagnetic field recorded in transmission of the foil exhibits nearly no signal above
ω/ωL ∼ 5 when irradiating the foil with the drive laser, only (figure 5.9a). Redundant, har-
monic signal observed off-center stems from target denting late in the interaction, where
the laser field is effectively oblique incident on the side wings of the plasma layer. Those
harmonic orders show strong dependence on the lateral position x in the spectrum, which
is a result of the fact that these harmonics are emitted at a steep angle with respect to the
laser axis (thus, pass through the detector at an oblique angle, equivalent to a frequency
shift in the spectral domain). Due to the apparent off-axis emission, we do not expect to
observe the residual harmonic signal in the experiment, as in stark contrast, the emission
was measured on-axis. Moreover, the measured signal is fully confined to the polarization
axis of the drive pulse Ex, whereas the signal recorded simultaneously in the polarization
axis perpendicular to the drive pulse is governed by computational noise on a much lower
signal level, as shown in figure 5.9b. In consequence, any signal observed in Ey direction
can be unambiguously attributed to the probe pulse.
In contrast to these observations, a clearly modulated spectrum is obtained irradiating the
plasma layer with drive and probe pulse synchronously, figure 5.10a. The observed sig-
nal extends up to ω/ωL ∼ 13 in excellent agreement with the experimental observation.
Moreover, the spectral interference observed in the experimental measurements is clearly
visible in the obtained PIC spectrum.
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Fig. 5.9 | Spectra obtained from the drive pulse - foil interaction. a) Spectrum of the recorded
Ex field (transmitted drive laser field), b) spectrum of the recorded Ey field.

To gain deeper insight, a temporal filter (window function: supergaussian, 40th order) is
applied to the recorded electromagnetic field prior to the Fourier transformation, such that
the obtained spectrum contains spectral components generated within that time window,
only. Shifting that window function in time, the time interval of most efficient back-
reflection is identified.
Figure 5.10b shows the spectrum of the time-windowed electric field, t=[-14,-10] TL. The
filtered spectrum now reveals slower spectral decay as the window function truncates time
steps where the mirror formation, or reflection is very ineffective. By doing so, we ne-
glect any experimental sophistication such as timing issues. Hence, the filtered spectrum
is rather representative to the spectral scaling of the reflection process itself. Moreover,
it gives a first hint, that main spectral contributions are generated in the early phase of
the interaction, at the time period when the foil is still opaque to the laser, as we shall
examine in chapter 5.3.3 in more detail.
The clean spectrum reveals a systematic dependence of the observed harmonic orders
on the lateral position. While odd orders exhibit enhanced signal in the central region,
spectral peaks of even order are confined to the off-axis emission. As we shall see in
the next chapter, the reflecting mirror structures are created periodically at twice the laser
frequency (2ωL) due to the driving v × B force of the laser. However, adjacent electron
mirrors are generated with opposite transverse momentum as the electric field, acting on
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Fig. 5.10 | Spectra obtained from the dual pulse - foil interaction a) Spectrum of the backscat-
tered probe field taken from a 50fs time window. b)The spectrum filtered with a four cycle time
window at the time of most efficient mirror production.

the plasma layer synchronously, oscillates at the laser frequency ωL. Hence, subsequent
electron bunches are ejected in opposite transverse directions, resulting in an overall mir-
ror structure with periodicity of λL/2 in the central, and λL in the outer region. Thus, as a
direct consequence of Fourier analysis, the periodicity of the harmonic orders observed in
the spectrum is 2ωL in the center (mirror spacing: λL/2), and ωL in the non-overlapping,
outer region (mirror spacing: λL). Consequently, the spatially averaged spectra exhibit
odd and even harmonics orders, hence a harmonic spacing of ωL, as observed in the ex-
periment.

5.3.2 Temporal Analysis:
Reflection from a Relativistic Electron Mirror

To gain deeper insight into the generation process of the high frequency components ob-
served in the spectrum, the interaction is analyzed in the time domain. Figure 5.11a shows
the electron density distribution seen rather early in the interaction, at t = −15TL relative
to the peak of the pulse. At this stage, the periodic generation of attosecond short electron
bunches is dominating the electron dynamics. These bunches are created via the driving
v × B force of the laser, acting on the skin layer of the solid density plasma at a frequency
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of 2ωL. As a result, dense electron bunches are formed at the boundary and accelerated
into the plasma, periodically, at every half cycle of the laser field. Each of these bunches
traverses the thin plasma quasi-instantaneously, and escapes into vacuum region at the
rear side of the plasma as a nanometer thin layer with density well above critical density
(i.e.>1021 cm−3) while propagating in free space at relativistic velocities.
As soon as the electron bunch reaches the rear side of the foil, it encounters the probe
field and scatters off radiation. The extremely short length scale of the created relativis-
tic structure (∼10 nm) in connection with its high density (∼3 nc) allows for the coherent
scattering, i.e. the mirror-like reflection. In counter-propagating geometry, the scattering
amplitudes of the backscattered radiation add up constructively, in direction normal to
the mirror surface, and the created electron bunch acts in the coherent case as one expect
intuitively from a mirror, that is the radiation is reflected in specular direction. The mirror
structure is formed by electrons which are not propagating exactly in the same direction
or at the same velocity. However, in the relativistic limit, the velocity dispersion is suffi-
ciently small for electrons of different energies. As a result, the mirror structure remains
intact over micron-scale distances, sufficient for the reflection to take place. The relevant
γ factor governing the relativistic frequency upshift is γz = 1/

√
1 − β2

z , as discussed in
chapter 2.6. As each mirror constitutes of electrons of various energies (figure 5.11b),
the backscattered radiation is shifted to a rather broad photon energy range, giving rise to
coherent spectral contributions up to a maximal frequency of ωmax = (1+βz,max)2 γ2

z,max ωL

from each mirror-like reflection. As the γz distribution of the created electron bunches
continuously decreases for higher γz values, the spectrum of the backscattered radiation
slowly merges into the incoherent background rather than dropping off sharply and hence,
backscatter signal up to γz ∼ 2 is clearly visible above background (figure 5.10). This is
in good agreement with the experiment, showing a modulated spectrum up to ∼65 nm,
corresponding to γz ∼ 1.9. While each individual electron mirror emits a continuous
spectrum up to a frequency ωmax, the emission from a periodic electron mirror structure
results in spectral interference and therefore a strong modulation in the measured photon
spectra is observed (as discussed in chapter 5.3.1).
It is important to note that the counter-propagating probe field passes through the ejected
electron mirror, although the layers feature densities above critical density, thus are opaque
to an optical wavelength of 800 nm. However, transforming in the rest frame of the mirror
the wavelength is λ′ = λL/(1+ βz)γz and the mirror density reduces as n′e = ne/γz, causing
the layer to be partially transparent, as seen in figure 5.11b. Thus, the light reflection is the
result of the sudden change in density i.e. from vacuum to the electron mirror, analogous
to the reflection of optical light from a transparent glass plate.
This reflection process occurs repetitively at every half cycle of the laser field, thus re-
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Fig. 5.11 | Reflection from a relativistic electron mirror. a) A dense electron bunch with thick-
ness ∼10 nm FWHM is created at the laser plasma interface by the v × B force of the driving
laser and pushed through the overdense plasma layer. At the rear side of the target, the electron
layer escapes from the driving laser field and thus propagates freely in space while reflecting the
counter-propagating probe pulse b). The frequency upshift is clearly visible in the backscattered
pulse (frequency filter ω/ωL > 10).
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sults in a train of attosecond short pulses, as clearly seen in figure 5.12. The intensity
of each individual pulse is directly correlated to the electron bunch properties they re-
flect off and is discuss in section 5.3.4 in more detail. Moreover, the emission is directed
along the mirror surface normal, as opposed to the emission cone of individual scatterer,
which points off-normal, in propagation direction (chapter 2.6, figure 2.9). Thus, the ob-
served high directionality of the emission in specular reflection is a clear signature of the
coherence of the scattering process.
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Fig. 5.12 | Backscattered pulse train. The electron density characteristics of the back-reflecting
electron bunches are directly imprinted in the intensity and curvature of the reflected light pulse.
For a detailed discussion see chapter 5.3.4. Note that a frequency filter (ω/ωL > 5) was used to
visualize the backscatter pulse train.

5.3.3 Electron Mirror Properties

While electron mirrors are repeatedly generated at every half cycle of the driving laser
field, their properties vary significantly over the course of the interaction owing to the
complex interplay between the driving laser field and the oscillating plasma layer. Fig-
ures 5.13, 5.14 summarize the electron mirror characteristics observed at different time
steps during the interaction.
In the very early phase of the interaction, the created electron layers are extremely well-
confined in space, however feature rather low densities and γz values, figure 5.13a. As
the laser pulse rises to higher intensities, both the density and γz factor increases, while
the sharpness of the electron bunches is still maintained (figure 5.13b). The thus gener-
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ated electron mirrors backscatter the counter-propagating probe pulse most effectively, as
clearly seen in figure 5.13c. While higher γz factors can be observed as the pulse intensity
rises closer to the peak, the respective electron bunches become broadened in space, fig-
ures 5.14d. The degradation of the electron bunch properties can be explained by strong
heating of the plasma layer. As the laser intensity rises slowly over many cycles, the
plasma electrons go through many oscillations of the driving force. Each of those cycles,
however, considerably broadens the electron phase space of the plasma layer. As a result,
the electron mirrors created from the bulk plasma loose coherence as time evolves, and so
does the backscattered light. Finally, at t = −8TL, the plasma turns transparent to the laser,
figure 5.14e. In the transparent regime, the generated electron bunches are broad ∼ λL/2
(chapter 4.1), much longer than the wavelength of the reflected light, and therefore the
coherent backscatter signal breaks down completely in this phase (figure 5.14f).

5.3.4 Electron Mirror Reflectivity

The periodic emission of electron bunches inherently results in a multilayer mirror struc-
ture, as observed in figure 5.11a. However, the density of each individual electron layer
drops comparably fast as it propagates in vacuum (∼ one order of magnitude within a
distance of ∼λL/2). Taking into account that the reflectivity is expected to scale with
Rm ∝ n2

e (chapter 2.5.1, equation 2.42), we can neglect potential contributions from mul-
tiple reflections and discuss the reflection process from isolated bunches in the region of
their highest density, that is in the vicinity of the target rear side. As a result, we can relate
each back-reflected pulse to an electron bunch, which it originates from. As the electron
bunch parameters vary significantly over the course of the interaction, we can gain deeper
insight into the reflection process and identify how different bunch parameter affect the
electron mirror reflectivity.
To deduce the reflectivity of a single electron bunch at a certain wavelength of the back-
scattered radiation, we apply a spectral filter to the electron distribution of the acting
mirror and the electric field of the backscattered radiation. The electric field is frequency
filtered within 9ωL < ω < 11ωL and the peak intensity of the backscattered pulse is
extracted from the resulting intensity distribution2. The electron density of the corre-
sponding electron bunch is filtered in phase space such that the remaining electrons all
satisfy 9 < (1+ βz)2γ2

z < 11 and the peak density of the resulting monochromatic electron
mirror is extracted. The ratio of incident and reflected intensity deduced from the sim-
ulation relates to the mirror reflectivity as Ir/Ii = (1 + βz)4γ4Rm (chapter 2.5.2, equation
2.44), from which we calculate the mirror reflectivity Rm.

2at ω = 10ωL, a minimal bandwidth of ∆ω/ω = 20% is needed to resolve different pulses spatially.
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For the sake of simplicity, we focus the analysis on the early phase of the interaction,
where the electron bunch properties and the backscattered pulses reveal smooth behavior,
and only the bunch density varies significantly for different bunches (figure 5.13).
The result is shown in figure 5.15. We clearly recover the quadratic behavior, character-
istic for the coherent emission. Moreover, the analytical curve, derived in chapter 2.5.1,
fits well to the extracted PIC data, using electron bunch parameters deduced from the
simulation. The importance of the coherence of the scattering process observed in the
simulation becomes even more evident, comparing the signal to the incoherent scattering.
Using identical bunch properties (n0=0.1- 0.3 nc, d=10 nm), we expect for the incoherent
electron bunch reflectivity

Rincoh =
σT

A
N = σT

√
πn0d = (2 − 7) × 10−10 (5.1)

Clearly, such an inefficient process is unlikely to be measured in the experiment. To be
more accurate, we shall go back to the experiment and make a rough estimate on the
photon number of the backscattered pulse measured in the experiment.

5.3.5 Photon Number Estimate

In the following, the absolute photon number measured at λ = 80 nm is deduced from the
signal count level on the detector, taking into account the ratio of the solid angle resolved
in the measurement Ωspec, relative to the expected angular distribution of the emitted ra-
diation Ωtotal:

N photon
total = N photon

spec ×
Ωtotal

Ωspec
. (5.2)

The cone angle of the backscattered radiation can be estimated, assuming a diffraction
limited light cone with apex angle 2α determined by the source size with diameter 2w0

2α = θ ∼ 2
π

λ

w0
and Ωtotal = 4π sin2(α/2). (5.3)

where w0 is the radius at which the intensity drops down to I0/e2 and is related to the
FWHM diameter dFWHM as w0 = dFWHM/

√
2 ln 2. Using no collection optic, the solid

angle resolved by the transmission grating spectrometer is determined by the diameter
of the entrance pinhole D2 = 200 µm and its distance to the source: 1350 mm, thus
Ωspec = 1.7 × 10−8 sr.
In the experiment, the signal observed on the detector within the spectral peak at λ∼80 nm
(∆λ/λ ∼10 %) was on the few photon count level (figure 5.4). Taking into account the
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efficiency of the MCP: ηMCP ∼ 0.1 and the grating: ηTG ∼ 0.1, we estimate for the photon
number measured at that wavelength with the detector N80nm

spec ∼ 200 photons as a rather
conservative value. Note, that a bandwidth of 20% was assumed here to be able to com-
pare directly to the PIC simulation results. From the simulation, we deduce that the size
of the electron mirrors is determined by the central region of the drive laser focus, ∼2 µm
(figure 5.13), corresponding to an emission into a solid angle ofΩtotal = 7×10−4 sr. Hence,
we estimate N80nm

total ∼ 8 × 106 photons/shot at a wavelength of 80 nm within a bandwidth
of 20%.
Moreover, the lifetime of the mirror is of the order of half an optical cycle. Accordingly,
we estimate that 1.6×1011 probe photons with 0.8 µm wavelength interact with the mirror,
which equates to a mirror reflectivity of ∼5 × 10−5.
Indeed, the estimated reflectivity is in good agreement with the reflectivity deduced from
the PIC simulation (figure 5.15) and can only be understood taking into account the coher-
ent enhancement of the Thomson cross-section causing a drastic increase in the backscat-
tered signal by at least four to five orders of magnitude.
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Fig. 5.15 | Electron mirror reflectivity. The reflectivity obtained from PIC simulation (dots)
follows a quadratic scaling as expected from coherent scattering theory (analytic curve). The
electron mirror reflectivity deduced from the experiment (green) is 5 × 10−5, in fair agreement
with the expected value. Inset: coherent enhancement Rm/Rincoh as expected from theory (chapter
2.5.1, equation 2.42 and equation 5.1)



Chapter 6

Conclusions and Outlook

6.1 Summary of the Results

In this work, the relativistic electron dynamics in high intensity laser-nanofoil interac-
tions are investigated in a series of experiments in combination with numerical studies.
The presented results advance the understanding of light matter interactions and will help
creating novel electron, ion and X-ray beams from the interaction of a high intensity laser
with a nanoscale plasma.
In a first set of experiments, the electron distributions created from laser-nanofoil inter-
actions have been studied in great detail with different high intensity lasers, covering
nearly the complete range of the currently available high power laser systems. As the tar-
get thickness was varied from the thick, micrometer to the nanometer scale two different
regimes were found to exist.
In the thick target range, energetically broad, exponentially decaying electron distribu-
tions were observed showing rather low dependence on target thickness and good agree-
ment with the theoretical scaling laws, predicting the electron mean energy of the gener-
ated hot electron distributions as a function of laser intensity. By reducing the target thick-
ness to the nanometer scale, however, significant increase in the spectrally resolved elec-
tron mean energies was found, while on the contrary, the observed ion energies dropped
considerably. Both observations were explained by the onset of plasma transparency sup-
ported by transmission measurements and numerical simulations. This experimental work
constitutes the first comprehensive study on the hot electron generation in high intensity
laser-nanofoil interactions and thereby sheds light on fundamental problems in laser solid
plasma interactions such as the long-standing question of laser energy absorption.
The reduction in target thickness to the very extreme of ≤ 5 nm thin foils led to the discov-
ery of a new acceleration mechanism, not predicted by any theoretical work prior to the
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experimental investigations. Here, quasi-monoenergetic electron beams were observed
for the first time from ultrathin foils at the MBI and LANL laser system peaked in the en-
ergy distribution at ∼4 MeV and ∼35 MeV, respectively. The observed electron energies
are remarkably close to those expected from the free electron scaling, suggesting that the
massive reduction in target thickness allows the electrons to be effectively injected from
the semi-transparent plasma layer into the transmitted laser field. This observation has
attracted great interest in the field and has recently triggered further theoretical investiga-
tions.
With regard to the generation of a relativistic mirror structure, the electron dynamics in
laser-nanofoil interactions using the existing multi-cycle high power laser pulses turns out
to be fundamentally different from the envisioned relativistic electron mirror generation
with highly idealized, step-like laser pulses. Nonetheless, in the framework of this thesis,
it was demonstrated for the first time, that dense electron mirrors can in fact be created
from nanoscale foils.
To investigate the backscattering of a secondary pulse from the relativistic electron bunches
generated in laser-nanofoil interactions a dual beam experiment was conducted at the As-
tra Gemini laser system. Irradiating 10 nm and 50 nm thin foils with a high intensity drive
pulse and a rather weak, counter-propagating probe pulse synchronously, a periodically
modulated spectrum ranging down to ∼ 60 nm was observed.
Numerical studies well adapted to the experimental configuration show good agreement
with the experimentally observed photon spectra. The simulation suggests that relativis-
tic electron bunches of high density (∼5 nc) and extremely short length-scale (∼10 nm)
are generated by the driving laser field while the plasma layer is still opaque to the laser.
Those extreme properties of the created, freely propagating relativistic structures indeed
allow for a mirror-like reflection shifting the frequency of the counter-propagating laser
coherently from the visible to the XUV.
The reflection process in combination with the frequency upshift was analyzed in the
PIC simulation in very detail. It was shown that the frequency upshift is governed by
an effective gamma factor of the collective mirror structure, which is determined by the
velocity component normal to the mirror surface γz = (1 − β2

z )−1/2, as opposed to the
gamma factor of each individual electron. Moreover, the spectral modulations observed
in the backscattered signal were explained by the periodic emission from multiple elec-
tron mirrors repetitively created during the rather slow rise of the laser pulse. The mirror
reflectivity is seen in simulation to scale quadratically with the number of electrons in-
volved in the reflection process and was well explained analytically in the framework of
coherent scattering theory.
The signal observed in the experiment is estimated to be 8 × 106 photons/shot at 80 nm
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wavelength corresponding to a mirror reflectivity of 5 × 10−5. This is in good agreement
with the signal level expected from PIC simulation and exceeds the signal expected from
incoherent Thomson scattering by more than four orders of magnitude. Taken together,
while not directly measured, the signal level of the backscattered pulse, the frequency
upshift governed by ∼4γ2

z , as well as the periodic modulation in the backscattered signal
are strong indications for the observation of a coherent process, i.e. the reflection form a
relativistic electron mirror.
The presented work investigates for the first time the generation of a relativistic electron
mirror from a nanoscale foil in experiment and in simulation using realistic laser pulse
parameters. It is a major achievement of this work to close the vast spanning gap between
theoretical ideas and experimentally accessible concepts. The obtained results will give a
clear guidance for future developments of a relativistic mirror that could, on a micro-scale,
produce bright bursts of X-rays.

6.2 Future Perspectives

Relativistic Electron Bunches from Laser-Nanofoil Interactions

While the creation of a single, solid density, relativistic electron bunch from a few nanome-
ter thin foil crucially relies on few cycle high power laser pulses and still is somewhat
beyond of what can be achieved today, the electron bunch generation from solid density
foils using current laser technology already is extremely useful and deserves further ex-
perimental investigations.
The characteristics of the electron bunches that can be created from solid plasmas are out-
standing. PIC simulations as well as first experimental studies (such as the one presented
in this thesis) show that electron bunch lengths on the few nm scale (hence attosecond
short) and densities >1021 cm−3 can be achieved with current laser technology. These
electron bunch properties are unique in many ways and by no means accessible from the
"conventional" laser wakefield acceleration mechanism. Although the electron acceler-
ation from underdense plasmas has already proven to be useful to generate incoherent
XUV or even X-ray radiation, the electron bunch properties obtained from those interac-
tions are not sufficient to reach the coherent limit.
On the contrary, nanoscale bunches observed from laser solid plasma interactions are ideal
for the generation of coherent short wavelength generation. A good example demon-
strating the great potential of those bunches is the harmonic emission from nanoscale
targets that has recently gain high interest. The first experiments investigating the emis-
sion from laser-nanofoil interactions were performed at the MBI, LANL and Astra laser
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facilities complementary to the work presented in this thesis. Strong harmonic signal
was observed in the experiments from rather thick 100-200 nm targets in transmission
and normal incidence interaction configuration, which could not be explained by any of
the well-established generation mechanisms, such as the relativistically oscillating mirror
(ROM) or coherent wake emission (CWE). It was rather found from simulation that the
observed emission is due to the formation of extremely dense electron bunches, which,
as they perform rapid elliptical orbits at the front side plasma interface, emit synchrotron
radiation, coherently [133]. While the periodic electron bunch formation at the plasma
vacuum boundary is intrinsic to the interaction with a solid density plasma, it was shown
in a parametric study that the plasma length scale crucially affects the electron bunch
properties and thus determines the regime of coherent emission [145].
Yet, at present, the theoretical understanding of the electron bunch formation process at
the plasma vacuum boundary is very little and it will be a key challenge for future theoret-
ical investigations to give a deeper insight into that process and predict optimal conditions
for the effective bunch generation. The measurements performed within this thesis will
provide a benchmark for theoretical investigations.
Apart from creating dense relativistic structures to generate coherent burst of XUV or
X-ray radiation, the acceleration of electrons from nanoscale targets has the prospect of
generating unprecedented high flux electron beams, significantly higher than what is ob-
served from gaseous targets. To date, monoenergetic electron beams are routinely pro-
duced from laser wakefield acceleration in underdense plasmas. Those beams show high
quality, can be controlled to a high degree and have proven very useful in applications.
The electron energies are steadily increasing to beyond the GeV level, however, very little
is done to achieve higher particle flux. In fact, the number of electrons that can be accel-
erated by the laser wakefield mechanism is somewhat limited, owing to the fact that the
driving plasma wave becomes easily perturbed by the accelerated particle bunch trapped
therein (beam loading, see references in [146]). On the contrary, it is clear that electron
beams from solids could potentially yield high electron currents. So far, little attention
was paid to that route as the electron spectra observed from solid plasmas exhibit rather
low energetic, exponentially decaying electron distributions. Quasi-monoenergetic distri-
butions at the tens of MeV energy level as observed here from nanoscale foils, however,
could pave the way for a novel laser-driven, high current electron source.
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Relativistic Electron Mirrors: Towards Coherent, Bright X-rays

The experiment and simulation presented in chapter 5 of this thesis provides unprece-
dented deep insight into the scheme of short wavelength generation via coherent Thomson
backscattering from relativistic electron mirrors. The emphasis of the investigations pre-
sented here is on the proof-of-principle rather than on demonstration of a source ready to
use in applications. Nonetheless, we shall discuss the steps necessary to take in the future
to achieve shorter wavelengths as well as to increase the signal level and thus move the
generation scheme from the proof-of-principle to a versatile source of coherent X-rays.
In backscatter experiments, a rather straightforward way to increase the signal level of the
generated short wavelength radiation is to increase the intensity level of the incident probe
pulse (or, in case of perfect spatio-temporal overlap, the probe pulse energy). This can be
done trivially up to the threshold where the probe field becomes a significant perturbation
to the electron bunch dynamics. This threshold is expected at a0 ∼1, which marks the
transition to nonlinear Thomson scattering [147] and thus in the experimental configura-
tion presented in chapter 5, would allow for an increase in photon number by ∼ 103.
Increasing the electron mirror reflectivity (hence the efficiency of the process), requires
the creation of relativistic electron mirrors of even higher density. Owing to the complex-
ity of the bunch formation process at the laser plasma interface, the scaling of the bunch
properties with laser and plasma parameters is not clear. Ultimately, the utilization of ex-
tremely sharp rising few cycle laser pulses seems of utmost importance to avoid a strong
perturbation or even expansion of the plasma layer prior to the mirror formation. Using
such pulses the transition to the envisioned ideal REM generation scenario observed in
simulation from step-like rising pulses is expected. Those pulses could give rise to REMs
of almost solid densities while maintaining the initial thickness of only a few nm. In that
case, the bunch density could be increased by a factor of 100, which in turn would boost
the reflectivity by 104. Such a performance would certainly be outstanding.
To access shorter wavelengths the gamma factor of the electron mirror structure must be
increased, which certainly can be realized to some extend by increasing the intensity of
the driving laser pulse. A more efficient way would be to achieve that the gamma factor of
the mirror structure is identical to the gamma factor of each individual electron forming
the mirror structure. This is generally not the case for laser-driven electron mirrors as the
transverse field character of the driving pulse imposes transverse momentum to the ac-
celerated electrons, which considerably reduces the effective gamma factor of the mirror
structure γz = γ/

√
1 + p2

⊥ (chapter 2.6).
Recently, Wu et al. [148] showed that in the transparent regime (chapter 2.3.2) this major
drawback of laser generated electron mirrors can be overcome using a secondary reflec-
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tor foil. In that scheme, the electron mirror is born from the first nm thin foil, using an
intense few cycle laser pulse and accelerated to high energies while surfing on the elec-
tromagnetic wave. Upon the reflection from the secondary foil, the driving field separates
from the high energetic electron bunch, which passes through the foil. From the conser-
vation of the canonical momentum (p⊥ − a = const) one can immediately see that as the
electron bunch traverses the reflector foil and separates from the driving field (a0 = 0)
the transverse momentum vanishes to zero. As a result, relativistic electron mirrors freely
propagating with constant gamma factor and zero transverse momentum are obtained.
These electron mirrors were shown to provide a narrowband frequency shift 4γ2ωL and
thereby act close to the originally described relativistic mirror. It was demonstrated in PIC
simulation that from such a double foil backscatter scenario, intense X-ray pulses (1 keV,
<10 as, >10 GW) could be generated, in principle [147]. Yet, the experimental realization
clearly relies on the next generation of high power few cycle laser systems (a0∼40) and
thus will be subject to experimental investigations in the years to come.



Appendix A

Plasma Mirrors

Fig. A.1 | Plasma Mirror working principle. The preceding, low intensity part of the pulse is
transmitted through the plasma mirror substrate, whereas the main pulse ionizes the surface and
reflects off the plasma.

A plasma mirror (PM) is an ultrafast optical shutter, rapidly changing its optical proper-
ties from almost perfectly transmissive to highly reflective. Here, an intense laser pulse is
focused onto an anti-reflective coated substrate, which ionizes and forms an overcritical
plasma surface at the leading edge of the main pulse and thereby separates the reflected
high intensity peak from the pulse preceding low intensity background.
To ensure high reflectivity as well as proper triggering of the PM substrate, the fluence on
the PM has to be adapted to the initial contrast of the laser system. If the fluence is chosen
too high, the plasma forms very early and thus reflects off unwanted signal. Hence, the
cleaning effect is rather low. Moreover, a rather long expansion of the plasma surface prior
to the reflection of the peak pulse eventually induces wave front distortions and therefore
reduced focusability of the reflected beam. In contrast, if the fluence is chosen too low, the
PM ionizes too late (or not at all), which in turn reduces the overall reflectivity and energy
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Fig. A.2 | Double plasma mirror setup used at the Trident laser. The intensity on the plasma
mirrors was 5×1014 W/cm2 (PM1) and 2×1015 W/cm2 (PM2), respectively. Plane glass substrates
(BK7) coated with an anti-reflective coating (R < 0.5 %) were used as PMs. Slim gold stripes on
the PMs were employed to facilitate the alignment of the DPM system.

throughput of the system. Numerous experimental studies show that for a conventional
CPA laser system with moderate intrinsic contrast, PMs should be operated in the range of
10s - 100s J/cm2 [149–152]. Moreover, in the case of an oblique incidence configuration,
higher reflectivity values are observed from s - polarization owing to an increased energy
loss from the resonant absorption mechanism, which becomes important in p - config-
uration [153]. All in all, for optimized conditions, PM reflectivities up to ∼80% were
observed. The contrast enhancement that is achieved is simply determined by the ratio of
the plasma reflectivity and the reflectivity of the anti-reflective coating RPlasma/RAR ∼ 10 2

and can be increased by cascading several PMs and using multiple reflections [154, 155].
In experiment, there are essentially two different ways a PM can be set up. A rather

simple implementation is to set up the PM in the target chamber, in the focusing beam
of the final off-axis parabolic mirror, directly in front of the target. This scheme can be
realized very quickly as it does not require any additional optics or heavy engineering. As
part of this PhD work, such a PM system was designed and implemented at the Trident
laser system using two PM reflections (figure A.2). This system allowed for the first laser
shots on nanoscale foils at the Trident laser facility and already demonstrated unprece-
dented high C6+ ion cutoff energies at that time [89]. However, while very successful at
the Trident laser, this PM setup is impractical for the use at rather low energy (∼1 J) laser
systems such as the ATLAS laser. Here, the fluence required to trigger the PM is reached
only in the very close vicinity of the target (∼1 mm) due to the factor of ∼100 less energy



A.1 ATLAS Plasma Mirror 105

in the beam, making the alignment of the PMs and the precise target positioning impos-
sible. A way to overcome this problem is to decouple the PM from the target interaction
and to use rather slow focusing optics, which reach sufficient fluence values already a few
centimeters in front of the focal point. Such a re-collimating PM system was built for the
ATLAS laser and is described in very detail in the following chapter.

A.1 ATLAS Plasma Mirror

At the MPQ, the great importance of laser pulse contrast with regard to the acceleration
of ions was already studied in 2004 [156] and a few years later, the transition from mi-
crometer scale targets to nanometer thin foils made the substantial improvement of the
ATLAS laser pulse contrast inevitable.
Different schemes have been considered to improve the contrast on the short, picosecond
time scale, including all optical techniques such as the implementation of a XPW or OPA
stage (chapter 3.1.1). However, these schemes require the implementation of an additional
stretcher compressor pair (double CPA) and therefore did interfere considerably with the
planned laser architecture of the upgraded system. Apart from these complications, the
ability of these schemes to clean on very short time scales is questionable as they operate
before the final re-compression and hence, are not able to correct for temporal side wings
introduced by imperfect pulse re-compression. Hence, to ensure best contrast conditions
for the envisioned thin foil experiments at MPQ, a re-collimating double plasma mirror
system was designed for the ATLAS laser system.

Design & Engineering

The underlying concept of the ATLAS plasma mirror was to implement the pulse clean-
ing system as an integral part into the ATLAS laser. Thus, the new system should provide
the option to clean the pulse right after the pulse compression, before sending it to any
of the experimental chambers via the beamline system. This concept is different from the
plasma mirror systems built in other laboratories [154, 155], which were directly attached
to an experimental chamber and therefore could only serve one specific experiment. Due
to the lack of space in the laser hall, it was decided to build the plasma mirror on top of
the optical table of the laser - thereby making it a truly compact system.
However, this idea poses major challenges to the technical design of the plasma mirror.
A highly confined space of 2 m × 1.5 m × 0.5 m was allocated to the plasma mirror sys-
tem, at a height of ∼ 2 m above the ATLAS laser. Installing heavy vacuum chambers at
such a height is a major problem and therefore the weight of the whole system had to be
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taken into account for the technical design. Thus, instead of using one big vacuum ves-
sel, the PM was assembled out of three small chambers, interconnected with rather light
vacuum tubes to reduce the overall weight. Moreover, as standard parts were too space
consuming, almost all mechanical parts were custom made and adapted to the specific
requirements. In order to have full control on the optical alignment in vacuum conditions,
the optical system of the plasma mirror was fully motorized, comprising fifteen translation
stages in combination with another fourteen tip-tilt mirror motorization units - making it
a quite sophisticated experimental setup on its own. A snapshot of the three dimensional
engineering drawing is shown in figure A.3.

Fig. A.3 | ATLAS Plasma Mirror: Engineering design. The whole system was planned and
designed with millimeter precision in advance to the mechanical construction.
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Optical Setup & Pulse Characterization

The upgraded ATLAS laser system showed substantially worse laser pulse contrast than
expected from the older system [157] and thus two consecutive PM reflections had to
be used to reach contrast conditions sufficient for nanoscale targets. Two PM substrates
were set up in the near field of the converging (expanding) beam at a distance of 15 mm
(PM1) and 10 mm (PM2) with respect to the focus and an angle of incidence of 50◦, as
depicted in figure A.4. Taking into account day-to-day variations in the final output en-
ergy of the laser system, this setup corresponds to an estimated fluence of 90− 120 J/cm2

(200−270 J/cm2) on the first (second) PM, in accordance with the optimal fluence values
given in literature. To ensure high PM reflectivity, the polarization on the PM surface
was set to s-polarized using a polarization rotating periscope that was implemented in the
beamline system in front of the PM (figure A.4). The optical damage observed after each
shot on the PM substrates was ∼3 mm in diameter, which in turn allowed for ∼150 shots
by translating the PM surfaces before breaking the vacuum and swapping PM substrates.
Having powerful beam alignment diagnostics is crucial for the routinely operation of such
a sensitive optical system. Hence, a variety of different alignment marks were introduced
to ensure stable operation of the system, most of them are schematically shown in fig-
ure A.4.
The energy transmission through the DPM system was monitored online by focusing the
light leakage of a beamline mirror located next to the target chamber to a calibrated diode
detector. Energy transmission values of ∼40 % were typically observed from DPM shots.
As it turns out, this value is a combination of the PM reflectivity and additional losses
introduced by the beamline system. Here, the rotation of the laser polarization necessary
to ensure high PM reflectivity gives rise to a slightly reduced reflectivity of the beamline
mirrors. Hence, the reflectivity of the DPM system on it’s own is expected to be rather
close to 50% (or 70% for each PM reflection) in agreement with other DPM systems
[154, 155].
The intensity distribution on target was examined carefully using the full power ATLAS
beam and directly comparing bypass and DPM shots. Figure A.5 shows the focal distri-
bution observed from a full power DPM shot, demonstrating excellent focusability and no
degradation of the focal distribution as compared to the bypass shots. This observation is
quite remarkable, taking into account that the reflections from two plasma surfaces as well
as the precise alignment of three sensitive off-axis parabolic mirrors are involved in this
experimental setup. To evaluate the contrast improvement of the DPM system, a scanning
third order autocorrelation was carried out using the full power laser system (figure A.5).
A remarkable contrast enhancement by at least three orders of magnitude can clearly be
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seen from the measured autocorrelation curves, which potentially could be increased even
further using optimized anti-reflective PM coatings as well as an improved plasma debris
shielding in between the PM substrates. The autocorrelation measurement suggests that
ionization of the DLC targets takes place at around -2 ps, which in contrast would happen
already many 10s of picoseconds before the peak without the use of the DPM system.
In agreement with that measurement, no ion signal could be observed from bypass shots,
clearly demonstrating the key role of the designed DPM system for thin foil experiments
carried out at the MPQ ATLAS laser system [158].

−20 −15 −10 −5 0 5
10

−10

10
−8

10
−6

10
−4

10
−2

10
0

time (ps)

re
la

tiv
e
 in

te
n
si

ty

 

 

Full Power − DPM
Full Power − Bypass

Detection Limit

4μm

Fig. A.5 | ATLAS laser pulse contrast. 3rd order autocorrelation (Amplitude Sequoia) measured
at full power (running all amplifiers) with and without the double plasma mirror. Inset: Focal
distribution measured in the ion target chamber from a full power double plasma mirror shot
showing excellent focusability of the beam after the reflection from two plasma surfaces.
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Spectrometers
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Fig. B.1 |Magnets used in the electron spectrometer. The yoke dimensions are a) 25x65x70mm
using a pair of hard ferrite magnets (25x7x50mm), and b) 90x80x70mm in combination with Nd-
FeB magnets (90x10x50mm). The magnetic field was evaluated along the z-direction for different
y positions and constant x position (center of the magnet) using a Hall probe (colored curves).
The magnetic field was simulated numerically using CST, where the remanence of both magnets
was adjusted to the measured field maximum. Corresponding lineouts taken from the simulation
(dashed lines) show excellent agreement with the actual field distribution.
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Fig. B.2 | Spectrometer dispersion curves and spectral resolution of the instruments em-
ployed in the experiments. Instrument curves of the electron spectrometers used at a) LANL b)
MBI c) RAL and the XUV spectrometer used at RAL, d).
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B.1 Wide Angle Electron Ion Spectrometer

Electron spectrometers typically resolve only a tiny fraction of the generated electron
beams (solid angle of the spectrometer Ω ∼ 10−6 sr) and thus do not provide any informa-
tion on the spatial distribution. This is acceptable for well-known thermal distributions,
which have rather low directionality and are uniformly distributed over large emission an-
gles (tens of degrees, chapter 4.5, figure 4.10). However, resolving the spatial distribution
becomes important for highly directed electron beams pointing in a direction different
from the laser axis (e.g. ponderomotive scattering, chapter 2.2.5), or highly fragmented
beams from laser plasma instabilities or electron beam filamentation.
To resolve particle beams over a broad angular range, a magnetic spectrometer with a
large acceptance angle was designed and tested in experiment. The particle beam enters
the spectrometer through an elongated slit, which is oriented perpendicular to the disper-
sion direction of the spectrometer. Particles ejected from the target at different angles
enter the magnet at different positions, get deflected by the magnetic field and eventually
hit the detector screen (scintillator).
The magnetic field distribution is deduced from the numerical simulation of the mag-
net geometry (CST) and re-scaled in magnitude to the actual field strength, which was
determined from Hall probe measurements. As can be seen from the lineouts taken in
longitudinal and transverse direction (figure B.3b,c), the magnetic field is strongly inho-
mogeneous, owing to the large separation of both magnets. Moreover, in longitudinal
direction, the magnetic field leaks out of the magnet substantially. Thus, in order to shield
the magnetic field in front of the yoke and avoid that any particle deflection takes place
before the particles entering the spectrometer, the slit aperture was machined out of two
(ferromagnetic) iron plates, which were directly attached to the yoke.
To deduce the electron energy from the recorded signal, collimated, monochromatic parti-
cle beams with different energies and propagation directions were tracked from the source
to the detector. From that tracking, contour lines of constant energy can be extracted. Fig-
ure B.4b) shows the detector signal obtained from the interaction of the MBI laser pulse
with a nanoscale foil, superimposed with the isoenergy lines extracted from the simu-
lation. The shape of the measured signal perfectly matches to the contour lines of the
simulation, demonstrating the proof-of-concept of the spectrometer.
Unlike the ion wide angle spectrometers designed very recently [113, 159], this spectrom-
eter is capable of measuring both ion and electron distributions simultaneously within a
large acceptance angle. It is an ideal tool to study the angular dependence of electrons ac-
celerated from laser nanofoil interactions and investigate more sophisticated interaction
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schemes such as the cancelation of the transverse momentum of laser-accelerated elec-
trons using a secondary reflector foil [148]. In-depth spectral analysis and experimental
studies testing the idea of momentum switching will be part of future work.
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Fig. B.3 | Wide angle spectrometer simulations: magnetic field & particle tracking. a) Elec-
tron trajectories of multiple, monochromatic (5 MeV) electron beams, emitted in different direc-
tions. Longitudinal and transverse lineouts of the magnetic field distribution are shown in b, c)
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