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Zusammenfassung

Diese Arbeit widmet sich den grundlegenden Wechselwirkungsprozesse von Laser-
pulsen relativistischer Intensität an dichten Plasmen. Unter Verwendung extrem
dünner Folien wird die Beschleunigung von Ionen und Elektronen sowie die Emis-
sion hochenergetischer, kohärenter Strahlung in Hinblick auf ihre parametrischen
Abhängigkeiten und eine Optimierung untersucht. Darüber hinaus wurden neue
und bedeutende Effekte entdeckt.

Die Arbeit zeigt, inwiefern sich die Laserplasmawechselwirkung wesentlich
für verschiedene Parameter unterscheidet. Dies betrifft die Stöchiometrie und
Dicke des verwendeten Target, die Laserparameter und die Eigenschaften der
Plasmagrenzfläche. Die resultierenden Auswirkungen auf die Ionen- und Elektro-
nenbeschleunigung sowie auf die Emission von XUV Strahlung werden dargestellt,
Korrelationen für unterschiedliche Parameterbereiche gefunden und Unterschei-
dungen in den unterliegenden Prozessen getroffen.

Durch das Verwenden von ultradünnen Folien aus schweren Elementen (Gold,
Silber) wird ein neuer effizienter Beschleunigungsmechanismus für die schweren
Ionen gezeigt, der es ermöglicht für Laserintensitäten von 7×1019 W/cm2 diese bis
auf eine kinetische Energie von bis zu 1 MeV/u1 zu beschleunigen. Im Folgenden
wird eine detaillierte Analyse des Effekts und der zugrundeliegenden Skalierung
zwischen der Ladung der Ionen und ihrer kinetischen Energie gegeben.

Darüberhinaus wurden experimentell prinzipielle theoretische Vorschläge
getestet: Durch die Verwendung eines Doppeltargets wird die Emission von rel-
ativistischen Elektronen verstärkt und Umladungsprozesse in schnellen Ionen in-
duziert. Es wird eine relativistische Rückstreuung eines zweiten Laserpulses an
einem laserbeschleunigten Elektronenpaket untersucht. Es wird gezeigt, dass
durch den Einsatz eines starken Vorpulses das Vorplasma gezielt und kontrol-
lierbar manipuliert werden kann. Dies führt zu einer signifikanten Änderung
in der Elektronendynamik, wodurch gezielt Prozesse der Laserplasmawechsel-
wirkung unterdrückt und andere wiederum verstärkt werden können. Diese Ex-
perimente stellen neue Methoden vor, mit der die Emission von Ionen, Elektronen
und hochenergetischer Strahlung kontrollierbar in ihren spektralen Eigenschaften
geändert werden kann. Dies kann in Hinsicht auf zukünftige Applikationen der
lasergetriebenen Beschleunigung, aber auch in Hinblick auf eine grundlegende Er-
forschung der Wechselwirkung zwischen extrem starken Lichtpulsen und einem
Plamsa von großem Nutzen sein.

1 u ist die atomare Masseneinheit
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Abstract

This thesis investigated the fundamental interaction processes of laser pulses of
relativistic intensity interacting with dense plasmas, created from ultrathin foils.
These processes include, ion and electron acceleration and the emission of cohe-
rent, high energy XUV radiation. They were investigated with respect to their
parametric dependencies and optimization, and important new effects arising out
this work were examined.

This thesis shows how the laser-plasma interaction significantly differs for
different experimental parameters, namely, the stochiometry and thickness of the
target, the laser parameters and the properties of the plasma boundary. The
resulting impact on the ion and electron acceleration, as well as, on the emitted
XUV radiation were measured and correlations for different parameter ranges
were found from which differences in underlying mechanisms were obtained.

An unexpected acceleration of the heavy ions was discovered using ultrathin
foils made of heavy elements, thus revealing a new acceleration mechanism. This
mechanism enables an acceleration of heavy ions to kinetic energies of up to
1 MeV/u2 for a laser intensity of 7 × 1019 W/cm2. In this work, a detailed
analysis and discussion of this effect and the underlying charge state to kinetic
energy scaling is presented.

The experiments tested a number of theoretical suggestions: an enhancement
of the relativistic electron emission and ion charge transfer processes with the
use of double foil targets, and relativistic backscattering of a second laser pulse
from a laser-accelerated electron bunch. This thesis also investigated how the
pre-plasma can be manipulated in a controlled way by applying a strong pre-
pulse. It will be shown that this changes the electron dynamics and this causes
a significant suppression of certain laser-plasma processes, while other processes
can be enhanced. These experiments introduce a novel techniques to change
the spectral characteristics in controllable way. This could be of great value for
future laser-plasma applications and for a further fundamental investigation of
the interaction processes between light pulses and dense plasmas.

2 u is the atomic mass unit
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Introduction

The interaction between matter and photons remains one of the most interesting
current research fields, as it continues to reveal fundamental physical processes.
The following work examines this interaction in extreme conditions: a coherent
light pulse with a relativistic intensity that interacts with an ultrathin plasma slab
of solid state density and within an ultrashort time interval. These experiments
create a setting in which the principle physical questions about the interplay be-
tween light and plasma can be examined. The laser field drives the electrons to
relativistic oscillations and causes collective electron dynamics, namely, the ejec-
tion of fast electrons, the creation of high density plasmons, and a relativistically
oscillating plasma boundary. At the same time, the charge separation between
ions and electrons establishes an ultrastrong electric field at the plasma boundary
that is capable of accelerating ions up to high velocities. The acceleration length
in which either electrons or ions gain high kinetic energies (MeV) is on the or-
der of some µm. In comparison, conventional linear particle accelerators require
acceleration lengths on the order of hundreds of meters. This small acceleration
length, suggests a potential for laser driven particle acceleration to complement
the particle accelerator technology. Significant efforts have been undertaken in
the scientific exploration of laser accelerated ions as a future ion source for med-
ical and radiographic applications [1–3]. This is due to the desirable properties
the laser accelerated ions can provide, e.g. a high pulsed particle flux at tunable
kinetic energies and a narrow spatial emittance [1]. To date, the main research’s
focus on laser accelerated ions lies on the discovery of new acceleration models,
and ways to optimize existing ones with regard to maximizing kinetic energy and
achieving a narrow spectral emittance.

A concurrent process to the ion acceleration is the emission of coherent light
bursts, as a consequence of the collective and relativistic electron oscillations. This
phenomena is known as high harmonic emission from solid dense plasmas [4–6].
It describes the emission of a pulse train with equally spaced pulses, exhibiting
pulse durations reaching the attosecond timescale, and a spectral bandwidth from
the infra-red up to the eXtreme UltraViolet (XUV) range3. Since the amount
and energy of the emitted photons, as well as, the pulse duration, scales with the
gamma factor of the electrons and hence with intensity of the applied driving laser,
the emitted radiation can provide a very high peak brilliance [7]. Today’s research
in biology, solid state physics and medicine drives a constantly growing demand for
coherent light sources from the XUV up to the soft and hard X-ray range4. High
harmonic radiation from laser-plasma sources are predicted to provide compact
and brilliant light sources that could range between established and future ones,
as e.g. LCLS (Linac Coherent Light Source), SACLA, the XFEL (X-Ray Free
Electron Laser) and the optimized technology of high harmonic radiation from
gases [8].

3 in the energy range 1240− 12.4 eV
4 in the energy range 100− 104 keV
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The investigation of laser-plasma interaction is strongly connected to the
progress in laser technology. For almost two decades, relativistic laser pulse inten-
sities above 1019 W/cm2 have been available via the technology of Chirped Pulse
Amplification. In the last few years, great improvement at the laser contrast has
been achieved, enabling a steep intensity raise of up to 14 orders of magnitudes
during few picoseconds and without pre-pulses. The laser contrast determines
the properties of the pre-plasma and this has a significant impact on the involved
plasma dynamics and subsequent processes. The improvement of the laser con-
trast revealed high harmonic emission from solid state targets and enabled the use
of ultrathin foil targets in a thickness range of just a few nm, less than the skin
depth of the laser. With these ultrathin foil targets, new ion acceleration regimes
were recently discovered, e.g., acceleration by radiation pressure, which greatly
improved the ions maximum kinetic energies and the acceleration efficiency. For
both, high harmonic emission and ion acceleration, latest research found a interde-
pendency between the laser parameters, the properties of the plasma and the tar-
get system. At specific conditions, a differentiation of the underlying laser-plasma
dynamics becomes apparent and a significant improvement of the experimental
results can be obtained. Until now, a systematic investigation of the inherent pa-
rameters controlling this effect has not been performed and motivates the ongoing
research, including this thesis.

The thesis aimed to optimize the ion acceleration at the onset of the radi-
ation pressure and investigated new concepts for the laser-plasma dynamics, by
using ultrathin foil targets at different composition and configurations at ultra-
high laser contrast. In order to reveal the underlying plasma dynamics and the
interdependencies, the investigative approach was an experimental examination
of simultaneous processes of ion, electron, incoherent and coherent XUV emission
at a specific set of target and laser parameters. With the obtained results ma-
jor dependencies are extracted, new effects are demonstrated, established scaling
laws are extended, and the picture of concurrent physical models are joined and
refined.

The impact of target thickness for laser ion acceleration was already studied
using low density carbon foils [2, 9, 10]. From this starting point, this thesis
focused on the influence on different target constituents. RPA influenced accel-
eration is demonstrated for hydrocarbon foils for a specific target thickness in
Section 6.2. An efficient and unexpected acceleration of heavy ions (gold and
silver) up to the energy range of MeV/u, was discovered by using ultrathin foils of
heavy constituents and is presented in Section 6.3. Since the accelerated heavy
ions were detected at multiple charge states, a new scaling of the kinetic energy
with the charge to mass ratio is intensively analysed and discussed. The results
deliver new insights, how and when the acceleration of heavy ions is affected by the
presence of light ions. Arising questions on inherent charge transfer processes are
further investigated by the use of a two foil target configuration and are discussed
in Section 6.5.

The concurrent spectrum of ejected fast electrons was suggested to deliver
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indirectly information about the laser-plasma interaction. This thesis aimed to
find correlations between the fast electron spectrum and the concurrent ion ac-
celeration or XUV emission in view of specific parameters and interdependencies,
e.g. the laser contrast condition and the target thickness. The investigation is
presented in Chapter 7 and approaches a classification of the fast electron spectra
from ultrathin foil interaction. New and principle effects concerning the ejection
of fast electron from the laser field are revealed and discussed in Sections 7.2 and
7.3.

The laser contrast condition determines the laser-plasma dynamic especially
for few nanometer foil targets, which significantly alters the experimental results.
A lower laser contrast pre-heats the target due to distinct pre-pulses and a long
rise of the laser intensity. Since the laser contrast is an intrinsic parameter of the
used laser system, the influence, in particular, usually remains undetermined. In
view of interdependencies between target and laser parameters, it’s impact is a
crucial question for determining a principle differentiation in underlying plasma
parameters. This is investigated in Sections 6.1, 7 and 8.1 with a experimental
investigation examining the ion, electron and XUV emission at different laser
contrast conditions. To understand the consequences of either pre-pulse or a
specific rise of the intensity, the plasma was manipulated in a controlled way
by applying at ultrahigh laser contrast a strong pre-pulse. In a basic approach,
the experiment aimed for principle insights, how an enlarged raise of the plasma
density or an expanded target foil affects the concurrent laser-plasma processes.
Section 6.6 shows, how the strong pre-pulse inhibits the ion acceleration and
changes the heavy ions’ charge distribution. A remarkable improvement of the
high harmonic emission is demonstrated by specific pre-heating of the ultrathin
foil target in Section 8.3.

To complement the examination, a post-interaction of a strong, counter-pro-
pagating second laser pulse with an already emitted ion or electron distribution
or the remaining plasma is investigated. Due to this method, new effects for the
ion acceleration are presented in Section 6.6 and for the ejected fast electrons
in Section 7.4. Regarding XUV emission, a principle question for relativistic
laser-plasma physics was tested: Since the laser accelerates electron bunches at
relativistic velocities, a second laser pulse can be backscattered from it. According
to an idea of Einstein [11], the backscattered light can undergo a relativistic shift
in frequency and should be detected at a significant different spectral range. This
promising principle is known as relativistic backscattering and tested for a strong
second laser pulse and the results are presented in Sections 8.2 and 8.3.
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9

1 Fundamentals
of Laser Particle Interaction

The first chapter provides the mathematical introduction to laser matter inter-
actions at extreme laser intensities. It gives the theoretical description of a laser
pulse with ultrashort pulse duration and explains how it influences the movement
of a single electron. The propagation of a laser pulse in plasma is described. For
a detailed study of the topic see [12–15].

1.1 An Ultra Short Laser Pulse

Today, the term ultrashort refers to laser pulse durations in the femtosecond
(10−15 s) range. The mathematical description of an ultrashort laser pulse is
bound to the Fourier transform, which delivers a bijective correspondence between
the time and frequency domain respresentation of the pulse:

E(r, ω) = F [E(r, t)] =

∫ +∞

−∞
E(r, t)e−iωtdt (1.1)

E(r, t) = F−1[E(r, ω)] =
1

2π

∫ +∞

−∞
E(r, ω)eiωtdt (1.2)

In the simplest case, the electric field E(t) of a wave packet is constructed by
multiplication with the so called carrier envelope ξ(t)

E(t) =
1

2
ξ(t)ei(ωLt+φ(t)+φ0) (1.3)

where τL is the laser pulse duration. The phase φ(t) introduces a time dependent
frequency change ω(t) = ωL + ∂φ(t)/∂t and φ0 describes a constant phase offset
to the carrier envelope. In case of a Ti:Sapph laser ωL is about 2.36 × 1015 1/s
and the carrier envelope is assumed to be a Gaussian distribution1. The spectral
intensity (spectral power density), measurable with a spectrometer is then defined
by:

S(ω) =
ε0cn

4π
|E(ω − ωL)|2 (1.4)

1 ξ(t) ∼ exp (−1.385(t/τL)2)

9



10 Fundamentals of Laser Particle Interaction

with n the index of refraction. According to the Fourier transformation in Equa-
tion (1.1) ultrashort pulse durations are associated with a spectral bandwidth [12]:

∆ωτL ≥ 2πCB (1.5)

whereas CB is a constant determined by the carrier envelope. The propagation of
the so constructed wave packet is given by the dispersion relation derived using
the Maxwell equations:(

∆− 1

c·2
∂2

∂t2

)
E(r, t) = µ0

∂2

∂t2
P (x, y, z, t) (1.6)

here, ∆ is the Laplace operator, c· = (ε0µ0)
−1/2, µ0 the magnetic permeability in

vacuum and P (x, y, z, t) the polarizability which depends on the response of the
involved medium. In order to fulfill equation (1.6) the ansatz:

E(r, t) = E(t)ξ∗(x, y, z)e(−ikLz) (1.7)

is used, where E(t) is defined by Equation (1.3). The frequency dependent wave
vector is denoted by kL and ξ∗(x, y, z) is the spatial field distribution, which is
usually determined by approximating the intensity profile of a focused laser pulse
with a Gaussian distribution.

1.2 Single Electron Laser Interaction

Lets first consider how a laser field acts on a single charged particle (e.g. an
electron), if the field is described by an oscillating standing electro-magnetic (E-
M) wave and if spatial dependence is not considered. The motion of a charged
particle is determined by the Lorentz force:

~FL = q(E(r, t) + v(r, t)×B(r, t)) (1.8)

where q denotes the elemental charge, v the electron’s velocity. In the non
relativistic case one can neglect the influence of the magnetic field B(r, t), as
it scales with β = v/c where c is the speed of light. In this case the electron
oscillates periodically with the frequency ωL in the opposite direction to the elec-
tric field vector, assuming linear polarization. The definition of the dimensionless
vector potential

a0 =
qE

ωLmec
(1.9)

normalizes the laser field strength |E| to the electron transverse movement in
terms of mec, me denotes the mass of the electron. When a0 reaches unity,
a relativistic description of the electron motion is required and the intensity is
referred to as relativistic. The electron kinetic energy is then given by

Ekin = mec
2(γ − 1) (1.10)
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with the relativistic gamma factor

γ = 1/
√

1− β2 = 1/
√

1− v2/c2 (1.11)

The laser intensity IL averaged in respect to τL is expressed with respect to the
dimensionless potential a0:

IL =
a20

λ2L[µm2]
· 1.37× 1018[W/cm2] (1.12)

Rewriting the laser field according to Maxwell’s equations E = −∂A
∂t and

B = 5 × A and using the Lorentz Equation(1.8) one can derive the electron
motion [13]

x =
−(1− δ2)1/2ca0

ω
cos(φ)

y =
δca0
ω

sin(φ)

z =
ca20
4ω

(φ+
2δ2 − 1

2
) sin(2φ)

(1.13)

where δ = (±1, 0) for the appropriate linear polarization of the field, δ = ±1/
√

2
gives circular polarization and φ = (ωt − kx) respectively. In case of linear
polarized field in either the x or y direction and a propagation in the z direction,
the v × B contribution enables, for a0 > 1 an oscillation of the electron in the
propagation direction of 2 × ω which scales with a20. This leads to the so called
"figure 8" motion in the cycle averaged rest frame of the electron. Fig. 1.1 depicts
the resulting two dimensional electron oscillation at different relativistic laser field
strengths a0. The kinetic energy Eos of the electron transverse oscillation (y) with
respect to one laser cycle TL and Equation (1.10) can be approximated [13] with

γ̄0 =

√
1 +

a20
2

(1.14)

and Equation (1.10). The drift velocity in the laser propagation direction z can
be approximated [13] with

vDrift
c

=
a20

4 + a20
(1.15)

For an ideal electric field of finite duration and a gaussian pulse envelope, without
any further boundary conditions, at the end of the interaction the electron comes
to rest or has its initial velocity and does not gain energy from the laser field.

1.3 Ponderomotive Force

For a focused laser beam the spatial dependence of the field E(r, t) has to be
taken into account, commonly a Gaussian field distribution is assumed. Due to
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Figure 1.1: Figure 8 motion in the cycle averaged rest frame of the electron according to
Equation (1.13) at different values of the normalized vector potential in the relativistic
regime a0 > 1. For the calculation, the electro-magnetic wave was considered to be
linearly polarized in the y direction and propagating along z.

Equation (1.8) the electron undergoes an oscillatory movement and is driven out
of the focal spot to a region of lower intensity by the ponderomotive force:
0.3cm

FPond = − q2

4γ̄meω2
L

5 |E2(r, t)| (1.16)

The force points in the direction of the field gradient, if 5|E2(r, t)| 6= 0, and
enables a net gain of kinetic energy for the electron. Various models [1, 16,
17] assume the hot electron temperature, Te, to be equal to this ponderomotive
potential:

Te =

∫ +∞

−∞
FPonddr = mec

2[

√
1 +

a20
2
− 1] (1.17)

and often refers to an mean energy similar to Eos in Equation (1.16).

1.4 Laser Propagation in Plasma

So far in this chapter, only the laser propagation in unionized matter has been
considered (Equation (1.6)), i.e. the case of bound electrons. Therefore the im-
pact of light is determined by the material’s response, which was expressed with
the polarizability P. For IL > 1012 W/cm2 the medium becomes ionized, hence
the optical characteristics change remarkably. During the laser-plasma interaction
this leads to a highly complex dispersion relation, because interdependent influ-
ences and nonlinear optic phenomena have to be considered. Namely, for the
here applied intensity of IL > 1019 W/cm2, the raising edge of the laser pulse or
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the much weaker pre-pulse(s) are capable of efficiently pre-ionizing a foil target
and thereby changing the optical properties, introducing a plasma density gradi-
ent and so on. Rewriting the polarizability of the medium, P of Equation (1.6),
for a homogeneous and conductive medium, the dispersion relation in terms of
collective free electron response using the current density ηe looks like2

([∆ +
∂2

∂t2
]− 1

c2
ηe
∂

∂t
)E(r, t) = 0 (1.18)

Assuming collective electron oscillation against a stationary ion background allows
the definition of the plasma frequency

ωp =

√
neq2

ε0me
(1.19)

, which scales with the electron density ne, whereby ε0 is the permittivity of
vacuum. In the case of a fully ionized solid target ne is in the order of 1023

electrons/cm3. Neglecting further friction, the dispersion relation for a propagat-
ing EM-wave in plasma

ω2
L = k2Lc

2 + ω2
p (1.20)

can be derived from Equation (1.18). The wave vector kL becomes imaginary in
the case of ωp � ωL, leading to an evanescent E-M-wave at the boundary of the
plasma medium with a length of the skin depth3

ls =
c√

ω2
p − ω2

L

(1.21)

. Hence the limit between opaque and transparent is marked by the critical density

nc =
ε0γ̄meω

2
L

q2
=

1.11× 1021

λ2[µm2]
· γ̄[cm−3] (1.22)

One has to distinguish between underdense plasma (ne < nc) and overdense
plasma (ne > nc). Laser plasma experiments with ultrathin foils and ultrahigh
intensities are necessarily associated with a highly ionized and therefore overcrit-
ical plasma, e.g. ne/nc > 200 for a hydro-carbon foil. However, at I � 1016

W/cm2 the evanescent wave is still strong enough to drive an efficient laser to
plasma absorption, which is further described in Section 2.2.

Due to relativistic effects nc increases when IL overcomes the relativistic limit.
For a0 > 1 this leads to the onset of relativistic transparency. The condition is
fulfilled for

ωL >
Dω2

p

2ca0
(1.23)

2Known as the telegraphs equation. It uses the Lorentz gauge and by taking the local electric
current density j = −neqve = ηeE, with ~5E = 4πηe and 5j = ∂ηe/∂t

3 at an incident angle of θ = 0◦.
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with respect to an adequate foil thickness D [18]. Such intensity driven change of
the refractive index leads to relativistic self-focusing, which is similar to the
Kerr lens effect [12]4.

4The Kerr effect is a second order effect by an expansion of the refractive index similar to
n(E) ∼= n0 + S1E + S2E

2.
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2 Ionization and Plasma Absorption

At ultrahigh laser intensity the ionization of the target’s surface takes place before
the laser intensity reaches its peak level. Efficient ionization is already established
at intensities 10−3 times smaller than peak level. The following chapter introduces
the relevant theoretical models of laser ionization. For laser interaction with
opaque overdense plasmas Section 2.2 gives an overview of the relevant plasma
absorption mechanisms from a macroscopic point of view. The involved physical
processes are still an ongoing field of research with a number of open questions
that are characterized best with a quote of Gibbon [13]: "To date, there is no
single model which can adequately describe all the main pieces of absorption
physics, not to mention the numerous other effects - mass and energy transport,
nonlinear propagation, fast particle generation, and so on - which can also take
place."

2.1 Ionization

Tunnel Ionization

A fundamental principle of atomic physics states that a bound electron can be
ionized by a photon when the photon energy overcomes the binding energy: hν ≥
Ebound, where h denotes Planck’s constant. In addition, it includes ionization
by multi photon absorption: Nhν ≥ Ebound, where N is the number of photons
with energy hν. Quantum theory opens a further option for ionization in the
high intensity regime: The influence of the electric field of a laser leads to a
bending of the Coulomb potential of an atom. If the field is sufficiently strong, the
distortion can be large enough to allow for a significant probability of the bound
electron tunneling through the potential barrier [13], as shown in Fig. 2.1 a) and
b). Depending on the phase between the electron oscillatory motion and electro-
magnetic field, the electron is accelerated away from the atom. When the sign of
the field changes, it is accelerated back into to atom. Here, recombination with
the atom, and second order effects like scattering processes and Auger electron
creation take place, which, in consequence, can lead to further ionization processes
like non-sequential ionization and radiative processes like the High Harmonic (HH)
generation in gauseous media. The ionization rate is proportional to the electric
field and the electron’s binding energy, it can be calculated using the Ammosov-
Delone-Krainov model [19].

15
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Figure 2.1: Schematic drawing of a bound electron in the Coulomb potential of an
atom (a). The external electric field is bending the Coulomb barrier (b) enough to rise the
probability for the electron to escape by tunneling. An higher external field is distorting
the Coulomb barrier such, that the electron can leave the atom (c).

Above the Barrier Ionization

At even higher intensities, the Coulomb barrier is distorted to such an extend
that it reaches a value lower than the electron ionization threshold level. In
consequence the electron can directly leave the potential well of the atom. Fig. 2.1
c) illustrates the basic principle of the process, valid for and intensity of I & 1016

W/cm2. It is assumed to be one of the major ionization processes for ultrahigh
intensity laser-plasma experiments.

Collisional Ionization and Inverse Bremsstrahlung Absorption

For an intensity range I×λ2 1012−17 [Wµm2 /cm2], inverse Bremsstrahlung is the
main absorption mechanism of laser light when considering ionization of the target
beyond the skin depth ls. In this process, energy from the laser pulse is partly
absorbed by an electron when recombining with an atom. The recombination
radiation can be strong enough to further ionize electrons. For free electrons
with an thermal Temperature of Te the process is determined by the electron-ion
collision frequency [20]

νei =
4(2π)1/2

3

neZe
4

m2vT
lnΛ = 2.91× 10−6ZneT

−3/2
e lnΛ[s−1] (2.1)

where the Coulomb logarithm, ln Λ, depends on the the election-ion scattering
cross-section. In an ionized multi-particle plasma, the Debye length is a measure
for the length of the induced charge separation field

λD =

√
ε0Teq

q2ne
(2.2)

With respect to λD, Λ = λD
Te
Ze2

is found. It depends strongly on the laser intensity
as this scales with Te. For IL = (1012 − 1014) W/cm2 ionization by collision be-
comes dominant [13], including secondary processes such as three body interaction
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and ionization by Bremsstrahlung due to recombination processes. Collisions be-
come unlikely when the electrons have a high velocity and their free mean path
becomes larger than λe = vTe/νei, where the electron’s thermal velocity vTe [14].
This is the case for relativistic laser intensities and ultrathin foils discussed here.
Thus, ionization via collisional processes plays a minor role and can be attributed
to processes driven by the pre-pulse and the rising laser intensity level. Never-
theless, it becomes important when fast ions with charge Z pass through neutral
or ionized matter. Depending on the ion velocity and material thickness, the ion
can either catch or strip electrons. This effect is used at conventional particle ac-
celerators e.g. by the so called "stripper" foil [21]. Recharging processes for laser
accelerated ion beams passing through matter are a focus of current research, and
will be further described in Section 2.3.

2.2 Absorption Processes in a Laser Plasma

The laser to plasma absorption mechanisms for an ultraintense laser and an ultra-
dense plasma are currently a topic of complex and intense discussion [17]. In the
experiments presented in this thesis, extreme laser parameters such as ultrahigh
intensity, ultrashort pulse duration and ultrahigh laser contrast were applied. In
this extreme parameter range, the plasma expansion can become almost negligi-
ble. Thus, the laser interacts with a sharp step like plasma boundary or steeply
rising plasma density on the order of L(∇ne) = 0.01–0.1λL, where λL is the wave-
length of the laser. The following paragraphs will give a brief overview of the main
absorption models. A more in depth description on this topic can be found in [17,
20, 22, 23].

Collisional Absorption

The impact of collisional absorption due to electron-ion collisions depends on
the collision rate, which is a function of the scattering cross-section, and can
be expressed by the collisional frequency νei of Equation (2.1). A reduction of
collision rate is seen when the electron quiver velocity overcomes the thermal
velocity. To account for this effect, an effective collective collisional frequency [13]
νeff ∼ νeivTe/(v2os + v2Te)

3/2 is introduced. For ultrahigh laser intensity, it follows
that, according Equation (1.14), vos � vTe leading to a long electron free mean
path. Therefore collisional heating can be excluded as the main absorption process
and collision-less absorption mechanisms have to be taken into account.

Resonance Absorption

A resonant plasma wave1 can be driven when the electrical field of the laser is
parallel to a long (≤ µm) scale length of the plasma density gradient L(∇ne).
The absorption is resonant when ωL equals ωp(z), corresponding to the condition
ne(z) = nc, where z is the laser propagation direction. The absorption efficiency
1 electron density wave, plasmon
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depends on the incident angle of the laser on target surface. For a laser target
geometry at an incident angle of αL > 0◦, the point of reflection for the laser
is reduced to nc cos2 αL, and the evanescent field can trigger a strong plasma
wave [13, 14]. Resonance absorption is significantly decreased for steep plasma
gradients and when the incident laser is normal on the target surface [13].

Vacuum Heating - Brunel Absorption

For a steeper rise of the plasma density, L(∇ne) ≤ λL, incident angles αL ≥ 0◦

and p-polarized electrical fields, electrons are accelerated into vacuum and then
accelerated back into the plasma gradient due to the oscillating electric field. In
terms of a collective electron oscillation, this can be understood as an electron
bunch entering the overdense plasma boundary and passing inside the target. The
electrons excursion length ze in vacuum [24] can be calculated by

ze
λL

=
a0

2π
√

1 + a0
(2.3)

The mechanism is efficient when ze exceeds L(∇ne). If the incident angle αL = 0◦,
then this absorption process can only occur when additional situations, such as
e.g., a spatial intensity distribution or target denting and/or the v×B movement,
are considered.

Anomalous Skin Effect

At intensities IL > 1019W/cm2, according to Equations (2.3), (1.15) and (1.17),
the electron excursion length overcomes the skin depth ls of Equation (1.21). This
induces a nonlocal current in the plasma that enables laser to plasma absorption.
It is expressed with an enlarged skin layer la [13]

la = (
2

π
)1/6(

c2vos
ωLωp

)1/3 (2.4)

For IL = 5 × 1019W/cm2, an electron drift velocity of 1MeV and overcritical
plasma density of ne/nc = 300 the absorbed fraction [13] can be calculated with

ηASE =
8ωLla

3
√

3c
(2.5)

For the above mentioned parameters it is approximately 11%.

j × B Heating

The v ×B term of the Lorentz force (Equation (1.8)) accelerates electrons under
specific conditions (relativistic intensity, p-polarized laser field) in the laser propa-
gation direction with frequency of 2ωL. If one connects the single particle picture
here with a collective electron movement it can result in absorption similar to
Brunel and Anomalous Skin Effect mechanisms, for the in incident laser normal
to the target geometry.
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Ponderomotive Plasma Heating

In addition, the influence of the ponderomotive force (Equation (1.16)) has to be
considered. In the relativistic intensity regime, this influence becomes significant
and enables a net energy gain for electrons oscillating in a spatial intensity distri-
bution. Hence, electrons can be accelerated into the plasma with velocity of up
to Te given by Equation (1.17).

In principle, multiple absorption mechanisms can occur simultaneously. In
view of the aforementioned extreme laser conditions these are: j × B heating
for normal incidence and p-polarized laser, absorption driven by ponderomotive
effects and the anomalous skin effect.

2.3 Energy Loss and Range Energy Relation of Ions in
Matter

Simply speaking, the cross-sections for the propagation of charged particles in
matter determine processes like scattering, energy loss and charge transfer2. For
the transfer matter this introduces secondary processes, as excitation, electron
ejection, recombination, Auger effect and further scattering processes. Charged
particles with a kinetic energy of Ekin travelling in matter lose subsequent energy
with scattering and collision processes, known as the theory of stopping power.
The stopping power is defined as the energy loss, Eloss, per unit of path length, z.
It is determined by various relevant velocity dependent scattering cross-sections,
σi, (e.g. electron-electron, electron-ion, and ion-ion); the properties of the stop-
ping material and of the charged particle. The Bethe-Bloch theory gives the
following relation for the stopping power for ions [25]:

−∂Eloss
∂z

=
Z2

mpA
f(v) (2.6)

where mp is the mass of a proton, Z the charge and A the mass number of the
projectile ion. The function f(v) depends primarily on the projectile velocity
and on the stopping material, and secondarily considers specific dependencies e.g.
relativistic contributions, charge state and so on.

The Bethe-Bloch equation becomes invalid when vion equals the orbit velocity
of a bound electron. Then successive electron capture (EC) occur and cause a
neutralization of the projectile ion [25]. For the projectile ion an effective charge
Z? has to be taken into account [26]:

Z?(v) = ηZ(v)Z0 (2.7)

Initially the projectile ion has a charge state of Z0 that is decreased in dependency
on the ion velocity with 0 < ηZ < 1. The EC process can be assumed to occur for
ions at Ekin > 0.5MeV/u in solid dense matter [25, 26]. Note, that given different
2 ionization and electron capture
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parameters, such as, higher velocities, the transfer matter density and negative
charge states of the projectile ion, ionization (electron loss) of the projectile ion
can occur [27]. This process is well known and used in acceleration physics by the
application of so called stripper foils.
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3 Laser Plasma Ion Acceleration

Due to their mass, and in contrast to the electrons, direct acceleration of ions
in the laser field does not reach the MeV/u range for the laser intensities dis-
cussed in this thesis. However, ions are accelerated into the MeV/u kinetic energy
regime in a secondary process: The laser driven electron dynamics cause a charge
separation, which enables ion acceleration in the associated Coulomb field. In
conventional models describing this process, laser-matter-interaction and plasma
evolution are viewed from a macroscopic perspective, as the involved physics in-
clude highly nonlinear multi-particle and field dynamics. A high complexity arises
from the co-parametric dependencies between laser and target parameters and
different simultaneously occurring processes. Hence, direct comparison between
theoretically predicted scaling laws and experimental results is still challenging.
Thus, the experimental situation is often explained with the help of multi-particle
computer simulations. To date, the research focuses on how do the acceleration
processes depend on the various involved parameters, and aims for maximizing
ion velocities. In the following sections, the most relevant ion acceleration models
are introduced.

3.1 Particle In Cell Simulation

The detailed theoretical description of laser-plasma dynamics is based on the
electrodynamics of a multi-particle system interacting with a relativistic electro-
magnetic field and in dependence of a spatial and temporal evolution. The
basic description starts from the electrodynamics with the Maxwell and Boltz-
mann equations [15], and includes the dispersion relation in the plasma with the
Helmholtz equations [13, 14]. To account for either collisionless or collisional
interaction the involved magneto-fluid dynamics are calculated using the Vlaslov
or Fokker-Planck equations, respectively. Furthermore, atomic processes (ioniza-
tion, recombination) and even nuclear physics (scattering cross-sections, fission
and fusion) can be considered. The models in detail are beyond the scope of this
work, but need to be mentioned, since they base the algorithms of computer simu-
lations that are usually used to confirm real laser-plasma experiments and to find
an analytical description of the involved dynamics. The experimental conditions
are simulated by so called Particle in Cell calculations (PIC). Here a number of
particles are merged in a cell. The cells motion is evaluated by solving e.g. the
Helmholtz-Vlaslov equations numerically.

21
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Figure 3.1: A laser pulse is focused on a thin foil target at θL = 45◦ and ionizes it
to a overcritical plasma density. Fast electrons are created at the front side, passing the
target. At the target boundary they build up an accelerating electrical field due to the
charge separation to the ion background.

3.2 Target Normal Sheath Acceleration

The Target Normal Sheath Acceleration [16, 28, 29] is the first and most impor-
tant model describing ion acceleration with thin (µm) foils irradiated by a laser
pulse with an intensity in the range of 1018–1020 W/cm2. In this model, the target
remains opaque to the laser light and each laser cycle, fast electrons are acceler-
ated by the laser field and are driven through the target. The kinetic energy of
the electrons is assumed to be Ekin ≥ Eos according to Equation (1.14) or (1.17)
and is often called hot electron temperature Te [16]. These fast electrons can
leave the plasma at the target boundary, where they either escape into vacuum,
or reenter the plasma due to the restoring force of the ions and they oscillatory
motion with the laser field. In the cycle averaged picture this process causes a
quasi stationary charge separation at the plasma boundaries capable of building
up a strong electrical field

ESheath =

√
8π

eN
neTe (3.1)

which starts to expand into vacuum pulling the ions behind it [23, 28, 30].
Thus Esheath depends on the ponderomotive potential, which, according to Equa-
tion (1.17) scales with the laser field strength and the electron density of the
plasma. The electron density is often assumed to be some orders of magnitude
lower than solid state density 1023 electrons/cm3. This is reasoned by an averaged
degree of ionization in the target, the electrons’ divergence along the target and
to the fraction of electrons, which escaped into vacuum [29].

The expected maximum ion kinetic energy Emaxkin is dependent on the ac-
celeration time τacc, which is assumed to be longer than the actual laser pulse
duration [28, 31, 32]. In the case of laser pulse durations in the range of pico- or



Radiation Pressure Acceleration 23

some hundred femtoseconds, with a standard laser contrast1 and laser intensities
above 1018 W/cm2 the ions maximum kinetic energy can be approximated by [1,
28]:

Emaxkin = 2ZTe[ln(η +
√
η2 + 1)]2 (3.2)

with η = τaccτLωpi and the ion plasma frequency is

ωpi =

√
niZ2q2

ε0mpA
(3.3)

Here ni denotes the ion density, Z the charge state and A the mass number. The
laser to fast electron conversion is assumed to be in the range of approximately
5–10% and to scale with the laser intensity as ∼ I3/4 [1]. From an experimental
point of view the TNSA acceleration exhibits the following characteristic features:

• The ions spectra have a quasi thermal and thus Maxwellian distribution [1,
29]

• The electron sheath is symmetrically established both at the target rear
and front side [33, 34], leading to efficient ion acceleration normal to the
target. The most effective laser-plasma absorption was found at an angle of
incidence of 45◦ giving the best results for the TNSA process when the ions
are detected in target normal direction [33].

• The contamination layer of the target is accelerated. It consists of light
ions like hydrogen (H), carbon (C), oxygen (O) and nitrogen (N). For heavy
ion acceleration (A ge16) the light ions have to be removed by heating pro-
cesses [35].

The detailed description of the TNSA process is complex, since it considers a
spatial and momentum distribution of the electrons, the target thickness, the laser
energy absorption processes and specific models for the expansion process [1, 31,
32, 36]. With respect to different ion species, the expansion of the accelerating
field and additional screening effects have to be considered. For ultrashort laser
pulses and ultrathin targets, the plasma dynamics changes significantly [1, 36]
and will be described in the next section. This has to be taken into account when
comparing results of different laser systems operating at the same intensity but
at different laser energies and pulse durations.

3.3 Radiation Pressure Acceleration

In the 1960s Marx [37] introduced the science fiction idea of accelerating a space-
craft by the pressure of light using a strong laser. Marx’s idea involved the use

1Common laser contrast means a basic laser contrast level of 10−(6−8) relative to the laser peak
intensity, with additional weaker prepulses on ns to ps timescale, furthermore a raising edge of
the intensity is in 100 ps range [1].
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Figure 3.2: Schematic representation of the RPA mechanism: laser hits an ultrathin
foil target, a dense electron bunch is formed and accelerated to the target rear side. The
target remains transparent for the laser light. The overcritical and thus highly reflecting
electron bunch is further pushed by the pressure of light. When the restoring force of the
ions is high enough to prevent the electrons escape, the ions are pulled to high velocities
by this electron bunch.

of a highly reflective mirror in order to enable efficient momentum transfer be-
tween the photons and the spaceship. The amount of reflected light determines
the radiation pressure

PI =
ILR
c

(3.4)

where R is the fraction of the reflected light. In order to transfer this idea to laser-
plasma based particle acceleration, one needs a sufficient dense but thin enough
target: ideally fully ionized with all electrons forming a dense electron bunch
(ne � nc see Section 1.4). The photons’ momentum transfer to this highly
reflecting electron sheath [38] is given by

∂p

∂t
= R

I0(t− x(t)/c)

2πneD

√
p2 +m2

ec
2 − p√

p2 +m2
ec

2 + p
(3.5)

where p = mv is the momentum of the electron sheath. At sufficient laser inten-
sity, the radiation pressure pushes the irradiated area into the target. The process
is called hole boring (HB) [36] and can introduce spatial denting and shockwaves
into the target.

Similar to the TNSA model, for radiation pressure influenced laser-ion accel-
eration, during the laser-plasma interaction a dense electron sheath is established
at the target rear side. For thin or less dense target foils, a part of the laser
light can pass through the target and further accelerate this electron sheath. If
the ions are still bound to it by a sufficient high restoring force, radiation pres-
sure can enhance the ion acceleration as depicted in Fig. 3.4. Thus, radiation
pressure acceleration depends for a given laser intensity on a specific target thick-
ness and density. A lower limit in terms of target thickness is given by the so
called electron blow out: electrons can overcome the Coulomb-attraction to
ion background with kL = ωL/c for a target thickness [39] of

D � a0nc
kLne

(3.6)
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In the ideal case, all electrons are assumed to be pulled out to form the electron
sheath, thus enabling a high reflectivity for the pushing laser light. For the ion
acceleration a balance between radiation pressure and the restoring force to the
ions has to be maintained. This condition is fulfilled for an optimum target
thickness that was obtained from multi-parametric PIC simulations by Ref. [39]
at

Dopt = 3 + 0.4× a0λL
nc
ne

(3.7)

Since this condition is a function of the electron density ne, it often refers to an op-
timal areal density σop = neD/ncλL ∼ a0. In principle, the condition corresponds
to the inset of relativistic transparency described by Equation (1.23) [1]. An in-
crease of the RPA efficiency was suggested for circular laser polarization, since
j × B heating is inhibited and fewer electrons can escape the potential well (cf.
Section 2.2). Ions that follow the electron sheath are found at the same velocity.
Therefore, pure RPA accelerated ions are expected to have a bandwidth limited
energy distribution At the optimum target thickness and density for Z/A = 0.5,
maximum ion energies are predicted [36] at

Emaxkin =
m2
ec

2

8mp
a20(

τL
TL

)2 ∼ 2.3MeV×
Iτ2L

[10−6Jscm−2]
(3.8)

Experimental results for a RPA influenced acceleration have shown a remarkable
increase of the ion energies by optimizing the foil thickness to the laser inten-
sity [2, 40]. Currently available laser systems reach intensities IL ∼ 5 × 1020

which is sufficient to see the onset of the RPA. Therefore, in literature consider-
ing experimental result, the ion acceleration scheme is often referred to a mixture
of TNSA and RPA-like acceleration or modified similar scenarios, e.g leaky-light
sail [41].

3.4 Coloumb Explosion

In the introduced acceleration models, ions are pulled by an electron sheath and
their acceleration depends on their charge to mass ratio (Z/A). The acceleration
can be viewed as an ion accelerating in a expanding and moving capacitor. As-
suming a shared starting point in time and space, ions with different Z/A numbers
separate during the acceleration. Additionally, light ions co-propagating with the
electron sheath screen the accelerating electrical field for heavier ones [35, 42].
If the lack of electrons in the ion background is not compensated, a repulsive
Coulomb field is established. In the case of a highly dense, highly charged and
slower ion background, it can become an additional strong acceleration field for a
(few) particle(s) in front of it. For an ultrathin foil thickness, the majority elec-
trons are considered to leave the target with the accelerating sheath2. Therein,
theoretical works predicted an enhancement of the kinetic energies of light ions,
2 Ionization of the target depends on amount of particles and on ionization levels of the used
materials.
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because the repelling Coulomb field of the slower heavy ions (A ≥ 12) pushes
them from behind [39, 42, 43]. An efficient acceleration via Coulomb explosion
for highly for mass limited, cluster targets is discussed in [1].

3.5 Shock Acceleration

Laser driven plasma acceleration is often and in respect to PIC simulations de-
scribed on the basis of electro-magnetic fluid dynamics. In general shock waves
are excited by a disturbance in the density of a medium, e.g. by a projectile prop-
agating through plasma. Shock waves are density pressure waves and travel with
the sound velocity vs through the medium. In plasma, a shock front is formed
when e.g. ion densities (bunches) meet at significant different velocities. The
condition introduces an acceleration of ions by the shockfront at vs = Mcs with

cs = (
ZTe
Amp

)1/2 (3.9)

The model predicts, for ions reflected from the potential of the shockfront, a quasi
mono energetic spectrum up to 2vs, for Mach numbers M > 1 [36]. Simulations
have shown efficient ion acceleration at the onset of relativistic transparency, by a
shock wave in plasma [44, 45]. Particles from the target front side are accelerated
by e.g. radiation pressure to higher velocities, vs, than the particles that are
accelerated by a TNSA like sheath at the rear side of the target. This process
was already mentioned as hole boring in Section 3.3. The shock velocity resulting
from the pressure of light can be approximated, according to Equation (3.8) [16]
with:

vsRPA
c
∼
√

Zmenc
2Amine

× a0 (3.10)
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4 High Harmonic Generation
and Relativistic Backscattering

For an ultrahigh laser contrast, the laser interacts with a steep dense plasma
boundary. This interaction drives collective electron oscillations at the target
boundary that causes a coherent emission of an attosecond pulse once per laser
cycle, known as High Harmonic (HH) generation from over dense plasma. The
phenomenon is in the focus of latest scientific research, since it is a promising
coherent source of XUV radiation. Moreover, the HH emission reveals, indirectly,
information about the ultrafast and collective electron dynamics of the laser-
plasma interaction [24, 46, 47].

High harmonic radiation is named after the characteristic feature of the at-
tosecond pulse’s spectral intensity distribution, which exhibits successive peaks
at multiples of the fundamental frequency

ωN = N × ωL (4.1)

where N ∈ N denotes the harmonic number. Hence, the detected harmonic
intensity spectrum consists of a sequence of consecutive harmonic lines up to
Nmax. In the time domain, HH emission has to be understood as an pulse train
with equally spaced ultrashort pulses. Each single pulse is emitted at a time
difference of one laser cycle, with a pulse duration of less than 10−16 s [48]. The
separation of single pulses from a pulse train is still challenging and recently, the
first successful approaches were reported in Refs. [49–51].

There are two basic models explaining HH generation from ultraintense laser
pulses interaction with solid state targets. They are introduced in the following
sections, for a more detailed review Ref. [24] is recommended. Another option to
obtain ultrashort, coherent radiation is predicted due to a relativistic backscat-
tering process and is discussed in the final section of this chapter.

4.1 Coherent Wake Emission

In the Brunel absorption process (cf. Chapter 2) for a laser on target incidence
angle of αL > 0◦, a dense electron bunch is accelerated into the plasma boundary
once per laser cycle. For a steep rise of the plasma density (L(∇ne) ∼ λL/10),
this electron bunch excites plasmons (electron density waves) in its wake. These
plasma waves can decay via linear mode conversion into coherent radiation [5,

27
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24]. This radiation is called Coherent Wake Emission (CWE). When the plasmon
passes through a the local density of ne(z) = N×nc it decays into the correspond-
ing harmonic emission N × ωL. Hence, radiation in multiples of ωL is emitted
within one laser cycle. The CWE model has been developed with the aid of PIC
simulations [24] and the emission direction has to fulfil a conservation between the
wave vector of the emitted light and the plasmon. The maximum cutoff frequency
of the emitted radiation is given by the maximum electron density [5, 24, 52]:

Nmax ∼
√
nmaxe

nc
(4.2)

For ne/nc = 400, which is a reasonable approximation for carbon or glass bulk tar-
gets and λL = 800nm, this results in a CWE harmonic cutoff of Nmax = 20. This
scaling was confirmed in earlier experiments at the MBI laser system in Refs. [47,
53] regarding to bulk targets and a XUV detection in the reflection direction
with a laser on the target incidence angle of 45◦. The CWE emission process is
predicted to commence for laser intensities below the relativistic onset [5].

In principle, the Brunel absorption mechanism is reliant on a laser to target
incidence angle of αL > 0◦. For a setup with the laser normally incident on
an ultrathin foil, another mechanism is required and the laser driven electron
oscillations relate in the relativistic case to the figure 8 motion at the plasma
boundary of Section 1.2 of Equation (1.1). CWE harmonics emitted from of
an ultrathin foil have been discussed theoretically in [54], with the help of PIC
simulations, for laser to target setup at > 45◦.

4.2 Relativistic Oscillating Mirror Model

Albert Einstein introduced the model of a relativistic oscillating mirror [11] from
which light is reflected. Due to the relativistic movement, a relativistic doppler
shift changes the frequency of the reflected light to

ω′ = ωL
1 + β

1− β
(4.3)

The relativistic oscillations of electrons at a sharp plasma boundary with kinetic
energy up to Eos, can serve as such a relativistic oscillating electron mirror. This
is the idea of the Relativistic Mirror Model (ROM) that describes the emission
of HH radiation from overdense plasma surfaces in the interaction with laser
pulses at relativistic intensities a0 > 1. Detected in the reflection direction, ROM
harmonics are emitted once per laser cycle from a relativistically oscillating plasma
surface. In particular, for a linear polarized light field A(z, t) normally incident
on an oscillatory plasma boundary, the reflected electrical field [4] reads

ER(z, t) =
ωP
ωL

A(tret) = A0 sin(ωLt+ kLz − ωLX(t)/c) (4.4)

where the surface movement X(t) denotes, to first approximation
X1(t) = −Xs sin(2ωLt) and the retarded time in the rest frame of the observer
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Figure 4.1: Illustration of relativistic backscattering for two counter-propagating laser
pulses and a foil target. The drive pulse accelerates an electron bunch to relativistic
velocity upon which the second pulse is reflected in the backward direction. Due to the
double relativistic doppler shift, the backscattered pulse experiences a frequency shift of
up to ω × 4γ2.

is tret = (t−X(tret)/c+ z/c). With respect to X(t), the reflection introduces an
upshift in frequency and occurs in a time range that is significant smaller than
half of the laser period. For successive laser cycles, it corresponds to the emission
of a pulse train, with single pulse durations > τL/γ

2 [4, 55], where γ denotes the
velocity of the plasma surface. For a reflection when the laser pulse is at normal
incidence angle on the target, only odd harmonic numbers result. An obvious
difference to the CWE mechanism is found in the frequency cutoff: For ROM it
scales with electrons’ oscillatory movement, thus is scales with a0. The highest
harmonic number is predicted at

Nmax = 4γ2 (4.5)

For a0 = 5 and a velocity of the surface according to Equation (1.14), one can
calculate Nmax = 54. For HH emission in laser propagation direction and incident
angle αL = 0◦, this model is not directly applicable due to the reflection direction.
Modified models will be discussed in more detail with the presented results.

4.3 Relativistic Backscattering

Einstein’s relativistic mirror model can be also approached by a direct relativistic
backscattering. Theoretically, this was suggested for two laser pulses in a counter-
propagating setup. One laser creates a relativistic electron bunch e.g. by the use
of an ultrathin foil target, from which the second laser pulse is reflected [39]. The
backscattered pulse is shifted to a higher frequency in accordance with Equa-
tion (4.3). The principle is depicted in Fig. 4.1 and is dependent on the electron
bunch velocity. If the second laser has an intensity high enough to drive HH
emission itself, theoretically one expects an enhanced harmonic frequency cutoff
at λ/(Nmax × 4γ2) [39]. The efficiency of the process is determined by the re-
flectivity, R, of the relativistic mirror, and therefore connected to the density and
spectral bandwidth of the electron bunch. The ideal case of collective electron
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motion at one velocity with high reflectivity is looked by the theoretical models.
It delivers promising results, but is a simplification. The electron bunch is ex-
pected to be accelerated within a certain spectral bandwidth, and, for ultrathin
foils, with a density much lower than the solid state density [56]. In addition,
PIC simulations demonstrate that the emission of electron bunches once per laser
cycle has to be taken into account [57]. The reflectivity from such an electron
bunch can be described within classical electro-dynamics by relativistic Thomson
scattering [56, 58, 59]. In the approximation of [56], R scales with the electron
scattering cross-section

σT = 6.65× 10−29m2 (4.6)

and by the number of scattering electrons Ne per area AF

RT = σT
√
π
Ne

AF
f(q, γ) (4.7)

where f(q, γ) < 1 is a function of the form factor and spectral condition of the
electron bunch. For ultrathin foils a few nm thick, R is limited by particle numbers
and is estimated to be below 10−5 for all electrons of a ∼ 10 nm foil. In the case
of coherent scattering Equation (4.7) is predicted to scale with N2

e [56], which,
could enhance the efficiency remarkably.
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Part II

Experimental Methods
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5 Laser System and Experimental Setup

All experimental data presented in this work has been obtained using the High
Field Laser at the Max Born Institute (MBI). Section 5.1 gives a summary of the
design of the laser system and Section 5.2 a characterization of the resulting laser
contrast. The basic setup used in experiments for ion, electron acceleration and
XUV radiation is introduced, along with the inherent diagnostics, in Section 5.3.
How the setup was modified for a two counter-propagating laser pulse experiment
is described in Section 5.4. It includes the used diagnostics and definitions of
the overlap in time and space between both laser pulses. The used target foils
are characterized in Section 5.5, followed by a description of the applied spectral
detection devices for ions, electrons and XUV radiation in Section 5.6.

5.1 High Field Laser System

The High Field Laser at the MBI is a 80/100 TW Ti:Sapphire Chirped Pulse Am-
plification (CPA) laser system. It consists of two synchronized laser arms, with
each arm delivering a different laser contrast, pulse energy and pulse duration.
All experiments presented in this work, were single laser pulse measurements,
and were performed with Arm I (80 TW). Substantial improvements of the laser
system were achieved with respect to the pulse duration and laser contrast. Both
laser arms share the same frontend, a commercial Kerr-Lens mode locked oscilla-
tor followed by a XPW (Cross Polarized Wave) module. The pulse repetition rate
of the oscillator is decreased from 85 MHz to 10 Hz by a pulse picker1. The XPW
frontend [60] increases the initial laser contrast before subsequent amplification by
reducing the Amplified Spontaneous Emission (ASE) level in a nonlinear optical
cross polarized wave mixing process [12, 61]. The polarization of a laser pulse can
be changed in an anisotropic crystal (e.g. CaF2), where the change is dependent
on the impinging light intensity. The process corresponds to a temporal polar-
ization filter, which switches the polarization dependent on the applied intensity.
Afterwards a second polarizer filters the signal, allowing low and high intense laser
radiation to be separated. Therefore, for Arm I, the relative laser contrast ratio
of > 10−10 is obtained on the picosecond time scale and with respect to the main
peak intensity at full laser power.

1A Pockels cell is an electro-optical device, capable of switching its polarity dependent refractive
index by applying high voltage. A pockels cell operates on ns to ps range.

33



34 Laser System and Experimental Setup

Figure 5.1: Schematic setup of laser Arm I, which is a Chirped Pulse Amplification
system. The system bases on a common Kerr-Lens mode locked oscillator in combination
with a XPW frontend, behind which the beam is split into Arm I and Arm II. The laser
pulse of ArmI is first stretched by temporally elongation using an Öffner stretcher, and
cleaned of pre-pulses by two pockel cells (PC). Then, the pulse is further amplified by the
"booster", which contains an acoustic-optic spectral phase modulation module (Dazzler)
to compensate phase distortions introduced by the amplification process. The pulse
contrast is enhanced by a fast pockel cell (FPC) operating in the hundred picosecond
range and further amplified by two following multi-pass amplifiers. In the last stage, the
pulse is compressed and guided in vacuum to the experimental chamber. Single shots
are selected manually using a manual shutter.

Prior published work with the same laser system [32] used a 5-way multi-
pass amplifier [10] in the amplification chain. This was replaced in the year 2013
by a "booster-amplifier" consisting of a 2-pass amplifier that enabled a higher
amplification efficiency. The method takes advantage of a configuration, where
the laser incidence on crystal is at Brewster’s angle 2. The reduction in the
number of the amplification passes shortens the optical path length in the crystal.
This optimized the laser’s contrast in terms of ASE and reduced reflections from
the amplifying crystal surface, which otherwise lead to pre-pulses in the common
multi-pass geometry. The booster was equipped with a Dazzler3, which allows one
to manipulate and compensate for higher order spectral pulse phase distortions,
which are introduced by the amplification process [62]. It was used to achieve
pulse duration close to the Fourier limit. The laser Arm I reached for a single

2Brewster angle: incident angle at which the transmission of light is maximal. It depends on
optical characteristics of the material and the laser polarization

3Acousto Optic Programmable Dispersive Filter to manipulate the spectral phase and the carrier
envelope of a laser pulse.
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Figure 5.2: a): Pre-pulse levels of the high laser contrast condition measured with
a fast diode on a nanosecond timescale. b): Third order autocorrelation measurement
shows the laser at high contrast condition on a picosecond time scale. Peaks marked
with "x" are ghost lines caused by internal reflections of the measurement instrument.

laser pulse an energy of up to EL = 2.3 J after the pulse compression on the target,
with a pulse duration of τL = 35 fs4. Adaptive optics were used to perform laser
wavefront corrections on a daily basis.

5.2 Laser Contrast

5.2.1 High Laser Contrast

The laser contrast was measured on the nanosecond and picosecond time scales
and is shown in Fig.5.2. Due to reflections in the third laser amplifier, a pre-pulse
appears 17 ns before the main peak of the laser pulse with an energy content in
the minor µJ range. The pre-pulse intensity was dependent on the daily laser
alignment and therefore could be up to 30% smaller as in Fig. 2 a). Assuming
a compressed pre-pulse with a duration in the range of 60 − 90 fs and a focus
diameter similar to the value of the focused main laser pulse, the pre-pulse could
reach an intensity of about maximal 1013W/cm2. A third order autocorrelation
measurement of the laser intensity on the picosecond time scale is shown in Fig.5.2
b). The basic laser contrast level was about ∼ 10−10 relative to the laser’s peak
intensity and several weak pre-pulses are present. The strongest pre-pulse was
detected 180 ps before the main peak with an intensity about 2×10−5 lower than
the pulse peak level. It was followed by pre-pulses at a relative contrast difference
of 106. If applied, this laser contrast condition will be named in the following
high laser contrast or HC.

According to the theory of laser induced target ionization and absorption
introduced in Chapter 2, pre-ionization of the target occurs for these laser contrast
4The pulse duration was measured via spectral phase interferometry for direct electric field
reconstruction (SPIDER).
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Figure 5.3: The double plasma mirror (DPM) setup consists of two anti-reflection
coated, polished glass substrates and a focusing unit. Light is transmitted until the
rising intensity or pre-pulses ionizes the substrate’s surface to an extend, that plasma
with overcritical density is created, which switches the optical property to reflection in
accordance to Equation (1.22).

parameters. Additional plasma heating is expected from the rising pulse edge for
an intensity above 1016W/cm2 a few picoseconds before the pulse peak arrives.
Pre-pulses and this rising intensity level determine the scale length of the plasma
density gradient, which has a substantial influence on the plasma dynamics when
the interaction with the main laser pulse takes place. Currently, there is no
analytical model that provides a detailed description of the influence of short pre-
pulses on the evolving plasma dynamics, if the pre-pulses have different intensity
levels and act on different time scales. Therefore, this question is usually addressed
to PIC simulations, for an adequate long time interval [63–65].

5.2.2 Ultrahigh Laser Contrast

If the incident laser intensity is high enough on a solid state surface, it is ionized
and transformed into plasma with an electron density higher than the critical den-
sity nc (cf. Equation (1.22)). According to the dispersion relation in Section 1.4,
this process change the optical properties of the surface from transparent to highly
reflective. The laser contrast can benefit from this basic principle by using it as a
irreversible single shot device, known as plasma mirror [52, 66]. It consists of one
or a set of glass substrates with high quality surfaces on which the laser is slightly
focused. The light arriving at the surfaces in form of pre-pulses, is transmitted
until the rising edge of the main intensity peak ionizes the surface to such an ex-
tent that the optical properties of the medium is changed, and a highly reflecting
surface is created - a plasma mirror. For the experiments presented in this thesis,
ultrahigh laser contrast/ (UHC) was achieved by applying a Double Plasma
Mirror (DPM) setup, which was described in detail in Ref. [67] and is illustrated
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in Fig. 5.3. The used glass substrates improve the filtering process by means of
a high quality anti-reflection coating with a high surface quality of λL/10. The
resulting laser contrast enhancement was approximately four orders of magnitude.
In comparison to Fig. 5.2, this led to a contrast ratio, with respect to the main
peak level, of 10−14. This value is based on calculations in Refs. [10, 68, 69] and
measurements for comparable designs [40]. In the framework of this thesis, the
DPM setup was modified in comparison to the setup of Ref. [10]. By applying a
higher intensity on the second substrate, the performance of the DPM was opti-
mized with regards to the stability of the laser wavefront, and the absorption
efficiency of the pre-pulses. The DPM delivered a laser energy transmission of up
to 80%. The resulting beam profile, energy transmission and the pre-pulse level
were monitored in each measurement. The diagnostics used are described in the
following section.

5.3 Single Laser Pulse Experiments

The basic setup used for laser driven ion and electron experiments with thin and
ultrathin foil targets is shown in Fig. 5.4. The laser pulse was focused by a f/2 Off
Axis Parabola (OAP) to a focus diameter FWHM of 4–6 µm. The energy content
in the FWHM of the focus is up to (19± 3)%. For a pulse energy of 4.0 J before
compression and a beam line transmission of ∼ 63%, an laser intensity up to IL =
1×1020W/cm2 could be obtained at high laser contrast condition, if averaged over
the focus area. In the case of ultrahigh laser contrast, with the use of the DPM,
an intensity up to IL = 8×1019W/cm2 could be reached. The laser intensity was
dependent on daily parameters such as the quality of the laser focal spot and the
applied laser energy. In order to monitor relative shot to shot fluctuations of the
laser energy, the transmitted laser light was measured behind a highly reflective
beamline mirror (E in Fig. 5.4). This diagnostic recorded the spatial intensity
distribution of the beam profile and provided additional information about e.g.
instabilities in the laser wave front arising from the DPM’s surfaces, or flow marks
by thermal air movements in the laser room. A fast diode (D in Fig. 5.4) measured
the pre-pulse level on a nanosecond time scale for every laser shot.

Throughout this work, the laser illuminated the target at normal incidence.
The detection direction of the accelerated ions, electrons and XUV radiation was
always in the direction of the laser propagation (B,F, G in Fig. 5.4). Back re-
flected laser light from the target was imaged by a Roper Scientific PIXIS 512B
cooled camera (C in Fig. 5.4). It provided an image of the intensity distribu-
tion of the laser focal plane on the target and enabled an alignment of the laser
focal position with an accuracy of ±10 µm. This diagnostic is named BRFX in
the following. With the help of a broad white light source in the experimental
chamber, the same diagnostic was applied for imaging the target’s surface with a
magnification factor of ×35. This enabled monitoring of the target surface and
identification of damaged foils, as shown in Fig. 5.4.
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Figure 5.4: a): Schematic of setup used in laser-plasma particle acceleration experi-
ments for an interaction of a single laser pulse with a foil. Here, OAP stands for Off Axis
Parabola, and BRFX for back reflex diagnostic. The laser beam is illustrated in red and
transmitted light in pink. b): Target surfaces of various damaged or undamaged foils
imaged by the BRFX diagnostic.

5.4 Two Laser Pulse Experiments

In order to apply two laser pulses on the target foil, the experimental setup of
Fig. 5.4 was modified. Fig. 5.5 shows the basic setup for two laser pulses in a
counter-propagating geometry. The laser pulse was passed through a beam split-
ter (I in Fig. 5.5) with a reflection to transmission ratio of 73/27. For convenience,
the reflected part is called the "drive pulse" in the following, while the trans-
mitted part refers to the "second laser pulse" or the P2 pulse. Due to the
beamsplitter, the maximal available intensity of the drive pulse is decreased to
IL ≤ 6×1019W/cm2 at ultrahigh and IL = 7×1019W/cm2 at high laser contrast.
The drive beam was focused by the f/2 OAP (A− 1 in Fig. 5.5), as in the previ-
ous setup, P2 was passed along a delay stage (H in Fig. 5.5), focused using a 90◦,
f/5.4 OAP (A− 2 in Fig. 5.5). P2 propagated in the opposite direction to the
drive pulse. In respect to the beam splitter5 the transmitted pulse was assumed
to be temporally elongated to a duration of τP = 70 fs [32]. A focal diameter of
P2 was experimentally determined with a value of approximately for the FWHM
of about 15 µm. In respect to the beam splitter transmission values and a longer
pulse duration, a maximum intensity of the P2 pulse of IP ≤ 2×1018W/cm2 was
calculated. A lower intensity IP could be applied by either limiting the beam in
diameter with an aperture or by a displacement of the focusing optic in the target
normal direction6. In the center of this focusing optic, a tunnel was located with
0.5mm in diameter, through which radiation and particles could pass. With this

5 25mm silicon oxid irradiated at incident angle of 45◦
6The later option corresponds to defocused position of P2 on the target foil.
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Figure 5.5: Experimental setup for the irradiation of a target using two laser pulses
propagating in opposite directions. The beam splitter placed at I separates the laser
beam into two parts. The weaker, transmitted laser light (orange) is guided over a delay
stage (H) to a second focusing optic at A-2. The setup enables the propagation of both
pulses on the same axis, in opposite directions respectively. Further details are provided
in the main text.

counter-propagating setup, particles were detected in the propagation direction
of the drive pulse and the detection units were placed behind the focusing optic
of the second laser pulse (F and G in Fig. 5.5). Moreover, both pulses shared
the same propagation axis, but in opposite directions. The alignment ensured an
angular deviation between drive and P2 pulse of about 0.5◦.

Overlap in Time and Space

The two laser pulse experiment requires an overlap of both pulses in time and
space. Spatial overlap of both focal planes on the target was monitored with
a double microscope setup, one imaging the focal plane of the drive pulse, the
other imaging the focal plane of the P2 pulse. In order to determine a relative
distance between both focal planes, an immovable mesh of 40 lines per mm at the
position of the target was imaged from both sides. Since the distance between the
microscopes was fixed, this method ensured an spatial overlap with an accuracy
of ±100 µm in the laser propagation direction (z) and of less than 10 µm in the x
and the y direction. Spatial displacements of both focal planes in x− y plane due
to pointing fluctuations of the laser were about 10 µm. The BRFX diagnostic, as
introduced before, imaged the intensity profile of the drive pulse on the target to
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Figure 5.6: Images of the shadowgraphy measurement at different delay times using
the BRFX diagnostic (see C in Fig. 5.5). a): Temporal and spatial overlap between drive
and P2 pulse. It corresponds to the onset of the plasma channel created by the drive
pulse in the case of a spatial overlap between both focal positions. b): Shadow of plasma
channel in the profile of P2 pulse at an applied delay of 0.8 ps, using the delay stage. c),
d): Alternatively, a temporal delay is introduced by moving the focusing optic of the P2
pulse along the propagation axis. c): Without displacement at the temporal overlap. d):
240 µm displacement in the direction of its focusing optic, which corresponds to a delay
of 0.8 ps.

within an accuracy of 10 µm. By removing the target from its designated position,
the intensity profile of P2 at this particular position could be imaged with the
same diagnostic. Thus, this method was used to improve the spatial overlap of
both focal planes in the coordinate z.

In order to enable and determine the temporal overlap of both laser pulses
at the focal plane of the drive pulse, a shadowgraphy imaging method was ap-
plied [32]: For laser energies in the µJ range, the drive pulse was capable of
ionizing gas at the focal plane. Due to laser self-focusing [12], this drove a plasma
channel in air or gas, which became visible in the form of a spark. It existed for a
lifetime of some 100s of ps, much longer than the actual pulse duration τL. When
the second laser pulse, at an even lower intensity, now passed through the plasma
channel, a shadowed area appeared in its profile, due to a changed refraction index
in the plasma channel. In order to obtain a shadowgraph of the created plasma
channel, the beam profile of the second laser pulse was imaged using the back
reflected light diagnostic (BRFX) (cf. Fig. 5.5 C). Fig. 5.6 shows shadowgraphs
for various delay and displacements of the focal plane of the P2 pulse. If the P2
pulse had arrived before the formation of a plasma spark by the drive pulse, then
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no shadow was seen in the intensity profile. If the P2 pulse arrived after the drive
pulse, then a shadowed area appeared.

The temporal overlap between drive and P2 pulse was defined in the following
way: Firstly, the temporal overlap ∆tP = 0 always referred to the moment in
time when the drive pulse impinged on the target. The drive pulse was fixed in
time and space7, while the P2 pulse was delayed and/or displaced relative to it.
Secondly, the temporal overlap was determined by the time, when the plasma
channel of the drive pulse just appeared as a shadowgraph in the image of the
focal profile of the P2 pulse. In order to measure the temporal delay as precisely as
possible, a careful time scan was performed on a daily basis at a chamber pressure
of 100mbar (nitrogen). This procedure minimized additional contributions due
to dispersion at different path lengths. The overlap of both pulses at the target
position was determined with an accuracy of ∆t0 = (0.0± 0.2) ps. By the limited
accuracy of this method, the temporal overlap is assumed to be at an almost
fixed time within this time interval. Fluctuations due to spatial beampointing
were assumed to be below 50 fs. The uncertainty of the temporal overlap could
correspond to a constant offset for the delay time applied, if the same experimental
run is considered. The temporal overlap was aligned for each experimental run and
this leads to possible different offsets considering ∆t0 = 0 for each experimental
run. Hence, a direct comparison for measurements at different delay times was
restricted to the same experimental run. In addition, for the shadowgraphic
measurement both pulses were passed through identically designed beams shutter
windows, which additionally might have introduced aberrations on the order of
a few µm. The associated temporal overlap was therefore assumed to lie within
an time interval of ±0.3ps. Relatively a delay of P2 could be applied with a
stepsize of 0.1 ps, either by increasing the path length with the delay stage, or by
a displacement of the focusing optic of the P2 pulse.

5.5 Ultrathin Foil Targets

Current research on laser ion acceleration (cf. Chapter 3) focuses on an opti-
mization of the target thickness for the given laser parameters to increase the
kinetic energy of the ions. In contribution, this work included the development of
methods for ultrathin foil production and characterization, which was published
in Ref. [70]. The performed experiments used foils with a thin (< 5 µm) and
ultrathin (< 200 nm) thickness. These foils were freestanding over the holes of a
steel plate with diameters of either 300/600/2000 µm.

5.5.1 Polyvinylformal Foils

Polyvinylformal (PVF) is a common hydrocarbon material with the stoichiometry
[C5H7O2]n and a density of 1.23–1.25 g/cm3. The foils were produced by means
of a spin coating process, using 1, 2-Dichlorethane as solute with a concentration

7within the given accuracy of its alignment
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Figure 5.7: a): Characterization of a freestanding gold foil with a thickness of several
nm: the reflection electron microscope measurement shows a crack like structure in the
gold layer of subµm range and reveals rests of the parting agent of lighter material (grey
color gold, black color carbon like elements) b:) the high resolution electron transmission
microscopy measurement revealed a poly-crystaline surface substructure of few nm.

of PVF in the range of 0.1%−10%. Due to the high thermal evaporation pressure
of the solute, after spin coating an ultrathin membrane is left on the substrate.
The foils were separated from the substrate by submerging it until the membrane
floated on the surface [71]. Then it was placed on a suitable steel hole plate.
The method achieved a minimum thickness of (7 ± 1) nm for freestanding foils.
Compared to commercially available foils like Diamond like Carbon (DLC), the
hydrocarbon foils are robust in terms of gas pressure [72] and hence, easy to
handle with a small defect rate.

5.5.2 Coated Polyvinylformal and Freestanding Metal Foils

PVF foils were coated with an ultrathin metal layer, e.g., gold or silver, in a
thickness range from 2 nm up to 6 nm by thermal evaporation at 10−6mbar and
a deposition rate of 0.2 nm/s. Further increase of the metal layer thickness was
found to damage the foils due to high surface tension and melting. A similar
method enabled the production of freestanding metal foils with thicknesses from
(6 ± 2) nm of up to (100 ± 10) nm by vapour depositing and with the help of
the parting agent Victawet [73]. Characterization of the foil’s stoichiometry and
surface roughness was done8 and the details were published in Ref. [74]. Therein,
a freestanding gold foil at a thickness of (12 ± 2) nm was measured with state
of the art energy dispersive X-Ray spectroscopy and found it to consist of 96%
gold, 2% carbon, < 2% oxygen and some hydrogen 9. A µm crack like structure
was observed by reflection electron microscopy and is shown in Fig. 5.7 a). The
black areas correspond to light elements such as, e.g. carbon, while the grey
areas to gold. Hence, the gold seemed to be attached to a layer, which can be
identified as rests of the used parting agent. Considering the whole area, the cracks

8 by M. Klingsporn
9Hydrogen was not attainable within the used method.
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covered up to 10%. For thicker gold foils no such measurements exist and hence
it is not known, if this cracklike structure is still valid for them. High resolution
transmission electron microscopy measurements revealed a poly-crystaline surface
structure, depicted in Fig. 5.7 b).

5.5.3 Thickness Determination by XUV Transmission

The foil thickness is usually determined with height sensitive methods, as e.g.
using atomic force or near field microscopy. Both methods demand a step like
boundary between substrate and foil, as they are relative measurements. For
ultrathin foils, the boundary has to be introduced by a cut with the foil placed
on a substrate, which becomes inaccurate in the range of few nm. Ellipsometry
is an alternative method to measure on a substrate the overlaying foil thickness
with the help of the optical properties of the foil and the substrate. However,
it requires additional information, as e.g. the substrates refraction index, exact
stoichiometry, density and the roughness of the substrate surface. Hence, an
alternative and easy way was developed to determine the thickness of a free-
standing foil by measuring the transmission values for energetic radiation. Here
a laser driven Mo XUV plasma source, similar to Ref. [75] was used. It delivered
incoherent radiation with an wavelength of 18.9 nm and a high photon flux. With
this radiation the foil’s transmission values were obtained relative to the detected
signal without a foil. By using optical standard tables [76] and the foil density,
the foil thickness was calculated according to the law of absorption [77]. A cross
calibration with standard height based measurements validated the method for
considered assumptions, such as e.g. the target density. Since the setup allowed
a determination of the transmission to within an accuracy of 0.5%, the method
was very accurate for ultrathin foils of up to 500 nm. Details about the applied
method, results, setup and the XUV source used were published in Ref. [70]. The
same method was used to determine the thickness of the gold foils. The surface
of these foils exhibited in Fig. 5.7 a crack like structure, which could affect the
measurement. This structure covers up to < 10% of the surface for which a higher
transmission has to be assumed. If it is assumed to be 100%, then, according the
theoretical values of Ref. [76], this would increase the thickness of a prior 10 nm
gold foil of about 3nm. Since the cracks belong to a hydrocarbon layer, which
was left from the parting agent, this difference is even smaller10. In the following
the thickness of pure gold foils corresponds to the calculation for a pure gold foil.

10The density for this layer is unknown, for hydrocarbon layer a value between 1.5− 2.0 g/cm3

is reasonable.
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5.6 Detection devices

5.6.1 Ion Detection

The velocity of accelerated ions (vion) were detected with a traditional Thomson
spectrometer. It consisted of a static magnet with magnetic field By and a pair of
electric field plates between which a potential of up to 9 kV was applied. Passing
particles were deflected according to their charge to mass number Z/A and kinetic
energy, leading to charge separated, momentum dispersive traces on the detector
plane, according to

x =
qZlLBy
mpAvion

y =
qZlLEy
mpAv2ion

(5.1)

where l is the length of magnet in the propagation direction z and the L is
the distance between magnet and detector. By identifying the ions’ species at
specific charge states, the particles’ velocities can be derived solely using the
magnetic deflection. Vice versa using both Equations of (5.1), the Z/A numbers
can be evaluated according to theoretical parabolic traces on the detector image.
Particles passed through an entrance pinhole prior to detection, within 1×10−7 sr
(cf. Fig. 5.4 F). A Hamamatsu Multi Channel Plate (MCP) 100mm in diameter
served as the detector. The MCP consisted of a multi-electron channel plate and
a phosphor screen, between which a high field strength was applied. Ions hit
the electron channel plate and expel electrons. These are further amplified and
accelerated into the phosphor screen, which then emits light. Raw data images of
the phosphor screen were taken with a camera with high resolution and dynamic
range. In the experiments either a AVT Stingray 145B or 504 camera was used.
The detector system was calibrated in regard to particle number with the help of
alpha particles emitted by a calibrated Am204 radioactive source.

5.6.2 Electron Detection

Magnetic spectrometer

The electron spectrometer consisted of a 250mm long static magnet, which pro-
vided a low and homogeneous magnetic field. A schematic sketch of the con-
struction is depicted in Fig. 5.8. Electrons entering the spectrometer entrance
pinhole are bent into circles proportional to their velocity. Their trajectories hit
a detection screen placed at a distance of x0 from the entrance axis. Their kinetic
energy can be calculated using

Ee−kin = mec
2

√(
(qBx)2

y2 + y20
2y0

)2

(5.2)

in the case of a static and constant magnetic field. The measurement of the mag-
netic field, see Fig. 5.8 b), shows it to be a function of the propagation coordinate
z. Hence, for the purpose of an accurate energy calibration, the measured mag-
netic field map was implemented in calculations of a particle tracer simulation,
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Figure 5.8: a): A schematic of the electron spectrometer. b): Measurement of the
magnetic field of the spectrometer magnet along its length in the laser propagation
direction and with the applied screening apertures.

performed by Ref. [78]. This spectrometer enabled high resolution electron detec-
tion in the kinetic energy range of 0.1–10MeV. It was used at different configura-
tions corresponding to modification of the gap length. The electrons’ trajectories
showed an significant influence by the decaying magnetic field at the spectrometer
entrance and therefore. µ-metal apertures were implemented to avoid a deflection
outside the spectrometer. This decreased the magnetic field at the entrance pin-
hole to a value below 3mT. In order to avoid other secondary effects, such as e.g.
low energetic highly divergent electrons created by particles impinging next to
entrance pinhole or high energetic Bremsstrahlung radiation, a 3mm led pinhole
was used, which significantly reduces background noise on the screen. Along the
spectrometer’s width and length, an ovate constant magnetic field of 0.04T was
measured and is shown Fig. 5.8 b) with respect to the particle propagation axis.
In the following, this configuration is named configuration III11.

The spectrometer was used with a modified magnetic gap length to account
for a wider spectral range. The resulting magnetic field strength was then about
0.07T and is named configuration II. In both configurations the distance between
the detection screen and the propagation axis, (x0 in Equation (5.2)), was set at
(25± 1)mm, which excluded detection of particles with less than 0.1MeV kinetic
energy for configuration III and 0.2MeV for configuration II, respectively. The
distance between the spectrometer and the electron emission source was about
140mm to enable a high particle flux and a capturing half angle of 1◦.

The spectrometer was equipped with standard scintillation screens: either
Kodak LanexFast (front) or Kodak BioMaxMS [79]. While the BioMaxMS is a
highly sensitive screen, the Kodak LanexFast saturates at one order of magnitude
higher amount of charge. Both screens consist of a few µm poly-hydrocarbon
protection skin, and an up to one mm thick composite layer of phosphor and
other elements (C,H,Y,O,N). This is followed by a> 100 µm thick reflecting plastic
layer. The screen was calibrated in particle number according to [79, 80] by using

11The numbering scheme of the experimental configurations corresponds to that of the docu-
mentation of the performed experiments for ease and clarity of reference.
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a tritium light source. The calibration implied a systematic, constant uncertainty
given by the unknown life time of the Tritium source, which is assumed to be
up to 20%. Moreover, the calibration is only valid for electron kinetic energies
of ≥ 1MeV, since there is no reference for the screen’s conversion efficiency in
the lower energy range. The detection screen was shielded from radiation with a
15 µm aluminium foil. In order to account for the electrons spatial and spectral
distribution, a multi-pinhole construction could be applied. It collected particles
at half angles of 0◦, ±4◦ and ±8◦ from target.

In the two laser pulse experiments (cf. Section 5.4), electrons were detected
using a different spectrometer configuration. In the following, this setup will
be referenced as configuration IV. Equipped with the BioMaxMS screen and a
stronger, smaller magnet of 0.22T, it enabled a detection range of 0.5–4MeV.
In this setup, electrons are detected after having passed through the tunnel of
the second focusing Parabola (G in Fig. 5.5). The spectrometer was placed at a
total distance of 530mm from the target. In consequence, and compared to the
formerly introduced configurations, this configuration had a significantly lower
dynamic range and energy resolution. This configuration was not calibrated in
terms of particle numbers.

Image Plates

To account for the full electron beam divergence and the total electron number
(Ne), an alternative measurement method was applied by using dose sensitive Im-
age Plates (IP). IPs are widely used in medical applications for radiography. The
method replaced common X-ray photo-films, because it can be read out directly
after exposition. In principle, IP consists of chemical constituents which enable
phosphorescence emission after being excited due to an exposition to energetic
radiation or energy deposit by particle radiation. In the experiments, the IP was
screened from ions and XUV radiation with the help of 30 µm aluminium foil and
a 1mm acryl plastic plate. The distance from the target was about (100±5)mm.
An additional hole in the center of the IP enabled a simultaneous measurement
with the magnetic spectrometer (configuration III). IP detected electrons above
0.3MeV [81] and this kind of measurement is not dispersive in energy. In order
to account for the electron number, and in accordance with Ref. [81, 82], the
energy deposition by electrons on the IP was assumed to be similar for all kinetic
energies.

5.6.3 XUV Radiation Detection

On the laser propagation axis a spectrometer for detecting the emitted XUV
radiation was installed. It is schematically depicted within the experimental setup
for single laser pulse interaction in Fig. 5.9. A gold transmission grating with G =
1900 lines/mm was placed behind the electron spectrometer (cf. Section 5.6.2).
Hence, the setup enabled detection of XUV radiation and electrons at the same
time. In addition, deflection of charged particles led to a remarkable reduction
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Figure 5.9: A schematic of the XUV spectrometer for single laser pulse and ultra-
thin foil experiments. It detects XUV radiation by laser-plasma interaction in the laser
propagation direction. The spectrometers entrance slit was placed after the electron
spectrometer in configuration III (Section 5.6.2).

Figure 5.10: A schematic of the XUV spectrometer setup for the two laser pulse
experiment. XUV radiation from the laser-plasma interaction is detected in the propa-
gation direction of the drive pulse. The detection device was placed after the electron
spectrometer in configuration IV.

of the background noise on the detector. A common slit aperture with a width
of ∼ 300 µm was inserted at a distance of 410mm from target for the single
laser pulse setup. In the two laser pulse experiments (cf. Section 5.4), the same
spectrometer was placed at a distance of 795mm from the target position. As
depicted in Fig. 5.10, XUV radiation in the propagation direction of the drive
pulse was detected, after it has passed through the tunnel of the focusing optic of
the P2 pulse. In both configurations, the diffracted radiation was amplified by a
Hamamatsu MCP with a 100mm diameter, and its phosphor screen was imaged
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by an AVT Stingray (145 or 504) camera. The spectral evaluation considered the
first order diffraction relation

λ =
1

G
sinα (5.3)

where α = arctan (y/L) is the diffraction angle, y the amount of deflection and
L the distance between grating and detector. In order to account for different
spectral ranges in the energy range of 1 nm to 210 nm, the spectrometer was used
at different distances to the detector. The measurement obtained the spectral
intensity S(ω?) with a resolution better than ∆λ = 2nm.

5.6.4 Laser Radiation Detection

To account for the amount of transmitted laser light in experiments on ultrathin
foils, the XUV spectrometer of Fig. 5.9 was used with a grating operating in
the optical spectral range. The grating constant counted 300 lines per inch and
was made of SiN. The diffracted signal passes through a vacuum window (BK7)
and illuminated a white paper, which was then imaged by an AVT Stingray 145B
camera. The measurements accounted for relative transmission values T, allowing
the integrated spectral intensity of the specific bandwidth, ∆λL = 700–900 nm,
to be compared for single shot events with and without using a target foil.
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6 Laser Ion Acceleration with
Optimized Target Systems

Laser plasma ion acceleration has been investigated for over two decades [1, 36].
The research still aims to increase the ion velocities and to lower the ion spectral
bandwidth. The fundamental questions of this research field are related to the
inherent acceleration dynamics and to the interplay between different acceleration
schemes. For laser systems at relativistic intensity an ultrahigh laser contrast be-
came possible through the development of the plasma mirror technology (cf. Sec-
tion 5.2.2). This laser contrast condition enabled the use of ultrathin foil targets
and provided a laser interaction with a steep plasma boundary. This led to discov-
ery of novel and more efficient acceleration schemes, such as the acceleration by
the pressure of light (RPA) (cf. Section 3.3). In the first place, this has moved the
focus of investigation to an interdependency between the target thickness/density
and the laser field strength (cf. Equation(3.7)), to achieve the highest ion kinetic
energies [2, 36, 38–40, 42, 83]. Furthermore, different laser contrast conditions
revealed an impact of the plasma density gradient and the properties of the pre-
plasma on the laser ion acceleration [64, 84]. This thesis investigated new ways
how the laser ion acceleration can be optimized with different target systems. The
experiments performed here, extend the latest discussions with a detailed exam-
ination of different target parameters, such as, target thickness, target material
constituents, two layer foils, separated foil system and a direct manipulation of
the ion acceleration due to an additional second laser pulse before and after the
actual laser-plasma interaction. With respect to these different parameters, new
and important insights into the interplay between the acceleration schemes RPA
and TNSA for a multi-ion species plasma are presented.

The significant influence that the laser contrast and the target thickness has
on the ion acceleration efficiency, is presented in Section 6.1. Pre-pulses and the
rising intensity level are inherent parameters of the laser system and lead to a
pre-heating of the target. It is shown, that this produces a remarkable change in
the detected maximum kinetic energies and the ion charge distribution.

In the laser ion acceleration models, ions are accelerated by a dense electron
sheath, which is established during the laser to plasma interaction close to the
target boundary (cf. TNSA scheme in Section 3.2). Additional acceleration of
this electron sheath can be achieved due to radiation pressure (cf. Section 3.3),
when the target thickness and density enables a partial transmission of the laser

51
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light [2, 10, 39, 40, 69, 83]. Section 6.2 presents that the maximum kinetic ion
energies can be significantly enhanced when a specific foil thickness and density
is used. The experiments improve upon previous results obtained the Max Born
Institute [2, 10, 69].

Section 6.3 presents an unexpected and highly efficient acceleration of the
heavy ions with the help of ultrathin foils that consisted of heavy elements. Gold
ions were detected at high kinetic energies, of up to the MeV/u range, even in the
presence of a > 10 nm thick hydrocarbon layer. These results stand in contrast to
former published experiments, where light ions always suppressed the acceleration
of the heavy material [35, 85]. How the heavy ions can gain this high kinetic
energy is explained by a model by A. A. Andreev and K. Platanov, which is
introduced briefly. The heavy ions spectra exhibited successive charge states and a
characteristic charge dependent spectral distribution. The spectral characteristics
and the charge to maximum kinetic energy scaling will be examined in detail.
This section investigates also how the presence of light material can affect the
acceleration of the heavy ions by using two layer targets and different ratios
between gold and hydrocarbon material. With the help of two different spatial
arrangements of these layers an interesting difference in the heavy ion spectra is
obtained. The observations are discussed with respect to the latest acceleration
models and give new insights into the acceleration dynamics for a multi-ion species
plasma.

Closely linked to the question of the ion acceleration for different charge to
mass ratios, are inherent or induced charge transfer processes. Laser plasma
accelerated ions passing through gaseous or liquid media were demonstrated to
capture electrons and lead to neutral or even negative states of charge. This
topic is a focus of recent research, since, up to now, its fundamentals are not
fully resolved [86–88]. Section 6.5 presents recharge processes for accelerated ions
in solid state dense matter with the help of a double foil target system. The
investigation examines the resulting ion charge states and determines the change
in the corresponding spectral distributions.

The properties of the pre-plasma manifest in significant differences in the
obtainable ion kinetic energies. Section 6.6 investigates how a controlled ma-
nipulation of the pre-plasma affects the laser ion acceleration. By the help of a
strong pre-pulse the plasma is pre-heated and the rise of its density at the plasma
boundary or even the density itself can be expanded. It will be shown how this
affects the maximum kinetic energies of light ions and the charge distribution of
heavy ions. In addition, an interaction shortly after the actual laser ion acceler-
ation with a second, strong laser pulse changes the spectral distribution of the
ions.

All experiments were performed with the laser on target at normal incidence,
in single shot measurements and used the setups described in Section 5.3 and
5.4. The diagnostic used was introduced in Section 5.6.1.
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Figure 6.1: Ion spectra obtained with either high or ultrahigh laser contrast condition
shown for two different target foils: Ion traces on detector from a 5 µm Ti foil and laser
at UHC a:) and HC b:) under same experimental conditions and same colour scaling.
The same comparison is shown for a used (30± 2) nm thick PVF foil in c:) obtained at
UHC and d:) at HC.

6.1 Dependency of the Ion Spectrum on the Laser
Contrast

Laser pre-pulses on the nanosecond, picosecond timescale and the laser’s raising
intensity level are characteristic for the contrast of a laser system. They can signif-
icantly change the plasma boundary by pre-ionizing, heating and pre-expanding
the target. Pre-expansion determines the scale length of the plasma density gra-
dient [64, 68], and also the plasma density, in the case of ultrathin target foils.
According to Section 2.2, the scale length of the plasma density gradient de-
termines the laser to plasma absorption processes and with it, the laser driven
electron dynamics, and as one consequence, the ion acceleration [84]. Up to now,
a measurement method or model to obtain the pre-plasma property and its influ-
ence is not fully derived and is often obtained from complex simulations [63–65,
68]. In consequence, the comparison between experimental results measured at
different laser systems, with different laser contrast conditions is often hindered
due to effects from different, and often unknown, pre-plasmas properties.

Two examples for ion spectra at different laser contrast conditions are given
to illustrate well known observations. Laser ion acceleration was performed at the
MBI’s laser system with high (HC) and ultrahigh (UHC) laser contrast conditions
(cf. Section 5.2) and at a laser field strength of a0 ∼ 6.5 and a0 = 5.5 respectively.
The detected ion spectra are shown in Fig. 6.1, for either a 30 nm hydrocarbon
(PVF) foil, or a 5 µm metal (Ti) foil. The HC condition delivered higher kinetic
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ion energies and a higher particle number for the thick Ti target, in comparison to
the case of UHC. Opposite results were obtained from the ultrathin hydrocarbon
foil. At HC, a limit for efficient ion acceleration was found at a foil thickness
30 nm1. This limit indirectly reflects a significant change in the ion acceleration
due to the difference in the pre-plasma properties. Such observations can give
important indirect information for the comparison of results obtained at different
laser systems with different laser contrast conditions. Moreover, the example
illustrates why the parameter target thickness/density is so important.

A further distinction was observed in the detected ion charge distribution. At
HC and for an ultrathin PVF foil, the dominant carbon ion species was detected
at charge states C4+, while it was C5+ and C6+ at UHC. In the case of the thicker
target, the dominant charge distribution at the UHC condition was reduced to
C5+ and was at C4+ and C5+ for the HC condition. This comparison shows that
there is a relation between the dominant charge state and the foil thickness and
the laser contrast. Here, the ions were detected in the laser propagation direction
and it is assumed that they were accelerated from the target rear side. A lower
charge state for thicker targets might be explained by a lower degree of ionization,
due to an increased target thickness. However, for the HC the dominant charge
state is detected lower than for the UHC. Since the laser parameters are compa-
rable, one can assume a similar ionization of the target for both laser contrast
conditions and hence a similar charge distribution. Smaller charge states could
be explained by recharge processes, namely an electron capture (EC), during or
after the laser-plasma interaction. EC processes become probable for fast ions
travelling through matter or, e.g., an extended plasma (cf. Section 2.3). Inher-
ent recharge processes have been hardly discussed for the laser ion acceleration
and could interfere the acceleration efficiency. Ion recharge processes are further
investigated in Section 6.5.

Moreover, for both contrast conditions, ions were detected down to a minimum
charge to mass ration of ≤ 0.25. In the case of the Ti target, no Ti ions were
observed. This is an important observation regarding the Z/A scaling in the
laser-plasma acceleration. This will further examined in Section 6.3, where the
use of ultrathin heavy material foils caused an acceleration for heavy ions with
significantly smaller Z/A ratios.

Concluding briefly, different optimum conditions are experimentally derived
for Emaxkin , the particle number and the dominant charge state for each laser con-
trast. At the UHC condition, the ion acceleration becomes inefficient for a target
thickness exceeding the skin depth, ls (cf. Equation (1.21)), with approximately
two orders of magnitude. At this foil thickness, the lower laser contrast delivers
a higher particle number and higher maximum ion energies. In general, one as-
sumes for lower laser contrast, a TNSA like acceleration (cf. Section 3.2), while
at UHC and with using ultrathin targets, the onset of RPA is reached [10, 69]
(cf. Section 3.3). It was demonstrated in Ref. [2, 40, 69, 83], that the RPA

1For a slightly thicker PVF foil target, HC and similar experimental conditions, proton energies
up to 12MeV and Emax

kin (C4+) ∼ 30MeV were detected.



Optimized Laser Ion Acceleration by Radiation Pressure 55

scheme leads to remarkably higher ion energies than the TNSA for the same laser
intensity. How a specific target thickness optimizes the ion kinetic energies for a
RPA influenced acceleration is presented in the next section.

The significant influence of the laser contrast on the experimental results trig-
ger the question, how the resulting pre-plasma condition affects the ion accelera-
tion efficiency? The influence of pre-pulses is further examined in Section 6.6 by
a controlled manipulation of the pre-plasma with a second laser pulse.

6.2 Optimized Laser Ion Acceleration by Radiation
Pressure

6.2.1 Optimal Target Thickness

According to the RPA model in Section 3.3, the highest kinetic ion energies are
predicted for an optimum target thickness Dopt. For this thickness the theoretical
models assume a displacement of most of the electrons at the targets rear side that
leads a reflection of the transmitted laser pulse from these electrons. This causes
an additional acceleration due to the radiation pressure. For even thinner foils
(too thin foils), the radiation pressure can overcome the restoring force between
the ions and electrons, leading to the so called electron blow out. In this case,
all electrons are assumed to leave the ions and are accelerated by RPA to higher
velocities [56]. In consequence, the ions are accelerated less efficiently, either due
to a much shorter acceleration time and/or a pure Coulomb explosion [39, 41,
89–91].

The onset of radiation pressure acceleration was demonstrated experimentally
amongst others in Refs. [2, 40, 69, 83]. The highest kinetic energies for ion species
H+ and C6+ were found only at a specific target thickness. This optimal thickness
depends on the target density/material and a0. Therefore, it is often summarized
in an areal density σopt ∼ ne/ncD (cf. Section 3.3 and Equation (3.7)). Its
theoretical scaling to a0 was discussed by various authors [9, 39, 41, 69, 89–91].
Their prediction for Dopt(a0, ne) differs, which is illustrated in Fig. 6.2. According
to three different theoretical predictions, in a), Dopt is plotted as a function of
a0 for fully ionized PVF and, for gold with an averaged degree of ionization of
Au15+. The calculations considered a relativistic correction of nc2. In addition to
the uncertainty in theoretical predictions, the effective number ne (cf. Chapter 3)
in the laser-plasma interaction can only be approximated. This is the reason
why, from an experimental point of view, a scan of the target thickness becomes
necessary for each laser system and target composition.

One objective of this thesis was the investigation of the dependency of Emaxkin

on the foil thickness for a low density, hydrocarbon material, namely PVF. The ex-
periments are a continuation of past research using Diamond Like Carbon (DLC)
foils [2, 10]. The characterization of the foils used was described in Section 5.5.
Compared to DLC, the PVF material reduces ne by about ×1.5, with respect to
2The relativistic correction of nc for the laser parameter used is ≤ 4
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Figure 6.2: a): Theoretical Dopt calculated as a function of a0, according to equations
from publications of Yan, Esirkepov and Tripathi [39, 89, 90] and using a relativistic
correction of nc (cf. Equation (1.22)) for different values of ne, according to different foil
materials. b): Dependency on the PVF foil thickness of the maximum kinetic energies
of H+ and C6+ ions detected. The applied laser field strength was about a0 = 5 at
ultrahigh laser contrast.

full ionization. Therefore, and according to Equation (3.7), the optimal thickness
can be reached at ≥ 50 nm for a0 ∼ 5 3. This relaxes the demands of the target
preparation. Experiments on ion acceleration with PVF foils were performed by
scanning a range of foil thicknesses between 7 nm and 90 nm at the UHC con-
dition, using a linearly polarized laser with a normalized laser field strength of
a0 = 5. Fig. 6.2 b) shows detected Emaxkin for H+ and C6+, with respect to the foil
thickness. The results were obtained from different experimental runs and could
be confirmed on a regular basis, since similar scans were used to diagnose changes
in the laser contrast condition. The best results were obtained at (12 ± 2) nm,
which is in good agreement with the prediction of Dopt out from the model of
Ref. [89]. At this foil thickness, Emaxkin (H+) = 16MeV and Emaxkin (C6+) = 75MeV
was reached with 1.2 J of laser energy on the target. For a foil thickness below
< 10 nm, Emaxkin decreased, as expected for too thin foils [2, 39, 69].

6.2.2 Ion Spectra at Optimized Target Parameters

Typical ion spectra detected in the optimal target thickness range are shown in
Fig. 6.3. The target material was PVF at an thickness of 12 nm and a0 = 5. On
the detector image in a), a separated high energetic tail appeared in the proton
and C6+ ion traces. The particle number for this high energy tail is rather small
(cf. Fig. 6.3 b). The separation in the trace appeared at different velocities:
5MeV/u for protons and 1.3MeV/u for C6+. In a wide range, protons and C6+

ions were detected at the same velocity. These spectral features only appear in the
ion spectrum for an optimimal foil thickness and were observed in 9 experimental
runs and in total 23 measurements for similar parameters. According to the
RPA model, during the acceleration the ions move with the displaced electron

3with the relativistic correction of nc.
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Figure 6.3: a): The on detector image for two different laser polarizations at ultra-
high laser contrast and an (optimum) target thickness of 12nm. b): The corresponding
evaluated ion spectra.

sheath at the same velocity. For different ion species an averaged areal mass
density, σD = (mpA1Z1n1 + mpA2Z2n2)D, is often assumed rather than single
constituents and different Z/A numbers [38, 41, 92]. In consequence, pure RPA
acceleration predicts a quasi mono-energetic ion spectrum [38, 39, 41]. This raises
the question, when and how the ions separate according to their Z/A number
during the interaction. The detected separation in Fig. 6.3 in the ion traces of
proton and carbon is comparable in particle number, but differs in velocity. This
can indicate a shared origin, as e.g., RPA/hole-boring for all ion species, which
then is followed by a second acceleration that scales proportional to Z/A and
leads to a separation of the ions. The last condition can be fulfilled within the
TNSA model [1, 28, 38] (cf. Equation (3.2)). After the laser interaction, ions are
further accelerated, since the accelerating electron sheath is maintained longer
than the laser pulse duration in the timescale of up to ps. The strength of the
accelerating field decreases within the total acceleration time and its impact on
the ion acceleration is a complex process [32]. Simplified, this post-acceleration
is similar to an acceleration of ions at different Z/A numbers in an expanding
and moving capacitor. Hence, a mixed acceleration scheme could explain the
separation found in the proton and carbon spectrum at different velocities. Similar
spectral modulations were reported in [2, 10, 69, 93] and were explained by a
mixed acceleration scheme involving both RPA and TNSA [41, 92].

6.2.3 Dependence on Laser Polarization

According to the theory of RPA, the best results are expected for circular laser
polarization, since this is predicted to reduce the amount of fast electrons that
escape from the laser plasma interaction (cf. Sections 3.3, 2.2) [2, 38, 39, 91].
In a direct comparison between linear and circular polarization in Fig. 6.3 a) and
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b), no major differences in Emaxkin or particle numbers were observed 4. Hence,
no significant dependency of the acceleration efficiency on the laser polarization
was found. This result is in agreement with Refs. [40, 83] that demonstrated an
efficient RPA like ion acceleration with linear laser polarization.

6.3 Coulomb Boost for Heavy Ions

So far, the target optimization only considered a low density material and helped
to enlarge the suitable foil thickness range for optimized ion acceleration at UHC
condition and a fixed laser intensity. In a refined version of the RPA model,
heavy material (A>100) target constituents were suggested in order to optimize
the laser ion acceleration [41–43, 92, 94]. According to RPA, the ideal target has
to be thin enough to displace all the electrons out of the target. The remaining
ion background stays transparent to the laser light (cf. Chapter 1.4) enabling a
further acceleration of these electrons by the pressure of light. At the same time,
a balance between the radiation pressure and the restoring force to the ions has
to be maintained to inhibit the electron escape. According to Equation (3.6), this
balance is determined by nc, a0 and the areal density neD. When ultrathin, few
nm thick foils are used, one has to consider that a limited number of electrons
(and ions) can be provided. By Equation (4.7), the number of electrons deter-
mine the reflectivity for the (transmitted) laser light and hence it determines the
momentum transfer of photons to the electron sheath. This motivated the use of
few nm layers of heavy material constituents (A>100) in two ways:

• Increase of ne while simultaneously maintaining the RPA regime at the same
time, with additional electrons donated from heavy material, due to a fast
separation of the ion species with Z/A [41, 92, 94]

• Additional acceleration of light ions by a Coulomb explosion of the highly
charged ion background, as suggested in [39, 41–43]

Although solid state materials with high atomic numbers, e.g. A > 100, can pro-
vide a large number of electrons, ne is still dependent on the degree of ionization
and amount of material. For the laser parameters used, the charge state of heavy
ions is assumed to be far from full ionization [39]. In consequence, as shown in
Fig. 6.2 a), the condition for the optimal foil thickness can be fulfilled, even for
heavy material foils.

Experiments were performed with few nm gold foils at a normalized laser po-
tential of a0 = 5.5 and the UHC condition. The gold foils used are characterized in
Section 5.5.2. The results obtained, answered the question, if an ultrathin heavy
material layer can enhance acceleration of light ions with "no", but discovered
4Circular polarization was introduced with the help of a polarization plate. Without losses
and according to Ref. [13] the laser field strength is decreased about 1/

√
2. Hence, circular

polarization delivered similar results with a reduced field strength. But the effect is small and
was not found to be significant.
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Figure 6.4: Ion spectrum from a (12 ± 3)nm gold foil and laser interaction at the
UHC condition. a): An image of the detector screen after ions have passed through the
Thomson spectrometer. The overlay plots mark theoretical parabolas to various charge
states of gold, and lines of constant kinetic energy for A = 197. b): Evaluation of the
maximum and minimum detected kinetic energy of gold ions, as a function of the charge
state, for the measurement in a). The analytical scaling for Z to Emax

kin and Z to minimum
kinetic energy Emin

kin is shown. Pictures are taken from the corresponding publication [74].

an efficient acceleration of heavy ions instead. The experiments demonstrated
for the first time, a laser-plasma acceleration of highly charged heavy ions into
the kinetic energy range of 1MeV/u, in the presence of a contamination layer of
light ions. The following findings base on an experimental campaign consisting
of 18 experimental runs and in total 104 measurements with using gold/silver
coated plastic or pure gold targets. The main results were published in [74] and
are briefly summarized in the following Sections 6.3.1 and 6.3.2. Additionally,
a detailed evaluation of the characteristic features of the heavy ion spectra is
given in Sections 6.3.3 and 6.3.4. These sections examine the charge to max-
imum and minimum kinetic energy scaling and their parametric dependencies,
such as, e.g., the target thickness, laser energy and how the presence of several
nm hydro-carbon material affects the acceleration. Section 6.3.5 focuses on a
modified target arrangement: With the gold layer facing towards the illuminating
laser, fast gold ions originating from the target front side were detected in the
laser propagation direction.

6.3.1 Accelerated Heavy Ions

Experiments at ultrahigh laser contrast using free standing gold foils within an
thickness range from 13 nm to 50 nm revealed an efficient acceleration of highly
charged gold ions. An image of the detector screen of the Thomson spectrometer
is shown in Fig. 6.4 for laser interaction at a0 = 5.5 with a 12 nm gold foil. Next
to the ion traces corresponding to hydrogen, carbon and oxygen, a multiplet of
ion traces with Z/A ≤ 0.25 appeared. The traces are identified as successive
Thomson parabolas of gold at charge states from Au1+ to Au48+. A maximum
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Figure 6.5: The image of the detector shows ion traces from laser interaction with a
double layer target. It consists of a (40 ± 2)nm thick PVF foil and a (6 ± 2)nm gold
coating at the foil’s rear side. Overlay plots depict theoretical Thomson parabolas at
different Z/A ratios and lines of constant energy for the fixed mass number A = 197.
The picture was published in the supplement of [74]

kinetic energy of ≤ 200MeV was reached for gold ions at the maximum charge
state. This high value of Emaxkin is valid only for few particles, as illustrated by the
overlay in Fig. 6.4. This overlay marks constant velocities5, in accordance with
Equation (5.1), at the particular intersection points with Thomson parabolas of
various charge to mass ratios. This shows that the majority of the gold particles
was detected in the kinetic energy range below 50MeV. The spectral distribution
of the detected gold ions exhibits a remarkably limited bandwidth. Fig. 6.4 b)
presents evaluated Emaxkin and Eminkin against charge for gold ions for the same
measurement. From the experimental data, a charge to maximum kinetic energy
scaling of

Emaxkin ∼ 0.01× (Z − 6)2.7 (6.1)

was extracted. The constant displacement of (Z− 6) in the scaling reflects to the
observed high and almost constant detected velocities of gold ions at charge states
Z ≤ 6+. This observation is further investigated and discussed in the following
sections.

Light ions were obtained in the experiments with similar Emaxkin values as in
the case of using a pure PVF foil with a thickness of ∼ 20 nm (cf. Fig. 6.2 in
Section 6.2): for H+ ≤ 10MeV/u and ≤ 3.3MeV/u for C6+. The light ions orig-
inate from the target contamination, which was confirmed by the stoichiometric
characterization in Section 5.5.

Heavy ions were also accelerated from gold coated PVF foils. These two layer
foils consisted of few nm thick gold layers on PVF foils within a thickness range
of 10–80 nm. In the measurements with these targets, the gold ion spectra was
detected with comparable spectral characteristics as in the case of pure gold foils,
5 constant kinetic energy for a fixed A
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but exhibited a somewhat lower maximum kinetic energy. Fig. 6.5 shows a raw
ion spectrum obtained from such a gold coated PVF target. The target consisted
of 40 nm PVF and a 6 nm gold coating on its rear side. In direct comparison
to the spectrum obtained from the pure 12 nm gold foil in Fig. 6.4, the layer
target delivered similar results, e.g., ion traces of successive gold charge states
from Z = 1+ to Z = 45+ were detected with a similar spectral distribution.
A maximum kinetic energy of about ≥ 100MeV was reached for the maximum
charge state. This value is lower than in the case of the 4 times thinner pure gold
foil. This result can be addressed to a thickness dependent scaling similar to Sec-
tion 6.2. Still, this measurement demonstrates that the acceleration mechanism
for heavy ions is almost independent of the light material with an areal density
of at least 1 × 10−7 g/cm2 and when the heavy material was placed at the rear
side of the target. For PVF foils with a thickness ≥ 30 nm and the gold layer at
the target front side, the obtained spectra were significantly different. This and
additional observations in the gold ion spectra for gold coated plastic foils are
further evaluated in Section 6.3.3.

The ultrahigh laser contrast was found to be necessary for the acceleration of
heavy ions. At high laser contrast and for either pure gold foils or gold coated
plastic foils with a thickness of 12–50 nm, no gold ions have been detected at all.
An example is given in the Appendix in Fig. A.2. Since former experiments could
accelerate heavy ions from µm thick foils only by removing the contamination
layer [35], the here obtained findings reveal a significant difference in the laser-
plasma dynamics that is determined by the laser contrast condition and the target
thickness.

6.3.2 Heavy Ion Acceleration Theory

The observed high charge state of gold ions, e.g. Z > 15+, was explained by
A.A. Andreev using the Ammasov-Delone-Krainov model [19]. 1D PIC simula-
tion was performed using a gold foil target at a comparable thickness and are
shown in [74] 6. The simulation revealed a spatial dependency to the charge
distribution of gold ions in the direction normal to the target. This introduces
a higher degree of ionization at the target boundaries (front and rear side), as
illustrated in Fig. 6.6.

From the PIC simulation, a spatial dependence for the heavy ions charge state
along the target normal of

Z(z) = 23× [
2c

ωLrD

∂ne
∂z

]0.4 (6.2)

was derived. In comparison to an average charge state of Au15+, this remarkably
enhances the charge state and the acceleration field Eacc at the target boundaries.
The difference can be seen in Fig. 6.6 by the means of a simulated and theoretically
calculated Eacc, which exhibit a two times higher field strength at the target
6 by A. Andreev and K. Platanov
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Figure 6.6: The spatial dependency of the gold ions’ charge states in the direction
normal to the target. The maximum charge state is at the foil boundaries. The black
curve shows the calculated accelerating field, Eacc(z), for a constant charge distribution
of Z = 15+. The calculated Eacc(z) for the spatial dependency of the charge distribution,
according to the schematic, is shown by green curve. Red shows Eacc(z) obtained from
the 1D PIC simulation. The calculation and simulation were done by A.A. Andreev and
K. Platanov. The picture is taken from the corresponding publication [74].

boundary than in the case of an average charge state. By using Equation (6.2) in
a laser ion acceleration model for ultrathin foils [74], a charge to kinetic energy
scaling of Emaxkin (Z)∼ Z3 [74] for the heavy ions could be extracted. This exceeds
the TNSA scaling of Z2 [29, 31] and is in good agreement with the results of the
experimental observations and the performed 2D PIC simulation. Details of the
analytical model and the 2D PIC simulations are described in [74].

6.3.3 Detailed Characterization of Heavy Ion Spectra

Ultrathin PVF foils with a few nm gold layer were used to test the influence of
different ratios between heavy and light elements on the heavy ion acceleration.
The spectral distribution from pure gold foil targets was detected comparable
to the one obtained from a double layer target, when a sufficient gold layer was
provided and placed at the target’s back side. This was already demonstrated
in the comparison of Fig. 6.4 and Fig. 6.5. The ion spectrum originating from a
rear or front side heavy material coating differed in the heavy particle charge state
population and in the maximum kinetic energies in dependency on the substrate’s
foil thickness. A comparison of heavy ion spectra detected from different layer
thicknesses and spatial arrangements of the gold coating, is given with the help
of detector images in Fig. 6.7. In the following a characterisation of the observed
differences is given and obviously, one has to distinguish between two kinds of
gold ion spectra:
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Figure 6.7: Ion traces on the detector after having passed through the Thomson
spectrometer for different experimental parameters. a): Gold coating of (2 ± 1)nm
thickness on a (31± 1)nm thick PVF foil. The laser illuminated the PVF foil, the gold
coating was placed at the target rear side. b): The same target with the coating at the
target front side. Colour scaling is enhanced to make the gold ion traces visible. c) and
d): (7 ± 2)nm thick gold layer on a (75 ± 3)nm PVF foil. c): Gold layer placed at the
target rear side, d:) at the target front side. The signal strength of gold ions is in the
range of the detector’s threshold, colour scaling is enhanced to illustrate their presence.
e) and f): (7± 2)nm gold coating on back e) and front f) of a (9± 1)nm thick PVF foil.
g) and h): Same target as e) and f) with reduced laser energy of about 66%.
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• One spectra is reminiscent of falling star drag at the Z/A ratio of C3+.
A typical example can be seen in Fig. 6.7 e). In general, with the UHC
condition and ultrathin foils, carbon ions were only accelerated down to
down to a minimum charge to mass ratio of C3+ (see Section 6.1) and
heavy ions were missing at all. In Fig. 6.7 e) and g) the heavy ion spectra
adhered closely to this number. In the detected velocity range, gold ions are
found at charge states between Au50+ and Au33+. Lower charge states are
missing, except from Au1+ to Au5+. The gold ions’ spectral distribution
is broad and without a minimum kinetic energy cutoff within the detection
range. This kind of spectrum was observed for the thinnest PVF substrates
of 7–10nm and a sufficiently thick gold coating of 4–6 nm on the target rear
side.

By using a 10 nm PVF foil with a 3 nm silver coating, the same charac-
teristics features were observed in the silver detected ion spectra. A max-
imum silver charge state of about Ag38+ was achieved. This equals the
charge to mass ratio of C4+ and the maximum velocity was detected with
Emaxkin (Ag)/u ≥ 1.23MeV/u. The corresponding measurement is shown in
the Appendix A.1 in Fig. A.1.

• In the second typical spectrum, gold ion traces were observed at consecutive
charge states from Au1+ to Au50+. The maximum kinetic energy cutoffs
of gold ions followed proportional to their charge state with a lemniscate
like symmetry 7. Typical examples can be found in Fig. 6.7 a), f) and
h). This characteristic feature was detected from either pure gold foils in
a thickness range of 10–50 nm, or backside gold coated PVF foils of up to
a PVF thickness of 20 nm, or front side coated PVF foils with a thickness
≤ 10 nm. In contrast to the above described spectra, ions with charge states
between Z = 5+ and Z = 15+ exhibited a strong increase in the charge to
maximum velocity scaling (cf. Fig. 6.4 b)). This introduces a remarkable
"turning" in the traces’ cutoffs on the detector. The spectral distribution
of the heavy ions was limited in bandwidth, exhibiting a minimum kinetic
energy with a similar lemnsicate like symmetry regarding successive charge
states.

• Fig. 6.7 g) depicts an ion spectrum showing a crossover between the two
introduced classifications.

• The maximum detectable gold ion charge state depends on the thickness
of the substrate and the applied laser energy. Emaxkin scales with the charge
state, the substrate, and the applied laser energy. Hence, the higher the
maximum detected gold ion charge state, the higher Emaxkin . The best results
were achieved for the thinnest targets, within the optimized thickness range
Dopt ≤ 12 nm for the used laser intensity (cf. Section 6.2) and a back or
front side gold coating of up to 7nm (Fig. 6.7 e), f)). The maximum charge

7 Lemniscate function by Bernoulli: r = a
√

2 | cos(2ϕ) | [95]
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state depends on the applied laser energy: The ratio of detected Zmax at
full laser energy to Zmax for a 66% decreased laser energy, determined from
Fig. 6.7 g), h), is about 1 : 0.7. In addition, in Fig. 6.7 c) and d) a reduction
of the maximum charge state and the detected particle number was observed
for targets with a thicker PVF substrate, e.g. 75 nm.

• For circular laser polarization, the heavy ion spectrum exhibited all of the
named characteristics, such as, e.g., a falling star drag like spectra or a the
lemniscate like symmetry for Emaxkin (Z) and Emaxkin (Z). Examples are depicted
in the Appendix A.1 in Fig. A.3.

6.3.4 Symmetry in the Heavy Ion Spectrum

The remarkable symmetry, seen on the detector screen in the spectral cutoff po-
sition of heavy ions, reflects a distinct relation between the maximum velocity
and charge. The large range of successive charge states enabled a study on the
Z/A to velocity scaling. The gold ion spectra revealed in Section 6.3.1 and Sec-
tion 6.3.2 new effects for the acceleration dynamics with respect to different Z/A
ratios, which were so far not predicted within the theoretical models [35, 42, 43,
94]. In addition, the limitation of the spectral bandwidth is in contradiction to
the TNSA model prediction, and understanding this feature is one of the most
important objectives for field of laser ion acceleration. The following evaluation
refines the charge to kinetic energy scaling derived in Section 6.3.1 for the low
charge states, e.g. Z ≤ 15+. As already indicated in the last section, gold ions at
charge states between 1+ ≤Z≤ 12+ were detected with a almost constant veloc-
ity. According to the spectrometer function, for a constant maximum velocity, the
spectral cutoffs of successive charge states follow a straight line on the detector.
This was observed for the lower charge states and can be seen in Fig. 6.7 a),f),h),
Fig. 6.4 a) and Fig. 6.5. In the determined Z to Emaxkin scaling in Equation (6.1),
this was considered with the constant charge offset.

The evaluation and transfer from the detector image to a Emaxkin to Z diagram,
as it was done in in Fig. 6.4 b), suffered from inaccuracies given by the selection
of data points and the merge of ion traces for high charge states. Hence, this
motivated an approach to derive a more detailed scaling directly on the detector
image, accounting for all heavy ion charge states and reflecting the observed
symmetry. This was done with the help of a parametric function f(vmax(Z,A)),
which delivers for the parameters Z and A discrete intersection points with a set
of Thomson parabolas on the detector according to the spectrometer function
of Equation (5.1). For an intuitive interpretation, one has to understand for
functional dependencies of vmax(Z,A) the resulting projection of f(vmax(Z,A)) on
the detector: A constant velocity for all charge states (v(Z/A) = v0), transfers
the cutoff position for all ion species on the detector to a line with an origin at the
zero point. While a v ∝Z/A scaling projects each cutoff onto the same vertical
deflection, a v ∝ Z2 leads to a parabolic function for the cutoff of the ions. Let
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Figure 6.8: A reconstruction of Emax
kin (Z,Au) and Emin

kin (Z,Au) on the image of the
detector. The charge to energy scaling used the Equation (6.3) and the spectrometer
function according to Equation (5.1). The coefficients used for the reconstruction plot
(dots) are given in the pictures. The scaling function gives discrete interception points
with the detected cutoff for each charge state. The red line is a plot of the theoretical
Thomson parabola for Z/A = 0.244 for the same spectrometer function. a): The gold
ion spectrum from a (35± 2)nm PVF foil and a (2± 1)nm thick gold coating. The gold
was placed at the target rear side. b): The ion spectrum obtained from a (12 ± 3) nm
pure gold foil.

us consider an expansion of the velocity with respect to the ion charge Z:

v =
n∑
i=0

Ci
Z

A

i

i ∈ Z (6.3)

where Ck is a scaling coefficient. An expansion of vmax to Z scaling is reason-
able for low polynomial orders and opens up the possibility of identifying an
acceleration model. Only positive acceleration was assumed, and the coefficients
were determined by variation. A reconstruction of the gold ion cutoffs, using the
expansion of velocity of Equation (6.3) and the spectrometer function (5.1), is
shown in Fig. 6.8 for two different experimentally obtained detector images. The
lemniscate like symmetry found in the cutoff position of gold ions on the detector
could only be reconstructed for terms i = 0, to which higher orders with i ≤ 1
were added. By using the orders i = 0 and i = 2, the reconstruction delivered
discrete values of Emaxkin (Z) and Eminkin (Z) already in remarkably good agreement
with the detected results. For most of the lemniscate like symmetric spectra, a
superposition of v(Z)= C0Z0/A + C2Z2/A reproduced the basic charge to maxi-
mum velocity scaling on the detector. The method accounted for a summarized
description of a wide range of charge states and even small deviations became
apparent.

Out of various shot series, for gold ion spectra exhibiting the lemniscate like
symmetry, the reconstruction delivered a constant velocity of v0 = (8±2)×105 m/s
in superposition with vmax = C2Z2/A with C2 = (1.0±0.5)×106 m/s. Deviations
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to the reconstruction were observed in the gold ion spectra for higher charge states
with Z ≥ 30+, as e.g., in Fig. 6.8 a). These can be attributed to a repulsive force
affecting the highest charge states. With a negative higher order coefficient e.g.
i = 4, the reconstruction could be refined. Here, as an interpretation, a repelling
Coulomb field is conceivable, which arises from light material moving ahead and
affects the heavy ions that follow the closest [41, 92]. This idea is supported by
the carbon and oxygen spectrum in Fig. 6.8 a), where a decreased particle number
was observed in the same velocity range.

A charge independent, constant velocity has to origin from a charge indepen-
dent force, which, in terms of an electro dynamic model, would be contradictory.
This apparent contradiction can be resolved by considering a shock acceleration
model that assumes an acceleration of the whole foil, regardless of the ion species,
to a same velocity, as already discussed in Section 6.2 [39, 41, 92]. For shock
acceleration, like the hole-boring process (see Section 3.5), and with respect to
a multi-ion species target, according to Equation (3.10), a small dependence on
the ion charge remains and could be refined by an averaged ion charge and mass
number. Assuming a0 = 6, an ion charge to mass number of Z/A = 20/197,
and a density of ne/nc = 300, a velocity of vshock ∼ 0.002c is calculated from
Equation (3.10). These assumptions reflect a collective movement, and the de-
rived value, vshock, is in agreement with the velocity contribution, v0, which was
obtained from the reconstruction of the experimental data. This is supporting
evidence for an shock acceleration model. Higher velocities for higher charge
states, and hence, higher order terms for the used velocity expansion, vmax(Z,A),
reflect a relation to additional acceleration schemes, as e.g. vacuum expansion
(TNSA like). For the high charge states of gold ions, a remarkably high veloc-
ity scaling of of about vmax ∼ Z2 was derived. This high scaling was explained
by a higher charge state at the plasma boundary in Section 6.3.1. Altogether,
this leads to the following simplified acceleration scheme: During laser-plasma
interaction, the laser accelerates the whole foil (or a fraction of it) via the hole
boring boring process up to the found constant velocity. Meanwhile, or shortly
after, the interaction a TNSA like acceleration sets in, which is determined by
a higher accelerating field, due to the spatial distribution of the gold ion charge
states along the target. Since in comparison to pure hydrocarbon foils no signif-
icant difference in the maximum velocities of hydrogen or carbon is observed, a
fast separation between the light material and the heavy material seems to be a
reasonable explanation.

Furthermore, the gold ion spectra exhibited a limited spectral bandwidth from
which a charge to the minimum kinetic energies scaling of about vmin(Z)∝ Z2 was
obtained, as shown in Fig. 6.8. This finding, shows a complex interplay in a staged
acceleration scheme. The shock acceleration could deliver ions with a constant
velocity v0 with a narrow spectral bandwidth that are then further accelerated
by a charge dependent force. Here, the important question arises, how are the
initial heavy ion charge states distributed? And how can the acceleration dynamic
for different charge states be described in detail? For example, if the vacuum
expansion of ions and electrons considers one electron sheath or if a separation of
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Figure 6.9: The evaluated spectral distribution of gold ion traces of the spectra from
Fig. 6.7 b), detected from a target front side gold coating of 2nm on a 35nm PVF
foil substrate. For gold ions from Z = 2+ to Z = 5+ a narrow spectral distribution
was detected with a bandwidth FWHM of ∆E/E = 0.1 at the same energy of Ekin =
(1.6±0.1)MeV. In the spectrum of gold ions at charge states of Z = 4+, 5+, 6+, a second
peak at Ekin = (3.2± 0.1)MeV with ∆Ekin/Ekin = 0.2 was observed.

ion and electron interfaces that follow each other have to be taken into account.
Since, two different types of gold ion spectra were detected, as characterized in
Section 6.3.3, one with successive gold ion charges states and one with a few
but very high charge states, an additional interpretation has to be discussed:
Charge transfer processes, occurring for ions passing through a dense medium,
during the acceleration. Depending on the projectile ion’s charge, the velocity
and density of the transfer material, ions catch or lose electrons, as described
in Section 2.3. Efficient electron capture (EC) has been demonstrated in recent
publications for laser accelerated ions in the MeV kinetic energy range passing
through gaseous and liquid media in [86, 87, 96, 97] or even ionized matter [98]
leading to neutralization or even negatively charged ions. In this sense, a gold
ion bunch at a high charge state and with a specific velocity distribution could
undergo successive ECs. This would result, if no significant change in the velocity
is assumed, to an ion spectrum at successive charge states and with a similar
velocity distribution. This idea is supported for those heavy ion spectra that
were observed only at high charge states in Fig. 6.7. The important question
about inherent charge transfer processes will be further discussed in the following
section and is directly examined in Section 6.5.

6.3.5 Target Front Side Acceleration of Heavy Ions

In the TNSA model (see Section 3.2), particles are accelerated symmetrically
normal to the target [32]. As ion movement inside the target is very small, one
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assumes that the accelerated ions originate from each target boundary. This is
different for RPA or the hole-boring process, which includes a preference for an
acceleration in the laser propagation direction [39] (cf. Section 3.5). Nevertheless,
up to now, no experimental observation of pure RPA acceleration has been re-
ported. In order to understand the interplay of the TNSA and RPA schemes, one
fundamental question is, if the whole foil is accelerated in the laser propagation
direction.

In the experiment performed gold coated plastic foils were used. The gold
layer was either placed at the target front or rear side. In the case of rear side
coated PVF foils, accelerated gold ions originated from target rear side. In the
case of front side coated PVF foils of up to a specific thickness, gold ions were
also detected in the laser propagation direction. Hence, these gold ions were
accelerated from the target front side. This was observed for the targets with
different gold and plastic layers, shown in Fig. 6.7. The gold ion spectra from
thinner PVF substrate foils, in the range of 7–10nm, exhibited similar spectra
for front side and back side gold coatings. For these ultrathin substrate foils, the
direct comparison between back and front side coatings, finds the Zmax to Emaxkin

dependency somewhat higher for the case of the backside coating. But considering
the lemniscate like gold ion spectra, no significant difference in the charge states,
spectral characteristics or particle number was observed.

On the contrary, for an increased thickness of the substrate layer, a significant
reduction in the particle number of gold ions and in the observed maximum charge
state commenced. This can be seen in Fig. 6.7 b) and d) for plastic substrates with
a thickness of 35 nm or 75 nm and the gold layer facing the laser illuminated target
side. Only low charge states of up to Z = 6+ are detected, while a narrowing
in the bandwidth of their spectral distributions appeared. With a comparable
spectral feature, an additional ion spectrum is shown in Fig. 6.9, for a 35 nm PVF
foil with a 2 nm front side gold coating. Gold ions at Z = 2+ to Z = 5+ were
detected at a constant kinetic energy of (1.6 ± 0.1)MeV and with a remarkably
narrow spectral bandwidth of about ∆Ekin/Ekin = 0.1. For the charge states
Z = 4+ to Z = 6+ a second, quasi mono energetic peak appears, at double the
kinetic energy of the first.

Out of these findings, one can derive the following: heavy ions facing the
laser illuminated foil were accelerated in the laser propagation direction, unless
the PVF foil was too thick. The experiments observed this limit for a substrate
foil thickness of about ≥ 35 nm resulting in a significant reduction of the detected
number of gold ions and charge states. This can be interpreted in terms of RPA or
the hole-boring process and means that the whole foil was accelerated in the laser
propagation direction. The reduction the maximum charge states that commences
with an increasing PVF foil thickness, points towards recharging processes: One
can assume the charge state of gold ions at either front or rear side to be compa-
rable [74] or even higher at the laser illuminated foil side. Hence, for thicker PVF
foils, gold ions originating from the target front side might have passed through
a remaining plasma to be detected in the laser propagation direction. By passing
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the material, ions can capture electrons at a rate dependent on their velocity,
material density and thickness, as introduced in Section 2.3. The maximum gold
ion charge state was found to be dependent on the PVF thickness. This indicates
that a longer travel length of the projectile ion in the medium leads to successive
EC, when a high degree of gold ionization at the target front side is assumed.
Successive EC is probable when the velocities of the ion and the electron are
comparable [25, 87, 88]. In addition, a shock front acceleration that occurs at the
target front side could explain the double kinetic energy value, since this model
includes two velocities, at vs and 2vs (cf. Section 3.5). Sections 6.5 and 6.6
will examine recharge processes for laser ion acceleration in different approaches.
It will be shown that the process can have a strong effect on the ion spectral
distribution.

6.3.6 Discussion of the Heavy Ion Spectra

The charge state to kinetic energy relation of the accelerated heavy ions is a
demonstrative example to examine scaling laws and staged accelerations models.
Little was reported on laser accelerated heavy ions, since usually their acceleration
is inhibited (see Section 6.1). The examination here found a new and unexpected
mechanism that enabled an efficient acceleration of heavy ions and revealed an
heavy ion spectrum with distinct spectral characteristics that were not reported
before [35, 41–43, 93, 94]. With the help of the ultrahigh laser contrast condition
and heavy material foils with a thickness that is close to the laser skin depth,
an efficient acceleration of heavy ions became possible, even in the presence of
light elements. This finding stands in contrast to former observations [99] and
theoretical predictions [39, 41, 42], since it is assumed that the light elements
separate early from the heavy ions due to their higher charge to mass ratio and
leave the heavy quasi immovable behind. Therefore, without removal of the light
elements [35, 99], a limit in the charge to mass ratio is usually observed up to
which the ions are accelerated (cf. Section 6.1). With the parameters used here
(UHC, ultrathin heavy material foils), this limit can be overcome. This became
possible due to a high gold ion charge state, which could be explained with the
ADK model by A. A. Andreev. For either pure gold foils or a gold layer at the
target’s backside, no influence by the light elements was observed and the fastest
heavy ions adhered the light in velocity and charge to mass number. This is valid
up to a specific ratio between the heavy and light material in a target that was
found to be significantly higher than the contamination layer of the target. The
high ion charge states were dependent on the laser energy and the thickness of the
contamination layer. Gold ions with the lowest charge states were detected with
a constant and charge independent velocity. This and the prior results revealed a
complex interplay between different acceleration schemes. From these findings the
following preliminary scenario is suggested: Shock acceleration of the foil by hole
boring process at the target frontside from which a charge independent velocity
of up to 105 m/s is obtained. Then a second acceleration that is similar to the
TNSA and proportional to the ions charge to mass ratio. However, the detected
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Figure 6.10: The laser skin depth ls as a function of the electron density ne according
to Equation (1.21) and a normalized laser field strength of a0 = 5. PVF material at full
ionization and gold with an average ionization of Z = 20+ is shown.

charge to maximum velocity scaling of vmax(Z) ∼ Z2 is higher than predicted
from the TNSA model. This was explained by a enhanced field strength at the
target boundary due to a spatial dependency of the gold ions charge distribu-
tion and enabled the significantly high maximum kinetic energies for the heavy
ions. The results showed that this did not affect lighter elements, which can be
a consequence of their fast separation from the plasma. This finding stands in
contrast to similar staged acceleration schemes or an additional acceleration from
the highly charged heavy ion background that had been proposed to enhance the
proton acceleration for a multi-ion species plasma in Refs. [41–43, 92, 94]. Two
different kinds of gold ion spectra were detected, one that only consisted of high
gold ion charge states and a broad spectrum and one that exhibited successive
charge states with a limited spectral bandwidth. For the latter a minimum ki-
netic energy a scaling similar to vmin(Au) ∝ Z2 was obtained. These findings
and the observations of accelerated gold ions from the laser illuminated target
side in the laser propagation direction, raise the important question, if ion charge
transfer processes during the acceleration could affect the heavy ion charge dis-
tribution and spectral distribution. In conclusion, a refined model is required
that includes the heavy ion acceleration discovered here, and which considers the
following questions: How do the ions at different charge to mass ratios separate
during or after the laser-plasma interaction and what additional effects have to
be considered, such as e.g. recharge processes and repulsive potentials between
ion bunches of different charge to mass ratios.

6.4 Laser Transmission

Although for ultrathin targets, full ionization and hence an overcritical opaque
plasma boundary is expected, for high laser intensity the onset of relativistic
transparency has to be considered, in accordance with Equation (1.23). A small
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Target material thickness contrast T IL
C5H7O2 90 nm HC 9% 7× 1019W/cm2

C5H7O2 85 nm UHC 2% 5× 1019W/cm2

C5H7O2 2× 100 nm (two foil setup) HC 3% 7× 1019W/cm2

Au 10 nm UHC 1% 5× 1019W/cm2

Table 6.1: Relative transmission values, T, of laser light in the spectral range 750 < λ <
950nm detected from laser target interaction on the laser propagation axis. Transmission
values obtained at high laser contrast (HC) and ultrahigh laser contrast (UHC) at various
foil thickness and material. By inserting a second foil at distance of w = 500 µm (cf.
Section 6.5) transmission values are given for high contrast.

transmittance of the laser light through the ionized target foil occurs if the laser
skin depth ls exceeds the target thickness: ls >D. In Fig. 6.10 ls is plotted as
a function of ne, for a0 = 5 and according to Equation (1.21). The calculation
considered a relativistic correction. The function is compared to ne from solid
state PVF and gold, at a reasonable degree of ionization. The condition ls >D
is fulfilled for a target thickness of 10 nm and PVF targets with full ionization or
for gold foils with an averaged ionization degree of Z = 20+.

Relative measurements of the laser transmission during the laser target inter-
action were performed for PVF and gold foil targets. The experimental setup is
described in Section 5.6.4. This measurement complements the investigation of
the previous sections following the question, how much laser light is transmitted
through the ultrathin foils? Table 6.1 collects the detected transmission values
in the spectral range of 700–900 nm for different laser contrast conditions (HC,
UHC). The transmission values are given relative to the integrated spectral inten-
sity, which was measured without a target in the same experimental run. With
the UHC condition, the measurement exhibited a transmission value of T = 2%
for a (85± 3) nm PVF foil and T = 1% for a (10± 2) nm gold foil. The optimal
foil thickness with respect to ion acceleration was found at a thickness of 12 nm
in Section 6.2 for a PVF target. Theoretically, for the applied laser intensity, ls
is about 20 nm, hence, much smaller than the PVF foil thickness of Table 6.1.
Therefore, smaller T values were expected and relatively higher values for the
much thinner gold foil [18]. The obtained transmission value is in fair agreement
with the calculations in [10].

On the contrary, for the HC condition, the experiment delivered significantly
higher transmission values. For the same target (85 nm, PVF), a value of up to
T = 9% was obtained. The difference of about 20% in the applied IL between the
two laser contrast conditions is not sufficient to derive a equivalent longer skin
depth or to reach a significant higher onset of relativistic transparency. Hence,
the high laser transmission values might be attributable to a decreased foil density
due to an expansion of the target that is introduced by pre-pulses or the rising
intensity level.
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Figure 6.11: A schematic of the two foil target setup. The distance w was either
introduced by place holders between the foils or the target support itself. Note, in order
to enable a direct comparison to the single foil configuration, the second foil was removed
but the same target support construction was used.

6.5 Ion Charge Transfer Processes

Charge transfer processes, in particular electron capture (EC) for laser acceler-
ated ions, were objectives of recent investigations of experimental campaigns next
to this thesis [86, 87, 96]. In principle, electron capture (EC) or electron loss
is expected for a projectile ion passing through transfer matter with a depen-
dency on its charge and velocity (cf. Section 2.3). The cross-sections for a laser
accelerated ion beam passing through transfer matter are yet not covered by the-
oretical models [98]. The examination of the EC processes in the laser-plasma
ion acceleration was motivated by experiments performed using gaseous [87] or
liquid mediums [86, 96]. Moreover, charge transfer processes have to be viewed
as possible inherent processes during the laser ion acceleration. Indications of
this were already discussed with regard to the spectra of accelerated gold ions
(cf. Section 6.3.5) and the differences in the charge distributions obtained at
different laser contrast conditions (cf. Section 6.1). In order to complement the
investigation and discussion, experiments examined charge transfer processes for
ultrathin solid state matter with the help of a double foil target configuration, as
depicted in Fig. 6.11. Such a target system opens up the possibility to tailor the
ion energy distribution, since the second foil inhibits the passing of slower ions to
a degree determined by its stopping range (cf. Section 2.3). A similar method was
suggested for accelerated protons in Ref. [100] without taking a charge transfer
process into account.

In the configuration used, the second foil was placed at a distance of w =
500 µm, through which accelerated electrons, ions, the transmitted laser light
and the emitted XUV radiation pass before detection. The experiments were
performed with PVF foils at various thicknesses ≤ 90 nm in 5 experimental runs
and in total 21 measurements. As expected, for this small foil thickness and ion



74 Laser Ion Acceleration with Optimized Target Systems

Figure 6.12: Change in the ion particle numbers and spectrum by using a two foil target
setup with first foil F1 at thickness (14±1)nm and second foil F2 at (35±2)nm. The foils
are distanced about 500 µm. a): The ion spectrum obtained from the laser interacting
with a single foil b): the spectrum obtained for the two foil setup. The background signal
has been removed for both evaluations, the low energetic end of the spectrum corresponds
to the end of detection range. c): The relative change in the spectrum between the two
foil and single foil setup with the data of a) and b), to illustrate qualitatively the charge
transfer. No subtraction of the background signal was done here to avoid a significant
noise ratio and/or falsification by additional filtering.

velocity, the second foil did not affect the spectrum of H+ [101]. On contrary, for
heavier ions, e.g. carbon and oxygen, electron capture was observed and for each
charge state, a significant change in the spectrum. Fig. 6.12 shows the charge
transfer for the carbon ions in a direct comparison. The measurements were
obtained for the ultrathigh laser contrast condition and are taken out of the same
experimental run. The ion spectra detected from the single foil with a thickness
14 nm, F1, is compared to the spectra obtained in presence of second 35 nm thick
foil, (F2). Both foils are of PVF material with a density of ρ = 1.23 g/cm3, which
corresponds to a density normed travelling length of xD = 43 × 10−4 mg/cm2.
The comparison shows that the charge transfer has influenced all carbon ion
species. Even C2+ ions at very small particle numbers appeared in the spectrum,
which were not observed without the second foil (not shown). An increase in
the maximum kinetic energies of C5+ and C4+ was detected (cf. Fig. 6.12 a)
and b)), reaching up to the maximum kinetic energy of C6+. This shows that a
single and double electron capture of fast C6+ ions must have taken place. The
second foil affected the spectrum of C6+ in a similar manner to a bandpass filter
and remarkably reduced its spectral bandwidth. C6+ ions were detected with a
limited spectral bandwidth in the high energy range. This shows, that the cross
section for EC increases the smaller the ion velocity is.

In order to illustrate charge transfer in the carbon ion population, Fig. 6.12 c)
demonstrates the relative change in particle number Nion(Z) per kinetic energy to
the single foil case. It exhibits a rise in the particle number of the C3+ and C4+
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Figure 6.13: Comparison of the mean charge Z(v) according to Equation (6.4) and
the measurement of Fig. 6.12 with respect to the single and two foil configurations. Note
that the scaling is linear in both axis.

populations, while in the same energy range, the particle numbers of C6+ and C5+

are reduced about a comparable amount. Hence, in the presence of the second foil,
particle numbers of both species were decreased dependent on their kinetic energy
for Ekin ≤ 15MeV in the case of C6+ and ≤ 11MeV for C5+. The difference in
these values corresponds to the ratio between their Z/A numbers of 0.81 ± 0.2.
In the detection range, the deviation in the overall integrated particle number for
carbon species from C6+ to C3+ between single and two foil configuration was
below 5%. A similar transfer from the dominant carbon ion species C5+ to C4+

was detected for a double foil target at the HC condition (cf. Fig. A.4 in Appendix
Section A.1).

In Ref. [98] recharging processes were demonstrated for laser accelerated ions
passing through warm and cold dense matter at velocities of up to 0.8MeV/u.
The authors evaluated, in a calibrated measurement and for all detectable ion
populations, a velocity dependent mean charge state Zmean:

Zmean(v) =

∑
i[Zini(Zi, v)]∑

i ni
(6.4)

considering an ion beam with a charge and velocity dependent distribution ni(Zi, v),
where i stands for the numerator of the particular ion charge state. Zmean refers
to the effective charge Z? of Equation (2.7), but considers the integrated ion beam
density with all charge states. The experiment in Ref. [98] found an EC for ions
having passed through a foil. They showed that Zmean increases with the ion
beam velocity, independent of eV heated or unheated material. Fig.6.13 shows
an evaluation in accordance to Equation (6.4) for the measurements in single and
two foil configurations of Fig.6.12. In comparison to Ref. [98], the measurements
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in Fig.6.13 reveals an efficient EC for ions at higher charge states. Contrary to
transfer matters, such as liquid [88] or gas [87] media, the ultrathin foil target did
not affect the ion beam divergence. This can be seen in the comparison between
the detector images in Fig. A.4 in Appendix Section A.1 and Ref. [87].

In view of future applications, the two foil configuration showed an easy way to
produce bandwidth limited ion spectra. A detailed examination of the underlying
process with respect to foil thickness, sufficient statistics, and the comparison to
different theoretical models requires further investigation and is examined in a
ongoing cooperation with D. Casas.

6.6 Controlled Plasma Manipulation for Laser Ion
Acceleration

Pre-pulses and the rising intensity level of the laser pulse characterize the HC
condition and introduce pre-ionization, pre-heating and pre-expansion of the tar-
get. For few nm foil targets, this can decrease the target density. In comparing
experimental results obtained at two different laser contrast configurations in
Sections 6.1 and 6.4 important differences in the resulting ion spectra and laser
transmission values were already demonstrated. These differences indicated a sig-
nificant change of the target density and the scale length of the plasma density
gradient when the target was pre-heated due to the lower laser contrast condition.
How the pre-plasma condition differ between the two laser contrast conditions is
an open question, since it can not be easily measured and usually is obtained
from PIC simulations [63–65, 68]. The impact that a longer rise of the plasma
density at the target boundary has on the electron dynamics is a scope of recent
investigations [17, 22, 64, 68, 84] and is not fully resolved yet. The scale length of
the plasma density gradient, L(∇ne), determines the laser to plasma absorption
(cf. Section 2.2) and leads to higher electron temperature that can reduce the ion
acceleration efficiency [64, 84]. In order to test how a defined pre-pulse influences
the ion acceleration, for ultrahigh laser contrast, a second laser pulse, P2, was
applied. The aim was to determine the delay time of the P2 pulse in which the
ion acceleration is inhibited. Since the acceleration of ions is considered to be
longer than the laser pulse duration in the TNSA model [1, 32], the experiment
further tested if a post-interaction with a second counter-propagating laser pulse
can affect the ion spectra.

P2 was applied at an intensity IP ∼ 1×1018W/cm2 and at a delay time ∆tP .
It propagated in the opposite direction of the stronger drive pulse which had an
intensity of about 5.5 × 1019W/cm2. A sketch of the counter-propagating setup
is shown in Fig. 6.14, details of inherent parameters, definitions and methods are
described in Section 5.4. The temporal overlap was determined to be in an time
interval of ±0.3 ps. Fluctuations are assumed to be below 50 fs and thus, the
temporal overlap is considered to be at an almost fixed time within this time
interval. In consequence, for the same experimental run a constant offset up to
±0.3ps for the delay times is possible. The polarizations of the two pulses were
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Figure 6.14: Sketch of the counter-propagating setup for examining the influence of
a second laser pulse (P2) on the ion acceleration. Ions were detected at 0◦ from the
target in the propagation direction of the drive pulse after they have passed through a
hole of the focusing optic of the probe pulse. At negative delay time ∆tP , the P2 pulse
interacts with the foil before the drive pulse, while at positive delay P2 hits the plasma
and accelerates particles after the interaction with the drive pulse has taken place.

chosen linear and parallel to each other. Accelerated ions were detected in the
propagation direction of the drive pulse, after having passed through a hole in
the second laser pulse focusing parabola. A Thomson spectrometer captured the
particles on the propagation axis within a half angle of 0.0012◦.

6.6.1 Ultrathin Hydrocarbon Foils

The experiments were performed for a single PVF foil target at a thickness of
34 nm. The P2 pulse was applied at different delay times in the range −5 < ∆tP <
+3ps. The detected maximum ion kinetic energies are compared to a reference
measurement without using the P2 pulse. A significant decline in Emaxkin for all ion
populations was observed, which scaled with the applied negative delay time. The
results are summarized in Fig. 6.15 and show the reduction in Emaxkin relatively to
the reference measurement and dependent on the delay. A statistical shot to shot
variation about δEmaxkin = 8% was assumed. When the pre-pulse had pre-heated
the target ≤ −3 ps before the drive pulse interacted with it, the maximum ion
kinetic energies were reduced to a > 50% smaller value. Hence, pre-heating of
the plasma significantly interferes with the laser to ion acceleration either due to
longer scale length of the plasma density or a reduction of the target density. The
reduction did not further increase for earlier delays (≤ −3ps). This observation
is in agreement with the results of Ref. [64] that found no further decrease of ion
energies for L(∇ne) ∼ 5 µm for different laser and target parameters.

At positive delay times, the second laser pulse arrives after the drive pulse
has already interacted with the target. In this case, Emaxkin of the carbon ions
remained almost unaffected, while Emaxkin was slightly reduced for the protons (cf.
Fig. 6.15). Since ∆tP > 0 corresponds to an interaction of the P2 pulse with
already accelerated particles behind the target, it could affect the the co-moving
electron sheath and hence the post-acceleration of ions (TNSA). The P2 pulse
is strong enough to drive electrons, which approach with kinetic energies of few
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Figure 6.15: A significant energy loss of the maximum kinetic energies of H+, C6+ and
C5+ was detected for negative delay times of the second laser pulse. Maximum kinetic
energies are given relative to a reference measurement without the second laser pulse.
Both measurements are from a (34 ± 2)nm thick PVF foil, at ultrahigh laser contrast,
and refer to the same experimental run.

keV, to turn backwards. C5+ and C6+ ion spectra are shown in Fig. 6.16 for
different positive delay times. A direct comparison to a corresponding reference
measurement without the P2 pulse is given for two different foil thickness (PVF,
34 nm and 14 nm). In the carbon spectrum, a significant suppression in the par-
ticle number was observed for the low energy range. The effect occurs only for
a specific charge state that depends on the delay time of the second laser pulse.
In the delay range of 0 < ∆tP < +1.7 ps for the 34 nm foil, a strong reduction
in the particle number of the C5+ population was detected, for kinetic energies
below 2MeV. At longer delay times, ∆tP > +3.3 ps, the spectral distribution of
C5+ is again comparable to the one obtained without the P2 pulse. For the delays
0 ps, +1.7 ps and +3.3 ps, the C6+ population exhibited a higher particle number,
in direct comparison to reference measurement, while the spectral distribution
remained similar. At a shorter delay time of +0.2ps, a decline in the particle
number was observed for kinetic energies below 4MeV for C6+. It is depicted in
Fig. 6.16 d) for a 14 nm thick PVF foil. For the same delay in the C5+ spectrum
a higher particle number at kinetic energies above 2MeV appeared. For later
delay times such as > +0.3 ps, the ion population of C6+ is comparable to the
one obtained from the measurement without the P2 pulse, while the decline in
particle number now commences for C5+ and kinetic energies below 2MeV. This
basic approach revealed, that second laser pulse operates like a spectral filter on
a specific charge state. The ion spectra gave an indication that the mechanism
is similar to the electron capture process found in experiments with double foil
targets in Section 6.5.
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Figure 6.16: Ion spectra for selected ion species C6+, C5+ at positive delay times of
the second laser pulse and at ultrahigh laser contrast. a) and b): Detected spectra using
a (34± 2)nm PVF foil target, c) and d): from a (14± 2) nm PVF foil.

6.6.2 Heavy Material Foils

The same experiment was performed using a 50 nm gold foil. Fig. 6.17 a) compares
detector images of the detected ion spectra for a measurement without the P2
pulse and an for the P2 pulse at a delay of −0.7ps. The intensity of the P2
pulse was about IP = 9 × 1017W/cm2. In both cases, the gold ion spectra
exhibit comparable spectral characteristics as discussed earlier for thinner gold
foils in Section 6.3.3, but, with a decline of the maximum gold charge state for
negative delay times. Fig. 6.17 b) shows the maximum detected gold charge state
in relation to different delay times of the P2 pulse. Out of these measurements, a
linear decrease in ZmaxAu for −2 < ∆tP < 0 ps was extracted:

ZmaxAu (∆tP ) = ZmaxAu (0) + 14×∆tP [ps] (6.5)

The decline saturates for an delay time below ∆tP < −2 ps. Here, Zmax(0) =
(47 ± 2) and corresponds to the maximum charge state obtained by solely using
the drive pulse.

In addition, the interaction of the P2 pulse at minor negative delay (∼ −1 ps),
reproducibly increased the detected particle number of all ion species in the de-
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Figure 6.17: a): Detector images displaying ion spectra from a Thomson spectrometer,
obtained from a measurement with a (50± 4)nm gold foil and the P2 pulse at a delay of
−0.7ps and without it (drive only). Both images have the same colour scaling, at same
spectrometer configuration and exposure conditions. b): Detected maximum gold charge
state at different delays of the P2 pulse. Linear fit (red) corresponds to Equation (6.5).

tection range. The corresponding evaluated spectra of H+ and C6+ and its de-
pendency on the applied delay time can be found in the Appendix Section A.1.
At ∆tP = −0.7 ps, the integrated particle number, in the detection range, of
C6+ and H+ had a 30% higher yield than obtained from the single laser pulse
interaction. As already demonstrated for the hydrocarbon foils, negative delay
times cause a reduction of the maximum kinetic energies. The investigation re-
vealed a novel method to increase the ion acceleration efficiency with respect to
the particle number.

At negative delay times, ion traces at Z/A numbers, which are not observed in
case of a positive delay times or measurements without the P2 pulse, appeared on
the detector in Fig. 6.17 a). A detailed evaluation with respect to isotopes, gold
and ions of light elements up to period 4 is discussed in the Appendix Section A.1.
The ion traces at this charge to mass ratios could not be definitely identified and
remain as an interesting topic of further investigation.

Discussion on the Two Laser Pulse Experiments

In a basic approach, the experiments with two laser pulses provided important
insights and revealed novel effects: First, an inhibition for an efficient laser ion
acceleration was observed when a strong pre-pulse has pre-heated the target few
(< −2 ps) before the drive laser pulse interacts with it. The experiments showed
that a smaller ion acceleration efficiency regarding to Emaxkin is a consequence of
pre-plasma condition, namely the rise of the plasma density and target density.
The decrease of the acceleration efficiency seen in the case of a pre-heated plasma



Conclusions on the Laser Ion Acceleration 81

boundary confirms the investigation for the TNSA model in Ref. [64, 84].

With using heavy material targets, pre-heating the foil raised the overall de-
tected particle number. This correlates to the high particle number obtained form
thick metal foils when the HC condition was applied (see Section 6.1). Hence,
although a pre-expanded target does not reach the highest maximum ion kinetic
energies, it can raise the acceleration efficiency in terms of particle numbers. At
the same time a reduction of the maximum heavy ion charge state was shown.
The reduction was found to scale proportional with the negative delay time of the
pre-pulse. This gives an evidence that the pre-plasma condition determines the
charge states of the heavy ions, and hence, could suppress their acceleration. This
can explain why no heavy ions were detected in the case of a lower laser contrast
condition (cf. Section 6.3).

Experiments presented here, showed that a post-interaction of laser acceler-
ated ions with a second counter-propagating laser pulse affects the ion spectrum.
The results revealed an influence on carbon ions at a specific charge state that
was dependent on the delay time. In case of the C6+ and C5+, a decline in
the particle number for a particular spectral range commences at a certain delay
time. The resulting ion spectrum is strongly reminiscent of the ion spectra ob-
tained in the two foil target setup of the previous section. Accordingly, charge
transfer processes are a possible interpretation, but appear, if introduced by the
post-interaction with a second laser pulse, dependent on the applied delay time
for a certain charge state. In Sections 6.2 and 6.3 the ion acceleration with using
ultrathin foils and ultrahigh laser contrast was discussed with respect to a mix-
ture of the acceleration models RPA and TNSA (cf. Chapter 3). This included
a discussion about the separation of the accelerated ion species and the acceler-
ating electron sheath within and after the pulse duration τL. In this context, a
second counter-propagating laser pulse could accelerate electrons in the backward
direction when they expand into the vacuum. This could introduce charge trans-
fer processes on the one hand, as an interruption of the late TNSA acceleration
(vacuum expansion) on the other hand. This scenario could explain the observed
decline in the ion particle number in the low energy range, for different charge
states at different delay times, when either an separation of the ions due to their
charge to mass ratio or a charge dependent cross-sections are considered.

6.7 Conclusions on the Laser Ion Acceleration

The dependency of laser driven ion acceleration on a range of parameters was
investigated: laser contrast, target thickness, target composition, and single and
double foil target configurations. Furthermore, the influence of a counter-propagating
laser pulse at positive and negative delay times and an intensity of ∼ 1018 W/cm2

was examined. The results revealed different new ways to manipulate the spectral
bandwidth, particle number and kinetic energies of laser accelerated ions.
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The Optimum Regime for Ion Acceleration

For the RPA model, optimization of maximum ion kinetic energies with respect
to target thickness for a low density hydrocarbon material was investigated. An
optimum target thickness of 12 nm for hydrocarbon material (PVF) and at a0 =
5 and UHC contrast condition was found. RPA and a subsequent TNSA like
acceleration delivered a maximum proton energy of 16MeV and maximum carbon
energies of 70MeV. The results confirmed and improved prior benchmarks and
relaxed the demands on target preparation [2, 69]. This optimal ion acceleration
was obtained almost independently of the laser polarization used, which is similar
to the findings of [40, 83, 102].

Heavy Ion Acceleration

With the use of ultrathin heavy material targets the experiments revealed an un-
predicted efficient acceleration of heavy ions at ultrahigh laser contrast. Heavy
ions (gold and silver) were detected at successive charge states up to Z ≤ 50+,
reaching kinetic energies of up to 1MeV/u. In comparison to previous experi-
ments, the heavy material was accelerated in the presence of light elements [35,
85, 99]. This was demonstrated and investigated in detail for gold coated hy-
drocarbon foils at various ratios of layer thicknesses. The significant high kinetic
energies detected for heavy ions are a consequence of their high charge state in
combination with a spatial dependence of their charge distribution within the
target [74]. This acceleration scheme was obtained PIC simulations and a theo-
retical model by A. A. Andreev and K. Platanov. A detailed analysis of the heavy
ion spectrum revealed a distinct charge to maximum and minimum kinetic en-
ergy scaling, which was found to be higher than predicted by previous theoretical
models [31]: A superposition of a constant velocity v0 ∼ 105m/s and a v ∝ Z2

was determined, capable of reconstructing the experimentally obtained heavy ion
spectra for almost all measured ion charge states with good agreement. The re-
sults gave important insights into the ion acceleration processes from a multi-ion
species target in terms of the overall spectral scaling with Z/A and the charge
distribution of the heavy ions. A staged acceleration scheme between a shock
like acceleration and a followed TNSA like acceleration was discussed to explain
the spectral characteristics of the gold ion spectra, as e.g., the charge to kinetic
energy scaling and the narrow spectral bandwidth.

Furthermore, the experiments revealed an acceleration of heavy material from
the target front side. This gave evidence for a shock acceleration of ions from the
laser illuminated target side, similar to the model the hole boring process [16].
The acceleration of heavy ions was found to be limited by the target thickness,
since for µm thick Ti foils and similar experimental conditions, no Ti ions were
detected. A significant reduction in the heavy ion charge states, particle numbers
and kinetic energies was detected when the heavy ions were accelerated from the
target front side dependent on the used target thickness. Together with the charge
transfer processes demonstrated for double foil targets, this gives an indication
that similar processes have to be considered for the heavy ion acceleration.
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The laser contrast condition is the second parameter that affects the heavy
ion acceleration, since no heavy ions were detected at lower laser contrast. Hence,
the influence of a manipulated plasma boundary was investigated for the heavy
ion acceleration, with the help of using a short and strong pre-pulse. The pre-
pulse lead to a decrease of the maximum detected charge state of the heavy ions
and this was found to be proportional the applied negative delay time. This
showed a dependency on the heavy ion charge state on the property of the pre-
plasma and correlates to an inhibition of the heavy ion acceleration for lower
laser contrast conditions. For the pre-heated plasma, a significant enhancement
in the ion particle number, regardless of the ion species was detected. Hence,
the inclusion of heavy material in the target suggests a method to optimize the
acceleration efficiency in terms of particle number if combined with laser pre-
pulses.

An Energy and Charge Selective Filter for Ions

Electron capture processes were investigated for a laser accelerated projectile ion
beam in solid state dense matter. Ions, accelerated from an ultrathin hydrocarbon
foil, passed through a second ultrathin solid density foil, placed at a distance of 500
µm. The efficiency of the electron capture was found to depend on the charge state
of the projectile ion and to rise indirect proportional to the ions’ velocity. For the
highest charge state, particles were detected only at high kinetic energies and in a
narrow spectral range. In consequence, a spectral filtering for ions at high charge
states resulted. The findings disclose an easy method for a bandwidth limited ion
spectrum. Due to the small thickness of the stopping foils used, the loss of the
ion energy is negligible, while the electron capture was found to be significant.
The method requires further investigations in order to test if a controllability of
the spectral bandwidth and energy range can be achieved by a dependency on
the target thickness and/or density of the transfer matter.

In the case of a laser and single foil interaction, the main population of ac-
celerated carbon ions was always detected at a lower charge state at high laser
contrast as compared to ultrahigh laser contrast. Since this effect is observed
for comparable laser and target parameter, the difference has to be attributed to
the properties of the pre-plasma between both laser contrast conditions. It was
also shown, that pre-heating of the plasma decreases significantly the maximum
heavy ion charge state. Here, the question raises, if a pre-expanded or pre-heated
plasma causes charge transfer processes during or shortly after the acceleration.
In this context, the characteristics in the charge states and spectra from frontside
accelerated gold ions, gave indications to underlie a similar mechanism. Inher-
ent charge transfer processes have not been discussed for laser-ion acceleration
schemes. The presented results showed, that a validation of these processes is re-
quired. The underlying cross-sections in plasma and the deviation from classical
theoretical models, are a hot topic of debate [87, 88, 96, 98, 103–105]. The results
will be further investigated theoretically in cooperation with D. Casas.
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The Influence of Controlled Laser Pre-pulses on Ion Acceleration

To date, experimental results obtained using different laser systems are difficult to
compare, since in addition to the laser energy, pulse duration and target thickness,
the laser contrast has a significant influence [1, 64, 84]. Section 6.1 showed how
the laser contrast influences the efficiency of the laser-ion acceleration. In order
to test the influence of laser pre-pulses on the picosecond time scale, a second
counter-propagating laser pulse was applied at different delay times and ultrahigh
laser contrast (cf. Section 6.6). Target pre-heating by the second laser pulse at
IP ∼ 1018 W/cm2 revealed the time interval in which this pre-pulse significantly
inhibited an efficient ion acceleration. In the sub 5 ps range, the maximum kinetic
energies were demonstrated to decline significantly with the applied delay time.
The findings can give important information, e.g. for diagnostic purposes, on the
laser contrast. Here, the target thickness/density and laser field strength have to
be considered as additional parameters.

The Influence of a Controlled Ion Post-Interaction

The post-interaction of accelerated ions with a second strong laser pulse opens
a new and direct way to change the ion spectra. The duration of ion accelera-
tion takes longer than the pulse duration and is determined the vacuum expan-
sion between electrons and ions [32]. The experiments showed that this can be
manipulated by a second, strong and counter-propagating laser pulse. The post-
interaction with the second laser pulse led to suppression of the particle number of
carbon ions. A reduced particle number was detected in the low energetic part of
the carbon ion spectrum (< 0.5MeV/u) for a specific charge state that is depen-
dent on the positive delay time. In consequence, a bandwidth limited spectrum
of one charge state resulted. Either by recharging processes, or an inhibition of
the ions’ post-acceleration, the method operates like a charge selective spectral
filter. Further investigations with higher intensities and smaller delay times of
the second laser pulse are required in order test if this method could controllable
suppress specific kinetic energy ranges.
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7 Electron Spectrum from Laser
Interaction at Ultrathin Foils

All models concerning the ion acceleration and the emission of high energetic radi-
ation from laser-plasma interaction, assume an electron temperature and density
for its evolution in time. It has been suggested that the fast electron spectrum,
with kinetic energies above 0.1 MeV, can shed light on the involved plasma param-
eters, such as the hot electron temperature or the ponderomotive potential (cf.
Sections 1.3 and 3.2). From the electron spectra one can derive differentiations
for the laser-plasma interaction regarding different parameters [13, 17, 56, 106,
107]. The exact mechanism through which the electrons gain kinetic energy from
the laser pulse and plasma interaction is an open question [17, 56, 65, 107, 108]
and motivated the investigation in this chapter. The experiments attempted to
determine, if the fast electrons could be used as a novel diagnostic of the ion accel-
eration and XUV emission. In this context, the experiments made the first steps
towards a characterization of the fast electron spectrum. Additionally, important
theoretical hypotheses were tested and revealed new effects.

Section 7.1 gives a summary on the electron dynamics and the emission pro-
cess of fast electrons in the laser-plasma interaction where the laser is of relativistic
intensity and the plasma has an overdense plasma boundary. The section intro-
duces the complex of problems viewed by different models, e.g. the dynamics in
the picture of a single electron in an ultrastrong laser field and in the picture of
multi-particle dynamics at a plasma boundary, a possible post-acceleration in the
transient laser field. The section summarizes briefly how theses models have been
combined to explain the emission of coherent XUV and fast ions.

Section 7.2 presents the basic spectral characteristics and the quantity of fast
electrons that are emitted from the laser interaction with single ultrathin foil
targets. Laser contrast dependent features in the electron spectrum were found
that correlate to the results for ion and XUV detection in Sections 6.1 and 8.1.
The investigation will show that the electrons’ spectral distribution and their
number are dependent on a variety of experimental parameters.

According to Section 4.3 the laser-plasma interaction with ultrathin foils al-
lows for the possibility of backscattering a second laser pulse from a laser accel-
erated relativistic electron bunch. The efficiency of such a backscattering process
is connected to the electron number of this electron bunch (cf. Equation (4.7)).

85
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Since the number of fast electrons is small [56], new methods are needed to en-
hance the emission process. In this context, the fundamental questions are: Does
the transient laser field further accelerate and decelerate the electrons, and if so
how? It was suggested in Ref. [109], that the use of a second separated foil would
decouple the transmitted laser light from the electrons and hence inhibit decel-
eration due to the decay of the laser field. Section 7.3 presents a new effect: an
amplification of the electron number, Ne, by the use of such a two foil target
system. Investigation into the underlying physical mechanism of this effect mo-
tivated further experimental work, using two laser pulses, to test the role played
by pre-ionization. Results of this work are presented in Section 7.4.

7.1 Fast Electrons from Laser Plasmas

The kinematics of a single electron interacting with a relativistic laser pulse are,
on their own, complex, since the laser introduces oscillations both the parallel and
the perpendicular direction of the electrical field (cf. Section 1.2). The description
of the collective electron dynamics for a laser pulse interacting with an overdense
plasma is directly related to the absorption mechanisms involved [13, 17]. A brief
summary was given in Section 2.2, which discussed the inherent plasmon excita-
tion and the dependency on the laser intensity and incidence angle. Modelling the
laser-plasma interaction requires the use of a collective electronic motion model
to describe the highly complex dynamics of the multi-particle system. In order
to reduce the complexity of the problem, simplified models are used: A model
similar to the single particle picture to explain, for example, the high harmonic
generation in the ROM model (cf. Section 4.2), macroscopic models, such as, e.g.
an electron sheath close to the plasma boundary in the RPA and TNSA model
(cf. Sections 3.3, 3.2), or such as, electron bunches entering and passing through
the plasma, which can lead to high harmonic emission via the CWE model (cf.
Section 4.1). A summary and classification of the relevant publications is given in
Refs. [17, 106, 107], where various published theoretical models are compared and
contrasted. A limited number of experimental publications on this topic exists
for the fast electron spectrum from the interaction of intense laser pulses and ul-
trathin foils [56, 57]. These will be discussed, along with the experimental results
obtained here, in the following section.

The oscillations of the electrons with the laser field leads to kinetic energies
up to Eos, as given by Equation (1.14), in the direction of the electric field and
during the laser cycle. For the relativistic case and for a linear laser polarization,
electrons are accelerated by the v ×B force in direction of the laser propagation
and results in a second oscillation with 2ωL. During this oscillation they can
reach a velocity of up to vD (cf. Equation (1.15)) [13]. The superposition of
both types of motion lead to a figure 8 like trajectory in the cycle averaged rest
frame of the electron (cf. Fig.1.1 in Chapter 1.1). In the ROM model, this or a
similar motion is used to derive the collective relativistic electron oscillations at
the plasma boundary from which the incident laser light is reflected. Considering
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the interaction of an electron of constant velocity or at rest with an ideal laser
field in free space, without further given boundary conditions, the electron can not
gain a net energy. It comes to rest or to its initial velocity after the interaction (cf.
Section 1.2). The underlying fundamentals are described by the principles that
are similar to the Woodward Lawson Theorem [108, 110] for focused laser pulses.
The Woodward Lawson Theorem has to be violated to cause an acceleration of
the electron in a laser field. This becomes possible, for example, by a spatial
gradient of the laser intensity or if the interaction takes place at or in a medium
or when the electron has a velocity that is not constant due to other external
forces (cf. Section 1.3).

When the laser is focused its intensity has a spatial gradient and this intro-
duces the ponderomotive force. Therefore, the electrons can be scattered out of
regions with the highest intensity during the interaction with the laser field (cf.
Equation (1.17)). This can lead to high kinetic energies of ≥ Eos and the elec-
tron’s trajectory is then determined by the gradient of the laser intensity [107].
According to this equation and the here used laser parameters, Eos lies between
2 MeV and 4 MeV, vD to a kinetic energy ED of ∼ 0.8 MeV. One expects the fast
electrons to be accelerated of up to the named kinetic energy, if they could escape
from the laser field. In the literature this process is often identified to create the
hot/fast electrons that are emitted from the laser-plasma interaction [13, 17, 57,
65, 107] and they are predicted to have a Maxwellian spectral distribution [13, 17,
107]. Even higher kinetic energies can be achieved via the process of vacuum laser
acceleration (VLA). This mechanism is predicted to cause under certain boundary
conditions a continuous acceleration of the electrons during the laser pulse. They
can gain high kinetic energies when they are ejected before the laser field strength
decays [107].

In the laser-plasma interaction, the laser field interacts with an opaque plasma
boundary and the electrons feel the restoring force to the ions. This gives an even
more complex interplay and the interaction is described by macroscopic mod-
els [13, 22, 111]. In this context, the laser-plasma absorption models (cf. Sec-
tion 2.2) are discussed and the dispersion of the laser field in the density gradient
of the plasma has to be considered (cf. Section 1.4). The interaction between the
laser field and oscillating electrons at the plasma boundary is determined by the
incidence angle of the laser [13, 17, 22, 24, 111] and the scale length of the plasma
density gradient. Subsequent processes, e.g. resonant excitation of plasmons, take
place due to the energy disposal of the laser field in the plasma skin layer, ls (cf.
Equation (1.21)) [13, 17]. In addition, electron bunches entering the target can be
caused by the electrons that are accelerated by the laser field close to the plasma
boundary [24, 111]. These processes create electron bunches that pass through
the plasma and can decay at specific plasma densities into a coherent and highly
energetic radiation (CWE) [5, 24]. Under certain conditions [17], the electrons
can be ejected from the laser field and the plasma potential and are then detected
at high kinetic energies in the range of ≥ Eos [13, 17, 56].

At the same time, all these processes find some quantity of electrons bound
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to plasma boundary by the restoring force to the ions. For ultrathin foil targets
with the laser normally incident, both the figure 8 trajectories and the restoring
force of the ions are thought to cause ejected electrons to recirculate, periodically
returning to the target boundaries [17, 112, 113]. This and similar models create
a strong electrostatic potential at the target boundaries and is used in the ion
acceleration models [17, 23]1. These electrons are considered to co-propagate with
the ions during and after the laser pulse interaction [1, 69, 92]. For a 10MeV/u
ion this corresponds to an electron with a kinetic energy of ∼ 5 keV, which is out
of the detection range of the commonly used spectrometers.

Hence, only electrons capable of escaping the potential well at the plasma
boundary represent the detectable electron distribution in this work. Further-
more, the post-acceleration of ejected electrons in the transmitted laser field has to
be considered since ultrathin targets are partly transparent (cf. Section 6.4) [109].
In experiments presented here, electrons were detected in an energy range from
200 keV to 30MeV.

7.2 Characterisation of the Fast Electron Spectrum

All experiments were performed with the setup described in Chapter 5.3 and the
detection methods according Section 5.6.2. The experiments were restricted to
the case of the laser at normal incidence angle on the target and detected the
electrons in the laser propagation direction. The fast electrons’ spectral distribu-
tion and their number exhibited interdependencies on different parameters. This
is presented in the following with the help of typical examples. If not otherwise
stated, in a direct comparison, the measurement always refers to the same ex-
perimental run. In total observation were obtained form 37 experimental runs
with more than 133 measurements using single foil targets where the setup of the
spectrometer was changed to access different parts of the spectral range. Only the
fundamental features of the spectra are discussed. The electron spectra are pre-
sented in an energy binning that corresponds to the accuracy of the spectrometer
(cf. Section 5.6.2).

7.2.1 Electron Spectrum and Laser Contrast

The laser contrast determines the properties of the pre-plasma and of the plasma
boundary. The plasma boundary and in particular the scale length of the plasma
density gradient, is a key parameter for the laser driven electron dynamics and
introduces significant difference in all subsequent processes. This has been found
in PIC simulations when a certain scale length of the plasma density was intro-
duced into the simulations [17, 22, 24, 107]. In an indirect way, the impact of
the pre-plasma condition was studied in experiments from solid state targets with
using different laser contrast conditions [63, 68] or very recently with applying

1 In the TNSA model, the electron sheath direction is normal to the target, regardless of the
laser indidence angle.
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Figure 7.1: The Spectra of fast electrons emitted in the laser propagation direction for
different laser contrast and target conditions. Blue shaded area indicates energy range
for which the detector screen is not calibrated. The measurements from a (35 ± 2)nm
PVF foil are shown for UHC (red) with EL = 1.6 J, for HC (light blue) condition with
EL = 2.0 J, and for a 5 µm Ti foil and HC condition with either EL = 2.0 J(dark blue)
or EL = 0.6 J (grey). Total electron numbers Ne are given for the full detection range
(0.1− 20MeV). All measurements were taken at the same position of the focal plane on
the target.

a weak pre-pulse (1014W/cm2) [65]. These experiments demonstrated, that the
efficiency of the coherent XUV radiation and is highly dependent on the scale
length on the plasma gradient in a range of L(∇ne) < λL/2. This will be further
investigated in Section 8.1. In Section 6.1 and Ref. [64] it was already shown that
the laser contrast and hence the pre-plasma condition determines the efficiency
of the ion acceleration. Hence, the laser driven electron dynamics at the plasma
boundary are highly sensitive to the pre-plasma and change the efficiency of simul-
taneously occurring processes. How pre-plasma and hence an induced difference
in the electron dynamics at the plasma boundary affect the fast electron emission
in particular is not fully explained yet and a topic of the latest publications [17,
65].

In Fig. 7.1, the spectrometer2 detected electrons within a kinetic energy range
of 0.1–30MeV in a capturing half angle of 1◦ on the laser propagation axis. The
laser illuminated either a thick 5 µm Ti or a 35 nm PVF foil with a laser field
strength of a0 ∼ 5.5, 6.5 at ultrahigh (UHC) and high (HC) laser contrast condi-
tion, respectively. For the full detection range the integrated number of electrons
is about Ne = 1.6 × 106 for the Ti and Ne = 2.1 × 106 for the PVF target with
the laser at HC condition.
2 configuration II
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The total electron number scales with the laser energy: A measurement where
EL was reduced to approximately 25%, led to a ∼ 60% smaller value for Ne from
the PVF target in Fig. 7.1. Note, that although no calibration for the scintillation
screen exists for an energy range below 1MeV, the experiments did not observe
any significant indication of a decreased detection efficiency down to 0.2 MeV3.

For the UHC condition and the PVF target, the integrated electron num-
ber is about Ne = 0.2 × 106, which is one order of magnitude smaller than the
number obtained from the HC condition. This discrepancy was observed in all
experimental runs. The difference in the laser energy between both laser contrast
conditions was approximately about 20% (cf. Section 5.2.2) and hence, the scal-
ing of Ne with EL from above can not explain this high discrepancy in Ne. The
findings show a significant difference in the number of emitted electrons for dif-
ferent laser contrast conditions, which can be interpreted in a similar manner to
the corresponding results of the ion acceleration in Section 6.1: The higher laser
contrast enables a steeper rise of the plasma density that significantly changes the
emission process of fast electrons and enables a more efficient ion acceleration for
the foil thickness below 200 nm. The significantly smaller number of fast electrons
state a restricted ejection from the steeper plasma boundary, which correlates to
an enhancement of the electron to ion acceleration and to a smaller transmis-
sion of the laser through the target (see Section 6.1). In contrast to the total
electron number, the spectral characteristics, e.g. f(Ekin)max, were similar for
both laser contrast conditions. This interesting result shows that in spite of the
differences in the pre-plasma induced by the different contrast conditions there is
little difference in the emitted spectral distribution.

7.2.2 Interdependencies of the Spectral Distribution

The spectral distribution of the fast electrons, f(Ekin), and in particular the
position of the global maximum is expected to give indirect information about
the laser-plasma interaction and the kinetic energy gain of the electrons in the
laser field [56, 65, 107].

Dependency on the Laser Energy

In the example shown in Fig.7.1, the Ti target and the laser at HC condition de-
livered a broad spectral distribution, while a distinct peak f(Ekin)max appeared
at 1.7MeV with a bandwidth FWHM of ∆E/E ≥ 1 for both laser contrast con-
ditions when using the much thinner PVF target. f(Ekin)max lies between the
theoretical calculated EDrift in accordance with Equation (1.15) and the pon-
deromotive electron ejection with Eos of Equation (1.14). In Ref. [56] similar
peaks were observed for a comparable experimental setup using different laser
systems and various target thicknesses. They could not conclude definitely that
f(Ekin)max corresponds to the ponderomotive potential.
3The calibration is pending, peaks at 0.3MeV appeared when using the Kodak LanexFast screen,
which can be seen in Fig. 7.7 and Fig. 7.8, while the total electron numbers Ne achieve a similar
number obtained at other measurements.
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In Fig. 7.1, for HC contrast condition f(Ekin)max and Ne scaled with the
applied laser energy (grey line). When the laser energy was reduced to 25%
for the Ti target a spectral peak was detected at a kinetic energy of 0.8MeV,
corresponding to ∼ 50% of the kinetic energy obtained at full laser energy from
the PVF target. Theoretically, Eos scales with

√
EL, which would be in agreement

with this example. A similar scaling can be seen in the spectra obtained at
different laser contrast conditions, which differed in EL by about 20% in Fig. 7.1.
But, in the experimental runs the electron spectrum was strongly influenced by
additional parameters, which hindered a simple interpretation of the results as
being attributable to the ponderomotive potential. These were:

• A dependency of Ne and the spectral distribution on small deviations of
the focal plane’s position on the target, such as, e.g., the peak position, the
high energy tail and additional modulations in the spectrum.

• The spectral distribution is influenced by the target thickness or an inter-
dependency between the target thickness and the laser parameters

• No spatial dependency of the electron spectrum

• An indication that f(Ekin)max was influenced by the hole diameter of the
target holder construction

An overview for the dependency of Ne on EL and on the target thickness is
depicted in Fig. 7.2 a) and refers to different experimental runs. The integrated
electron number is depicted for measurements within a displacement of the laser’s
focal plane on the target of about ±10 µm for different foil thicknesses. Obviously,
Ne differs for the same laser energy and hence, further parametric dependencies
have to be considered.

Dependency on the Displacement of the Focal Plane

Fig. 7.2 b) shows the electron spectra for the HC condition and for some small
displacements of the focal plane on a 38 nm PVF target. These electron spectra
were measured with spectrometer configuration III (cf. Section 5.6.2) and for a
laser field strength of a0 = 6, at maximum. A displacement of ±20 µm decreases
IL by about < 20%, due to the divergence of the laser beam. According to Equa-
tion (1.3), this should affect the ponderomotive potential and thus, the position
of f(Ekin)max. In Fig. 7.2 b), a shift of f(Ekin)max with the displacement of the
focal plane can be observed. The value of this displacement was not consistent
across different experimental runs (shown in the Appendix Section A.2). This
can be attributed to small variations of the spatial intensity distribution in the
focal volume, or other small fluctuations to which the electron spectra is sensitive.
Similar assumptions were made in Ref. [56]. With respect to different positions
of the focal plane in a range of ±20 µm in Fig. 7.2 b), the electron spectra ex-
hibit a difference in Ne of up to 30%. In light of this observation, a quantitative
description for the scaling of f(Ekin)max and Ne with IL can not be extracted
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Figure 7.2: a): Integrated Ne from the single foil configuration for various PVF foil
thicknesses and different laser energies. The data points are taken from different experi-
mental runs, using the HC condition, the foils were free standing over a hole diameter of
0.6mm. All measurements used the spectrometer configuration III at a detection range
0.2–7.5MeV and the accuracy of the laser focus on the target was considered to be within
±10 µm. b): The electron spectra for different positions of the laser’s focal plane on a
(38 ± 2)nm PVF foil, at the HC condition. Corresponding images of the detector are
shown in the Appendix Section A.2 in Fig. A.6. Note, the scaling of the y-axis was
chosen to be linear.

from the 37 experimental runs (each run compared at least 2 different positions
of the focal plane). Nevertheless, considering just one experimental run, the same
focal position on the target and the same laser energy, a deviation of f(Ekin)max

of up to ±0.2MeV was observed (cf. Section A.2) and Ne was reproducible to
within 10%. In the following, and for previous sections if not explicitly stated
otherwise, a direct comparison is only given for one experimental run and for the
same displacement position of the focal plane on the target.

Dependency on the Target Thickness

For thicker target foils (≥ 400 nm) the spectral distribution of fast electrons
showed different features. Either the spectrum was broadened or a redistribu-
tion of electrons kinetic energies was observed. This can be seen in Fig. 7.1 for
a 5 µm Ti foil and is shown in Fig. 7.8 for a 430 nm PVF foil. Thicker target
foils introduced a shift of f(Ekin)max to a significantly lower energy range. This
observation is based on 4 experimental runs with 8 measurements using the Ti
foil and 5 measurements for the 430 nm PVF foil.

The only experimental report so far of a spectral redistribution in f(Ekin)max

was for the case when the target thickness entered the electron blown out regime
in Ref. [56]. In this case, a high laser transmission through the target is achieved,
enabling an additional acceleration of ejected electrons, which introduces a high
energy peak in the electron spectra. In Ref. [56] no shift of f(Ekin)max to a lower
kinetic energy was observed for DLC foils with a thickness of up to 15 µm. This
difference remains an open question.
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Figure 7.3: a:) The electron spectra for different hole diameters (LD) of the target
support plate for the HC condition. The measurement is taken from different experi-
mental runs, but at comparable parameters, as e.g. laser energy, target thickness (PVF
(95 ± 5) nm), position of focal plane. The integrated electron number is for a target
hole diameter of 2.0mm about Ne = 1.2 × 106 and for an diameter of 0.6mm about
Ne = 0.9 × 106. Note, that the spectra are given in the raw energy binning. b:) The
IP measurement measured the dose of the electron beam for two different target hole
diameters and comparable PVF foils (85±3 nm). Ne = 0.7×109 for the case of a 0.6mm
and Ne = 1.3× 109 for the 2.0mm hole diameter. A hole was introduced in the middle
of the IP, to enable simultaneous measurement with the magnetic spectrometer.

For a foil thickness range of ≤ 500 nm, see Fig. 7.2 b), a small increase of Ne

with the target thickness was observed. However, in the comparison between a
35 nm PVF and a 5 µm Ti target in Fig. 7.1, a simple proportionality relationship
between Ne and the target thickness was not seen, pointing to co-parametric de-
pendency such as, e.g. laser intensity and target thickness. At the UHC condition
and with a foil thickness range close to that required to be in the optimized RPA
regime, the experiments did not find correlations in the electron spectra to an in-
crease of the ion kinetic energies for smaller foil thicknesses (cf. Section 6.2). This
result is in agreement with Ref. [56] and is shown for PVF foils in the optimized
thickness range for the ion acceleration (cf. Section 6.2) in Appendix Section A.2
in a comparison to previous measurements using the MBI laser system as it was
in the year 2010 [56].

Dependency on the Diameter of Freestanding Foils

An unexpected influence of the spectral distribution due to the target holder
diameter was observed. The electron spectra obtained from two different target
hole diameters (0.6mm and 2mm) are shown in Fig. 7.3 and exhibit a significant
difference in the position of f(Ekin)max. For a laser focal diameter of < 5 µm, one
usually assumes that there is no influence from a charge transfer with the target
holder. For either small variations of EL, small displacements of the focal plane
(≤ 40 µm) or for different target thicknesses (≤ 200 nm), f(Ekin)max was always
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detected at a kinetic energy above 0.7MeV when a target holder with 0.6mm
diameter holes was used. This can be seen in various examples provided in this
chapter or the additional material in the Appendix in Section A.2. In contrast,
when using hole diameters of 2.0mm and otherwise comparable parameters (EL,
the position of focal plane, the target thickness, the laser contrast) in all of the 5
experimental runs (22 measurements in total), f(Ekin)max was always observed to
be shifted down in energy by a significant amount, into the kinetic energy range
from 0.1MeV to 0.4MeV, while no decrease in Ne was seen. This is shown in
Fig. 7.3 for two different measurements from a laser interaction with a0 ∼ 6 and
an ultrathin PVF foil. Both measurements are taken at the same position of the
focal plane in different experimental runs.

With an alternative measurement method, the electron number and the elec-
trons’ divergence was measured using IP4 (cf. Section 5.6.2). The IP plates
accumulated the electron dose according to Ref. [81, 82] for kinetic energies above
0.4MeV5 in the direction of the laser propagation. Fig. 7.3 b) compares two mea-
surements for comparable PVF foils and target hole diameters of either 0.6mm
or 2.0mm. The measurements refer to two different experimental runs, with com-
parable laser energy (2.0 J). On the IP a homogeneous dose distribution can be
seen, but the beam profile diameter significantly differs for each hole diameter.
In the case of the smaller hole diameter, the electron beam profile is confined by
a sharp aperture due to the target holder construction6. The integrated particle
number is about Ne = 7×108 for a diameter of 0.6mm and about Ne = 1.3×109

for the 2.0mm one, with an error of 15%. The obtained value is in fair agreement
with the one obtained from the magnetic spectrometer when its capturing angle
is taken into account.

An unexpected influence of the target hole diameter on the fast electron kinetic
energies and the electron divergence was observed. The experiments performed
so far have been unable to determine the underlying physics of this effect and
further investigation is needed in order to understand the peak in the electron
spectrum. It is important to note that, due to restrictions in foil manufacture, it
is common to use target holders with even smaller hole diameters [56], and usually
no mention is made of this parameter.

7.2.3 Discussion of the Fast Electron Spectrum

In Ref. [56] electron spectra from different laser systems and from ultrathin foils
were compared and significant differences were found, which could not be at-
tributed to a specific experimental parameter. The experiments presented here
4Experiments were performed by M. Schnuerer and D. Sommer
5Calculated with NIST database estar [101]: In order to reach the IP, electrons had to pass a
30 µm Al foil and a 1mm plastic acryl plate. This is possible for electrons with kinetic energies
above 0.3MeV. To account for the particle number, the detection efficiency of the IP plate was
assumed to be independent of the particles energy, in accordance to Ref. [81, 82].

6The measurement used a target holder consisting of two steel hole-plates with a width of
0.5mm each. The foils were placed at the front of the first plate, hence electrons emitted from
there had to pass through a tunnel of 1.0mm.
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made progress towards the classification of the parametric dependencies of the
electron spectra, but further investigation and theoretical discussion is needed to
explain some ambiguities in the results and to extract the emission process.

The electron spectrum is affected by various parameters. The effects are seen
either in Ne or f(Ekin). In order of importance: the laser energy and the laser
contrast; the influence of the laser intensity due to small displacements of the
focal plane on the target; the target thickness; and the influence of the target
holder.

A scaling of Ne and f(Ekin)max with the laser energy was shown for otherwise
fixed parameters, which in a rough approximation is ∝

√
EL and hence, similar

to the scaling from the ponderomotive potential and the electrons’ quiver veloc-
ity. However, this interpretation can not be definitely concluded upon, since the
spectral distribution seems to be manipulated by the target hole diameter. This
observation was an unexpected result, which needs further investigation, since it
hinders interpretation of the emission process and the construction of the the-
oretical models. In addition, the emission by the ponderomotive force predicts
a change in the particle number and kinetic energy dependent on the detection
angle, since the force is related to the spatial gradient of the laser intensity. In
agreement with the investigation in [56], no spatial dependency of the fast electron
spectral distribution was found (cf. Fig. 7.3 and in the following). This stands in
contrast to the electron spectra obtained in the specular direction with an oblique
laser incidence angle in Ref. [65, 107] and shows that there is a difference in the
underlying mechanism. Furthermore, in Ref. [107], a peaked spectral distribution
was seen for fast electrons that were detected in the laser reflection direction,
where the laser was at an oblique angle of incidence to solid state targets. In that
work, a much higher kinetic energy, with respect the laser parameter used, was
obtained for f(Ekin)max than the ones here and in Ref. [56]. It was attributed to
the VLA process (cf. Section 7.1) and exhibited a distinct spatial dependence.
Hence, the VLA process can not explain the spectral distribution obtained here.

A clear dependence of Ne on the laser contrast was found, with significantly
less fast electrons emitted for the ultrahigh laser contrast condition. In contrast,
no significant dependence of the fast electron spectral distribution on the laser
contrast was seen. Since the laser transmission through the target is different
for both contrast conditions (cf. Section 6.4), it was expected to find an affect
on the kinetic energies of the electrons [17, 56, 65, 109]. In consideration of the
fundamental processes of the electron acceleration from dense laser-plasmas in the
laser propagation direction, an interesting observation was made: The difference
in the plasma properties induced by the laser contrast restricts the ejection of
fast electrons but provide a similar gain for the kinetic energies. This finding
can not be explained by the single particle picture and has to be discussed using
macroscopic laser-plasma models. In Ref. [65] an enhancement of the number of
fast electrons was just recently reported for the case of a longer rise of the plasma
density. The experiments detected electrons in the specular direction with an
oblique incidence angle on a thick solid state target. A longer scale length of the
plasma density gradient was introduced with the help of a low intensity pre-pulse.
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The effect was confirmed in PIC simulations, and although a similar method was
applied to increase the electron number in Ref. [107], the underlying mechanism
is yet not fully derived. Summarizing Ref. [17, 65] briefly, the emission of fast
electrons from the laser field and the plasma potential is considered to occur in
the skin depth, ls (cf. Sections 1.4, 2.2 and 6.4), at the plasma boundary, in an
interplay between the laser field and the potential coming from the restoring force
of the ions. In the PIC simulations in Ref. [17] this interplay induces anharmonic
plasmon excitations in the skin layer of the plasma, which leads, among other
things, to the ejection of electrons. The efficiency of the ejection is found to
be highly dependent to the length of the plasma density gradient, since it can
fulfil resonance conditions between the laser field and the plasma frequency. Both
publications refer to an oblique incidence angle and this situation is difficult to
transfer to the case discussed here, since the laser field is parallel to the plasma
boundary (in Section 2.2). More work is needed to develop an analytical model
that can explain this process in detail and that can be applied to the case of a laser
interaction at thin foils and electron emission in the laser propagation direction.

The investigation further showed that the electrons’ spectral distribution chan-
ges little over a large range of the target thicknesses. A change to lower kinetic
energies only set in for significantly thicker targets (D>10 × ls). This indicates,
at first glance, a connection between the gain of kinetic energy and the laser
transmission through the target (cf. Section 6.1), but contradicts the following
results: Firstly, no differences in the electron spectra, corresponding to changes in
the position of the spectral peak, appeared if the optimum regime for the RPA-
like ion acceleration is entered in agreement to Ref. [56]. Secondly, in spite of the
change in the total electron number, comparable spectral characteristics resulted
for the lower contrast condition and therefore for the case of a pre-heated target
that enabled a higher laser transmission. Whether energy loss processes in the
plasma need to be considered for thicker targets and if a strong transient laser
field induces a higher probability of ejecting the electrons at high kinetic energies
remain topics for further investigation.

7.3 An Amplified Electron Spectrum

Recent theoretical publications [109, 114] suggested the use of a target system
consisting of two ultrathin foils (F1 and F2) separated by a distance of w. This
method was predicted to enhance the amount of emitted fast electrons in the
following way: A single electron interacting with an ideal laser pulse comes to
rest or its initial velocity after the decay of the pulse envelope (cf. Section 1.2).
It does not gain energy from the interaction, unless additional conditions such
as, e.g., a spatial gradient of the laser pulse intensity, are fulfilled. For a two foil
target system, consisting of ultrathin foils, and small values of w, the transmitted
laser light is strong enough to ionize the second foil. If, due to this ionization, the
electron density reaches ne(F2)> nc during the laser pulse duration, the second foil
is opaque for the laser light (cf. Section 1.4), while the target remains transparent
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Figure 7.4: Comparison of electron spectra detected for single and two foil configura-
tions. The grey shaded area indicates the uncalibrated, with respect to Ne, part of the
spectral range of the detector screen. a): For comparable foil thickness and two different
values of EL: F1 and F2 a (95± 5)nm PVF foil. The black and blue curve corresponds
to EL = 1.8 J, the green and pink curve to EL = 1.4 J. The two foil experimental setup
is illustrated in the insert. b): Electron spectra from the double foil configuration with
the first foil of (35± 2)nm and a second foil of (90± 3)nm, with EL = 1.7 J.

to fast electrons. This can cause the electrons to become decoupled from the
transmitted laser field that would otherwise decelerate the electrons when the field
envelope declines [108]. These conditions could be fulfilled for those electrons that
leave the first foil with a kinetic energy of a few MeV, which are then overtaken by
transmitted laser pulse and reach the second foil before the end of the laser pulse.
This would allow electrons to escape the decaying laser field envelope and therefore
keep the energy gained from the field. From simple kinematic consideration, with
the foil separation used here and no further acceleration of the electrons, only
electrons from the early laser cycles reach the second foil while the transmitted
light pulse is still there. The laser transmission values obtained in Chapter 6.4
for the laser at the HC condition, reached of up to 8%, enabling an intensity of
∼ 1016W/cm2 on a second foil at a distance of w = 500 µm from the first foil.
This is high enough to efficiently ionize it. The two foil target configuration used
is depicted in Fig. 6.11 and Fig. 7.4. In the experiments, electrons were detected
using the spectrometer configuration III and an applied laser field strength of
a0 ∼ 6 at HC condition.

Comparison of electron spectra measured for the single foil (F1) and the two
foil (F1F2) configurations shows an amplification of the electron number, A(Ne),
with the addition of the second foil. Certain general patterns were observed in the
comparison between single and double foil measurements over the 22 experimental
runs and in total 167 measurements. The double foil target configuration always
led to a similar change in the spectral distribution and the integrated electron
number, Ne, was higher in 80% of the cases and as high in the rest. In the
detection range of (0.1 − 7.5)MeV, A(Ne) reached up to a factor of ∼ 1.5. Two
basic examples are presented in Fig. 7.4. It can be seen that both single and
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Figure 7.5: Raw image of the detector screen of the electron spectrometer with the
multi-pinhole setup. The deflection in the y direction is in agreement with the emission
angle from the target. Corresponding evaluated spectra for traces are shown for 0◦, +4◦

and +8◦. Note, no subtraction of the background signal was performed, leading to the
high signal in the low energetic part of the spectra.

double foil spectra show qualitatively similar distributions, however, a significant
enhancement is seen in the vicinity of the peak structure with the addition of the
second foil. ANe in respect to the full detection range reaches a factor of 1.3 for
both foils at a thickness of ∼ 100 nm. The amplified spectral distribution exhibits
a FWHM ∆E/E = 0.4 at f(Ekin)max = 1.1MeV, which in the case of the single
foil configuration is about f(Ekin)max = 1.1MeV with a FWHM ∆E/E = 1.2.
Note, that the scale of the y-axis in Fig. 7.4 was chosen to be linear in order to
reveal the details. ANe was about a factor of 1.5, when using a 35 nm plastic foil
for F1 and a 90 nm for F2, as shown in Fig. 7.4 b). In conclusion, a separated
second foil, placed at a distance of 500 µm, remarkably enhanced the number of
electrons in a small spectral range.

7.3.1 Momentum dependent Focusing

To exclude strong magnetic lensing in the electron beam due to fringe fields from
the spectrometer magnet (cf. Section 5.8) or the target holder, or even from the
interaction of the electron with the second foil, a multi-pinhole was introduced
into the setup. A raw image of the electron detector screen and the corresponding
evaluated spectra is shown for the two foil configuration in Fig. 7.5. The pinholes
collected particles at 0◦, 4◦ and 8◦ half angles from the target normal. The de-
tection angle from the target was well reproduced by the deflection of each trace.
The integrated electron signal showed, for each detection angle, an amplification
of Ne with the addition of the second foil, comparable in amount, spectral range
and deflection direction. The detected enhancement of the electron numbers is
spectrally comparable for all detection angles and hence, did not indicate a mo-
mentum dependent focusing due to spatial gradients of magnetic fields, nor a
spatial dependency of the electron spectrum 7.

7This is also valid for the electron spectra obtained from a single foil, which was tested in the
same configuration, but is not shown here.
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7.3.2 Areal Dose and Divergence of the Electron Beam

Figure 7.6: The raw image of the IP plate after being exposed to electrons from
laser interaction with a target hole diameter of 0.6mm for the single and two foil target
configurations. Both PVF foils had a thickness of (87 ± 4)nm. The corresponding
spectral distribution from the magnetic spectrometer is shown. The light blue shaded
area indicates the uncalibrated spectral range of the detector screen.

The double foil configuration was investigated with the IP measurement method.
This method was introduced in the previous section and described in (cf. Sec-
tion 5.6.2). A hole in the IP, 6mm in diameter, on the laser propagation axis
enabled a concurrent measurement with the magnetic spectrometer in configura-
tion III. The following results are based on 4 experimental runs and in total 10
measurements and aimed to test the electron enhancement effect as a matter of
principle. The results for a single and double foil target are compared in Fig. 7.6.
The laser was applied at an field strength of a0 = 6.5 (2 J on target, HC), the
target hole diameter was about 0.6mm and both foil thickness were 87 nm. From
the single foil measurement the IP detected an integrated dose of Ne = 0.6×109 8.
The number is within 30% in agreement with the corresponding results obtained
from the magnetic spectrometer with respect to its capturing angle. In the pres-
ence of the second foil, small inhomogeneities appeared in the electron profile and
the integrated signal reached a significantly higher dose of about Ne = 1.7× 109.
In comparison to the single foil, an amplification of about A(Ne) > 2.5 was ob-
tained, while the concurrent measurement of the magnetic spectrometer detected
a much smaller value of about A(Ne) = 1.3. Although up to here, a comparison
between the detection efficiencies of both methods is unknown and requires fur-
ther investigation, the IP measurement confirmed an amplification in dose for a
two foil target configuration.

In the previous section, the confinement of the electron beam for this size of
hole diameter was found. To exclude beam focusing effects, e.g. by strong fields
8The error of the measurement is assumed to be 15%.
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Figure 7.7: The raw image of the IP plate after being exposed to electrons from
laser interaction with a target hole diameter of 2.0mm for the single and two foil target
configurations. Both PVF foils had a thickness of (84 ± 4)nm. The corresponding
spectral distribution from the magnetic spectrometer is shown. The light blue shaded
area indicates the uncalibrated spectral range of the detector screen.

on the hole boundary, the experiment was repeated using a target holder with
holes 2.0mm in diameter. The measurement (at HC condition, EL = 2 J and
two 84 nm PVF foils) is shown in Fig. 7.7. The integrated signal from the IP
delivered a smaller amplification of A(Ne) = 1.6 with the addition of the second
foil. The difference in the spectral distribution in comparison to Fig. 7.6, was
already discussed in the previous section and caused by the holder’s diameter.
No amplification was detected from the concurrent spectrum recorded by the
magnetic spectrometer for this measurement. A closer look at the spatial profile
and the region where the magnetic spectrometers was located indicates that the
spatially inhomogeneous distribution might have lead to this result.

7.3.3 Target Thickness and Spectral Distribution

It was shown in the previous section that the addition of a second foil enhances
the number of electrons detected in a spectral region around the maximum,
f(Ekin)max, of the spectral distribution obtained from a single foil. The question
that naturally arises is, does the spectral distribution from the first foil deter-
mine the spectral the double foil spectral distribution? In the previous section,
e.g. Fig. 7.1, the spectral distribution of emitted electrons changed with the use
of thicker target foils. This can be seen Fig. 7.8, where a remarkable change
of f(Ekin)max towards the low energy range is seen, for the electrons detected
from a PVF foil thickness of 430 nm. The applied laser field strength was about
a0 = 6.5. The distribution maximum is seen at 0.3MeV from the 430 nm foil,
and at 1.7MeV for the 90 nm foil in the same experimental run. The integrated
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Figure 7.8: a) Electron spectra detected for the single and two foil configurations
with PVF foil thicknesses of F1 = (90 ± 3) nm and F2 = (430 ± 20)nm using a target
hole diameter of 0.6mm. The foil order in the two foil setup was reversed by turning
the target. The difference this introduces in terms of the target holder construction is
schematically illustrated in b). The grey shaded area indicates with respect to Ne the
uncalibrated, with respect to Ne, spectral range of the detector screen.

electron number is higher for the thicker foil: Ne = 0.7 × 107 for the single foil
and Ne = 1.2× 107 from the double foil. The direct comparison between the two
foil arrangements was enabled by turning the target and is shown in Fig. 7.8 b).

In the double foil measurement with the arrangement, D(F1)= 90 nm and
D(F2)= 430nm, in Fig. 7.8 the spectral maximum of the corresponding single
foil measurement is strongly enhanced, while the particle number of high energy
electrons above 2MeV declines. The same number of electrons was obtained as
from the single foil configuration, but with a difference in the spectral distribution.
For reversed arrangement, a strong enhancement of the distribution maximum at
0.3MeV is detected, while particle numbers above 0.9MeV decline. In comparison
to the number obtained from the single foil configuration, the relative increase is
about ANe = 1.3.

In both cases with the second foil, more electrons are detected in the spectral
range that corresponds to the spectral maximum of the electron distribution from
the first foil. When the electrons passed through the thicker second foil, ANe
is smaller compared to the case of passing through a thinner second foil. These
observations are based of in total 11 measurements and at least each combination
was measured two times. It has to be mentioned, that turning the target changes
the travelling length through the target holder from 1mm to 0.5mm for the
electrons that originated from the first foil. In the last section, the electron beam
was found to be spectrally shifted by the target hole diameter. Hence, it was
tested, if different the target holder arrangement lead to the spectral redistribution
observed here. This was done in additional experiments and no difference in the
electron spectra with turning the target was found. Corresponding measurements
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are shown in Appendix Section A.2 and A.2.

7.3.4 Discussion of the Electron Amplification

A target configuration consisting of two separated foils revealed a new effect: An
enhancement in the quantity of the fast electrons emitted. These enhanced elec-
tron spectra are comparable in the divergence, in the spatial spectral distribution
and in the spectral characteristics to the one measured with the single foil config-
uration. This excluded a momentum dependent focusing as a source of the effect
in the spectral range discussed. The higher quantity of electrons was detected in
a spectral range that corresponds approximately to the spectral maximum of the
electron spectrum emitted from the first foil. This could be an indication that
the higher electron number detected for a double foil configuration is not emitted
from the second foil and originates from the first foil. This interpretation is close
to the one suggested by the model in Ref. [109], which explained an enhanced
electron ejection from the transient laser field by the addition of the second foil,
since the second foil inhibits the deceleration of the electrons by the declining
laser field envelope. The amplification effect, as well as, the fast electron emission
process is complex regarding to the kinematics of emitted electrons by interaction
the transmitted laser pulse. The decoupling between laser field and electrons has
to be discussed in a sub laser cycle model, with regards to the question of how it
affects the deceleration process for an electron distribution that consists of elec-
trons with different velocities, emission times and phase relations to the laser field.
This is the subject of the ongoing cooperation with A. A. Andreev and recently
performed PIC simulations. The next step (prompted by the theoretical sugges-
tions of Ref. [109]) was to see if this amplification effect is related on the optical
properties of the second foil, which then gives a connection to the transmitted
laser light. This is presented in the next section, where a counter-propagating
laser pulse was used to pre-ionize the second foil.

7.4 Electron Spectrum from a Two Laser Pulse
Experiment

In the previous Section 7.3 an amplification in electron number (ANe) was de-
tected by using a two foil target and the laser at HC condition. In Chapter 6.4
the transmitted laser light by the interaction with a single foil F1 was detected,
which is intense enough to ionize a second foil F2 even at a distance of 500 µm. If
the discovered amplification effect, as suggested in Ref. [109], is a consequence of
the decoupling between the transient laser field, the effect should be determined
by the optical properties of the second foil. In order to test, in a basic approach,
if this effect can be attributed to a transient laser field, first, an experiment was
performed, which investigated how the electron spectrum was influenced if there
was a second laser pulse simultaneously at the target’s backside with an intensity
similar to the transmitted laser light. Second, it was tested if the amplification
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Figure 7.9: a) and b): Definition of the delay time between drive and second laser
pulse (P2) in respect to the single and two foil configuration.

effect for a double foil configuration can be further enhanced by pre-heating and
pre-ionization of the second foil with the help of a second laser pulse.

The experiments used a two laser pulse setup in a counter-propagating ar-
rangement, which is illustrated in Fig. 7.9 a) and b) for a single and two foil
configuration, respectively. The corresponding setup refers to Fig. 5.5, the char-
acterization and inherent properties are described in detail in Section 5.4. In this
setup, the drive pulse had an intensity of IL = 7 × 1019W/cm2, and the second
pulse (P2) of up to IP < 1×1018W/cm2. The drive and the P2 pulse were linearly
polarized and the P2 pulse was chosen to be perpendicular to the drive pulse. This
polarization was chosen to support a simultaneous measurement of the backscat-
tered XUV spectrum, which is presented in Section 8.2.1. The temporal overlap
between the two laser pulses measured with an uncertainty of about ±0.3 ps, while
a delay with step size of 0.1ps could be set. The actual temporal overlap was
assumed to be at a fixed time within the given uncertainty, which could lead to
a constant offset for the delay values for each experimental run. Electrons were
detected within a capturing angle of 6×10−6 sr in the propagation direction of the
drive pulse. Details about the spectrometer used (configuration IV) are described
in Section 5.6.2. Compared to the previous spectrometer configurations, this
one had a lower spectral range, resolution and dynamic range. The spectrome-
ter remained uncalibrated with respect to the electron number. All measurements
used the HC condition, since the number of emitted electrons from UHC condition
was too low for the spectrometer’s dynamic range (cf. Section 7.2.1). Owing to
the high complexity of the experiment, the results shown are based on relatively
poor statistics: 7 experimental runs and in total 63 measurements for the vari-
ous parameters: single and double foil configuration, single and two laser pulse
interaction at different delay times and different intensity levels for the P2 pulse.
They have to be considered as a first approach.

7.4.1 Single Foil and Two Laser Pulse Interaction

The experiment tested the following situation: the P2 pulse is propagating in the
opposite direction to the electrons that are accelerated by the drive pulse. The
P2 pulse is focused on the foil’s back side with an intensity that is assumed to be
equivalent to that of the laser transmission for the drive pulse (cf. Section 6.1).
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Figure 7.10: a): Electron spectrum detected in the counter-propagating two laser pulse
experiment by using single PVF foil targets with a thickness of (85± 4)nm at different
intensity levels IP of the P2 pulse. b): Electron spectra detected from the two foil setup
at different delay times and intensities of the second counter-propagating laser pulse.
Foils F1 and F2 were from PVF and each had a thickness of (85 ± 4) nm. The second
foil was placed at a distance of 500 µm and the target hole diameter was about 0.6mm.
Two double foil reference measurements, without using P2 pulse, are shown. Electron
numbers are given in arbitrary numbers and are comparable in a), b) and are taken from
the same experimental run.

A complex interplay is expected due to the interaction of the P2 pulse with both
the ejected electrons and the transmitted laser pulse. All possible scenarios are
strongly connected to the intensity of the P2 pulse and the temporal relation
between transmitted laser pulse and electrons. Due to the divergence, this in-
tensity differs significantly in the range of 100 µm. With the uncertainty for the
temporal overlap, pre-, simultaneous or post-acceleration can not be clearly dif-
ferentiated. Nevertheless, in order to test this principle and to complement the
following results for a two laser pulse and double foil interaction, the experiments
investigated, if and how a second laser pulse influences the electron spectrum for
a single foil target interaction close to the temporal overlap.

No electrons were detected in the propagation direction of the drive pulse
with the sole application of the P2 pulse in an intensity range of 1016 < IP <
1× 1018W/cm2. An example is shown in Fig. 7.10 a) and shows no electrons in
the detection range from 0.9MeV to 4.1MeV. For the two laser pulse interaction,
the P2 pulse introduced a redistribution in the kinetic energies of the electrons,
while the number of electrons in the spectral range of this spectrometer did not
differ significantly. This can be seen for different intensity levels of the P2 pulse
in Fig. 7.10 a). Here, a target holder construction with 0.6mm diameter holes
and a PVF foil thickness of 85 nm was used. For all values of IP , Ne exhibited a
decreased particle number for kinetic energies below 1.5MeV, and a peak in the
electron spectrum at slightly higher kinetic energies. Dependent on the applied
intensity of the P2 pulse, this peak was observed at different kinetic energies. Due
to the uncertainty in the temporal overlap, this effect can either be introduced by
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pre-heating of the target, a two laser pulse interaction at the temporal overlap or
a post-interaction of the electrons with the second laser pulse. Redistributions in
the kinetic energy and a small reduction of Ne were found in all of the 15 mea-
surements in total, obtained in 7 experimental runs, for different delay times and
values of IP . The effect on the electron spectrum is complex, which can be seen
by additional examples for different delay times in the Appendix Section A.12.

The method hold promise as an interesting experimental technique to examine
the influence of de- and acceleration of fast electrons in a transient laser field. For
the double foil experiments, a minor influence on the particle number and a smaller
effect on the spectral distribution might be expected for the P2 pulse interacting
with the second foil and with electrons arriving there from the first foil.

7.4.2 Double Foil Target and Two Laser Pulse Interaction

In the same experiment, measurements using a double foil target were performed
to answer the question, can the found enhancement of the fast electrons from a
double foil target be further maximized by pre-heating and pre-ionizing the second
foil shortly before the emitted electrons and the transmitted laser pulse arrive.
Fig. 7.10 b) depicts electron spectra from a two foil configuration for different
applied delay times and different values of IP , which consisted of two 85 nm PVF
foils, which were separated about w = 500 µm. In comparison to the reference
measurement (drive pulse only, double foil), in the presence of the second laser
pulse, a significant increase of Ne commenced. In Fig. 7.10 this can be seen for
delay times of ∆tP = −0.7 ps, 0ps and +0.7 ps and for an intensity range from
IP = 6 × 1015W/cm2 to 8 × 1017W/cm2. With respect to the travelling time
of light for the distance w, for all of these delay times, the P2 pulse pre-heated
the second foil. A additional measurements from the same experimental run are
given in the Appendix Section A.12.

In Section 7.3, ANe described the relative amplification of the integrated elec-
tron number between the double foil and single foil target configuration and for
a single laser pulse interaction. In the following, all results concerning the in-
tegrated (over the full detection range) electron signal are given relative to a
measurement using the single laser pulse on a double foil configuration. The rel-
ative value will be called A∗Ne. Evaluated values of A∗Ne for various delay times
and intensity levels of the P2 pulse are summarized in Fig. 7.11. It combines
measurements of 5 experimental runs and gives a basic impression of how much
the second laser pulse influences the amplification effect. Up to A∗Ne ∼ 3 was
obtained when the P2 pulse illuminated the second foil with an intensity range
from IP ∼ 1 × 1016W/cm2 to IP = 1 × 1018W/cm2, several ps before the drive
pulse arrived at the first foil. For IP = 6 × 1016W/cm2 an amplification of the
electron numbers was observed when the second foil was pre-heated in the time
interval between the interaction of the drive pulse with the first foil, until the
transmitted light arrived at the second foil. Higher values of IP did not lead to
a higher electron number for this time interval. By applying P2 at an intensity
of IP ∼ 1018W/cm2 at the time when the transmitted light of the drive pulse



106 Electron Spectrum from Laser Interaction with Ultrathin Foils

Figure 7.11: a): Relative detected amplification of the electron numbers A∗
Ne from

a two foil setup (D(F1)=D(F2)=77 nm) with respect to the delay ∆tP of the counter-
propagating second laser pulse at different intensities IP . ANe∗ is given relative to the
integrated Ne detected from the drive pulse and two foil target configuration, using the
same experimental conditions. Black vertical lines corresponds to the travelling time of
light for the distance between foils F1 and F2. Different intensities IP of the probe pulse
are indicated by different colours and are given in respect to F2. b): Schematic sketches
illustrate the relation between target position and the definition of the probe pulse delay
in time. ∆tP = 0 is defined as the virtual overlap of drive and P2 pulse on target F1.
With F2 placed at 500 µm behind F1, at ∆tP = 0 the probe pulse has already interacted
for 1.7ps with F2, before the transmitted light from the drive pulse arrives at F2. A
smaller delay (c) pre-ionizes F2 even earlier. At ∆tP = +1.67 ps the transmitted light
from the drive pulse is coincident with the P2 pulse on F2 (b). Longer delay times means
P2 arrives after the interaction of the drive pulse on F2. Note, that the "transmitted"
laser light for the P2 pulse is only shown for an intuitive understanding of the relation
between the two pulses.

arrived, an amplification of up to A∗Ne = 1.6 was measured. The same result was
obtained for the interaction of the P2 pulse with F2 some ps seconds after the
transmitted light had already reached F2, if IP was smaller than 6×1016W/cm2.
For the P2 pulse at a higher intensity and at a time after the transmitted light
of the drive pulse had interacted with the second foil (∆tP > 1.7ps), a relative
reduction in Ne commenced. This result indicates that either a de-acceleration or
deflection of the emitted electrons by the P2 pulse takes place.

7.4.3 Discussion of the Electron Spectra from a Two Laser Pulse
Experiment

The experiment showed that the increase in the electron number emitted from a
double foil target could significantly raised if the second foil was pre-heated by a
weaker pre-pulse (IP < 1017W/cm2). Comparing the electron number detected
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for the single laser pulse and the single foil interaction with the case of a two laser
pulse and two foil interaction, one can derive an amplification of ANe ∗ A∗Ne >
5×Ne with respect to the detection range used here. The spectral distribution of
the enhanced electron spectra exhibited different spectral features dependent on
the applied delay time and intensity of the second laser pulse. A redistribution
of the electrons’ kinetic energies was observed for a single foil and two counter-
propagating laser pulse interaction when the second laser pulse interacted close
to the temporal overlap. The details of the interplay between both pulses and
the ejected electrons require further investigation in order to determine if the
redistribution effect can be attributed to a strongly pre-heated plasma boundary
or a simultaneous interaction of the two laser pulses at each plasma boundary or
post-acceleration processes.

Nevertheless, the results from the pre-heated double foil configuration gave
strong evidence that the underlying mechanism of the electron amplification ef-
fect is determined by the properties of the second foil. Pre-heating of the target
leads to ionization, but as well to pre-heating of the electron temperature and
an expansion of either the whole target or the scale length of the plasma density
gradient. Whether this effect can be fixed to the optical properties of the sec-
ond target and thus, can be explained by a decoupling between ejected electrons
and the transient laser field, according to [109], is the objective of an ongoing
investigation with A. A. Andreev.

7.5 Conclusions on the Fast Electron Spectrum

Characterization of the Fast Electron Spectrum

This section studied the fast electrons emitted from a relativistic laser-plasma
interaction with ultrathin foils in the laser propagation direction. The electron
spectrum was found to be sensitive to small variations of the experimental param-
eters. The results examined dependencies of the electrons’ spectral distribution
and their particle number on various involved parameters, such as the laser con-
trast, the laser energy and intensity, the target thickness and the target hole
diameter. The spectral distribution of fast electrons detected from ultrathin foils
exhibited a maximum in the kinetic energy range of 0.8–1.7MeV. The value is
close to the theoretical calculation of ponderomotive potential for the laser pa-
rameters used. A strong dependency on the applied laser energy of the amount
of emitted electrons and of the position of the electrons’ spectral maximum was
shown. For otherwise fixed parameters and in a rough approximation, the kinetic
energy of the spectral maximum scales with ∝

√
EL, which would be in agreement

to the scaling for an emission by the ponderomotive force. But, the experiments
also found indications that this spectral maximum is dependent on the target
thickness and the hole diameter of the target support used. Hence, these findings
hinder a simple interpretation and further interdependencies have to be taken
into account. Nevertheless, a significant difference in Ne with change of the laser
contrast condition was demonstrated in a comparison between high and ultra-
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high laser contrast at otherwise fixed parameters. An one order of magnitude
smaller electron number was detected for the ultrahigh laser contrast than for the
lower contrast condition. The similarity of the spectral distribution for both laser
contrast conditions is one of the most interesting findings. The property of the
plasma boundary makes a difference for the efficiency of the fast electron emission
process, but the maximum strength of the acceleration is independent of it. The
smaller quantity of fast electrons obtained with the ultrahigh laser contrast corre-
lates to a more efficient ion acceleration (cf. Section 6.2) for the parameter range
discussed and in comparison to the lower contrast condition for a corresponding
target thickness. From this one could conclude: The higher laser contrast, and
hence, a steeper and unheated plasma boundary, inhibits significantly the elec-
trons escape from the laser and plasma potential and enables a more efficient ion
acceleration. Overall, the investigation showed that the fast electron spectra is
a highly sensitive indicator for various parameters. Since the experimental re-
sults in general, and the electron spectra in particular, differ significantly when
obtained using different laser systems, the spectrum of fast electrons discloses a
potential to become a new method to complement and to refine existing methods
for the comparison of laser parameters, as e.g. the laser energy/intensity, the
pulse duration and the basic laser contrast. Further comparative measurements
are necessary to derive a scaling, and a more detailed understanding of how the
features found in the electron spectra correlate to the related parametric inter-
dependencies. In addition, the discussion of the results with respect to recent
publications [17, 56, 65, 107] illustrated that the fundamental problem of how the
electrons are ejected from the laser field and the plasma potential needs further
experimental and theoretical investigation.

Manipulation of the Fast Electron Spectrum

The experiments investigated, how does the interaction of two counter-propagating
laser pulses at a single foil affect the fast electron spectrum. A second laser pulse
was applied with an intensity range from 6 × 1016W/cm2 to 8 × 1017W/cm2

and propagated in the opposite direction to the foil. In a first basic approach,
the experiment found indications that the spectral distribution of the fast elec-
trons could be changed when the the second laser pulse was applied close to the
temporal overlap. Since the influence of a transmitted laser pulse on the fast elec-
trons, is a fundamental question [17, 56, 109], this setup could be used for further
investigations regarding the affect of a pre-heated target, a post-acceleration or
deceleration in transient laser fields.

Amplification of the Fast Electrons Emission

An amplification of up to a relative value of 1.5 of the total electron numbers in an
energy range of 0.1–7MeV was revealed by applying a second separated target foil
at a distance of 500 µm. Further investigation examined the effect and aimed to
find evidences on whether the underlying mechanism is an emission process at the
second foil, or, as suggested by Ref. [109], a consequence of a decoupling between
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transient laser field and ejected electrons from the first foil that would otherwise
suffer from deceleration. First it was shown that the spectral distribution from the
double foil interaction is enhanced in a specific spectral range, which is determined
by spectral characteristics of the electrons emitted from the first foil. Second, this
amplification effect was significantly maximized by a pre-heating of the second
foil with an additional pre-pulse at the foil’s back side. This demonstrated that
a higher amount of detected fast electrons has to be attributed to the properties
of the second foil and indicates that they originate from the first foil. Further
investigation is required to resolve why this effects leads to more electrons in the
energy range that corresponds to the maximum of the electron spectra detected
from laser and single foil interaction. This question can not be answered from the
experimental observations and needs a confirmation by either PIC simulations or
an analytical model that describes in detail the electron ejection and acceleration.
For the spectral range of 0.9–4.5MeV an amplification of approximatly 5 in Ne

relative to the number obtained from the single foil interaction was reached for the
laser at the high contrast condition and a double foil target that was pre-heated
with the help of the second laser pulse.
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8 XUV Emission from Laser Interaction
with Ultrathin Foils

In this chapter the XUV radiation emitted from laser interaction with ultrathin
foils is investigated and complements the examination of concurrent laser-plasma
processes. The investigation demonstrates how to correlate the results of the ion
and electron acceleration, presented in Chapter 6 and 7, to features in the detected
XUV spectrum. The collective electron dynamics are imprinted on the XUV
spectrum, allowing one to distinguish between incoherent and coherent radiation
emission, and to determine the laser to plasma energy conversion and the plasma
temperature.

The coherent XUV radiation corresponds, in this context, to the high har-
monic radiation (HH) and is emitted when a ultraintense laser pulse interacts
with a steep plasma boundary. The HH emission from dense laser-plasmas is a
promising brilliant light source, since its maximum frequency and the number of
photons emitted scale with the laser intensity [4, 6]. This was a subject of intense
investigation over the last few years [24, 47, 68, 112, 115–118]. These studies
focussed on HH radiation emitted from bulk targets and detected in the laser
reflection direction. However, the spectral characteristics of the HH radiation
emitted from ultrathin foil targets in the direction of the laser propagation differ.
Little has been reported about this particular case [40, 63, 112, 119], the under-
lying emission process is not fully understood and needs further investigation.
The approach taken here was to investigate how a manipulation of the plasma
pre-condition affects the high harmonic emission process. The manipulation was
performed with the aid of a controlled pre-pulse. In addition, an alternative way to
obtain brilliant, coherent XUV radiation from relativistic laser-plasma interaction
was investigated: In a two laser pulse interaction at ultrathin foil targets, the prin-
ciple of laser backscattering from a relativistic electron bunch was tested [55, 57,
120].

Chapters 6 and 7, demonstrated that the laser-plasma dynamics were highly
dependent on the properties of the plasma boundary, which in turn was affected
by the laser contrast condition, leading to significant differences between experi-
mental results for ion and electron acceleration. Complementary, the XUV ra-
diation, that is emitted in the laser propagation direction, is characterized in
Section 8.1 for a single laser pulse interaction for different laser contrast condi-
tions.

111
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Section 8.1.2 gives a summary between the models, which describe the high
harmonic emission process in connection to the experimental results.

The experiments tested relativistic backscattering for a strong laser pulse from
laser accelerated fast electrons, as suggested in the relativistic mirror model in
Section 4.3. A relativistic electron bunch can be accelerated by the interaction
of a laser at relativistic intensity with an ultrathin foil target and can serve as a
reflecting mirror for a second laser pulse that propagates in the opposite direction.
The reflected light is predicted to be significantly changed in frequency [120] due to
a relativistic doppler shift [37] and promises a new mechanism to obtain brilliant
XUV pulses. The experiment tested if this idea is realizable for the parameter
range provided by the experimental setup used for this work. Section 8.2 shows
how the XUV spectra is affected when two laser pulses, in a counter-propagating
setting, interact at the same time with an ultrathin foil.

Section 8.3 investigates how a controlled pre-pulse and hence, a concerted
manipulation of the pre-plasma, affects the HH emission from ultrathin foils. The
target density and the length of the plasma density gradient significantly deter-
mines the efficiency of HH emission [5, 24, 68] and with this method a significant
enhancement is demonstrated. The experiments examine the parametric depen-
dencies for this effect and reveal a new and promising controllability of the high
harmonic emission efficiency.

8.1 XUV Emission at Different Laser
Contrast Conditions

The laser contrast is the fundamental parameter determining the characteristics
of the XUV radiation emitted from the laser-plasma interaction. This is explained
by the well known dependency of the HH emission process on a rather steep (<
µm) and specific rise of the plasma density [4, 24, 55, 116]. A steep plasma
boundary is not fulfilled for the lower laser contrast condition (HC), as already
discussed in the results for ion and electron acceleration in Sections 6.1 and 7.2.
In the following, the models for the HH emission process from ultrathin foils are
discussed with respect to the experimental results and with reference to the laser
contrast. The findings are based on 17 experimental runs.

8.1.1 The Incoherent XUV Spectrum

The XUV radiation from the laser interaction with a single foil target was detected
in the laser propagation direction (αL = 0◦) at HC and UHC conditions with the
help of a transmission spectrometer (cf. Section 5.6.3). Typical XUV spectra
are shown in Fig. 8.1 for an applied laser field strength of a0 = 6.5, 5.5 and for
the HC and UHC, respectively. With the lower laser contrast, the detected spec-
trum consists of an incoherent Bremstrahlung radiation and some discrete lines
of plasma radiation [121] that are dependent on the target material used [75] 1.
1A more detailed classification considering oxygen and carbon line radiation can be found in [53].
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Figure 8.1: The XUV radiation detected in the laser propagation direction by a single
laser pulse interaction with single foil targets of different compositions and for the laser
at either high (HC) and ultrahigh (UHC) contrast condition. Some plasma lines are
identified. In the case of the UHC condition, high harmonic radiation appears up to an
order of N= 14.

No harmonic emission was observed for this laser contrast condition. Pre-heating
of the foil by the pre-pulses and the rising laser intensity level (cf. Section 5.2.1)
disturbs the HH emission due to a longer scale length of the plasma density gra-
dient [24] and possibly due to a higher electron temperature. The incoherent
radiation is assumed to be emitted on a timescale longer than the laser-plasma
interaction, due to recombination processes. A high photon flux makes this ra-
diation suitable, for example, the XUV transmission spectroscopy. In particular,
similar radiation (20 nm incoherent XUV radiation) is used to characterize the
target foil thickness, as described in Section 5.5 and Ref. [70]. In contrast, for
the UHC condition, the broad, incoherent XUV radiation was detected with a
significantly decreased intensity in the spectral range between 20–90 nm. This re-
flects a difference in the plasma dynamics involved for a steeper rise of the plasma
density, enabling the emission of HH radiation. This significant lower intensity of
the incoherent XUV radiation correlates with the results in Chapter 7, where a
significantly lower number of fast electrons were detected with the laser at UHC
than at HC condition. In the same comparison, this correlates as well, to a more
efficient ion acceleration and a lower laser transmission through the target (cf.
Section 6.1 and Section 6.4).
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8.1.2 High Harmonic Radiation from Ultrathin Foils

In the following, HH radiation in the forward direction and from laser and ultra-
thin foil interaction is presented. For this particular case, the underlying mech-
anism has not been fully explained yet and few experimental results have been
reported. Hence, first, a summary of the recent discussion is given and second, the
basic characteristics of the detected HH radiation are determined and discussed.

The High Harmonic Radiation Emission Process

The CWE and ROMmodel are widely investigated and discussed for HH emission,
detected in the reflection direction, from thick solid state targets with a laser on
the target incidence angle of 45◦ [4, 5, 24, 55, 68, 116](cf. Chapter 4). HH emission
detected in the laser propagation direction from ultrathin foils and with an laser
incidence angle of 0◦ displays different spectral characteristics and the underlying
mechanism still is under discussion [18, 54, 57, 63, 112, 119]. The reason for the
ongoing discussion lies in the restrictions of the CWE and ROM model and in the
observed differences in the spectral characteristics. A well known observation 2 is
that for a relativistic laser intensity the HH cutoff, Nmax, is much higher for HH
emission detected in the reflection direction from thick bulk targets than for the
case of HH emission in the laser propagation direction from thin and ultrathin
foils.

As introduced in Section 4.1, the CWE model is based on a plasmonic ra-
diative decay inside the plasma, which is caused by a relativistic electron bunch
entering the plasma boundary. The generation of the fast electron bunch is di-
rectly connected to the Brunel absorption mechanism, which was excluded for the
laser at normal incidence (cf. Section 2.2). A similar electron bunch might be
established for the electrons’ movement in the target normal direction by the pon-
deromotive force in Equation (1.16) or the figure 8 trajectories in Equation (1.13),
however, here with a periodicity of 2ωL. According to Equation (4.2), in the
CWE model, Nmax is determined by the maximum plasma density, ne. Ref. [119]
explained HH radiation from ultrathin foils by the CWE model, since the experi-
mental results found a connection between Nmax and ne as a function of the target
thickness. It is difficult to justify the use of the simplified version of the ROM
model for the HH emission in the laser propagation direction, since one has to
consider a "reflection" of the laser in forward direction (compare Section 4.2). If
it is used, as done in Ref. [54, 63], it leads, by symmetry reasons, to only odd har-
monic numbers in accordance to Equation (4.4). In the ROM model Nmax scales
with the γ factor of the electrons’ oscillatory movement at the plasma boundary
(cf. Equation (4.5)). Hence, the CWE and ROM HH generation can be definitely
distinguished when Nmax exceeds the CWE limit. For both processes the emis-
sion efficiency is dependent on a distinct scale length of the plasma gradient [5,
24]. The CWE mechanism requires a steeper rise of the plasma density than the
emission process of the ROM mechanism. The properties of the plasma bound-

2 compare [47, 63, 68, 112, 116] and the results in this Section
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ary are determined by the applied laser contrast. As discussed before, the scale
length of the plasma density gradient is difficult to be measured (cf. Section 5.2)
and usually approximated by the use of a complex PIC simulation [63, 68] or is
derived from the experiments by the use of model dependent considerations [119].

Recent publications [112, 118] suggested a new model to explain the HH
emission from ultrathin foils in the forward direction with a harmonic cutoff fre-
quency that was detected much higher than the CWE limit: Coherent Synchrotron
Emission (CSE). Similar to synchrotron radiation from electrons in an undula-
tor3 [77, 122], the model connects the emission directly to the electrons and the
Bremsstrahlung radiation they emit in their relativistic oscillatory motion. Due
to the "figure 8" like trajectories of the electron bunches at (and through) the
plasma boundary (cf. Fig. 1.1), highly energetic photons are emitted at the points
of return. The CSE model concludes that the emitted radiation has an ultra short
pulse duration, coherence and a spectral distribution exhibiting multiples of the
driving frequency due to the periodicity of the emission process. Hence, the spec-
tral characteristics of this radiation (e.g. Nmax) are similar to that of the ROM
model, and the difference lies only in the intensity scaling for different harmonic
orders [112].

The Spectrum of the High Harmonic Radiation

The experiments presented here used ultrathin (≤ 85 nm) PVF and gold foils and
detected the HH radiation for a laser incidence angle normal on the target. The
laser was linearly polarized, at UHC condition, and the laser field strength was
approximately a0 = 5. The following conclusions and examples were obtained
from a measurement campaign consisting of 10 experimental runs, where each
took at least 2 measurements for the discussed parameters. In the measurements,
HH emission was observed with even and odd harmonic numbers, as depicted in
a typical example in Fig. 8.2. In some experimental runs, even harmonic lines
were observed with a reduced signal strength. A suppression of even harmonic
numbers has been reported in all publications on HH from ultrathin foils and for
the discussed detection direction [57, 63, 112, 119].

The intensity of harmonic lines N ≤ 7 were suppressed/reduced, independent
of the PVF foil thickness, for either 12 nm, 35 nm or 85 nm. Similar results were
reported in Ref. [54, 63, 112] and concluded that the HH radiation is emitted from
the target front side. The emission was explained by either the ROM or the CSE
model, since the detected values for Nmax exceeded the CWE cutoff frequency.
According to Equation (1.22), nc stands for the optical properties of the plasma
and scales with ∼ 1/λ2. The plasma is opaque until a frequency is reached where
the condition ne/nc ∼ 1 is satisfied. This can explain the suppression of the
high harmonic radiation up to a certain order Nc. For fully ionized PVF and
λ = 800 nm one approximates ne/nc = 220. With respect to λ = 114 nm, which
corresponds to the first detected intense harmonic line Nc = 7 (Fig. 8.1 and
3Undulator is a alternating magnetic field. The device is used to force the electrons for a specific
velocity to oscillate.
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Figure 8.2: The different intensity levels for detected high harmonic radiation measured
in the same experimental run. The laser interacted with a (35± 2)nm PVF foil and the
applied laser field strength was about a0 = 5.

Fig.8.2), the ratio of ne/nc is about ∼ 4. When the relativistic correction of γ̄nc
is considered, for this wavelength the condition ne = nc is fulfilled, for which a
significant higher transmittance is expected. Hence, the intensity of HH radiation
that is emitted from the target front side is spectrally filtered due to transmission
through the dense plasma.

Throughout the experimental campaign, in the same experimental run and
under the same experimental conditions, the HH radiation was detected with a
strongly fluctuating intensity level. An extreme example is shown in Fig. 8.2 for
a measurement using a 35 nm PVF foil target, obtained in the same experimental
run and for the same experimental parameters (position of the focal plane on the
target, laser energy).

No particular dependence of Nmax on the target thickness was found. Nmax
reached up to (15 ± 2) for the applied laser field strength of a0 = 5 and for
PVF foils in the range from 12 nm to 85 nm. This can be seen in the following
and in Fig. A.13 the Appendix Section A.3. According to Equation (4.2) the
cutoff frequency in the CWE model is limited by the maximum electron density.
It is predicted to be about Nmax(CWE)= 15 for full ionized PVF material. In
consequence, higher numbers are expected for a higher target density, such as,
e.g., gold foils. However, the HH cutoff frequency did not change for ultrathin
gold foils or DLC material, as depicted in Fig. 8.1 for a gold foil. Note, that
the determination of the HH cutoff is hindered by the XUV background signal
that possibly could cover higher orders. An dependency of Nmax on the target
thickness was found Ref. [119] for DLC foils in the foil thickness range from 5 nm
to 17 nm. In that work it was explained by a reduction of the maximum electron
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density for ultrathin foil targets due to a small expansion at the beginning of
the interaction. In Ref. [112] a dependency of Nmax on the foil thickness was
explained within the CSE model by a low particle number and hence, a too low
target density for too thin foils. The effect is not further described, but could be
attributed to an similar interdependency between the laser intensity, the target
thickness and the laser contrast as in the RPA model in Section 6.1. Both seems to
be not the case for the results presented here. No change of Nmax with either the
target thickness or target density was not observed. Through examination of the
published results for HH emission from ultrathin foils, it becomes apparent that
experiments using laser systems with short pulse durations and the highest laser
contrast have measured much smaller values of Nmax, than the ones using high
energy laser systems with longer pulse durations [57, 112]. In Ref. [63] a direct
comparison between HH emission from the front and back side of a target foil was
shown and revealed a significant smaller cutoff frequency for the backside emitted
HH. However, the experimental situation used is difficult to be compared to the
here discussed one, since the HH emission has a spatial dependency [24, 123].
In that experiment, the laser incidence was oblique and the detection directions
were at an oblique angle that did not correspond to the specular or the laser
propagation direction.

In the experiments performed here, for a PVF foil thickness > 30 nm and
for the spectral range λ > 120 nm, HH emission was observed at half integers
λ(N) = 2λL/N (cf. Fig. 8.2). This effect has not been reported for this experi-
mental situation before. For HH radiation detected from bulk targets in the laser’s
reflection direction, a splitting in the HH lines into doublet or triplet lines, was
reported in [46, 47]. The effect was explained by a small movement of the plasma
boundary during the HH emission process and affected all harmonic lines. The
harmonic line splitting corresponded to harmonic lines of different fundamental
frequencies, from which the velocity of the emitting surface can be calculated. The
observation of the half integer emission seen here raises the following questions:
Why does the experiment coincidentally fulfill the conditions for half integer emis-
sion exactly, and why does it only occur in a specific low energy range, a range
where the plasma is assumed to be opaque? Note, that in Fig. 8.2 the inten-
sity level of harmonics lines at half integers is higher than the one for integers.
Here, an emission from plasma waves might be considered, since radiation emitted
3/2ωL has been only reported so far due to a two plasmon decay instability [124].

In conclusion, although the experiments found evidence that the detected HH
emission had to pass through a medium/plasma, a definite conclusion on the
underlying generation mechanism can not be made. For either the ROM, CSE or
CWE definite characteristics were not seen in the HH spectra.

8.2 Relativistic Backscattering

According to Section 4.3, a significant frequency upshift can occur when a laser is
reflected from a relativistically moving mirror. As was previously introduced, this
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Figure 8.3: A schematic for the experimental setup to detect the XUV radiation in
an experiment with two counter-propagating laser pulses. Radiation is detected in the
propagation direction of the drive pulse.

scenario could be possible for a two counter-propagating laser pulse experiment.
Here, a dense electron sheath/bunch, accelerated to relativistic velocities by the
first (strong) laser pulse, serves as the mirror that reflects the second laser pulse.
The reflectivity of the electron bunch depends on its density, as given by Equa-
tion 4.7. In Section 7, the fast electrons emitted from a laser and ultrathin foil
interaction exhibited a maximum in the spectral distribution at Ekin ≤ 2MeV.
According to Equation (4.3), backscattering at this kinetic energy could shift the
frequency of the scattered laser pulse from 800 nm up to ≥ 10 nm.

Experiments at HC and UHC contrast condition tested relativistic backscat-
tering with two laser pulses using ultrathin foil targets. A schematic of the ex-
perimental setup used is depicted in Fig. 8.3. The detailed description of the
setup, detection devices and inherent diagnostics can be found in Section 5.4.
The spectrometer was not calibrated with regard to photon number and spec-
tral efficiency. The definition of the temporal overlap between both laser pulses
∆tP = 0 is illustrated in Fig. 8.4. The diagnostics determined it to be within an
interval of ±0.3 ps. It was assumed that the exact temporal overlap was at a fixed
time within this time interval for the same experimental run. Hence, the here
named delay times can have a constant offset, ±0.3 ps at maximum. A minimum
delay step size of about 0.1 ps could be applied.

8.2.1 Backscattering at High Laser Contrast

The results of Sections 7.2.1 and 7.3 found a high number of fast electrons for
the laser at HC condition, especially in the case of a double foil target. With a
detected electron number of Ne > 109 and an electron beam divergence deter-
mined to be 10◦ (cf. Fig. 7.6), an electron bunch density of σn(e)(F2) ∼ 1014/cm2

can be calculated at the position of the second foil. According to Equation (4.7),
a high reflectivity is therefore not reached. But, with respect to the divergence of
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Figure 8.4: Schematic illustrates the definition of the delay time ∆tP between the two
laser pulses (drive and P2). The transmitted light of the P2 pulse is sketched only for
the purpose of an intuitive understanding. The positive delay time in a), corresponds to
the case, when the drive pulse interacts with the target before the P2 pulse arrives it.
For negative delay time in b), the situation is vice versa.

the electron beam, the possibility of having a significant higher electron density
close to the back of the first foil exists. This motivated a testing of the backscat-
tering for single foil targets. In addition, for a coherent scattering or, as suggested
in [57], a coherent multi-bunch scattering, a higher scattering efficiency can be
reached. This promising principle was tested in experiments at HC condition.

In the experiment, the target configuration consisted of two foils separated
with w = 500 µm, depicted in the insert of Fig. 8.5. In the case of a single foil,
the same target holder construction was used with a priorly removed second foil.
P2 illuminated either foil one (F1) or foil two (F2) at IP ≥ 1×1016 W/cm2, while
the intensity of the drive pulse was about IL = 7×1019 W/cm2. Ultrathin foil PVF
targets with a thickness in the range between 12 nm and 85 nm were used. The
experiment was performed in 8 experimental runs and in total ≥ 67 measurements
were taken for different foil thicknesses, delay times, pre-pulse intensity leves and
laser polarizations. A selection of results that illustrate the essential features are
shown in Fig. 8.5 and compares measurements obtained in a single experimental
run. Both laser pulses were linearly polarized, which was set to be parallel to
each other. No indication was found for an expected backscattered and a thereby
frequency shifted signal. The recorded XUV radiation only differs in the intensity
and not in the spectral distribution for different delay times and in both the
single or two foil target configurations. This can be seen in a direct comparison
between the XUV radiation obtained with and without the second laser pulse P2
in Fig. 8.5. For the single laser pulse interaction, a significant enhancement of the
overall XUV intensity between the single and two foil configuration was detected.
The spectral distribution remained comparable, and the enhancement has to be
attributed to radiation caused by the interaction of fast particles with the second
foil. An overall increase of the signal was observed for the case of a single foil
target with the presence of P2. It is shown for the temporal overlap of both pulses
in Fig. 8.5 a). The higher XUV signal can be explained by an additional plasma
heating by the P2 pulse. For the double foil target configuration, the spectrum
remained almost unaffected in the presence of the P2 pulse and for a delay range
of some picoseconds, as depicted in Fig. 8.5 b). A small increase of the intensity
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Figure 8.5: XUV spectra detected from laser interaction with either a single a) or a
double foil target b). The laser was applied at HC contrast condition and the spectra are
compared for the case of either a single (drive or P2) or a two laser pulse interaction. The
thickness of both PVF foils, F1 and F2, was about (85± 3)nm. In the double foil target
configuration, the foils were separated about w = 500 µm. The distance corresponds,
according to the travelling time of light, to a delay of about +1.7ps. The P2 pulse
illuminated the foil’s backside with an intensity of IP ≥ 1× 1016 W/cm2.

for the spectral range of < 2 nm was detected for longer positive and negative
delay times. Since this effect was found comparable for significant different delay
times, any relation to the relativistic mirror model can be excluded. The small
enhancement in the high energy range might be explained by a superposition of
separately obtained spectral intensities of the drive and P2 pulse.

8.2.2 Backscattering at Ultrahigh Laser Contrast

Section 8.1 demonstrated that the interaction of a laser pulse at the UHC contrast
condition with an ultrathin plasma slab enables HH emission in the laser prop-
agation direction. Hence, with regard to backscattering from laser accelerated
electron bunches at this setting, one expects a more complex spectral distribution
for the reflected radiation [120]. On the one hand, a shift of the frequency occurs,
as before, when the pulse is reflected from a relativistically moving electron mirror
(cf. Fig. 4.1). On the other hand, the drive pulse excites relativistic oscillations on
the plasma boundary which can comprise the whole plasma slab for ultrathin foils.
In consequence, the condition for HH emission via the ROM model is fulfilled and
the reflected radiation is found at multiple integers of its frequency. Furthermore,
if the reflected pulse has a high field strength it can decelerate the electron bunch,
excite oscillations at the plasma boundary or even lead to HH emission itself [120].
A first approach to test the fundamentals of this promising idea was reported in
Ref. [57]. The present work aimed to pursue this investigation by performing a
comparable experiment, but in a different parameter range.

According to Section 7.2 the detected number of fast electrons was signifi-
cantly lower for the UHC than for the HC contrast condition. One has to keep
in mind that the detailed description of the electron emission with regard to the
time of emission and the velocity distribution is not known and is in the fo-
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Figure 8.6: The high harmonic radiation detected in the propagation direction of the
drive pulse, for an interaction of two laser pulses at a (35 ± 2)nm PVF foil and close
to the temporal overlap of both pulses. For comparison, a reference spectrum detected
without applying the P2 pulse is shown.

cus of recent discussions [17, 57, 109, 112, 125]. The time of emission, either
sub laser cycle or longer, determines the electron bunch density or even leads to
equally spaced electron bunches, as suggested in [57], which could enable a more
efficient coherent backscattering from more than one electron bunch. The exper-
iments used PVF foils in a thickness range from 12 nm to 85 nm, which is close
to the electron blow out for the laser intensity applied (cf. Equation (3.7) and
Sections 6.2, A.2). Hence, on the one hand, the experiments tested the backscat-
tering from the emitted fast electrons. On the other hand, the experiments aimed
to find general influences in the HH spectrum by an interaction of both laser
pulses close to the temporal overlap.

The experiments were performed with the same setup as above and the P2
pulse was applied with an intensity of IP ≤ 7× 1017W/cm2. The intensity of the
drive pulse was about IL = 6× 1019W/cm2. The polarization of the drive pulse
was linear. The P2 pulse was linearly polarized perpendicular to the drive pulse
to enhance the diffraction efficiency for the grating used for backscattered light
of the P2 pulse. The experimental campaign consisted of 8 experimental runs
with approximately 100 measurements in total. As before, direct comparisons
always refer to the same experimental run. When only the P2 pulse interacted
with the target, no harmonic content could be measured. A typical comparison of
the XUV spectra measured for a single and two laser pulse interaction is depicted
in Fig. 8.6 for a 35 nm PVF foil target and the P2 pulse applied at a delay range
of 0 < ∆tP < +1.3ps. Close to the temporal overlap, at ∆tP = (0 ± 0.3) ps, a
small enhancement of single harmonic lines was observed. With regards to the
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Figure 8.7: High harmonic radiation detected from a (12 ± 1)nm PVF foil and both
laser pulses close to the temporal overlap. Two reference spectra from the single laser
pulse interaction are shown for comparison. Note, that the scaling of the y-axis is chosen
to be linear.
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fluctuations of the HH signal from the single laser pulse interaction (cf. Fig. 8.2),
this effect is concluded to be insignificant. At the same delay range, for up to
30% of the measurements at the temporal overlap, no HH radiation could be
detected. Instead, an intense and broad XUV background signal (grey line in
Fig. 8.6) appeared, which is reminiscent of the XUV spectrum obtained for the
HC condition (see Fig. 8.5 and Appendix Section A.3 Fig. A.15)). In Fig. 8.7
an additional example is given for a 12 nm PVF foil and smaller delay times of
the P2 pulse. Again, a reduction and even an inhibition of the HH emission can
be seen for delay times −0.3 and +0.7ps. The fluctuating appearance of this
effect is depicted in two different measurements for the time delay of −0.3 ps.
This observation indicates that in presence of the second laser pulse for a delay
close to the temporal overlap, an inhibition of the HH emission occurs, e.g. a
perturbation of the collective, oscillatory electron motion. Such a perturbation
can be attributed to a time interval, either just before or at the temporal overlap
and the fluctuations might be explained by shot to shot variations e.g. spatial
beam pointing fluctuations4. To illustrate the fluctuation in the HH spectrum for
consecutive measurements, two measurements with only using the drive pulse are
shown. For longer delay times, of up to a few ps, the incoherent XUV background
is found to be raised, similar to the case of the HC condition and two laser pulse
interaction in Fig. 8.5 a).

In conclusion, for the chosen parameters, no radiation that could be attributed
to a relativistic backscattering process was found, but an indication for a pertur-
bation of the HH emission process was observed, when the second laser pulse was
applied close to the temporal overlap. Contrary to the results shown here, the
experiment of Ref. [57] showed evidence for a relativistically backscattered radia-
tion. It was performed with a similar experimental setup. And used higher laser
intensity (Ipeak = 6 × 1020W/cm2) 5 for the drive pulse and a much weaker one
for the P2 pulse (IP = 1016W/cm2). The target thickness was close to the blow
out regime (10nm, 50 nm DLC). The corresponding electron spectra exhibited a
spectral maximum at 1.5MeV and a significantly higher electron number than
the ones obtained in the experiment presented here. In the reflected spectrum
of Ref. [57], HH like line emission up to Nmax = 15 was detected for the two
laser pulse interaction, which was not observed without using the second laser
pulse for this foil thickness. In this experiment, HH radiation with solely using
the drive pulse was obtained only for a greater target thickness (150nm DLC).
A limitation due to the foil thickness for the HH emission was already discussed
in Section 8.1.2. It can be a consequence of a limitation of the particle numbers
and/or the laser contrast condition. A comparison suggests the following inter-
pretation: For the experiments presented here, the electron number was too small
to enable sufficient scattering and the intensity of the P2 pulse was high enough
to interrupt the HH emission process for an interaction just before or at the tem-
poral overlap. However, both investigations demonstrated that for ultrathin foils
and ultrahigh laser contrast, the efficiency of the backscattering process is small,
4Beam pointing reaches up to ±10µm in x and y direction
5There the intensity is given for the peak value, here it is given in average.
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Figure 8.8: High harmonic radiation detected in the propagation direction of the drive
pulse. The P2 pulse was used as a pre-pulse to manipulate the plasma condition. The
P2 pulse irradiated the target at a specific delay time before the stronger drive pulse
interacted with it. The target was a (35± 2)nm PVF foil. The reference spectrum was
measured without the P2 pulse in the same experimental run.

which would only be improved with faster and much denser electron bunches.

8.3 Enhanced High Harmonic Emission

The experiments in Sections 6.6 and 7.4 found significant differences in the results
for ion and electron acceleration, if the target was manipulated by a strong pre-
pulse. Although the HH emission processes depend on a sharp plasma boundary,
their efficiency depends on a particular raise of the plasma density [24, 68]. In
consequence, for a pre-heated and pre-expanded plasma boundary one expects to
see a difference. As already discussed in Section 8.1.2, the scale length of the
plasma density gradient, L(∇ne), differs for either the CWE and ROM model,
and for a large pre-expansion of the target, such as given in the case of the HC
condition, HH emission is inhibited (see Section 8.1). The experiments tested, for
the first time, the influence of an applied pre-pulse on the HH emission process
from ultrathin foil targets.

The same experimental setup as in the previous section was used, but now the
second, counter-propagating laser pulse served as a strong pre-pulse, by applying it
at negative delay times (see definition in Fig. 8.4). The experiment was performed
in 7 experimental runs, with a total of 37 measurements.
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Figure 8.9: The superposition of a characteristic incoherent XUV spectrum (grey line
in Fig. 8.6) and HH radiation from single laser pulse interaction (Fig. 8.8) is compared to
the detected high harmonic spectrum which exhibited an enhanced intensity in Fig. 8.8
due to the pre-plasma manipulation by a pre-pulse. All measurements correspond to the
same experimental run. The intensity of the incoherent XUV radiation was scaled to
reproduce the XUV background level of the enhanced HH spectrum in the spectral range
from 10nm to 60nm.

8.3.1 A Basic Description of the Effect

The pre-pulse, P2, was applied with IP ≤ 1 × 1018W/cm2, the drive pulse with
IL = 6× 1019W/cm2. Both laser pulses were at UHC condition and had a linear
field polarization which was set perpendicular to each other. For longer (< −1ps)
negative delay times, a significant enhancement of the HH signal was observed.
This effect was reproducibly measured in all 3 experimental runs and in total 10
measurements that looked for such a long negative delay time. In all of these mea-
surements, the enhanced HH intensity was distinct from the small enhancement
seen for positive delay times (cf. last Section). A typical example is depicted in
Fig. 8.8. The best measurement from single laser pulse interaction in the same
experimental run served as a reference spectrum. In the spectrum chosen, odd
harmonic numbers are pronounced. This spectral feature was already discussed
in Section 8.1. The ratio between the HH intensity and the incoherent XUV for
this reference is comparable to the highest ratio measured in other experimental
runs (cf. Fig. 8.2, Fig. 8.1, Fig. 8.7, Fig. 8.6). In a direct comparison between this
reference and the measurement with the pre-pulse, a rise of the incoherent XUV
background (c.f. Section 8.2) is apparent. Hence, it was necessary to verify if
the spectrum shows a true enhancement of the HH signal. A linear superposition
between the HH spectrum of the reference measurement of Fig. 8.8 and a charac-
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Figure 8.10: A selection of high harmonic spectra for the pre-pulse applied at long
negative delay times from a (35±2)nm PVF foil and detected in the propagation direction
of the drive pulse. Further details are given in the text.

teristic incoherent XUV spectrum is shown in Fig. 8.9. The signal strength of the
incoherent spectrum was chosen to reproduce the XUV background level of the
enhanced HH spectrum of Fig. 8.8 in the spectral range of 10–60 nm. The compa-
rison shows that the method fails to reconstruct the enhanced HH intensity and
therefore, reveals that the pre-heating of the target led to a real enhancement of
the HH emission. In Fig. 8.9 the HH intensity is enhanced by about approximately
one order of magnitude.

8.3.2 Dependency on the Delay of the Pre-Pulse

The dependency of the enhanced HH emission on the applied delay time is shown
in Fig. 8.10. The measurements were taken for the same experimental conditions
as above, except of the detection range of the spectrometer. The corresponding
raw images can be found in Appendix Section A.3 in Fig. A.19. For delay times
smaller than < 0 ps, the incoherent XUV signal starts to rise in comparison to the
reference measurement. With respect to the spectral range from 2 nm to 60 nm
the XUV background does not further increase for long negative delay times, e.g.
≤ −0.7ps. The HH radiation is significantly enhanced for delay times < −1 ps.
It is maximal at approximatly −2 ps and still has a significantly high intensity for
the longer negative delay of ≤ −3 ps. More spectra referring to the same experi-
mental run and additional negative delay values are shown in the Appendix in
Section A.3. These measurements reveal an optimum delay time for the pre-pulse.
The pre-pulse manipulates the pre-plasma in accordance with the applied inten-
sity and delay, and hence, either the plasma density gradient and/or the plasma
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Figure 8.11: A comparison of measurements for high harmonic radiation for the pre-
pulse at different laser field polarizations (linear or circular) and different delay times.
Depicted is the the optimal delay time for a maximized HH intensity from the P2 pulse
either at linear or circular polarization and its corresponding intensity level. The P2
pulse was applied at different intensity levels: IP (1) = 1 × 1018 W/cm2 and IP (2) =
3 × 1017 W/cm2. The target was a (85 ± 3)nm PVF foil. A reference spectrum solely
from interaction with the drive pulse is given for the same foil thickness. The saturated
signal is indicated with arrows.

density optimizes the HH generation process. At this optimum, all harmonic lines
are spectrally broadened and odd harmonic numbers are pronounced. Strong side
bands appeared at harmonic lines N ≥ 6. These side bands exhibited symmetric
maxima with a constant spectral difference for the energy representation in λ.
They originate from a diffraction effect from the supporting grid of the grating,
which is dependent on the intensity of the particular radiation. The details about
this effect can be found in the Appendix Section A.3.

8.3.3 The dependency on the Polarization and the Intensity of
the Pre-pulse

In general, for the laser field at circular polarization, HH emission is excluded [126].
Hence one can demonstrate that no HH emission originates from the P2 pulse
when it is circularly polarized. In the experiments the P2 pulse was applied with
circular polarization and an enhancement effect for the HH emission still seen 6.
The HH intensity could be maximized for an applied delay of ≥ −5 ps, as shown
in Fig. 8.11. At this optimal range both the spectral characteristics and the HH
6Circular polarization was realized by moving a λ/4 plate of ∼ 150 µm mica in the beam way
of P2. It was considered to have a refractive index of 1.6 in the delay calculation.
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intensity level are comparable to what was obtained with linear laser polarization
for the corresponding optimal delay time in Fig. 8.10. However, in comparison,
the optimal delay times differ by about ∼ 3 ps. Here, one can consider a depen-
dency of the optimal delay time on the laser field strength of the pre-pulse, which
is decreased for circular laser polarization by about a factor of 1/

√
2 [13, 15].

Therefore, the target expansion is smaller and a longer delay is needed to reach
the optimum condition of L(∇ne) or the plasma density for an maximized HH
emission. This principle was validated in a measurement for P2 at linear laser
polarization, but now for two different intensities: IP (1) = 1 × 1018W/cm2 and
IP (2) = 3× 1017W/cm2. The corresponding measurement is shown in Fig. 8.11.
Here, the P2 pulse was applied with a delay time similar to the optimum found for
circular polarization at ∼ −5ps. As demonstrated in Fig. 8.10, for the pre-pulse
at linear polarization and high intensity IP (1), this delay is too long to reach
the maximized HH emission, since the pre-pulse was applied too early. But for a
lower intensity (IP (2)) the HH signal could be enhanced for this delay time. The
measurement revealed a dependency of the optimum delay time on the intensity
level of the pre-pulse. It can be concluded from this that the optimum condi-
tion of L(∇ne) and/or the plasma density for an enhanced HH emission can be
controlled with the intensity and the delay of the pre-pulse.

8.3.4 Discussion of the Enhanced High Harmonic Emission

In publications about HH emission in forward direction from sub 400 nm foils, the
best results for Nmax and the intensity of the detected HH signal were reported
from laser systems that have small pre-pulses, few ps before and an approximately
< 10−4 smaller intensity than the laser peak intensity [63, 112]. In general, pre-
pulses introduce longer rise of the plasma density and can even lower the target
density for an ultrathin foil. As seen in PIC simulations, the efficiency of the HH
emission is strongly dependent on the scale length of the plasma density gradient
and on the electron density of the plasma [4, 24, 68]. An optimum plasma gradient
length of > λL/5 was derived from a comparison between experimental results
and PIC simulations in [68] for the ROM emission process. In this work an
enhancement of up to a factor of about ×4 in the HH peak intensity was shown,
when a slightly lower laser contrast enabled a longer rise of the plasma density.
The findings referred to a ROM harmonic emission in the reflection direction with
a laser incidence angle of 45◦ on a solid state bulk target. Since a sufficiently high
laser contrast is still needed for an emission of HH, this "medium" laser contrast
was realized by using a single instead of a double plasma mirror (cf. Section 5.3).
The results presented here revealed a method by which a significantly better access
to the control of the pre-plasma is obtained. This is enabled by a strong pre-
pulse at an optimized delay time and intensity, which was shown to significantly
enhance the HH emission efficiency. The investigation presented here showed that
the expansion velocity can be controlled with the applied pre-pulse and intensity,
and that for the efficiency of the HH emission, the resulting pre-plasma condition
is a highly sensitive parameter.
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With applying a similar method to manipulate the rise of the plasma density,
an inhibition of the CWE HH emission process was recently reported in Ref. [65].
For a laser incidence angle of 45◦ at a solid state target, a laser field strength of
a0 = 0.7 and for an XUV detection in specular direction, a suppression of the HH
emission was found when a pre-pulse with IP = 1014W/cm2 had heated the target
few ps earlier. For the parameters and setup used in that work, an expansion
velocity of vion > 1× 106 cm/s was assumed that enlarged the scale length of the
plasma gradient to ≥ 0.1λL for a delay of −2 ps and inhibited the CWE emission
process. In contrast, the experiments presented here used a significantly higher
pre-pulse intensity that should cause a higher expansion velocity, and thus, a
longer scale length of the plasma density gradient and/or even a decreased plasma
density. The experiments demonstrated an enhancement of the HH peak intensity
of about one order of magnitude for a delay time of −2 ps. These findings and the
comparison suggest that the CWE model is not the underlying emission process,
since the CWE requires a very steep plasma gradient and should become inefficient
and/or deliver smaller values of Nmax for a decreased target density [5, 24].

In addition, the sensitive dependency of the HH emission efficiency on the
properties of the pre-plasma could explain qualitatively the differences that be-
come apparent in a comparative study of Ref. [63, 112] and Ref. [57, 119]). For
HH emission from ultrathin foils and in the laser propagation direction, a high
HH intensity was only reported from laser systems with a high laser contrast and
a pre-pulse(s) at few ps and with regards to the here discussed experimental re-
sults ([63, 112] compared to [57, 119]). In the cases where the laser intensities can
be compared significant differences in the HH cutoff frequency become apparent.
A remarkable higher cutoff frequency seems were detected for laser systems with
a longer laser pulse duration and a higher laser energy.

8.4 Conclusions on the XUV Emission

XUV emission at different laser contrast conditions

The XUV radiation emitted in the forward direction from the interaction between
a single ultra-intense laser pulse and an ultrathin foil target was characterized for
two different laser contrast conditions. The emission of high harmonic radiation
from dense laser-plasmas is contingent on a steep plasma boundary. This condi-
tion is not fulfilled for the laser at high contrast, since this pre-heats the target
with weak pre-pulses some (ns) and continuously with a rising intensity level some
ps before the laser peak intensity interacts with it. High harmonic radiation was
only detected with the ultrahigh laser contrast condition. Its intensity could be
remarkably enhanced when this laser contrast condition was used and an addi-
tional strong pre-pulse was applied on the timescale of few ps. This demonstrated
that the HH generation is dependent on a specific pre-condition of the plasma.

For the ultrahigh laser contrast condition the detected spectra consisted of
high harmonic radiation and an incoherent XUV background. This XUV back-
ground spectrum differs from the spectra measured for the high laser contrast
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condition by exhibiting a lower intensity level in a specific spectral range. This
observation correlates to the difference in the amount of emitted fast electrons for
these two different contrast conditions, which was demonstrated in Section 7.2.1.
In addition, for the foil thicknesses discussed here (< 100 nm) it also correlates
to a discrepancy in the kinetic energies of the accelerated ions and to a much
higher laser transmission through the target. Here, interesting questions arise,
how do pre-plasma properties influence the laser to plasma absorption and the
electron dynamics at the target boundary? In this context, perturbation processes
of the laser driven electron dynamics at the plasma boundaries have to be further
investigated.

The Enhanced High Harmonic Emission

In a first approach, a strong pre-pulse was applied at different delay times on
the target’s back side and for the laser at ultrahigh contrast condition. A second
counter-propagating laser pulse at an intensity of up to 1 × 1018W/cm2 served
as a pre-pulse. It arrived at the target a few ps earlier than the stronger drive
pulse. This method showed an enhancement of the HH emission of about one
order of magnitude (cf. Section 8.3). The investigation excluded HH emission
from the interaction of the applied pre-pulse in a direct measurement and by us-
ing a circularly polarized pre-pulse [126]. Hence, the enhanced HH emission is a
consequence of a manipulation of the pre-plasma condition, such as enlarging the
rise of the plasma density or even reducing the target density. The mechanism is
similar as reported for the ROM harmonic emission from solid bulk targets, where
a specific scale length of the plasma density gradient is needed for a high emission
efficiency [24, 68]. The investigation revealed that maximization of the HH inten-
sity required simultaneous adjustment of both the delay time and the intensity of
the pre-pulse. In comparison to Ref. [68], therefore a method was revealed, which
enables a controlled alignment of the plasma pre-condition. The enhanced HH
emission exhibited a remarkable signal strength and high reproducibility. This
stands in contrast to the HH radiation obtained without the second laser pulse,
which was observed with high fluctuations in the intensity.

tThe HH radiation was found to originate from the target front side, since
up to a certain harmonic number the HH signal was suppressed, either with the
application of the pre-pulse or without. No evidence to definitely attribute the
HH generation mechanism to either the CSE, ROM or CWE model was obtained
from single laser pulse experiments. However, the CWE model requires a refined
theoretical model for the case when the laser illuminates the target at normal
incidence. The CWE emission efficiency is dependent on a steeper rise of the
plasma density than in the case of the ROM model [24, 65]. In the experiments
enlarged the rise of the plasma density and caused with this method a significantly
enhancement of the HH emission. This stands in contrast to the CWE model [65]
and hence, at least for the enhanced HH emission the CWE model should be
excluded as the driving mechanism. However, neither in the enhanced HH emis-
sion nor in the HH spectra obtained at different target densities or thicknesses a



Conclusions on the XUV Emission 131

definite change in the harmonic cutoff frequency was found. These findings and
the comparison to literature for the experimental situation discussed here, point
to other parameters, such as, e.g. the laser energy or pulse duration, that affect
the HH cutoff frequency.

Relativistic Backscattering

The principle of relativistic backscattering according to the relativistic mirror mo-
del was tested in a two laser pulse experiment. As shown in Section 7.3 one laser
pulse accelerated electrons to relativistic velocity from an ultrathin foil target.
The second weaker, but still strong laser pulse (IP = 1× 1016 to 1× 1018W/cm2)
propagated in the opposite direction to the electrons, from which it was supposed
to be backscattered and shifted in frequency. The backscattering was tested with
different approaches, at different laser contrast conditions, different laser inten-
sities, for different target systems. For these various parameter sets the mea-
surements did not observe a clear indication for a backscattered signal which was
shifted in frequency. For the UHC condition, instead evidence for a disturbance of
the HH emission process was found, close to the temporal overlap of both pulses.
To realize the promising idea of relativistic backscattering to obtain a brilliant,
coherent and high energetic photon source, a much higher density of the electron
bunch is needed, and an affect of the intensity of the second laser pulse has to be
considered.
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9 Summary and Perspective

This work presented a comprehensive experimental study of the emission of elec-
trons, ions and XUV radiation in laser-plasma experiments using ultrathin foils
targets. The laser-plasma dynamics reflect a relativistic, highly nonlinear inter-
action between coherent laser light and a fully ionized plasma. A variety of physi-
cal processes occur simultaneously and the impact of each is highly dependent on
the boundary conditions. In this complex interaction, the experimental param-
eters determine whether a certain process is dominant or suppressed. This the-
sis examined correlated parametric dependencies and revealed new effects. The
findings obtained improved and refined the understanding of the interplay be-
tween laser-driven collective electron motions and the ion and electron accelera-
tion schemes. This, in combination with the new experimental methods presented
here, introduces a novel approach to the access and control of certain laser-plasma
processes, allowing the experimental results to be optimized to a remarkable de-
gree.

9.1 Laser Ion Acceleration

Laser plasma ion acceleration in the high intensity range has now been studied for
more than two decades accompanied by the rapid development of the laser tech-
nology over the same time period. Several parameters have a great impact on the
laser-plasma dynamics and hence, on the efficiency of the laser ion acceleration:
the laser energy and pulse duration, the laser contrast and the target system. In
this work, the attention was paid to the laser contrast and the target system. New
methods for manufacturing and characterization of ultrathin foils from different
constituents were developed [70]. In particular, this work found a method to pro-
duce heavy material foils in the sub 50 nm range and few nm thick double layer
foils consisting of a heavy material layer on a low density hydro-carbon substrate
foil. With these foils, a new and efficient acceleration of heavy material (gold and
silver) into the kinetic energy regime above about 1MeV/u for high ion charge
states (Zmax/A ≤ 0.3) was discovered. In contrast to prior publications and pre-
dictions [35, 39, 42, 85], these heavy ions were accelerated in the presence of the
contamination layer and even in the presence of a several nanometer thick hydro-
carbon layer [74]. This result reduced the demands of the target preparation and
the laser intensity required for an efficient heavy ion acceleration. Furthermore,
this revealed a new acceleration mechanism with a significantly higher charge to
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kinetic energy scaling for heavy ions. The heavy ions’ spectra exhibited a charac-
teristic charge to kinetic energy distribution. A detailed analysis was presented
here and gave new and fundamental insights into the ion acceleration dynamics
for a multi-ion species laser-plasma interaction. The spectral features of the heavy
ions and their dependency on specific parameters offer a unique method for the
examination of staged acceleration processes and related fundamental questions,
e.g., how do the ions separate in the acceleration process, and how does this affect
the kinetic energies in a mixed acceleration scheme? These findings pointed to
fundamental principles, e.g. to inherent ion recharging processes during the ion
acceleration, and to a shock acceleration due to the radiation pressure at the laser
illuminated foil side, even for heavy ions.

Moreover, subsequent electron capture was demonstrated for laser-accelerated
ions that had passed through a second separated ultrathin foil. The efficiency
of this process was found to scale with the charge state and velocity of the ion
beam. These observations complemented recent observations [86, 87, 96, 98]
on charge transfer processes. The cross-sections for these processes in (ionized)
matter are objectives of the most recent investigations [87, 88, 98, 100, 103].
Since electron capture significantly affected ions with the highest charge state
and was found to decrease with the velocity of the projectile ion, the final ion
distribution is spectrally filtered. This results holds promises as a simple method
to obtain a remarkably narrow spectral emittance for ion beams. The spectral
emittance is a very important parameter for laser ion acceleration in potential
future applications [3].

The highest kinetic ion energies were obtained for a RPA influenced accelera-
tion using the highest laser contrast and an optimized foil thickness and density.
The results presented improved prior works [2, 10, 127] and significantly lowered
the demands on the target thickness. When using hydrocarbon foils, a benchmark
of about 15MeV/u for the protons and of about ∼ 7MeV/u for the carbon ions
was reached applying a laser field strength of a0 = 5.

9.2 Laser Electron Acceleration

Answering the fundamental question, how can the electrons gain high kinetic
energies in the field of a laser pulse? requires the marriage of the single electron
picture including relativistic effects with a complex macroscopic model for a laser
pulse interaction at an overdense but partly transparent plasma boundary. A
complete model, covering all involved dynamics and including the multiple particle
interaction with the laser pulse, is still the subject of ongoing research [17, 22,
56, 65, 106, 107]. Since in general, the electron dynamics dominate the laser-
plasma interaction and thus determine all subsequent processes, e.g. the ion
acceleration, XUV and high harmonic emission, their investigation is important
and fundamental. The examination presented here showed how the experimental
results of ion acceleration and high harmonic emission correlate to the spectra of
the fast electrons with kinetic energies in range 0.2–30MeV. These correlations
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are important for the derivation of the underlying models.

This thesis characterized the spectral distribution of fast electrons emitted
in the laser propagation direction from ultrathin foils. The experimental results
provided new and important insights into the mulit-parametric dependency of
the electrons’ spectral distribution. The findings complement current discussions
about the laser to electron absorption mechanisms and about the electron accel-
eration and emission in a pulsed laser field and from dense plasmas [17, 56, 65,
107]. The electron spectra measured in this work were discussed in detail in the
context of the latest published works. Summarizing briefly, significant differences
were found between the results obtained with the experiment setup used here (nor-
mal laser incidence angle on an ultrathin foil target and detection of fast electrons
normal to the target) and results reported using an oblique laser incidence angle
and detecting fast electrons in the specular direction. Hence, the recent mod-
els [17, 65, 107] can not be easily transferred to the laser-plasma interaction at
ultrathin foil targets. Understanding the underlying physics behind this difference
will require further investigation. The acceleration and deceleration of electrons
in a transient laser field needs further analysis, within a macroscopic picture, to
determine the affect it has on the electron emission efficiency and kinetic energies.
The description of how electrons are ejected from the laser field and the plasma
potential for the situation discussed here needs further refinement with regards to
the emitted spectral distribution, place of emission, ponderomotive effects, and
anharmonic plasmon excitations in the plasma skin layer.

Nevertheless, the investigation presented here already demonstrated that the
electron spectra, ion acceleration, and XUV emission have mutual parametric
dependencies. For example, the amount of fast electrons emitted is determined
by the laser contrast condition. Hence, for a steeply rise plasma density at the
plasma boundary, the emission of fast electrons is restricted, in contrast to a long
pre-expanded one. This observation correlates to a more efficient ion acceleration
and the emission of coherent XUV radiation in the case of a steep plasma bound-
ary. The fast electron spectrum could potentially be developed as an additional
diagnostic for the laser-plasma interaction since it was shown to be sensitive to
many parameters, such as, e.g., the condition of the pre-plasma, the laser energy
and laser intensity, the target thickness and even the target holder construction.
More investigations and comparison of electron spectra obtained from different
laser systems are required in order to derive scaling laws and to fully resolve the
interdependencies found in the spectral distribution of the fast electrons.

Moreover, the experiments tested, as suggested by Ref. [109], if the fast elec-
tron emission could be enhanced when the electrons are decoupled from the trans-
mitted laser field by the use a second, separated ultrathin foil. This method was
predicted to inhibit electron deceleration caused by the decay of the laser field
envelope. Experiments have tested this method and revealed an enhancement of
the emitted electron numbers in a narrow spectral range. Further investigation
examined different parameters in order to extract the mechanism of this effect.
The amplification of the electron number could be enhanced to a remarkable ex-
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tent when a second, weaker laser pulse pre-heated the second foil at different delay
times on a timescale of few picoseconds. So far, the results point to an interpre-
tation that is close to the suggestion of Ref. [109]: The emission efficiency of fast
electrons seems to be determined by the deceleration in the light field from the
transmitted laser pulse and the emission could be remarkably enhanced when the
electrons had been decoupled from the declining transient light field. The effect
will be further investigated in cooperation with A. A. Andreev.

9.3 XUV Emission From Laser Plasma Interaction

High harmonic emission from the laser-dense plasma interaction holds promise as
a brilliant coherent XUV source, and is a hot topic of ongoing research to that
end. Depending on the applied laser contrast, the emitted XUV radiation was
demonstrated to be either coherent or incoherent plasma emission. High harmonic
emission is caused by laser driven coherent collective electron oscillations at a
steep plasma boundary. Every laser cycle a single XUV-pulse is emitted with a
pulse duration smaller than one laser cycle. According to the ROM [4] or CSE
model [128], the harmonic cutoff frequency and the pulse duration of such a single
HH pulse is determined by the laser intensity. A remarkably high photon flux is
predicted, as this also scales with the laser intensity and can reach an efficiency of
up to 10−5 [7, 126]. In the case of high harmonic radiation that is emitted in the
laser propagation direction at a laser incidence angle of 0◦, as examined in this
thesis, the underlying theoretical model is disputed [54, 57, 63, 112, 118, 119, 126].
The results obtained here were discussed in the context of the emission models
ROM, CSE and CWE. No definite evidence was found to conclude or exclude a
particular model. The efficiency of the high harmonic generation depends on a
specific length of the plasma gradient [24, 65, 68] or the plasma density [4, 5].
Hence, it can be optimized and distinguished by a careful manipulation of the
pre-plasma, for example, by using different laser contrast conditions [65, 68]. The
experiments in this thesis demonstrated for the first time, for the high harmonic
emission in forward direction, an enhancement of the high harmonic intensity of
about one order of magnitude due to a manipulation of the plasma boundary.
With a strong second laser pulse the target was pre-heated and pre-expanded
on a timescale of few picoseconds. This optimization of the pre-plasma in order
to maximize the high harmonic emission was demonstrated to be achievable by
controlling the intensity of the pre-pulse and the applied delay time. This method
causes a target expansion that introduces a longer scale length of the plasma
gradient and could even lead to a decreased target density. In addition, this effect
excluded the CWE model for the enhanced HH emission. Although the details of
the expansion velocity require further investigation, this method already promises
an efficient and controllable way to maximize the high harmonic emission.
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9.4 A Controlled Manipulation of Plasma Dynamics

Pre-pulses and/or the rise of the laser intensity level have a big impact on the
plasma properties leading to significantly different results for the ion, electron and
XUV emission. This was observed at least since the development of laser systems
capable of achieving the ultrahigh laser contrast. However, little in particular is
known about the impact of the pre-plasma properties on the laser plasma dynam-
ics. This lack of knowledge often hinders a direct comparison of the experimental
result obtained using different laser systems and to predictions from theoretical
models. This thesis characterized differences in the ion, electron acceleration and
the XUV emission for two different laser contrast conditions. Since these pro-
cesses occur simultaneously it is important to understand how the property of the
pre-plasma changes their interplay.

This thesis investigated how an artificially applied strong pre-pulse influences
the ion, electron and XUV spectrum at ultrahigh laser contrast. The results
demonstrated that for a pre-pulse with an intensity of < 1 × 1018W/cm2 the
decrease in the maximum kinetic energies of the ions is proportional to the delay
time over a range of a few picoseconds. For the same parameter set, a remark-
ably enhanced high harmonic emission was detected and when heavy material
foils were used an increase in the total number of accelerated ions was found.
These findings demonstrated that an artificial pre-pulse at ultrahigh laser con-
trast is an effective method to change the properties of the pre-plasma. This
method gives access to control the laser-plasma dynamics that in consequence
significantly causes specific processes to be inhibited or enhanced. In addition, it
was shown that the spectrum of laser accelerated ions and electrons are affected
by a post-interaction with a second laser pulse. Further investigation using differ-
ent pre- or post-pulse intensities, longer timescales and different target systems is
required, but the latest publication [65] and the findings presented here already
demonstrated that this method holds promises to become a new way to control
the laser-plasma absorption mechanism and the collective electron dynamics, and
hence all other simultaneously occurring processes.
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A Appendix

A.1 Additional Material on Laser Ion Acceleration

In the following additional material for the experiments on laser-ion acceleration
is provided and complements Chapter 6. The results were obtained in the same
experimental campaigns and with the experimental setup and methods described
in Chapter 5.

Efficient Acceleration of Silver Ions

Laser heavy ion acceleration was demonstrated for ultrathin gold foils in Sec-
tion 6.3. The experiments used also silver coated PVF foils, and a typical ob-
tained ion spectrum is shown in the following. The same experimental setup as in
Section 6.3 was used and the laser illuminated the foil at normal incidence angle
with a0 = 5.5 and the UHC condition. Linear laser polarization was applied.
Accelerated silver ions are shown in Fig. A.1 for a measurement using a 13 nm
thick PVF foil with a silver coating of 3 nm at its backside. The silver atoms
appeared in a bunch of ion traces that corresponds to successive charge states
from Z ≥ 30+ to Z = 38+. The silver atoms reached a maximum kinetic energy
of ≤ 1.3 MeV/u for Ag38+.

High Laser Contrast and Heavy Ion Acceleration

No gold ions were accelerated when the high instead of the ultrahigh laser contrast
condition was applied with using gold foils up to a thickness of 50 nm or gold
coated plastic foils up to a total thickness of 80 nm. An example is shown in
Fig. A.2 for a measurement with using 12 nm gold foil and the high laser contrast
condition. The spectrum was obtained in same experimental run and with the
same experimental conditions as the results in Fig. 6.4 in Section 6.3.1 (a0 = 5.5,
linear laser polarization, normal incidence).

141
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Figure A.1: A image of the ion spectra on the detector from laser interaction with
a (3 ± 1)nm silver backside coated (13 ± 1)nm thick PVF foil. Theoretical Thomson
parabolas for various charge to mass ratios are shown.

Figure A.2: The image of the detector shows the ion traces that were accelerated from
a (12± 3)nm gold foil and with using the HC condition.
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Figure A.3: The detector images show accelerated gold ions that passed through the
Thomson spectrometer. The measurement used gold coated PVF foils and a circular
laser polarization. a): Measurement with a PVF foil thickness of (12 ± 1)nm and a
(6 ± 2)nm thick gold coating at the foil’s front side, b): with a PVF foil thickness of
(23± 1)nm with a (4± 1) nm gold coating at the foil’s front side.

Heavy Ion Acceleration with Circular Laser Polarization

Gold ions were also efficiently accelerated with the laser at circular polarization,
shown in Fig. A.3. The laser was applied with an field strength of a0 = 5.5,
the UHC condition and the experimental setup used in Section 6.3. Here, the
gold ions exhibited similar spectral characteristics as in the case of the linear laser
polarization. In a direct comparison between both, with circular laser polarization
the maximum kinetic energy of the heavy ions were found somewhat lower. When
the gold layer faced to the laser illuminated side, the spectral bandwidth of the
gold ions was observed significantly decreased, as depicted in Fig. A.3 b).

Electron Capture with the High Laser Contrast Condition

Experiments used a double foil target configuration. It consisted of two ultrathin
foils that were separated about a distance of 500 µm. By this method an efficient
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Figure A.4: The ion spectra on the detector from laser interaction with a): a single,
(90 ± 3)nm PVF target and b): the double foil configuration. Both PVF foils had a
thickness of (90 ± 3)nm. The measurements were taken in the same experimental run
and with applying the HC condition.

electron capture in the ion spectrum was observed, as presented in Section 6.5 for
the laser at UHC condition. Similar electron capture processes were observed for
the lower laser contrast condition and the double foil configuration. An example
is shown in Fig. A.4 obtained in the same experimental run and under the same
experimental conditions. Carbon ions were detected at charge stages of Z= 3+, 2+
in the case of the double target. These charge states were not present in the ion
spectrum obtained from the single foil configuration. The decrease in the charge
state correlates to a remarkable smaller particle number of C6+ and C5+.
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Figure A.5: The ion spectra of hydrogen and fully ionized carbon from a (50± 4)nm
gold foil and measured for different delay times of the pre-pulse (P2). For a comparison,
a measurement without the P2 pulse is shown. Note, the scaling of the y-axis was chosen
linear.

The Ion Spectrum from a Preheated Gold Foil

A significant enhancement in the overall ion particle number was detected for
a 50 nm gold foil target when the foil’s backside was pre-heated by a strong ul-
trashort pre-pulse. The main results were already presented in Section 6.6 and
a detailed description of the methods use can be found in Section 5.4. In the
following, details of the experiment with a pre-heated gold foil in Section 6.6 are
presented. The measurements are taken from the same experimental run as in
Fig. 6.17 with the same experimental parameters (linear laser polarization, UHC
and IP = 9×1017W/cm2, 50 nm gold foil). The pre-pulse was applied with linear
laser polarization and an intensity of 9× 1017W/cm2. It heated the target back-
side few picoseconds before the stronger drive pulse arrived. Fig.A.5 shows the
evaluated spectra of C6+ and H+ ions for different delays. For the same measure-
ment, Table A.1 gives the relative difference of the integrated particle number to
a reference measurement of an un-heated target and with respect to the detection
range.

When the P2 pulse was applied at a delay of −0.7 ps, a variety of new ion
traces appeared on the detector that otherwise were not detected. This can be
seen in Fig. 6.17 of Section 6.6 and the corresponding Z/A were evaluated to
derive an identification. For the spectrometer configuration used, the Z/A ratio
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delay time ion species relative Nion
-1.3 ps H+ 1.0
-0.7 ps H+ 1.3
-0.3 ps H+ 1.2
-1.3 ps C6+ 1.2
-0.7 ps C6+ 1.3
-0.3 ps C6+ 1.0

Table A.1: The relative increase of the integrated particle number for ion species
depicted. The value is given relative to measurement without applying the P2 pulse and
for different delay times. The measurement corresponds to the one shown in Fig. A.5.

can be distinguished with an accuracy of up to ∆Z/A≥ 0.00151. The charge to
mass ratio of these new traces are listed in Table A.2. Next to constituents of
the target material and parting agent used (see Section 5.5), other elements were
taken into account. Table A.2 depicts elements with charge to mass ratio that
matched to the unidentified ion traces in the given accuracy. Since the target was a
gold foil with an purity of 99.99%, light elements can originate from contamination
by air, water or rests of the parting agent Victawet, which consists of a phosphor-
ester. In Section 5.5 the stoichiometry was measured for a gold foil with a 12 nm
thickness and determined the content of carbon and oxygen about < 4%, gold
about 96% and all other elements below < 1%. Table A.2 shows, that even with
considering C,O,N and P, some of detected Z/A ratios are left unidentified. In a
following step, some of the natural isotopes were taken into account and delivered
some matches, e.g. C13. The natural occurrence of C13 is about 1.1%. An ion
trace at the charge to mass ratio of Z/A(C6+

13 ) = 0.462 has been observed earlier in
measurements with other experimental conditions, e.g. for pure plastic, gold or Ti
targets and for single laser pulse interaction (see Fig. 6.1 in Section 6.1). Natural
isotopes of C, N and O have a much smaller probability than C13, but even these
could still not cover all charge to mass ratios detected 2. All elements up to the 4.
period were assigned in Table A.2 and possible matches with unidentified traces
are shown. However, these constituents are unlikely without further validation,
since they can originate neither from the parting agent, nor from a contamination
according to the purity of the gold foil. Heavier ions, such as e.g. gold, delivered
some matches, but with non-sequential (single) charge states, which is unlikely,
as discussed in Section 6.3.3. In Section 6.3 it was shown, that light elements are
accelerated with successive charge states reaching from full ionization down to a
certain Z/A ratio (in Table A.2 Z/A≥ 0.167). On contrary, heavy elements with
A > 100 were detected in the range 0.250 < Z/A < 0.005 and always appeared as
a multiplet of traces. For this reason, the gold ions at charge states, matching to

1The accuracy is not constant for Z/A. It is taken from the deviation of theoretical Thomson
parabolas for each Z/A ratio with a minimum separation given on the detector image due to
the particle pinhole diameter.

2An acceleration of molecule fragments e.g. CHx find among the measurement accuracy the
same Z/A numbers as the carbon isotopes.
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signal
Z/A contamination isotopes elements strength
1.000± 0.003 H+

1 very strong

0.499± 0.002 C6+
12 , N7+

14 , O8+
16 very strong

0.461± 0.002 C6+
13 , N6+

13 B5+,K18+,Ti22+,Cr24+,Ni27+ mid

0.438± 0.002 O7+
16 strong

0.428± 0.002 N6+
14 C6+

14 Fe24+,Zn28+,Ge31+,As32+,Kr36+ mid

0.416± 0.002 C5+
12 strong

0.405± 0.002 S13+,V21+,Cr21+,Se32+,Kr34+ weak

0.390± 0.003 O7+
18 Na9+,P12+,Co23+,Ni23+,Ga27+,

As29+,Se31+,Br31+,Au77+ weak

0.375± 0.0015 O6+
16 strong

0.357± 0.0015 N5+
14 C5+

14 K14+,Sc16+,Fe20+,Co21+

Ni21+,Ge26+,Kr30+ mid

0.344± 0.0015 Si10+,Ga24+,Ge25+,Au68+ weak

0.333± 0.0015 C4+
12 (N5+

15
,O6+

18 ) mid

0.285± 0.0015 N4+
14 C4+

14 , Kr24+,Au56+ weak

0.250± 0.002 C3+
12 , O4+

16 mid

0.214± 0.002 N3+
14 C3+

14 , Fe12+,Zn14+,Ga15+,As16+,

Se17+,Br17+,Kr18+,Au42+ weak

0.188± 0.002 O3+
16 weak

0.167± 0.002 C2+
12 weak

Table A.2: Charge over mass ratio of detected ion traces from gold foil 50 nm at
∆tP = −1.67 ps. For unidentified Z/A numbers elements are assigned when they match
within the accuracy, regardless of the target constituent or natural proportion.

the unidentified charge to mass ratios in Table A.2, might be excluded. In addition
it would raise the question, how to explain such a high degree of ionization.

In conclusion, a satisfying explanation or a sufficient identification was not
found. Next to a precise determination of the foils contamination e.g. by the
target support3 one might consider nuclear reactions as suggested in [129].

3Target support is a steel plate with holes of 0.6 mm diameter on which the freestanding gold
foil was placed. Laser was focused in the middle of the foil, monitored by the BRFX diagnostic
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A.2 Additional Material on the Fast Electron
Spectrum

In the following, experimental results are shown to complement Chapter 7. The
same experimental setup and methods were used and measurements were obtained
in the same experimental campaign.

Dependency of the Electron Spectrum on a Displacement of the
Focal Plane

Figure A.6: Detector images are shown for the spectra in Fig. 7.2 in Section 7.2.2. The
laser interacted at HC condition with a (35±2)nm PVF foil and with small displacements
of the focal plane in coordinate z of the laser propagation direction. Electrons were
detected in the same direction. The pictures are in a comparable colour scaling and are
taken in the same experimental run.

For a small displacement of the laser’s focal plane on the target, the detected
fast electron spectra differed, as shown and discussed in Section 7.2.2. Further
examples are depicted in Fig. A.6 and Fig. A.7. The displacement refers to the
coordinate of the laser propagation direction. Negative values correspond to a
focus position before the target, positive values to one inside the target, respec-
tively. Fig. A.6 depicts the detector images in a comparable colour scaling for
the electron spectra in Fig. 7.2 (cf. Section 7.2.2). Fig. A.7 summarizes a sim-
ilar comparison for the single and double foil configuration. Different features
appear in the electron spectrum at different displacement positions of the focal
plane on the target. Each picture refers to a different experimental run but the
measurements of one picture refer to the same experimental run.
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Figure A.7: The electron spectra for different positions of the focal plane on the target.
a): Single PVF foil, (90 ± 4)nm thick with the HC condition, a0 = 6, a laser energy of
1.8 ± 0.1 J on the target and spectrometer configuration III, b): single PVF foil, 35nm
thick with HC condition, a0 = 6 and EL = 1.7 ± 0.1 J obtained from spectrometer
configuration II. The electron number is given in an arbitrary unit. c): Double PVF foil
configuration, foils are separated about 500 µm. F1 has a thickness of (90±4)nm and F2
of (100± 4)nm. The experiment applied the laser with a0 = 6, the HC condition and a
laser energy of 1.8± 0.1 J on the target. The measurement was taken with spectrometer
configuration III.
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Figure A.8: The electron spectra measured with ultrahigh laser contrast for different
PVF foil thickness: a): Obtained for PVF foils with a thickness of (12±1)nm, (35±2)nm
and (90 ± 3)nm. The measurements relate to different experimental runs and different
spectrometer configurations and an applied laser field strengths a0 = 5 and a0 = 5.5,
respectively. b): The electron spectra detected in experiments of the MBI laser system
in the year 2010 with the laser at ultrahigh contrast condition. The picture is taken out
of [56]. The results were obtained with a0 = 3.5 and diamond like carbon foils at various
thickness. Note, the scaling of the particle differs between a) and b).

Electron Spectra for the Optimized Ion Acceleration

Since the ion acceleration approved a strong dependence of the target thickness
(cf. Section 6.2), the experiment investigated if this correlates to changes in the
electron spectrum for comparable parameters, as e.g. applied laser field strength
a0 ≤ 5.5, UHC condition and hydrocarbon foils within a thickness range of 12–
90 nm. Some measurements are depicted in Fig. A.8 a). They are taken from
two different experimental runs. The foil thickness of 12 nm corresponds to the
optimum target thickness for the ion acceleration in Section 6.2 where signifi-
cant higher maximum kinetic energies for the ions were observed. In the electron
spectra from this foil thickness no significant change appeared and hence no corre-
lation can be concluded. A similar and earlier experiment is given in Fig. A.8 [56]
b). It was performed at the MBI laser system in the year 2010 with using DLC
foils and a0 = 3.5. In comparison to this measurement, the particle number
in a) is significantly smaller. Differences due to uncertainties in the calibration
might reach up to 30%4. Since the year 2010 great improvements on laser con-
trast have been made, in particular the basic contrast level could be decreased
(cf. Section 5.2). A dependence of Ne on the laser contrast was demonstrated in
Section 7.2.1. Thus, the deviation of the particle number about approximately
one order of magnitude can be explained by the higher laser contrast of the MBI
laser system in a).

The prior measurements used Diamond like Carbon (DLC) foils with a den-
sity of ρ ∼ 2.5 g/cm3. This measurement exhibited a peak bandwidth FWHM

4This is due to the lifetime of the used Tritium light source and a well known problem for the
used detection screens[79].
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of about ∆E/Ekin ∼ 1.3 at f(Ekin)max = 0.8 MeV. For the thinnest foil with a
thickness of 3nm, a steeper distribution ∆E/Ekin ∼ 0.3 at f(Ekih)max = 0.6 MeV
was detected and an increase of Ne about ∼ 3 times at the distribution maximum.
Considering the RPA model (cf. Section 3.3) and with it, the approach to opti-
mize the target thickness on the laser intensity (cf. Equation (3.7)), this result has
been interpreted as an indication of the electron blown out setting in for targets
thinner than the optimum foil thickness. Although the used PVF foils have a 2×
smaller density (ρ = 1.23 g/cm3), down to a thickness of 12 nm, a remarkable
increase of Ne for the thinnest targets was not observed (see Fig. A.8). Hence,
the electron blow out might be assumed for an even thinner target thickness.
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Target Expansion for the High Laser Contrast Condition

An higher number of the fast electrons was demonstrated with using a two foil
configuration in Section 7.3. Compared to the case of a single foil target, always
an similar or higher electron signal was detected in presence of the second foil for
all foil thicknesses discussed before. On contrary, a significant decline in the elec-
tron signal was measured for a two foil configuration consisting of a first PVF foil
with a thickness of 14 nm and a second PVF foil of 33 nm. The laser parameters
were comparable to Section 7.3 (a0 ≥ 6, linear laser polarization, HC condition).
From this foil assembly, the electron signal on the detector was found close to
the detection limit. This was observed in two different experimental runs and in
total 4 measurements. It is shown in Fig. A.9 and compared to a measurement
obtained with a thicker foil arrangement from another experimental run. The
measurement gives evidence that there exist a limit in the target thickness for the
HC condition. Such a limit corresponds to a strong induced target expansion due
to pre-pulses that could cause a significant decrease of the plasma density. The
observation correlates to the limit in the target thickness for the ion acceleration
found in Section 6.1. Note, that one expected a high electron signal for the case
of a too thin foil target in accordance to the electron blown out. This seems to be
not the case of a lower laser contrast and a therefore pre-heated and pre-expanded
plasma.

Figure A.9: The detector image of the electron spectrometer in configuration II from
measurements with applying the laser at the HC condition and a field strength of a0 = 6.5.
Both pictures are taken at the same exposure conditions and are given in a comparable
colour scaling. a): For a two foil configuration with F1 a (14 ± 1)nm thick and F2 a
(33 ± 2)nm thick PVF foil, b): for a two foil configuration with F1 as a (104 ± 4)nm
thick and F2 a (95± 4)nm PVF foil. The signal saturated at this exposure value.
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The Fast Electron Spectrum and the Dependency on the Target
Holder Arrangement

Experiments using the double foil target configuration were enabled by target
holder construction made of two steel hole plates on which the foil targets were
attached. The thickness of the steel plates, when put together, introduced the
separation between the foils, which was about 500 µm. This construction is illus-
trated in Fig. A.10. The target holder was used in two different arrangements
by turning it about 180◦. A corresponding measurement was presented in Sec-
tion 7.3 in Fig. 7.8 b). Both arrangements differ in the length of the tunnel that
electrons have to pass and which is a consequence of the chosen arrangement. The
difference of the tunnel length did not lead to changes in the electron spectrum,
as shown in Fig. A.10.

Figure A.10: The electron spectrum from either a single foil at position F1 or F2 with
using a double foil target holder with hole diameters of 600 µm. F1 is a (95± 4)nm and
F2 a (104±4)nm PVF foil. The measurements were taken in the same experimental run
for the same experimental conditions (linear laser polarization, HC condition, a0 = 6).
The y-axis was chosen to be in linear scale.
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Figure A.11: The electron spectra and their integrated Ne from measurements with
using either single or double foil configuration and (90±3)nm PVF foils. The foil distance
was about w = 120 µm and the target hole diameter was about 0.6mm. Measurements
with different positions of the focal plane on the target are shown in a) - c).

Electron Amplification for a Smaller Distance in a Double Foil
Assembly

According to the theory of Ref. [109], one expects the enhancement of Ne that
is introduced by the presence of a second separated foil, to be dependent on the
distance between the two foils. If the effect is attributed to the decoupling be-
tween the electrons and the transient laser field, it should be higher for a smaller
distance and even could lead to higher velocities than for a larger distance. The
experiment used a double foil target system with a distance between the foils
of about 120 µm. The laser was applied at HC condition linearly polarized and
with a0 = 6.5. Two PVF foils were used with a thickness of 90 nm. The smaller
separation of the foils a modification required a change of the target holder con-
struction. A schematic is depicted in the insert of Fig. A.11 a). Note, that the
conducting tunnel, after the first foil, given in the other configuration used by the
target support, is now missing for the length of w. Fig. A.11 shows the electron
spectra that was detected from single and two foil configuration and for different
displacements of the laser’s focal plane on the target. In a direct comparison
to the spectrum obtained with distance between the foils of about 500 µm, this
smaller separation delivered similar results. For example, the amplification be-
tween double and single foil configuration is about 1.3 and 1.4. Out of the results
no clear dependency of ANe on the conducting tunnel or the distance between the
two foils can be concluded.
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Figure A.12: The electron spectra detected from a single or two foil target configuration
and with a counter-propagating second laser pulse applied with different intensities and
delays. Both PVF foils have a thickness of (85 ± 3)nm. a): The electron spectra from
the single foil, b): from the double foil configuration. The intensity of the drive pulse
was about 7× 1019 W/cm2 and both laser pulses were applied at the HC condition.

Electron Spectra in a Two Counter-Propagating Laser Pulse
Experiment

Fig. A.12 shows electron spectra detected for one experimental run with two
counter-propagating laser pulses for the single and double foil configuration. This
measurement gives additional material for the experiments in Section 7.4. The
methods used and the experimental setup was described in Section 5.4. PVF
foils with an thickness of 85 nm were separated of about 500 µm and free standing
on a target holder hole diameter of about 600 µm. The second laser pulse was
applied at different intensity levels and delays. In the single target configuration
in Fig. A.12 a), the electron spectra was affected dependent on the intensity of
the P2 pulse. Close to and at the temporal overlap and for a high intensity of the
P2 pulse, more electrons with kinetic energies above 1.7 MeV were detected. The
total particle number differed little dependent on delay time and an influence of
spectral distribution can be concluded.

In Fig.A.12 b), a similar scan is shown for the double foil target configuration
taken from the same experimental run. The temporal overlap corresponds to
time when both pulses would meet at the fist foil. The travelling time for light
for 500 µm is about +1.7 ps. In the presence of the P2 pulse, the total electron
number was higher than obtained without it or in the case of the single foil
configuration. A remarkable peak appeared in the spectral distribution when the
P2 pulse was applied with a moderate intensity either at the temporal overlap or
at a positive delay. For the same intensity of the P2 pulse, but for negative delay
times, the highest particle number was observed and the spectral distribution
was enhanced in the whole detection range. Hence, the second laser pulse has
significantly changed the electron spectrum and their number in the double foil
configuration. The examples show, that the amplification effect that was found
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for the double foil configuration, could be further increased when the second foil
had been pre-heated at the time before the emitted electrons from the first foil
arrived it.
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Figure A.13: Maximum detected harmonic number Nmax in dependence of the PVF
foil thickness used.

A.3 Additional Material on the XUV Emission

In the following additional material for Chapter 8 are presented. All results
originate from the same experimental campaign and details of the used setup and
methods can be found in the named Chapter.

High Harmonic Cutoff Frequency and Target Thickness

In order to validate a dependency of the HH cutoff frequency on the target thick-
ness, results of PVF foils at various thicknesses are summarized in Fig. A.13.
The comparison only considered the best results from different experimental runs
with a0 = 4.5, the laser at UHC and a linear laser polarization. The experimental
parameters were comparable (laser intensity, laser contrast), but may differ in
the daily operational laser condition (focal alignment, laser wavefront). The high
variance of Nmax is attributed to a fluctuation in the HH emission process, as
discussed in Section 8.1.2. The HH radiation can only be identified, when a
sufficient ratio of their intensity to the incoherent XUV background is reached.
Hence, a slightly higher cutoff frequency could be possible.
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Incoherent XUV Radiation from Different Laser Contrast
Conditions

Figure A.14: XUV radiation detected from a two laser pulse experiment for different
laser contrast conditions from a (12± 1)nm PVF foil.

The following results complement the two laser pulse experiments of Sec-
tions 8.2.2 and 8.3. XUV radiation was detected from 12 nm PVF foil target
in a two laser pulse experiment. The radiation was detected in the propagation
direction of the stronger drive pulse, while the second laser pulse propagated to
it from the opposite direction. Fig. A.14 provides two examples at different laser
contrast conditions and illustrates the similarity of the incoherent XUV radiation.
The measurements were taken from the same experimental run with a0 ∼ 4.5 for
the UHC condition and a0 ∼ 5 for the HC condition. The laser polarization was
linear and the P2 pulse had an intensity of IP ≤ 1018. In case of the ultrathigh
laser contrast, the HH spectrum was superimposed with an incoherent XUV radi-
ation, similar to the one detected at high laser contrast. This observation differed
in measurements using thicker foil targets in a single laser pulse interaction and
can be seen in Section 8.1. The second laser pulse caused for the ultrahigh laser
contrast condition a rise of the incoherent XUV background, which was suppressed
without it.

The results for the high laser contrast condition from a single foil interaction
with different delay times of the second laser pulse are depicted in Fig A.15. While
the drive pulse was applied with an intensity of IL = 7× 1019 for the P2 pulse it
was IP = 6 × 1017. Both pulses had a linear laser polarization and illuminated
a PVF foil target of 35 nm. For a wide delay range, the spectral characteristics
were found comparable to spectrum obtained without the second laser pulse (see
Section 8.2.1). A difference was observed for a pre-heated target, which led to a
decreased signal strength and remarkably enhanced the characteristic plasma line
radiation. This could be explained by the expansion of the pre-plasma due to this
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Figure A.15: XUV emission from in the two laser pulse experiment using the high
laser contrast condition (HC) and a (30 ± 2)nm foil. Measurements for different delay
times of the P2 pulse and without it are shown.

laser contrast condition, that causes a decrease of the plasma density when "too"
thin foils were used.
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Backscattering at Ultrahigh Laser Contrast

Figure A.16: XUV spectra obtained from a (35 ± 2)nm PVF foil and for different
delay times of the P2 pulse, close to the temporal overlap between both pulses. The
polarization of both laser pulses are linear and perpendicular to each other.

The experiment tested a relativistic backscattering with two laser pulses using
the UHC condition for different target thicknesses. The following results comple-
ment the experiments presented in Section 8.2.2. The P2 pulse was used with
IP = 6 × 1017 and was linearly polarized. It propagated in the opposite direc-
tion to the stronger drive pulse, which was applied with IL = 5× 1019. Fig.A.16
shows the XUV radiation that was detected at different delay times and close to
the temporal overlap. These results are comparable to the ones in Fig. 8.7 in
Section 8.2.2. At the temporal overlap, a disturbance of HH emission process
was observed. For the second laser pulse arriving at later times, a raise of the
incoherent XUV background was detected. In conclusion, no spectral indication
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Figure A.17: High harmonic radiation emitted in the forward direction in two laser
pulse experiment and with using different laser polarizations. The drive pulse is linear
and the P2 pulse was circularly polarized. A PVF target with a thickness of (35± 2) nm
was used.

for a backscattered or up shifted laser light could be found.

The polarization of the P2 pulse was changed to circular, since this excludes
high harmonic emission [126]. Selected spectra that were detected for the P2
pulse applied close to the temporal overlap and for small positive delay times are
shown in Fig. A.17. A small enhancement in the intensity of the HH radiation
was observed. This observation is similar to the case when the P2 pulse was used
at linear laser polarization in Fig. 8.1 (cf. Section 8.2.2). This small enhance-
ment can not be concluded to be significant in comparison to the shot to shot
fluctuations in the HH signal strength that were obtained from the single laser
pulse interaction (cf. Fig. 8.2).
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Figure A.18: XUV spectra detected from two laser pulse interaction with a (35±2)nm
thick PVF foil and for different negative delays of the counter-propagating P2 pulse.

Enhanced High Harmonic Emission

Fig. A.18 complements the results of Section 8.3.2 with measurements for smaller
negative delays of the pre-pulse applied. The P2 pulse serves then as a pre-pulse.
The spectra depicted, were detected in the same experimental run of Fig. 8.10.
The drive pulse was at IL× 1019W/cm2, the P2 pulse at IP ≤ 1018W/cm2, both
at linear laser polarization and at the UHC condition. It can be seen, that a rise
in the incoherent XUV background signal set in for delays ≤ −0.5 ps. For even
earlier pre-heating an enhanced HH emission was observed. Fig. A.19 depicts
images of the XUV detector for the measurement of Fig. 8.10 in Section 8.3.2.
A substructure in the HH spectrum can be seen on the detector images exhibit-
ing an echo like line emission which is symmetrical to the particular harmonic
lines. The maxima of this pattern are symmetric around the particular harmonic
lines and equally spaced in the representation of λ. In this optimized HH inten-
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Figure A.19: Detector images of the diffracted XUV radiation detected in the counter-
propagating experiment at different delay times.

sity spectrum, side bands at specific harmonic numbers appeared in the spectral
range between 2 nm and 40 nm. This can be seen in Fig. A.19 close to the image
of the source and in Fig. A.18 for longer negative delay times. The pattern is
very pronounced in Fig. 8.10 of Section 8.3.2. The spectrometer consisted of a
transmission grating of gold with a grating constant of about 1900 lines/mm and
the grating was supported by a mesh. The supporting mesh has a structure con-
stant of 17.6 µm, as shown in Fig. A.20. With the spectrometer parameters and
the imaging system, the observed side bands can be explained by a diffraction at
this support grating. The effect appeared only for coherent light and for a high
intensity level.
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Figure A.20: A image obtained from reflection electron microscopy of the transmission
grating used. The grating constant is about 1900 lines/mm and is supported by a mesh
structure of about 17.6 µm.
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