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Zusammenfassung

Die vorliegende Arbeit beschäftigt sich mit der Erzeugung monoenergetischer Protonen- und

Ionenstrahlen mittels laserbasierter Teilchenbeschleuniger. Eine Methode wurde entwickelt,

welche es erlaubt, die bei relativistischen Laser-Plasma-Wechelswirkungen auf Festköpertar-

gets auftretenden Raumladungse�ekte gezielt mit einer punktartigen Teilchenquelle zu kom-

binieren. Durch diese einzigartige Interaktionsgeometrie konnten zum ersten Mal Protonen-

strahlen mit einem intrinsisch schmalen Energiespektrum mit einem wenige Mikrometer groÿen

Laserbeschleuniger generiert werden. Der experimentelle Aufbau wurde im Verlauf der vergan-

genen drei Jahre konsequent im Hinblick auf Reproduzierbarkeit und die maximal erzielten

Teilchenenergien verbessert. Der daraus resultierende Grad an Verläÿlichkeit erlaubte die

Bestimmung der ersten Energie-Skalierungsgesetze speziell für monoenergetische Protonen-

strahlen. Darüber hinaus konnte die Interaktionsgeometrie auf verschiedene Targetmaterialien

übertragen werden, was die Erzeugung monoenergetischer Kohlensto�strahlen ermöglichte.

Die experimentelle Arbeit wurde von der parallelen Entwicklung eines komplexen theoretis-

chen Modells unterstützt, welches die Beobachtungen vollständig erklärt und in hervorragen-

der Übereinstimmung mit zahlreichen numerischen Simulationen ist. Die hier vorgestellten

Ergebnisse weisen weit über die Grenzen der vorliegenden Arbeit hinaus: Die Möglichkeit,

zuverlässig monoenergetische Ionenstrahlen mittels kompakter, laserbasierte Teilchenbeschle-

uniger zu erzeugen ist�in Verbindung mit den einzigartigen Eigenschaften laserproduzierter

Teilchenstrahlen�von fundamentaler Bedeutung für die Grundlagenforschung, für die Mate-

rialwissenschaften und potenzielle medizinische Anwendungen und wird maÿgeblich zur En-

twicklung einer neuen Generation von Beschleunigern beitragen.
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Abstract

A method for the generation of monoenergetic proton and ion beams from a laser-based par-

ticle accelerator is presented. This method utilizes the unique space-charge e�ects occurring

during relativistic laser-plasma interactions on solid targets in combination with a dot-like

particle source. Due to this unique interaction geometry, MeV proton beams with an intrinsi-

cally narrow energy spectrum were obtained, for the �rst time, from a micrometer-scale laser

accelerator. Over the past three years, the acceleration scheme has been consistently improved

to enhance both the maximum particle energy and the reliability of the setup. The achieved

degree of reliability allowed to derive the �rst scaling laws speci�cally for monoenergetic pro-

ton beams. Furthermore, the acceleration scheme was expanded on other target materials,

enabling the generation of monoenergetic carbon beams. The experimental work was strongly

supported by the parallel development of a complex theoretical model, which fully accounts

for the observations and is in excellent agreement with numerical simulations. The presented

results have an extraordinarily broad scope way beyond the current thesis: The availability

of monoenergetic ion beams from a compact laser-plasma beam source�in conjunction with

the unique properties of laser-produced particle beams�addresses a number of outstanding

applications in fundamental research, material science and medical physics, and will help to

shape a new generation of accelerators.
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1 Introduction

Throughout the past decade, high intensity lasers have ventured widely into the domain of
particle acceleration. Relativistic laser-plasmas [1, 2] generated by the interaction of multi-
Terawatt (TW) laser pulses with matter have been identi�ed as a brilliant source of GeV
electrons [3, 4], MeV ions [5�8], and versatile photon beams [9�16]. Laser-produced particle
beams possess a number of unique properties, including ultra-short pulse duration of the
order of the laser pulse duration (femto- to picoseconds) [7], excellent emittance values [17],
and ultra-high peak currents leading to gigantic magnetic �elds of the order of Megagauss
[18�21]. Most importantly, the acceleration process takes place on a micrometer to centimeter
scale, which has excited wide speculations about a new generation of compact laser-driven
particle sources and their potential applications.
In fact, compact accelerators of ultra-short particle pulses would be pivotal for a multitude

of outstanding applications [2, 22], such as the de�nition of novel radiation sources for the
structural analysis of matter [9, 11, 13], as pre-accelerators for conventional acceleration de-
vices [23], for fast ignition of inertial con�nement fusion [24�26], for medical isotope production
[27, 28], or for oncological radiation therapy [29�33].
However, most of these promising applications depend crucially on the availability of particle

beams with narrow energy distribution, whereas for a long time laser-produced particle beams
commonly displayed a broad, quasi-thermal energy spectrum (see e.g. [34�40] for electrons,
and [5, 6, 27, 41�44] for ions). For example, the proposed fast ignition schemes presuppose
the availability of an intense, monoenergetic proton beam for the localized heating of a pellet
target [24, 25]. The use of laser plasma sources as injectors for conventional accelerators
requires particle beams with small bandwidth and emittance in order to match the injected
bunch to the subsequent accelerator [23]. And especially for oncological radiation therapy,
spectral control is an inevitable key criterion [29, 30, 33].
In 2004, a milestone for laser particle acceleration was accomplished by the �rst production

of monoenergetic electron beams [45�48]. Since then, laser electron acceleration has matured
greatly, both by increasing the maximum achievable kinetic energy for monoenergetic bunches
to the GeV level [3, 4] as well as signi�cantly lowering the experimental restrictions for such
beams [49, 50], so that by now, laser-driven electron sources have already passed the threshold
to application [9].
The aim of the present thesis is to provide a similar laser-based particle source for mono-

energetic ion beams. In particular, this source should not involve additional beam shaping
devices (e.g. magnets) in order to maintain the advantages of compact laser accelerators with
respect to conventional ones, but enable intrinsic control over the produced ion spectra. A
suitable acceleration scheme for protons was experimentally realized in 2005 at the Institute
of Optics and Quantum Electronics Jena (IOQ) using a special laser-target interaction geom-
etry, which demonstrated, for the �rst time, that relativistic laser-plasma interactions can in
fact be utilized to produce narrow-band proton beams [51]. Together with a simultaneous
work on laser-generated monoenergetic carbon ion beams by Hegelich et al. [52], this repre-
sented the starting point for many fruitful investigations concerning the spectral shaping of
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1 Introduction

laser-produced ion beams, resulting in a large number of publications until the present day.
Having established this proof-of-principle, follow-up research at IOQ mainly addressed the

optimization of the proton beams in terms of achievable peak energy and bandwidth con-
trol. Particular emphasis was thereby put on the reliability of the laser acceleration scheme,
which is a crucial prerequisite when aiming at the applications mentioned above. As of to-
day, monoenergetic proton spectra with approximately 8% bandwidth at up to 3MeV peak
energy containing about 109 protons can be produced. The reproducibility for the generation
of monoenergetic beams can be as high as ≈ 80%. Moreover, in the course of this thesis, an
advanced theoretical model for laser ion acceleration with multiple ion species was developed
that accounts for the observed spectra and dependencies in a satisfactory manner [53�55].
Supported by multidimensional particle-in-cell (PIC) simulations performed by Alex Robin-
son and Paul Gibbon, the theoretical model suggested several improvements of the setup,
including an alteration of the target composition and the transferability of the monoenergetic
acceleration scheme to other ion species. The predicted improvements could be veri�ed in
dedicated experiments.
From extensive statistical analysis, an empirical scaling law between the narrow-band peak

energy and the laser energy was derived, which allows to extrapolate the current results to
future laser systems. At present, laser-accelerated ion beams are not yet a competitor for
conventional accelerators. The scaling, however, illustrates that within the next decade, laser-
based proton accelerators will be part of a new generation of particle sources with unique
applications. The monoenergetic beams presented in this thesis have established a �rm fun-
dament for this development and may serve for a number of initial application studies already,
e.g. in �rst biophysical irradiation experiments with ultra-short pulsed protons. 10MeV pro-
tons - a value easily obtained by many of today's lasers - can penetrate up to 1.2 mm into
biological tissue, which in conjunction with the narrow bandwidth would allow for a con-
cise dose application and �rst radiological test series with ultra-short, laser-generated proton
beams.
In the prospect of such promising experiments, the capacity of reliably generating bunches

of 109 monoenergetic protons with less than 10% bandwidth by means of a scalable technique
marks an important step towards application and will contribute signi�cantly to the future of
laser particle acceleration.

1.1 The experiment

In the second part of this preluding chapter, the central experiment of the thesis shall be
brie�y introduced, describing the generation of monoenergetic ion beams from laser-plasmas
on an intuitive level. Here, as well as for the most part of the thesis, the Jena 10 TW
Titanium:Sapphire laser (JETI) shall be treated simply as a �black box� light source at the
free disposal of the experimentalist.1

When a high intensity laser pulse hits a thin metal foil, a plasma is formed at the target
front side. In this plasma, electrons are accelerated by the laser �eld to relativistic energies and

1The simplifying assumption should not be mistaken to diminish the 'laser part' of laser plasma experiments.
In fact, laser development, optimization and maintenance constitutes a central element laser plasma physics,
and a major chunk of experimental time is dedicated to this purpose. The JETI laser will be introduced
to the reader in some detail in chapter 3.3. Certain properties of the laser pulse and their variation may
be discussed earlier in the thesis when relevant to the ion acceleration experiments. For more exhaustive
treatment, refer to [56, 57].
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1.1 The experiment
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Figure 1.1: Target Normal Sheath Acceleration (TNSA) from a thin foil target and �Con�ned TNSA� from

a microdot source.(a) The TNSA process. A TW-laser pulse hits a thin foil target at the front

side and creates a hot electron plasma. The plasma electrons are accelerated by the laser �eld

through the target, and form a symmetric electron sheath at the back side. In the resulting

electric �elds, surface atoms are ionized and accelerated up to MeV energies. The bottom graph

shows a typical proton spectrum obtained from TNSA, displaying a broad quasi-thermal energy

distribution. (b) �Con�ned TNSA� from a microdot source. The extended TNSA proton source

layer is replaced by a con�ned dot source. The TW-laser pulse hits the titanium foil exactly

opposite to dot position, so that the dot is located in the central homogeneous part of the TNSA

�eld. In addition, charge separation e�ects between protons and carbon ions from the dot lead

to a charge discontinuity at the slower carbon front, resulting in a shock acceleration of protons

across this carbon front and their subsequent accumulation as a monoenergetic bunch in the

zero-�eld region behind it. This monoenergetic acceleration process works well for dots of up to

micrometer thickness. Surface contaminants outside the con�ned dot source experience a weaker

accelerating �eld and act parasitically on the monoenergetic acceleration process, but may be

removed by controlled laser ablation of the target back side. A typical monoenergetic spectrum

obtained from Con�ned TNSA is shown in the bottom right graph.

pushed into the target [1, 2, 58, 59]. If the target is su�ciently thin, the electrons are expelled
at the back side, where the restoring Coulomb force counteracts the charge separation. Thus,
the main part of the hot electron population is trapped and constitutes an electron sheath
at the target rear (Fig. 1.1a), which is retained until the laser pulse stops driving electrons
through the target and the electron population starts to cool down. The resulting electric �elds
between the sheath and the positively charged target are of the order of several 1012 V/m and
su�ce to �eld-ionize the foil material as well as adsorbates present on the target surface

3



1 Introduction

(mostly hydrocarbons and water). The generated ions are accelerated immediately in the
sheath �eld, whereas the light protons are favoured for acceleration due to the highest charge
to mass (q/m) ratio. This process is known as Target Normal Sheath Acceleration (TNSA)
[42, 60].
The proton beams produced via TNSA typically show an exponential energy spectrum with

a distinct cuto� energy Ecutoff of typically a few MeV, which depends strongly on the laser and
target parameters [44]. This broad distribution can be explained mainly by two contributions:
First, the accelerating sheath �eld possesses a bell-shaped symmetry and is inhomogeneous
in the transverse direction, which means that the maximum energy a proton can reach is
determined by its radial position. Protons located in the center of the �eld are accelerated
the most, up to the maximum energy Ecutoff , whereas protons outside the center experience a
lower electric �eld strength and consequently are accelerated to lower energies. Secondly, the
accelerating electric �eld decays when reaching into regions of higher charge density. Deeper
sited protons in the source layer will thus be (partially) screened from the electric �eld by
their faster predecessors. Both the screening e�ects as well as the transverse inhomogeneity
e�ectuate that the resulting spectrum has a strong correlation to the initial distribution of
the protons to be accelerated from the target.
Following this understanding, Esirkepov and Bulanov [61] proposed an acceleration scheme

for the generation of monoenergetic beams, where all protons are radially con�ned to a �dot�
source within the central homogeneous region of the TNSA �eld. If the proton source is
furthermore su�ciently thin so that screening e�ects are negligible, all protons experience
the same potential and are accelerated to a monoenergetic distribution. However, recent
theoretical studies by Robinson and Gibbon [54] showed that the limitation of the dot thickness
is actually not a critical criterion: For thick dots, the formation of monoenergetic spectra is
supported by charge separation e�ects between the light protons and more inert ions (e.g.
carbon), which leads to a region of uniform proton shock acceleration at the heavy ion front,
where protons are trapped and form a stable monoenergetic bunch [55, 62]. Note that radial
source con�nement nonetheless essential, as the transverse inhomogeneity of the TNSA �eld
would inevitably lead to a broad energy distribution.
This acceleration scheme�a radially con�ned ion source located centrally in the TNSA

�eld, and consisting of at least two ion species such as to enable charge separation�is at the
heart of this thesis's research and shall henceforth be referred to as �Con�ned TNSA� (Fig.
1.1b). In the course of this work, it will be shown that Con�ned TNSA represents a reliable,
potent and versatile technique for the generation of proton and ion beams with narrow energy
distribution.

1.2 Thesis outline

The thesis will be structured as follows. Chapter 2 will provide an introduction to the physics
of laser-plasma interaction, with particular emphasis on laser-based ion acceleration. The
chapter will start out from a discussion of several ionization mechanisms applicable to high
power laser-matter interaction leading to the formation of a plasma. An estimation of the
speci�c plasma conditions encountered at JETI will be provided. The chapter will continue
with a description of the interaction between an intense laser �eld and an ensemble of free
electrons, including fundamental optical properties of plasmas and their connection to the free
electron density. With this background, the chapter will then discuss the di�erent absorption
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1.2 Thesis outline

mechanisms found in laser plasmas.
The second half of chapter 2 will be concerned with laser-driven ion acceleration. �Target

Normal Sheath Acceleration� (TNSA) as the central mechanism at stake will be introduced in
detail using several theoretical models. This section will include a discussion of the dependency
of TNSA-produced proton beams on di�erent parameters such as target thickness and pre-
pulse characteristics. Finally, a special acceleration scheme for the utilization of TNSA for
the generation of monoenergetic proton and ion beams will be presented. This �Con�ned
TNSA� scheme will be bound to two conditions�a radial con�nement of the proton source to
a �micro-dot�, and charge separation e�ects between multiple ion species�both of which will
be discussed in great detail. Particle-In-Cell (PIC) simulations will help to understand the
key mechanisms involved.
Chapter 3 deals with the experimental realization of Con�ned TNSA. From the two condi-

tions and general TNSA properties, a special target design will be derived and translated into
a fabrication routine for microstructured double layer targets. The JETI laser system itself
and the implementation of the targets at JETI will be discussed.
In chapter 4, the major experimental results of the thesis as well as supporting numerical

studies will be presented. First, the properties of the produced monoenergetic proton beams
will be discussed. Secondly, the reproducibility of the Con�ned TNSA mechanism will be
examined, highlighting particularly the importance of controlled target cleaning using laser
ablation. In a third step, scaling laws for the peak energy and width as a function of the laser
energy will be derived. This analysis will be greatly supported by numerical simulations. The
chapter will then move on to a discussion of the e�ects of di�erent target compositions. It will
turn out that both the speci�c concentration of the leading ion species (in this case protons)
as well as the heavy ion contributions in the beam have a signi�cant impact on the spectrum.
Furthermore, the transferability of the Con�ned TNSA scheme will be demonstrated by the
providing evidence for the generation of monoenergetic carbon beams from a heavy ion dot
source. Finally, a number of alternative techniques for the generation of narrow-band proton
and ion beams shall be brie�y discussed.
In chapter 5, the potential of laser-produced ion beams for applications will be evaluated.

In particular, the current results for monoenergetic spectra obtained from microstructured
targets will be extrapolated to higher laser energies using 2D-PIC simulations, which allows
to estimate the proton beam parameters expected from the POLARIS laser currently under
construction in Jena. The simulations indicate that the POLARIS beams will suitable for
a number of outstanding applications, which will be discussed in detail for the example of
medical ion beam therapy.
Appendix A will present, in a nutshell, the physics of laser ablation, paying particular at-

tention to the types of ablation encountered during the course of the thesis. Finally, Appendix
B will provide an exemplary THG autocorrelation trace recorded at JETI.
Let us, however, begin with an introduction to the physics of relativistic laser plasma

interaction and laser-based particle acceleration, providing the theoretical background for the
experiments to be discussed below.
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2 Relativistic laser-plasma interactions

If one intends to build a particle accelerator by means of a strong laser, it is imperative to
know about the mechanisms of energy transfer from laser energy into particle kinetic energy.
More precisely, the central task is to convert the energy of the rapidly oscillating laser �eld into
directed particle momentum. At least for ions, this energy transfer cannot be obtained directly,
as the large ion inertia prohibits an e�cient direct acceleration in the laser �eld at currently
available intensities. Although this restriction may be challenged by future laser systems with
intensities I > 1024 W/cm2, the energy transfer to ions with today's laser accelerators must
rely on mediation processes based on laser-electron interaction. The required free electron
population is created by the laser itself in a so-called laser plasma. Over the past years,
laser plasma science has been increasingly successful in disentangling the consecutive events
of plasma generation and heating, directed electron acceleration, and ion emission. In the
following sections, the individual processes at stake shall be introduced in detail, providing
the physical basis of laser accelerators as a robust and versatile means to produce MeV ion
beams in an entirely new fashion.

2.1 Fundamentals of relativistic laser-plasma physics

2.1.1 Ionization and plasma formation at solid targets

High intensity laser-solid interactions are dominated by rapid ionization dynamics and the forma-
tion of a hot electron plasma. The plasma temperature determines the ion sound speed and hence
the plasma expansion velocity. At JETI, a plasma with a scale length of Lp ≈ λ is formed prior
to the arrival of the main pulse. The electron density and temperature determine the screening
of electric �elds in the plasma, expressed by the Debye length λD.

In classical optics, the interaction of light with matter is described by electromagnetic (em)
theory and a linear material response to the incident em-waves. For high intensities, the
interaction enters the pertubative regime of nonlinear optics, where the material response is
described by higher order terms of the dielectric tensor. Ultra-intense laser-matter interac-

tions, on the contrary, are typically governed by ionization dynamics and plasma formation,
leading to a large reservoir of free electrons and a fundamentally di�erent interaction behav-
iour. The free electrons are immediately exposed to the laser �eld and may gain substantial
kinetic energy from it. If the laser �eld is strong enough, the electron energies can become
relativistic, which gives rise to the regime of �relativistic optics� or �relativistic laser-plasma
interactions� [1, 63].
Most laser systems used in relativistic interactions work in the infrared (IR) range and

may therefore not conduct ionization directly. For Titanium:Sapphire (Ti:Sapphire) lasers
(λTi:Sapph ≈ 795 nm), the energy of a single photon is Ephoton = 1.6 eV. In comparison,
ionization energies are typically of the order of tens of eV, e.g. Eion(H+) = 13.6 eV for
hydrogen and Eion(C+) = 11.2 eV for carbon. However, at intensities > 1010W/cm2, multi-
photon processes become su�ciently probable to excite electrons from bound states to the

7



2 Relativistic laser-plasma interactions

ionization threshold (�multi-photon ionization�) or even beyond (�above-threshold-ionization�)
[58]. These processes are illustrated in Fig. 2.1.
Note that for the calculation of multi-photon ionization cross sections, the impact of the

laser �eld on the Coulomb potential of the atom is typically neglected. This approximation
does obviously not hold true anymore if the laser �eld strength1 becomes comparable to the
atomic �eld strength,

Eat =
e

4πε0a2
B

≈ 5.1 × 1011 V/m (2.1)

which is reached at a laser intensity (�atomic intensity�) of

Iat =
1
2
ε0cE2 ≈ 3.5 × 1016 W/cm2 . (2.2)

Here, e is the electron charge, ε0 the vacuum permittivity, aB =~2/mee2 the radius of the
Bohr atom, and c the speed of light. Note that multi-photon ionization sets in well below
this intensity [58]. However, when the atomic intensity is approached, the static Coulomb
potential will be periodically superimposed by the rapidly oscillating laser �eld E (t), yielding
a total electric potential of

U (x, t) = − Ze2

4πε0x
− exE (t) , (2.3)

where x is the direction of the laser polarization. In case of ultra-strong laser �elds, the atomic
potential can thus be deformed to a degree that electrons may tunnel from the bound state
through the remaining barrier into the continuum (�tunnelling ionization�). The so-called

Keldysh parameter γK =
√

Eion/2Φclass
p allows to distinguish between these two regimes,

yielding γK > 1 for multi-photon ionization, γK ≤ 1 for tunnelling ionization, where Eion is
the ionization energy for is the speci�c electron state under consideration, Φclass

p = e2E2/meω
is the classical ponderomotive potential as discussed in the next section (cf. Eq. 2.29), and ω
is the laser angular frequency. If the �eld su�ces to lower the Coulomb wall below an atomic
state or even to the ground state, electrons will be stripped o� the nucleus instantly and
the atom gets (fully) ionized. This �barrier suppression ionization� can be expressed by the
�appearance intensity� of a certain ion state,

Iapp =
(

4πε0

Ze2

)2

· ε0c
32e2

· E4
ion (2.4)

≈ (Eion/eV)4

Z2
· 4 × 109 W/cm2 , (2.5)

for which the maximum of the reduced Coulomb wall at a certain laser intensity has been
identi�ed with the ionization energy of the electron state [58]. For hydrogen, the appearance
intensity amounts to Iapp = 1.4 × 1014 W/cm2 with γK = 0.9, which is still well below the
atomic intensity [Eq. 2.2].

1In this thesis, the electric �eld will be denoted by
−→
E or E for vector and scalar expressions, respectively. In

order to avoid confusion, energies will always be denoted by a capital Italic E.
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2.1 Fundamentals of relativistic laser-plasma physics

U(x) U(x)
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tunelling
ionization
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Figure 2.1: (a) Multi-photon ionization and above-threshold ionization. For a large number of incident pho-

tons (i.e. at high intensities), the probability for multi-photon absorption processes is no longer

negligible. Multi-Photon absorption arises due to the fact that electrons also �tentatively� absorb

non-resonant photon energies and remain on the corresponding virtual energy state for a time

∆t associated with the energy uncertainty of this state, ∆t ≈ ~/2∆E. If the photon �ux is suf-

�ciently high, the electron may absorb more photons during that time and eventually enter the

continuum. By the same mechanism, electron may absorb more photons than necessary for ion-

ization, and thus enter the continuum with a well-de�ned kinetic energy given by multiples of the

photon energy minus the ionization energy (�above-threshold ionization� - ATI). (b) Tunnelling

ionization. For ultra-intense laser �elds, the �eld strength becomes comparable to the atomic

�eld and the mutual impact can no longer be neglected. Electrons may thus tunnel through

the remaining Coulomb barrier of the deformed �eld (�tunnelling ionization�), or even leave the

atom instantly if the atomic potential is suppressed below the bound states (�barrier suppression

ionization�).

The ionization processes discussed above e�ectuate that any solid target�no matter whether
initially re�ective (e.g. a metal), transparent (e.g. a glass substrate), or opaque (e.g. plastic)�
will rapidly form a plasma slab on the surface when irradiated with a su�ciently intense laser
pulse. Especially in the case of ultra-short laser pulses impinging on solid targets, the free
electron population will increase very rapidly [64], and avalanche ionization and collisional
ionization will support the plasma formation [15, 65�69]. In order to characterize the actual
laser-plasma interaction, it is important to know about the plasma density pro�le and the
relevant scale lengths. A number of fundamental properties can be derived using the �uid

model of a freely expanding plasma. This model will reappear later in this work when sheath
acceleration at the target back is described (cf. section 2.2). The �uid model assumes that the
plasma is collisionless, and no further ionization and recombination occur during the expan-
sion (i.e. the particle number is preserved) [70]. The phase-space density fj (−→x , −→v , t) of j-th
particle species in the plasma is then conserved, which is expressed by the Vlasov equation,

∂fj

∂t
+ −→v ∂fj

∂−→x
+

qj

mj

(
−→
E +

1
c
−→v ×

−→
B

)
· ∂fj

∂−→v
= 0 . (2.6)

Here, qj & mj are the particle charge and mass, respectively, and
−→
E &

−→
B are the elec-

tric and magnetic �elds associated with the charged �uid. From integration of the Vlasov
equation, one can obtain the continuity and the force equation for the �uid particle density
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2 Relativistic laser-plasma interactions

nj =
∫

fj (−→x , −→v , t) d−→v and mean velocity −→vj = 1/nj ·
∫ −→v fj (−→x , −→v , t) d−→v ,

∂nj

∂t
+

∂

∂−→xj
(nj

−→vj ) = 0 (2.7)

nj

(
∂−→vj

∂t
+ −→vj

∂−→vj

∂−→xj

)
= nj

qj

mj

(
−→
E +

1
c
−→vj ×

−→
B

)
− 1

mj
∇pj , (2.8)

pj being the �uid pressure determined by the equation of state [70]. For an isothermal ex-
pansion, this equation of state is simply pj = njkBTj, where kB is the Boltzmann constant
and Tj the temperature of the isothermal particle distribution. Limiting the discussion to two
particle species here (i.e. electrons and one ion species), and neglecting the magnetic �eld
contributions as well as the electron inertia, one obtains the following continuity and force
equation for the ion population

∂ni

∂t
+

∂

∂xi
(nivi) = 0 (2.9)

∂vi

∂t
+ vi

∂vi

∂xi
= − 1

mi

(
Z∇pe

ne
− ∇pi

ni

)
= −c2

s

1
ni

∂ni

∂x
, (2.10)

where the electron and ion density are connected by the average ion charge state Z, ne = Zni.
The ion sound speed cs is given by

cs =

√
Z·kBTe

mi
+

kBTi

mi
≈

√
Z·kBTe

mi
≈ 0.31 × 106 m

s
·

√
kBTe

keV
· Z

A
, (2.11)

A being the mass number of the ion. The di�erential equations 2.9 and 2.10 are solved by

vi = cs +
xi

t
(2.12)

ni = ni,0 exp
{
− xi

cst

}
, (2.13)

ne = Zni (2.14)

which means that an isothermal, freely expanding plasma will obey an exponential density
pro�le. Furthermore, it can be seen that the plasma density scale length LP increases over
time with the ion sound speed, Lp = ni/∇ni = cst.
Let us now attempt to estimate some of the plasma parameters. At high intensity laser

systems such as JETI, the laser pulse is typically anteceded by pre-pulses and a pico- to
nanosecond pedestal of Ampli�ed Spontaneous Emission (ASE), which may evoke pre-plasma
formation on the target front side prior to the arrival of the main pulse. Consequently, the
plasma expansion and the interaction conditions depend strongly on the contrast ratio between
the ASE/pre-pulse and the main pulse. At JETI, a contrast of IASE/Imain < 10−8 can be
warranted 40 ps before the main pulse, where plasma formation can be neglected. 30 ps before
the main pulse, however, a pre-pulse with Ipp/Imain ≈ 10−5 is ejected (cf. Appendix B), which
su�ces to create a pre-plasma on the target. Assuming that this pre-plasma is heated to about
kBTe = 150 eV and that the foil material is ionized to Ti3+, one obtains a plasma expansion
velocity of cs = 3.1× 105 m/s, resulting in a plasma scale length of Lp = 0.94 µm ≈ 1.18 λ for
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2.1 Fundamentals of relativistic laser-plasma physics

the interaction of the main pulse (cf. [58]).

For the sake of illustration, let us brie�y consider a second, more idealized interaction sce-
nario, where ionization is initiated only by the main pulse. At relativistic intensities, titanium
is rather easily ionized to Ti12+ (Eion(Ti12+) = 291.5 eV), with an appearance intensity of ap-
proximately Iapp(Ti12+) = 2×1017 W/cm2 (cf. Eq. 2.5). A typical JETI pulse (τFWHM = 80 fs,
I = 3.7 × 1019 W/cm2) reaches this intensity roughly 290 fs before the pulse maximum. As-
suming that the plasma is initially heated to a temperature of 1 keV by rising edge of the main
pulse (cf. [58], page 128), the plasma expansion velocity amounts to cs = 6.3×104 m/s, which
in turn yields a plasma scale length of Lp = 0.02 µm ≈ 0.03λ prior to the pulse maximum.
This value is signi�cantly smaller than the one derived above, implying that for very clean
ultra-short laser pulses, the plasma has hardly time to expand, and the arriving pulse would
interact with an almost-solid density target. Note that in all subsequent estimations, the
larger value (i.e. the one resulting from the pre-pulse) will be used, which will be of particular
importance when talking about absorption processes in section 2.1.4.

Before moving on to the behaviour of a plasma under the impact of electromagnetic waves,
some electrostatic properties of plasmas shall be discussed brie�y. For a given charge q lo-
cated at a �xed position −→x within a plasma (e.g. a single inert ion), the free electrons will
immediately form an equilibrium distribution around it. For a Maxwellian electron spectrum
with initial (unperturbed) electron density ne,0, the density is modi�ed by the electrostatic
potential Φel introduced by the positive charge to

ne =
∫

f (−→x ,−→v ) d−→v =
(

me

2πkBTe

) 3
2

exp

{
−

me
2

(
v2
x + v2

y + v2
z

)
− eΦel

kBTe

}

= ne,0 exp
{

eΦel

kBTe

}
, (2.15)

Assuming that electron and ion density are initially the same, ne,0 ≡ ni,0, the Poisson equation
reads

∇2Φel = − 1
ε0

[qδ (−→x ) + e (ne − ni,0)] ,

= − 1
ε0

[
qδ (−→x ) + ene,0

(
exp

{
eΦel

kBTe

}
− 1

)]
≈ − 1

ε0

[
qδ (−→x ) + ene,0

(
1 +

eΦel

kBTe
− 1

)]
, (2.16)

where the RHS has been expanded to �rst order, supposing that the electric potential Φel

drops very quickly. Acknowledging the spherical symmetry of the problem, one can re-write
the Laplacian as

∇2Φel =
1
r2

∂

∂r

(
r2 ∂Φel

∂r

)
≡ 1

r

∂2

∂r2
(rΦel)

!= − 1
ε0

qδ (r) − e2ne,0Φel

ε0kBTe
. (2.17)

This di�erential equation is solved by the function

Φel =
q

4πε0

e−r/λD

r
, (2.18)
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2 Relativistic laser-plasma interactions

where the Debye length

λD =

√
ε0kBTe

e2ne,0
≈ 0.24 µm ×

√
kBTe/MeV

ne,0/1021cm−3
(2.19)

was introduced. Eq. 2.18 holds that any individual charge in a plasma is e�ectively shielded
over the distance λD.

2.1.2 Single electron acceleration and the ponderomotive force

The motion of electrons in an intense laser �eld is described by the relativistic Lorentz force. Due
to the magnetic �elds, electrons start to oscillate in laser direction, resulting in a characteristic
�gure-8 motion. The ponderomotive force Fp leads to a net acceleration along the intensity gradi-
ent, whereas the ponderomotive potential Φp determines the temperature of the electron ensemble.

The following section shall serve to illustrate how electrons can gain directed momentum
from the oscillating transverse electromagnetic laser �eld. The microscopic interaction of an
electron with an em-wave is described by the Lorentz force,

−→
FL = e

(−→
E + −→v ×

−→
B

)
=

d−→p
dt

=
d

dt
(γme

−→v ) , (2.20)

where γ =
(
1 −−→v 2/c2

)−1/2 =
(
1 + −→p 2/(mec)

2
)1/2

is the relativistic factor and −→p the elec-

tron momentum. For laser intensities exceeding I = 1018 W/cm2, the oscillation velocity of
the electrons approaches the speed of light, and the

−→
B - term in Eq. 2.20 cannot be neglected

anymore. The coupled set of equations of motion 2.20 can be solved using the energy equation

dEkin

dt
= mec2 dγ

dt
= −e

(−→v · −→E
)

. (2.21)

With a little calculus [58], and limiting the analysis to one transverse dimension here, one
�nds for the electron momentum and orbit in the laboratory frame

px = a0

(
1 − δ2

) 1
2 sinΦ (2.22)

x = −a0
c
ω

(
1 − δ2

) 1
2 (1 − cos φ) = f (a0) (2.23)

pz =
a2

0

4
[
1 +

(
2δ2 − 1

)
cos 2Φ

]
(2.24)

z =
a2

0

4
c
ω

(
φ +

2δ2 − 1
2

sin 2φ

)
= f

(
a2

0

)
, (2.25)

where x is the
−→
E -�eld axis, z the propagation axis of the wave, and φ = (ωt − kz) the phase

of the wave. δ represents the polarization of the laser beam, with δ = 0 for linear polarization
and δ = ±1/

√
2 for circular polarization. The factor a0 denotes the relativistic amplitude

a0 =
Ee

ωm0c
≈

√
Iλ2

1.37 × 1018 W
cm2 · µm2

. (2.26)
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2.1 Fundamentals of relativistic laser-plasma physics

Acknowledging that Ee/ωm0 = vclass
osc , the classical oscillation velocity in the E-�eld, one can

equally write a0 = vclass
osc /c to see that a0 represents a measure for the �relativisticness� of the

interaction. The ion acceleration experiments at JETI were typically carried out at a0 ≈ 2−5.
Note that the z-term of the electron motion shows two distinct contributions: a net drift

in laser propagation direction, and a superimposed 2Φ-oscillation (i.e. with twice the laser
frequency). The latter gives rise to the well-known relativistic �gure-8 motion of the electron
in a time-averaged co-moving frame of reference. One also notices that the z-motion becomes
dominant in the ultra-relativistic limit due to the a2

0-dependency, which means that for strong
laser pulses electrons will be accelerated mainly in forward direction, representing a feasible
mechanism for the generation of directed electron currents into the target (cf. section 2.1.4).

In a more rigorous treatment of the electron motion, both spatial and temporal dependencies
of the laser pulse envelope must be included; the above equations would, strictly speaking,
put the electron to rest again once the laser pulse has passed, and will hence be left with a
net kinetic energy of zero.

A useful model of the electron acceleration is obtained by introducing the ponderomotive

force Fp, which describes the time-averaged net force transferred onto an electron by an
inhomogeneous laser �eld. Assuming for the sake of simplicity a transverse inhomogeneity only,
an expression for the (nonrelativistic) ponderomotive force can be obtained by expanding the
electric �eld around the initial electron position x0 to second order, E(−→r , t) ≈ E0(x0) cosΦ +
∇x E0(x)|x=x0

· (x − x0) cosΦ. Solving for the �rst order term and plugging the obtained

results back into the expansion, one may average
−→
F = eE(−→r , t) over the rapid oscillations to

�nd [58, 71]

−−−→
F class

p = − e2 · −→ex

4meω2
∇x

(
E2

0(x)
)

, (2.27)

which can be easily generalized to a 3D �eld amplitude,

−−−→
F class

p = −
〈
e
−→
E (−→r , t)

〉
= − e2

4meω2
∇

(−→
E 2

0(
−→r )

)
. (2.28)

A corresponding ponderomotive potential can be introduced,

Φclass
p = −

∫ −−−→
F class

p d−→r =
e2

4meω2

−→
E 2

0(
−→r ) (2.29)

=
a2

0

4
mec2 ,

as an expression of how much energy an electron can gain due to the ponderomotive force.

The derivation of a relativistic version of the ponderomotive force requires a more sophisti-
cated mathematical treatment [72�74], but eventually arrives at a very similar expression,

−−→
F rel

p = −mec2∇γ = − e2

4meω2γ
∇

(
E2(x)

)
, (2.30)

where the time-averaged relativistic factor γ =
(
1 + p2

slow/m2
ec

2 + a2
0/2

)1/2 ≈
(
1 + a2

0/2
)1/2

has been inserted, with p2
slow/m2

ec
2 representing the slowly varying envelope component and

a2
0/2 the oscillatory component of the electron momentum, respectively [58]. The correspond-
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2 Relativistic laser-plasma interactions

ing ponderomotive potential now derives as

Φrel
p = (γ − 1)mec2 =

(√
1 + a2

0 − 1
)
× 0.51MeV , (2.31)

which corresponds to the relativistic kinetic energy acquired by an electron from the laser
�eld.
The ponderomotive force reveals a characteristic ∇E2-dependency, implying that electrons

are pushed away from the region of highest intensity, i.e. the center of the laser pulse. Taking
into account the �nite diameter of a Gaussian pulse, the restoring forces of the transverse
oscillations are less strong outside the pulse center, and the electrons will hence be ejected at
a certain angle with respect to the laser propagation axis. This angular emission is known
as �ponderomotive scattering.� The ejection angle can be determined according to the simple
relation [58]

cosΘeject =
√

γ − 1
γ + 1

. (2.32)

Thus, a Gaussian shaped laser pulse can be imagined as �ploughing� through the plasma,
which gives an intuitive account for the conversion from the oscillatory energy of the laser
�eld to directed kinetic energy of the electrons.
It has been argued [75] that for the relativistic regime, the hot electron temperature can be

approximated by the ponderomotive potential,

kBTe ≈ Φrel
p , (2.33)

which proves to be in excellent agreement with many experiments [14, 57, 76�82]. This
identity will become intelligible when discussing ponderomotive heating among the absorption
mechanisms in section 2.1.4. At JETI, a laser pulse energy 0.8 J on target (1.3 J before
compression) leads to a0 = 4.2, which results in a hot electron temperature of kBTe ≈ Φrel

p =
1.7 MeV. These values will be repeatedly used for subsequent approximations.

2.1.3 Optical properties of plasmas

For light of frequency ω, the optical properties of a plasma are solely determined by the plasma
frequency ωp, which is a function of the free electron density ne. Light may penetrate the plasma
only up to the critical density nc before being re�ected, thus demarcating a region of overdense
plasma from an underdense plasma.

Most fundamental optical properties of plasmas can be obtained from the theory of metals
as known for example from the Drude model of conductivity, and standard electromagnetic
theory. In the Drude model, the plasma is considered as an electron cloud in front of uniform,
positive background of immobile ions, and collisions are neglected. In absence of electron
resonances (i.e. for free electrons), the dielectric function of the electron ensemble is given by
[83, 84]

ε(ω) = 1 − nee2

ε0meω2
= 1 −

ω2
p

ω2
, (2.34)
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where ωp denotes the plasma frequency

ω2
p =

nee2

ε0me
. (2.35)

The corresponding refractive index nr of the plasma thus assumes the form

nr(ω) =
√

ε(ω) =

√
1 −

ω2
p

ω2
. (2.36)

Note that for a given laser frequency ω, the right hand side of Eq. 2.36 depends on the plasma
frequency only, which in turn is but an expression of ne. The optical properties of the plasma
are hence completely determined by the free electron density. Furthermore, it can be seen
that ωp designates threshold where the refractive index changes from a real to an imaginary
expression. For ω > ωp, the refractive index is fully real and em-waves may propagate through
the plasma. In this case, one �nds the plasma dispersion relation

ω2 = ω2
p + c2k2 , (2.37)

which is a direct result of the wave equation and ε (ω) = c2k2/ω2. On the other hand,
for ω < ωp the refractive index becomes fully imaginary and plasma does not support the
penetration by an em-wave. Note also that the re�ectivity of an ideal plasma is 1 at the
boundary ω = ωp, which follows immediately from the Fresnel equations.2

Recalling the exponential density pro�le of an freely expanding isothermal plasma (cf. sec-
tion 2.1.1), it is instructive to rewrite the index of refraction 2.36 in slightly di�erent manner:

nr =
√

1 − ne

nc
. (2.38)

Here, nc = ω2ε0me/e2 is the critical electron density, which for a given laser frequency ω de-
notes the point up to which light may penetrate a plasma pro�le with increasing density before
being re�ected, thereby distinguishing a region of overdense (ne > nc) from an underdense
(ne < nc) plasma. For oblique laser incidence at an angle Θin into an inhomogeneous plasma
(like for the JETI ion acceleration experiments), the situation is slightly di�erent: From the
conservation of the k-vector [70] and the Helmholtz equation one obtains

d2E(z)
dz2

+
ω2

c2

(
ε(z) − sin2 Θin

)
E = 0 , (2.39)

where re�ection can be seen to occur when ε(z) = sin2 Θin, i.e. at ne,refl = nc cos2 Θin < nc

(cf. Eq. 2.38). At oblique incidence, the pulse is therefore re�ected before reaching the critical
density.
By way of example, consider again the above scenario with a pre-plasma consisting of triple

ionized titanium and a hot electron population of temperature kBTe = 150 eV at a time 30 ps
before the main pulse. At the arrival of main pulse, the plasma pro�le will be of the form
ne = 3 · nTi

i,0 exp {−x/cst} = 1.70 × 1022cm · exp {−xi/0.94 µm}. The critical density for a

2This e�ect is utilized by so-called plasma mirrors, which play an important role in current ultra-short-pulse
laser science [85�88]. See comments in section 5.2.
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Ti:Sapphire wavelength of 795 nm is nc = 1.77 × 1021 cm−3, which means that at normal
incidence the pulse will be re�ected at a distance x(90◦) = 2.13µm in front of the target. On
the contrary, for laser incidence at an angle of 45◦, this distance changes to x(45◦) = 2.78 µm.
The distance between the density of re�ection and the critical density therefore amounts to
∆s = 0.65 µm ≈ 0.8λ, which will be important when discussing absorption mechanisms in the
following. Note that for the current estimation the simplifying assumption of a 1D plasma
pro�le has been made.

2.1.4 A multitude of absorption mechanisms

Numerous theoretical models have been suggested to account for the high absorption rates observed
in laser-plasma interaction. For ultra-short pulses, the predominant mechanisms are collisionless

and include resonance absorption, Brunel absorption and
−→
j ×−→

B heating.

From the previous sections it is evident that the physics of laser plasma interaction can vary
greatly depending on the prior plasma formation and expansion. The main part of the laser
pulse may either encounter a very steep density gradient leading to a direct interaction with
an almost undisturbed solid target, or an extended region of underdense plasma corona, where
the pulse can interact ponderomotively with the free electrons over a long distance, and ex-
cite strong plasma waves and instabilities. The di�culties encountered by both theorist and
experimentalists when considering this wide range of possible interaction scenarios is nicely
captured by P. Gibbon in the following quotation:

�... to make matters worse, the last �fteen years have seen femtosecond-solid experiments

escalate across an intensity range of seven orders of magnitude. Unsurprisingly then, it is not

easy to decide what physics to include and what to omit when constructing theoretical models of

such interactions. Coupling the laser energy to the target material posed the �rst such dilemma,

and still remains one of the more hotly disputed issues in the �eld. This is because more than one

physical picture is possible depending on whether the material is treated as a dense conductor, or

a 'sandwich ' of cold solid plus a hot, thin or extended layer of plasma in the region of the laser's

focal spot. To date, there is no single model which can adequately describe all the main pieces

of absorption physics, not to mention the numerous other e�ects - mass and energy transport,

nonlinear propagation, fast particle generation, and so on - which can also take place.� [58]

The current section shall review a few major absorption mechanisms that apply to the intensity
and pre-plasma conditions at JETI, not claiming to provide an exhaustive treatment of the
subject. Contrary to the motion of single electrons in the laser �eld described above, here the
emphasis shall be put on a more macroscopic description of the energy transfer, aiming at the
derivation of speci�c absorption rates for the applied laser energy.

(a) Resonance absorption and the anharmonic oscillator model

At intensities above 1016 W/cm2, high absorption rates of 50−70% are consistently observed in
experiments [58, 78, 79]. Contrary to the early long-pulse (nanosecond) experiments, however,
for ultra-short pulses this substantial energy transfer cannot be explained by electron-ion
collisions. This is true mainly for two reasons: First, the collision frequency scales as kBT

−3/2
e ,

and collisions there become increasingly ine�ective for the fast rising electron temperature in
short-pulse interactions (eq. 2.46). Secondly, at high intensities, the electron quiver velocity

16



2.1 Fundamentals of relativistic laser-plasma physics

vosc may exceed the thermal velocity vth, and hence the collective motion outweighs the
collisions [58]. Therefore, models for collisionless absorption processes had to be developed in
order to account for the high absorption rates, most of which make explicit use of the steep
plasma gradients applicable to short pulse interaction.

Consider a p-polarized laser pulse entering a steep plasma pro�le (Lp ≤ λ) at oblique
incidence with respect to the density gradient. The electric �eld vector still has a component
in the direction of the gradient, which typically coincides with the target-normal direction.
In fact, since a considerable fraction of the incident light is re�ected at the critical density, a
target-normal standing wave pattern will form at the target front side.

The E-�eld thus causes the electrons to oscillate in target normal direction, which leads
to periodic charge density modulations and hence the excitation of an electron plasma wave.
The excitation works best when the laser frequency is in resonance with the eigenfrequency of
the plasma, i.e. at the critical density nc where ω = ωp, which has coined the name resonance
absorption. It was noted in section 2.1.3 that under oblique incidence in an inhomogeneous
plasma, the pulse is already re�ected before it reaches the resonance condition, i.e. at ne,refl <
nc (cf. Fig. 2.2); however, for a steep gradient, the electric �eld may tunnel into the critical
density region and excite the plasma resonantly [70, 89�91]. This is well in agreement with
the estimation of section 2.1.3, where the distance between ne,refl and nc was found to be < λ.

Plasma waves are able to transport large amounts of energy, which can be released into
the plasma either by collisions or, more importantly for short pulses, by wave-breaking and
subsequent electron acceleration along the charge density gradient [70]. In fact, resonance
absorption works best when collisions are ine�ective, i.e. for high electron temperatures and
short plasma scale lengths. Both conditions are ful�lled at JETI. An electron temperature
kBTe ≈ Φrel

p = 1.7 MeV was derived in section 2.1.2, and the distance between ne,refl and nc

estimated to 0.65 µm, i.e. less the laser wavelength.

An expression for the absorbed intensity fraction can be found by determining the size of
the decaying electric �eld at the critical density. Under the simplifying assumption of a linear
density pro�le ne = ncritz/Lp, this yields [70]

ηra
abs =

1
2

(
2.3τ · exp

{
−2τ3

3

})2

, (2.40)

where τ = (kLp)
1/3 sinΘin. The term in parentheses is the so-called Ginzberg function. Using

again the JETI values, the expected fraction of resonance absorption amounts to ηra
abs ≈ 15%.

Generally, resonance absorption can account for absorption rates well above 50% [89�92]. The
lower value at JETI is mostly owed to the comparably large plasma scale length, which does
not strictly ful�ll Lp ¿ λ.

A recent theoretical model by Mulser et al. [93] expanded the scope of resonance absorption
to a much broader parameter range. As elaborated above, resonant excitation of a plasma
takes place at the critical density nc where ω = ωp. This region is typically reached only
by some evanescent fraction of the laser light. Thus, there has been a long-lived debate
concerning how e�cient this type of energy transfer actually is under real conditions. In a
detailed study, Mulser et al. showed that the conditions for resonance absorption are not
as rigid as previously assumed, because the for the de�nition of the resonance frequency as
ωp =

(
nee2/ε0me

)1/2 strictly holds for a harmonic plasma oscillation regime only, i.e. for low
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Figure 2.2: Laser re�ection in a plasma at oblique incidence and resonance absorption. The optical properties
of a plasma are solely determined by the frequency ω of the incident em-wave and the free electron

density ne. In particular, light of frequency ω may not propagate into regions �overdense plasma�,

where the electron density is larger than the �critical electron density� nc = ω2ε0me/e2. The

critical density thus represents a boundary at which the incident laser pulse is re�ected. However,

this criterion holds strictly true only for incidence along the plasma density gradient. At oblique

incidence, the pulse is re�ected already at ne,refl = nc cos2 Θin < nc due to the conservation of the
−→
k -vector, and may undergo additional de�ection in direction of the plasma gradient according

to Fermat's principle. Together, the incident and re�ected pulse contributions form a standing

wave pattern in front of the target. For p-polarized laser light at oblique incidence, the electric

�eld possesses a target-normal component, which creates periodic charge density modulations

in target-normal direction in the plasma (ne < nc), leading to the formation of plasma waves.

The excitation of such a plasma wave works best if the laser �eld is in resonance with the

eigenfrequency of the electron distribution, i.e. the plasma frequency ωp =
√

nee2/ε0me, which

happens exactly at exactly the critical density nc. For this �resonant absorption� case, the wave

is excited so strongly that it breaks, releasing a large large population of hot electrons into the

target. Note that even though an obliquely incident pulse does actually not reach the critical

density, resonant excitation may still be aroused because the strong excitation may cause the

plasma oscillation to become anharmonic, and photons may also tunnel through the remaining

gap.
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2.1 Fundamentals of relativistic laser-plasma physics

intensities. For ultra-strong driving �elds, however, i.e. for I ≥ 1018 W/cm2, the restoring
Coulomb force ceases to be a linear function of the electron displacement with respect to the
ionic background, and the potential deviates signi�cantly from a harmonic one, leading to
lower plasma resonance frequencies ωanharm

p < ωp. Therefore, in this anharmonic oscillator

model, the plasma excitation may jump into resonance well below nc and might in fact lie
within the region of laser penetration.

(b) The Brunel mechanism and relativistic
−→
j ×

−→
B heating (ponderomotive heating)

Another absorption mechanism occurring at very steep plasma gradients is the Brunel e�ect
[92, 94�96]. This e�ect becomes e�ective when the longitudinal electron oscillation caused
by the target-normal electric �eld component exceeds the plasma density scale length, zosc =
eE/meω

2 = vclass
osc /ω ≥ Lp, which is only roughly ful�lled at JETI (zosc ≈ 1.2 Lp). However,

it is still worth looking at the Brunel e�ect, since a very similar argumentation applies to the−→
j ×

−→
B mechanism described below. For zosc ≥ Lp, then, the plasma will be unable to support

plasma waves and resonance absorption; however, some electrons may follow the oscillation of
the electric �eld out of the plasma slab into the vacuum, and be e�ciently re-accelerated into
the slab and beyond the critical density by the second half cycle of the �eld. Since the laser
can only penetrate the overdense region up to the characteristic skin depth ls ≈ c/ωp ¿ zosc,
the electrons will be immediately screened from the electric �eld and thus deposit all of their
kinetic energy in the solid via collisions.
An estimation concerning the absorption rate can be made using the standing wave as-

sumption and a simple capacitor model, where the Brunel-accelerated electrons are basically
treated as a sheet with a certain surface charge density [97], yielding the implicit expression

ηBrunel
abs =

f tanΘin

πa0

[(
1 + f2a2

0 sin2 Θin

) 1
2 − 1

]
. (2.41)

Here, f = 1 + (1 − η0)
1/2 is a correction term accounting for the asymmetry of the standing

wave due to the loss of laser energy to the plasma caused by other absorption mechanisms and
imperfect re�ection, and still depends on η0 = (4a0/π) sin3 Θin/ cosΘin, the Brunel absorption
fraction in the uncorrected, non-relativistic case [94]. In the approximation a0 À 1, one can
simplify equation 2.41 to an explicit expression depending on Θin only,

ηBrunel
abs =

4π sinΘin tanΘin

(π + sinΘin tanΘin)
2 , (2.42)

which for 45◦ gives ηBrunel
abs ≈ 60% . This large value is to be taken with a big grain of

salt: As mentioned above, the density gradient is not su�ciently steep to enable e�cient
Brunel absorption. Furthermore, the Brunel model does actually not take into account any
�niteness of the density gradient, and also neglects other e�ects like lateral surface currents
[98]. Numerical studies by Gibbon and Bell [97] showed that although the Brunel mechanism
may account for up to 70% absorption at intermediate intensities and very short scale lengths,
ηBrunel
abs can be assumed to approach a saturation value of rather 10 − 15% for the conditions
relevant at JETI.
A process very similar to the Brunel mechanism is the relativistic

−→
j ×

−→
B heating. Analo-

gously, it relies on the acceleration of displaced electrons from the vacuum into a steep plasma
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gradient, whereas in this case the target-normal momentum comes from the magnetic contri-
butions of the Lorentz force 2.20 and the related longitudinal 2ω-oscillation in z-direction as
discussed in Eq. 2.25, rather than the target-normal E-component at oblique laser incidence.
Consequently and contrary to the Brunel e�ect,

−→
j ×

−→
B heating works best at normal incidence.

The impact of this absorption type is negligible compared to Brunel and resonance absorption
in the sub-relativistic case

−→
E =

−→
B /c, but it becomes comparable to the latter at modestly

relativistic intensities, and dominant in the ultra-relativistic limit due to the a2
0-dependency

of the z-momentum (cf. Eq. 2.25) [71]. The relativistic amplitudes of a0 = 2 − 5 at JETI
suggest that

−→
j ×

−→
B heating will occur at the same order of magnitude as Brunel heating.

Since the mechanism of energy transfer is basically the same as for the Brunel e�ect, similar
absorption rates can be expected.
Besides the rapidly oscillating �eld components (E-component for Brunel heating, B-component

for
−→
j ×

−→
B heating), also the inhomogeneous envelope �eld of the Gaussian pulse contributes

to the acceleration of electrons into the target via the ponderomotive force. This pondero-
motive heating can be intuitively by the notion of ponderomotive scattering of section 2.1.2,
where electrons are ponderomotively pushed into the overdense region. The ponderomotive
heating is related to the linear term of the z-motion of the electron (eq. 2.25), from which the
expedient ponderomotive scaling at relativistic intensities [75] discussed in section 2.1.2 can
be understood in terms of the increasing relative weight of the

−→
j ×

−→
B term for a0 À 1. At

ultra-high intensities, ponderomotive heating becomes the sole determinant of the acceleration
process, and the hot electron temperature of the electron population can be identi�ed with
the ponderomotive potential, kBTe ≈ Φrel

p , resulting in the characteristic
√

Iλ2-dependency
for most central acceleration parameters.

(c) Collisional absorption and the skin e�ect

The absence of collisions assumed by the previous models is, strictly speaking, not true for
any laser-plasma interactions. Generally, collisional absorption processes such as inverse

bremsstrahlung (i.e. the absorption of a photon by an electron during its collision with an
ion or another electron) or stimulated Raman and Brillouin scattering (i.e. the scattering of
photons from plasma waves) can lead to a signi�cant transfer of energy, to plasma heating
and eventually damping of the incident em-wave. Although collisional absorption processes
play a minor role for ultra-short laser pulses, it is instructive to modify the Drude model to
account for collisions, which shall be done in the following.
Collisions are typically introduced to the force equation 2.8 as a damping term −γcneve,

containing the collision frequency γc related to a damping time constant τdamp as γc = 1/τdamp.
With collisions, the dielectric function 2.34 then acquires the form [83, 84]

ε(ω) = n2(ω) = 1 −
ω2

p

ω (ω + 2iγc)
=

{
1 −

ω2
p

ω2 + 4γ2
c

}
+ i

{
2γcω

2
p/ω

ω2 + 4γ2
c

}
(2.43)

with the dispersion relation

ω2 = ω2
p

(
1 − i

γc

ω

)
+ c2k2 , (2.44)

i being the imaginary unit. It can be seen that in case of a small collision rate γc ¿ ω,
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2.1 Fundamentals of relativistic laser-plasma physics

equations 2.43 & 2.44 reduce to 2.37 & 2.37. On the other hand, if the number of collisions
per wave cycle is large, γc À ω, the dielectric function will be increasingly dominated by its
imaginary part. The complex refractive index n =

√
ε(ω) ≡ nRe + inRe gives rise to the

so-called collisional skin e�ect, where an em-wave can only enter an outer �skin� layer of the
plasma up to the depth

ls ≈ c
ωp

√
1 + i

γc

ω
≈ c

ωp
≈ 0.16λ (2.45)

before it is damped (Fig 2.2). An expression for the collision frequency can be found us-
ing sophisticated mathematical analysis based on the Fokker-Planck equation, which for a
Maxwellian energy distribution yields [70, 99]

γc ≈
[
2.91 × 106 s−1

]
· Z lnΛ · ne/1021cm−3

(kBTe/MeV)
3
2

, (2.46)

where lnΛ = ln (9ND/Z) is the Coulomb logarithm with ND = 4/3 · πλ3
Dne, the particle

number in the Debye sphere. Assuming again a cold pre-plasma with kBTe = 150 eV and
Z = 3 (cf. section 2.1.1), and taking the electron density to be the critical density ncrit,3 the
collision frequency amounts to γc ≈ 0.02 ω, which gives a small but non-negligible contribution
in the imaginary part of n. The fraction of absorbed laser energy due to collisions ηcoll

abs can
be calculated using the Fresnel equations, which for p-polarized light give

ηcoll
abs = 1 − Rp = 1 −

∣∣∣∣tan (Θin − Θtrans)
tan (Θin + Θtrans)

∣∣∣∣2 . (2.47)

Here, Θin = 45◦ is the angle of incidence, Θtrans = arcsin (sinΘin/n) the generalized com-
plex angle of transmission with n, the complex index of refraction, following from Eq. 2.43.
Plugging in the above values, the absorption rate amounts to ηcoll

abs ≈ 14%.
The assumption of Fresnel-like absorption actually presupposes that the density gradient is

a step-function and that the surface electron density is large compared to the critical density,
ne À ncrit. The �rst condition is again only roughly ful�lled at JETI; the second condition
holds true, since ne decays from three times the titanium ion density nTi

i,0 = 0.57 × 1022 cm−3

for triple ionization (cf. section 2.1.1).
A more sophisticated treatment of collisional absorption in inhomogeneous plasmas with

�nite slope is possible, for example, by solving the Helmholtz equations for the dielectric
function 2.43 (see e.g. [58, 71, 100, 101]). An analytic solution can be found for the limit
Lp À λ using the WKB-approximation. Assuming an exponential density pro�le with scale
length Lp and laser incidence at 45◦, Kruer [70] derives the fraction of collisionally absorbed
laser energy to be

ηcoll
abs = 1 − exp

{
−8γcLp

3c
cos3 Θinc

}
. (2.48)

Despite the initial requirement Lp À λ for this solution, Gibbon [58] notes that the WKB
treatment actually delivers reasonable results down to a scale length of Lp ≈ 0.1λ, which holds

3According to Kruer [70], this is a reasonable approximation because both the collision rate maximizes and
the group velocity minimizes at the critical density.
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true for JETI where Lp ≈ λ. In comparison to the Fresnel approximation, the Helmholtz-like
absorption yields ηcoll

abs ≈ 13%, which is in good agreement with the previous result. It shall be
mentioned that depending on the scale length and angle of incidence, the absorption can in
principle be as high as 60%, which underlines the overall relevance of collisional damping for
laser-plasma interactions [58, 100�103]. However, as noted above, collisions become increas-
ingly ine�ective for ultra-short pulses, which is why even the derived 14% in this section must
be taken as an upper limit, as they most likely overestimate the impact.
Another absorption mechanism describing a situation very much alike like the normal (col-

lisional) skin e�ect has been identi�ed in [58, 104�106]�the only di�erence being that the
heated electrons in the skin layer do not necessarily dissipate their kinetic energy locally, but
may propagate beyond the skin depth. In this anomalous skin e�ect regime, the mean free
path between collisions exceeds the the skin depth, vth/γc > lc, where vth =

√
3kBTe/me is the

thermal electron velocity. For a pre-plasma temperature kBTe = 150 eV, the thermal electron
velocity amounts to 8.89 × 106 m/s, so that vth/γc = 0.19µm > lc = 0.13 µm is ful�lled at
JETI. In this case, the collision frequency γc needs to be replaced by an e�ective frequency
νeff = vth/la, where la is the thickness of the extended skin layer given by la =

(
vthc2/ωω2

p

)1/3

[58]. The corresponding absorption rate of the anomalous skin e�ect derives as [105, 106]

ηase =
8ωla

3
√

3c
≈

(
kBTe

511 keV

)1/6 (
nc

ne

)1/3

, (2.49)

where la is the e�ective extended skin depth, de�ned as la = (2/π)1/6 (
c2vth/ω2

pω
)1/3. Plugging

in the above values, and assuming again triple ionization and a step-like solid surface (ne ≈
3 · nTi

i,0 = 3 · 0.57 × 1022 cm−3 ≈ 9.6nc), the conversion e�ciency amounts to 12%.
In summary, it is a virtually impossible undertaking to identify a singular mechanism re-

sponsible for the heating of the plasma. The conditions at JETI (Lp ≈ λ) represent a kind of
intermediate regime, for which many approximations do not strictly hold true, but cannot be
conclusively rejected, either. This fact is witnessed by the magnitude of the derived absorption
rates, most of which lie in the 10− 15% range, indicating that laser-driven plasma heating at
JETI is really an blurred overlap of many simultaneous and partly related physical processes
(arguably with a slight bias towards ponderomotive heating). The following section shall go
on to present how such a heated electron population can be used to pursue ion acceleration
from a thin foil target.

2.2 Target Normal Sheath Acceleration (TNSA)

2.2.1 The physical picture

TNSA is a potent ion acceleration mechanism based on charge separation e�ects between a sheath
of hot plasma electrons expelled at the target rear side, and the positively charged foil target.

In the previous sections it was shown how laser acceleration of electrons can be achieved
at solid targets. This electron acceleration essentially relied on strong-�eld ionization, the
relativistic Lorentz force and damping of the laser �eld in overdense plasmas. The task is now
to re-convert the laser energy deposited in the hot electron population into kinetic energy of
ions in order provide the means for a feasible laser ion accelerator.
This re-conversion can be realized best with the help of thin foil targets. Consider a strong

laser pulse impinging on the front surface of a thin metal foil such that plasma formation
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and electron acceleration into the foil occur in the above-described manner. Now, if the foil is
su�ciently thin, the electrons will traverse it and be expelled at the rear side, leaving behind a
positively charged target. The restoring Coulomb force will counteract the charge separation,
and the main part of the hot electron population gets trapped in a plasma sheath at the target
rear side. In this sheath, the free electrons distribute around the positive surface similar to
a screened Coulomb potential (cf. section 2.1.1), which has given rise to the name �Debye
sheath�.4

The resulting electric �elds between the Debye sheath and the target surface are of the order
of several 1012 V/m, which su�ces to �eld-ionize the foil material as well as contaminants
present on the target surface.5 The thus generated ions are immediately accelerated in the
sheath �eld, whereas the ions with the highest charge to mass q/m-ratio (typically protons) are
favoured for acceleration. Driven by the self-similar �elds between the ions and the electrons,
the electron-ion plasma starts to expand into the vacuum. Since the electric �eld vectors at the
initially solid target surface, this process has become widely known as Target Normal Sheath
Acceleration (TNSA) [42, 60]. TNSA has proven to be a potent scheme for the production
multi-MeV proton and ion beams from laser plasmas at a large number of laser systems
[5, 7, 27, 44, 108].

2.2.2 Theoretical models and scaling laws for thermal proton spectra

Several central properties of laser proton acceleration, including the proton cuto� energy and
spectrum, can be derived from the Mora 1D �uid model. A critical parameter is the initial
electron density ne,0 obtained from assumptions about laser-electron conversion e�ciency. The
model by Schreiber highlights the interrelation between proton energy and laser pulse duration. For
Petawatt lasers, the acceleration mechanisms are expected to change, giving way to the �piston� or
�radiation pressure dominated� regime. All models fall short of incorporating multi-dimensional
e�ects or multiple ion species.

The Mora model

The most simple analytical approach for TNSA acceleration is a 1D self-similar model proposed
by Gurevich et al. [109], which has been widely modi�ed and extended over time, most notably
by Mora [110]. For the sake of simplicity, this model shall be henceforth be referred to as the
�Mora model.� The Mora model starts out from a collisionless plasma consisting of electrons
and a single ion species, whereas the ions occupy the half-space z < 0 with a constant density
ni,0 at the time t = 0 (Fig. 2.3). The hot electrons follow a Boltzmann distribution 2.15. The
electric potential generated by the charge separation is given by Poisson's equation

∇2Φel =
1
ε0

e (ne − Zni) , (2.50)

where Z is the ion charge state, and ne and ni are the local electron and ion densities,
respectively. The ion density ni initially follows a step function with ni = ni,0 for z ≤ 0, and
ni = 0 for z > 0, implying charge neutrality for z → −∞. An expression for the initial electric

4This intuitive picture neglects, among other things, the e�ect of electron re-circulation, i.e. the fact that
Coulomb-trapped electrons may turn around and traverse the foil in opposite direction [107]. The notion
of a sheath should therefore be rather understood as a quasi-static approximation.

5In comparison, the threshold for �eld ionization of hydrogen is Eion(H) = 3 × 1010 V/m.
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�eld can be obtained by integrating Eq. 2.50 over the half-space z ≥ 0, which gives

Ex=0 =

√
2
ẽ

E0, (2.51)

where ẽ is Euler's number and E0 =
√

ne,0kBTe/ε0. For a hot electron temperature of kBTe =
1.7 MeV and an electron density of ne = 2.0 × 1020 cm−3 (cf. below for an estimation) one
�nds an initial �eld of Ex=0 = 6.7 × 1012 V/m.

The expansion of the ions is described by the �uid dynamic equations as introduced in
section 2.7, obeying the same continuity and force equations 2.7 & 2.8

∂ni

∂t
+

∂

∂z
(nivi) = 0 (2.52)(

∂vi

∂t
+ vi

∂vi

∂z

)
=

Ze
mi

∇Φel . (2.53)

Analogously, the equations are solved by the self-similar solutions

ne (z, t) = Zni = ne,0 exp
{
− z

cst
− 1

}
, (2.54)

vi (z, t) = cs +
z

t
, (2.55)

Ess (z, t) =
kBTe

ecst
=

E0

ωp,it
, (2.56)

where Ess represents the self-similar �eld solution, cs = (ZkBTe/mi)
1/2 is the well-known ion

sound speed, and ωp,i =
(
Zne,0e2/ε0mi

)1/2 is the ion plasma frequency. It can be seen that for
ωp,it → 0 the electric �eld exceeds the initial �eld, which means that the self-similar solutions
are invalid for times t < 1/ωp,i. In order to account for a �nite expansion of the ion front and
a �nite ion energy, the plasma density scale length Lp = cst is identi�ed with the local Debye

length of co-expanding electron distribution λ̃D =
(
ε0kBTe/e2ne

)1/2 = λD

√
ne,0/ne (cf. Fig.

2.3), which proves to be an experimentally sustainable assumption. Integration of Eq. 2.56
then gives the electric �eld at the ion front for large ωp,it, Efront = 2Ess = 2E0/ωp,it. Finally, a
physically adequate interpolation between the two limits

√
2/ẽE0 and 2E0/ωp,it can be found

by

Efront =
2E0√

2ẽ + ω2
p,it

2
, (2.57)

which proves to be in good agreement with numerical simulations for all times.

With this knowledge about the accelerating �eld at the ion front, one can derive an expres-
sion for the kinetic ion energy in the asymptotic limit by integrating the ion acceleration in
this �eld over time,

Emax =
mi

2

[∫ ∞

0
dt

ZeEfront

mi

]2

= 2ZkBTe ln2
{

τ +
√

τ2 + 1
}

. (2.58)

Here, τ = ωp,it/
√

2ẽ represents a normalized acceleration time of ions in the Debye sheath.
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Figure 2.3: The Mora 1D �uid model. The model by Mora [110] describes the plasma expansion into vacuum

using standard �uid dynamic methods as for example presented in [71]. From a number of

simplifying assumptions, various properties of the accelerated proton population can be derived,

including the position and velocity of the proton front, as well as the (thermal ) proton spectrum.

The two bottom graphs show how for two times the hot like electron distribution extends beyond

the proton front and into the vacuum with a scale length related to the Debye length λD, where

the electrons are trapped by the restoring Coulomb force and create an electron sheath. The

proton front can be seen to expand from the initially occupied half-space z < 0 in positive z-

direction to a smoother distribution, but is still assumed to terminate at a sharp proton front.

Note that although the laser incidence is displayed in a 2D fashion for the sake of visualization,

the Mora model describes a 1D expansion only.

Extensive studies by Fuchs et al. [7, 111] showed that best accordance with experimental data
is obtained if t = α(τlaser +τmin) is assumed for the duration of the acceleration process. Here,
α is an intensity-dependent factor obtaining the value 1.3 in the present case, and τmin = 60 fs,
resulting in t = 182 fs ≈ 2.3 · τlaser and τ = 1.44. The Mora model also provides an expression
for the expected ion spectrum,

dN (E)
dE

=
ni,0t√

mi
·
exp

{
−

√
2E

ZkBTe

}
√

2E
. (2.59)
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In order to make use of Eqs. 2.58 & 2.59, an estimation of the initial electron density
ne,0 of the Debye sheath is required. Note that ne,0 is implicitly contained in the ion plasma
frequency ωp,i via ni = Zne. In accordance with the absorption laws discussed above, it is
generally assumed that one can determine a certain conversion e�ciency ηe between laser
energy Elaser and the number of hot electrons Ne with the average temperature kBTe,

ηeElaser = NekBTe . (2.60)

The electron density then corresponds to the number of electrons per sheath volume, ne,0 =
Ne/Vsheath, which is taken to be roughly Vsheath = cτlaser ·Aemission, where Aemission is the area
of electron emission on the target rear surface. This area can be estimated by assuming that
the electrons propagate through the foil with a certain opening angle θprop, so that

Aemission = πR2
⊥ = π (ω0 + d tan θprop)

2 , (2.61)

where R⊥ is the radius of the electron emission spot, ω0 the beam waist of the laser focus,
and d the target thickness. Thus, the initial electron density becomes [44]

ne,0 =
ηeElaser

kBTecτlaser · πR2
⊥

. (2.62)

It can be seen that the predicted cuto� energies depend critically on the somewhat phenom-
enological parameters ηe and θprop, i.e. the conversion e�ciency and the propagation angle
through the foil. Concerning the conversion e�ciency, references are rare and vary greatly
in their conclusions, from 14% for 0.25 J/130 fs pulses [112], to 20..30 % for 15..20 J/450 fs
pulses [113] and 40..50% for 200..500 J/500 fs pulses [42]. An intensity scaling ηe = 1.2 ×
10−15I0.74/Wcm−2 has been proposed in [7, 114], which seems, however, to overestimate the
situation at JETI with a resulting 36%�a value more likely to be found at multi-10 J laser
systems. A similar uncertainty applies to the electron angle of propagation. While good
agreement with experiments has previously been found for θprop = (8 ± 2) ◦ at a laser system
comparable to JETI [44], a number of measurements [115�117] and PIC simulations [118, 119]
suggest that the transverse extent of the electron sheath should be rather of the order of
10− 20 µm and follow an opening angle of θprop ≥ 30◦ for a 5µm target. In addition, electron
recirculation may increase the transverse extent of the sheath even further [107]. This large
degree of uncertainty is due to the rather crude estimation of the hot electron density via the
sheath volume cτlaser · Aemission. In absence of a better de�nition, this work will stick to it
for the time being, emphasizing, however, the limitations of this approximation. Assuming
thus a moderate ηe = 20% and θprop = 45◦ at JETI, one arrives at a rear side density of
ne,0 = 2.0× 1020 cm−3, which in turn yields (Eq. 2.58) a theoretical cuto� energy of 3.6MeV.
This value is in good agreement with the maximum energies observed at JETI.
The 1D self-similar �uid model has proven fairly accurate in the prediction of particle en-

ergies observed in many laser ion acceleration experiments, including the maximum proton
energy achieved at JETI. However, a few critical remarks concerning the predictive and ex-
planatory power of the model shall be added. First of all, one may notice that both the cuto�
energy Emax and the spectrum dN (E) /dE diverge for large acceleration times t, which is
usually been taken care of by introducing a �nite acceleration time (as done by Fuchs et al.
[7]). Although this is not an implausible assumption, the acceleration time obviously entails
an additional degree of freedom in the �tting of the experimental data.
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Secondly, several underlying assumptions of the Mora model can be challenged. For ex-
ample, although the solutions 2.54-2.56 are thought to be good representations of the late
states ωp,it À 1, PIC simulations indicate that at least at very early times the assumption of
global charge neutrality must be given up for an adequate description. Also, the assertion of a
constant electron temperature over the whole acceleration process is unrealistic, given the tem-
poral pro�le of the laser pulse and the intrinsic dynamics of the expanding front side plasma.
Several attempts for a more better approximation have been made, including a two-phase
temperature model of a linear rise followed by an adiabatic cooling [120]. Even then, however,
the model does not seem to account for the ultra-high intensity regime [8], and further amend-
ments concerning possible 3D e�ects have been suggested. A more accurate description can
also be expected from the inclusion of two electron populations with di�erent temperatures,
which has been extensively treated in [118, 121, 122]. Finally, real TNSA scenarios typically
include more than one ion species to be accelerated from the target back side. This will be of
particular importance when talking about the generation of monoenergetic proton beams in
the next chapter.

The Schreiber model

An alternative analytic model for the prediction of the maximum ion energies has been pro-
posed by Schreiber et al. [123], which circumvents both the dependency on the electron
temperature and the divergence problems. Similarly, the model starts out from an electron
bunch of dimension cτlaser ·Asource at the target rear side with exponential energy distribution,
which induces a surface charge with the potential

Φel (ξ) =
1
e
E∞s (ξ) , (2.63)

where ξ = z/R⊥, E∞ = Qe/ (2πε0R⊥) is the minimum escape energy for electrons to leave
the rear surface potential, and s (ξ) = 1+ ξ−

(
1 + ξ2

)1/2. For electrons with the mean kinetic
energy kBTe, the return point zret = ξret ·R⊥ is naturally given by the Debye length λD, which
brings about that Q = 2Ne · λD/cτlaser electrons are permanently outside the foil. Ne is again
the total number of accelerated electrons given by 2.60, where similar di�culties concerning
the determination of the conversion e�ciency ηe are encountered. From these assumptions,
Schreiber et al. [123] derive expressions for the electric �eld,

E (ξ) =
kBTe

eλD

(
1 − ξ√

1 + ξ2

)
(2.64)

and the energy gain of surface ions within this �eld assuming an in�nite acceleration time,

Ei,∞ = 2Zmec2

√
ηePlaser

0.87 × 1010 W
, (2.65)

Plaser being the laser power. Note that Eq. 2.65 does not depend on the hot electron temper-
ature anymore, and also shows a characteristic

√
Plaser-dependency. However, the assumption

of an in�nite acceleration time seems to overestimate the expected particle energies; for ex-
ample, using the JETI values from above (ηe = 20%, Plaser ≈ 10TW), one obtains an energy
of Ei,∞ = 15.2MeV, which suggests to include a �nite acceleration bound to the laser pulse
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2 Relativistic laser-plasma interactions

duration τlaser. The authors proceed by integrating the equation of motion over time [123]
and �nally arrive at an implicit expression for the interrelation between the (normalized) laser
pulse duration and the (normalized) maximum ion energy

τlaser

τ0
=

√
Emax

Ei,∞

(
1 +

1
2

1
1 − Emax

Ei,∞

)
+

1
4

ln

1 +
√

Emax
Ei,∞

1 −
√

Emax
Ei,∞

 , (2.66)

where τ0 = R⊥/
√

2Ei,∞s(∞)/mi. Importantly, this expression emphasizes the interplay be-
tween the laser energy and pulse duration, holding that for laser ion acceleration it is generally
not desirable to use the shortest possible pulses, since the power increase is eventually out-
weighed by the loss in acceleration time. According to the model, it would thus be unreasonable
to build, for example, an ion accelerator-based of a Petawatt laser with less than 100 fs pulse
duration. The prediction of an optimum pulse duration for a given laser power is a strong
advantage of this model, and is in good agreement with numerous experiments carried out at
di�erent laser systems. For the JETI pulse duration of 80 fs, the Eq. 2.66 projects a cuto�
energy of Emax ≈ 1.8MeV, which amounts to about 50% of the actually observed energies.

Petawatt scalings

Besides the high-energy amendments to the Mora model discussed above [8], a number of PIC
simulation studies exist to explore proton energy scalings for future laser generations. It is
commonly agreed on that for intensities exceeding ≈ 5×1021 W/cm2, other acceleration mech-
anisms than TNSA will play an important role. D'Humieres et al. [124] point out that in the
Petawatt regime the quasi-static �eld acceleration is supported by a shock wave from the target
bulk, which may outmatch the conventional TNSA mechanism. Prominent works by Esirkepov
et al. [125, 126] discuss ion acceleration in the �radiation pressure dominated� or �laser piston�
regime as a very e�cient way to accelerate ions at high intensities. In this regime, the accel-
eration process has been shown to depend on the so-called �electron areal density� parameter
σ = ned, which attains an optimum for σopt ≈

(
3 + 0.4

√
0.73 · Iλ2/1018Wcm−2 · µm2

)
ncλ .

If the interaction takes place at this optimum, PIC simulations predict the maximum proton
energy to scale as

Emax = 228MeV×ηeZ

√
Plaser

PW
, (2.67)

which has been the outset for fruitful debates about the potential of Petawatt lasers for
sophisticated accelerator applications. Note that this result displays the same characteristic
P

1/2
laser-dependency as the theoretical model by Schreiber et al. [123] and the empirical scaling

laws for high intensities found by Robson et al. [8].
Recently, a few theoretical works also discussed the use of circularly polarized laser light

for ion acceleration [127�130]. Especially in combination with the radiation pressure regime,
circular polarization is thought to enable direct acceleration of whole bunches of ions from
the foil bulk. In this case, the ponderomotive pressure is not dominated by the longitudinal
2ω-oscillation anymore, such that hot electron production and sheath �eld acceleration are
largely suppressed. The ponderomotive pressure thus varies only slowly (with the envelope
function of the pulse) and allows for a quasi-static, �cold� uniform acceleration of the bulk

28



2.2 Target Normal Sheath Acceleration (TNSA)

ions, promising GeV ion beams with an intrinsically narrow energy distribution. A detailed
discussion of the matter is, however, beyond the scope of this work.

2.2.3 Dependencies on target and laser pre-pulse conditions

TNSA-produced ion beams show a strong dependency on several laser and target parameters,
resulting for example in an optimum target thickness for every target material, and an optimum
ASE duration for every target thickness.

As of today, TNSA has been employed at many lasers around the world to produce energetic
ion beams from wide range of target materials, for example metals [41, 42, 131�133], insulators
and plastics [41, 42, 134, 135], low density foams [136, 137], droplets [138, 139], clusters [140]
and gaseous target [141]. This overall robustness of the TNSA mechanism should, however,
not obscure the fact that the properties of the TNSA-produced ion beams show a strong
dependency on experimental boundary conditions.
The choice of the target material has a signi�cant impact on several aspects of the acceler-

ation process. In a �rst and trivial sense, the foil material represents the ion reservoir for the
particles to be accelerated. At the same time, the foil also represents the reservoir of electrons
required for the acceleration process, which varies according to the ionization properties of the
material and determines plasma formation and heating. The electron number and tempera-
ture dictates the current density through the target, which is limited by the �nite resistivity
of the material and return currents, e�ciently inhibiting the electron �ux due to the induction
of strong electric �elds [58, 142�145]. The remaining electron current density gives rise to the
widely-acclaimed, gigantic azimuthal magnetic �elds, which have a signi�cant impact on the
collimation of the electron beam [20, 21, 119, 136, 146]. This becomes particularly important
when considering the issue of �lamentation: Depending on the target material, the relativistic
electron beam may split up into several �laments (e.g. via the Weibel instability) [147, 148],
which may, however, reunite due to mutual magnetic attraction [119, 149, 150].
High-Z materials also provide a higher cross section for Coulomb interaction and hence

facilitate electron stopping and the creation of bremsstrahlung [14, 76, 151]. Finally, one must
take into account mechanical properties such as the expansion of laser-induced shock waves,
which may deform the target surface and thus a�ect the ion emission [152, 153]. Mechanical
properties also play a practical role when considering target handling. These very di�erent
processes result in the existence of an optimum target thickness for ion acceleration at any
given material, which has been the subject of many experimental studies [6, 44, 107, 154].6

In sections 2.1.1 and 2.1.4 it has been elaborated that the plasma formation and coupling
of the laser �eld into the plasma depends strongly on ASE pedestals and pre-pulses, which
may, in the worst case, lead to a complete evaporation of the target before the arrival of the
main pulse [156]. Studies by Kaluza et al. [44, 157] demonstrated that the length of the ASE
pedestal (varied on a nanosecond scale) has a direct impact on the observed ion spectra. It
was concluded that ASE may initiate shock waves and radiative heating in the target, which
can inhibit rear side acceleration altogether. Furthermore, it was found that for every target
thickness there exists an optimum ASE duration, which does typically not coincide with the
shortest possible value. Other studies have investigated the e�ect of pre-formed plasmas on
the target front and rear side with the help of additional laser pulses, which can enhance

6It shall be mentioned that the choice of the target material and thickness has a necessary impact on the
observation of proton contributions from the target front side [133, 155].
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or suppress ion emission, and even give rise to strong modulations in the spectra [158�160].
In particular for advanced acceleration schemes (including the �piston� and the �radiation
pressure dominated� regime mentioned above, as well as the use of ultra-thin targets), a steep
plasma gradient at the front side is of crucial importance.

2.3 Concerning the spectral shaping of laser-generated proton
beams (Con�ned TNSA)

2.3.1 Thermal spectra

TNSA produces ion beams with quasi-thermal energy distribution. The broad spectra can be
explained by the transverse inhomogeneity of the accelerating �eld across the proton source in
combination with screening e�ects.

In the previous section, TNSA has been established as a robust means to generate MeV ion
beams from relativistic laser-plasma interactions. However, the TNSA mechanism as discussed
above is capable of producing broad, quasi-thermal ion spectra only, which are not suitable
for most applications. The broad energy distribution of TNSA beams is mostly due to two
distinct e�ects, a radial �eld inhomogeneity in the electron sheath and a longitudinal �eld
inhomogeneity due to screening e�ects.
First, since the accelerating TNSA �eld is inhomogeneous in the radial direction, the max-

imum energy an ion can reach is determined by its radial transverse position ρ with respect
to the laser incidence [30]. Protons located in the center of the TNSA �eld are accelerated
the most, up to the maximum energy Ecutoff , whereas protons outside the center experience a
lower electric �eld strength and are consequently accelerated to lower energies Emax(ρ). The
inhomogeneous shape of the TNSA �eld has been measured with di�erent probing techniques,
including proton de�ectometry [161] and all-optical transverse probing [117]. These measure-
ments revealed a bell-shaped symmetry of the sheath �elds, which is well supported by PIC
simulations, and is also in agreement with measurements of the beam divergence demonstrat-
ing that the ion emission takes place within symmetrical cones of energy-dependent radius
[5, 17, 44] (see also section 3.1).
The second major contribution to the broad spectrum are screening e�ects: As the electric

�eld decays when reaching into regions of higher particle density, deeper sited protons in the
source layer will be partially screened from the �eld by their faster predecessors. This implies
that for every radial position ρ, all particle energies up to a maximum of Emax(ρ) are emitted.
In particular, the full spectral range up to Ecutoff can be observed from the sheath center.
The transverse inhomogeneity and the screening e�ects bring about that the resulting spec-

trum has a strong correlation to the initial distribution of the leading ion species on the
target.7

In this chapter, a modi�ed version of TNSA shall be presented which allows to utilize the
TNSA principle for the generation of monoenergetic ion beams. This �Con�ned TNSA� scheme
is based on an advanced understanding of the acceleration processes at the target rear side,

7Strictly speaking, a third mechanism responsible for the broad ion spectrum can be identi�ed, which is,
however, less important for the following discussion. The acceleration process generally also follows some
intrinsic dynamics, which are correlated e.g. to the temporal pro�le of the incident laser pulse and the
cooling of the electron population. Numerical simulations show that the TNSA �eld actually takes some
time to build up to its maximum �eld strength (see e.g. [162]) so that the ion source is a�ected by di�erent
�eld strengths throughout the whole interaction.
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including the e�ects charge separation and the ion source geometry. This re�ned concept will
eventually lead to the construction manual of micro-structured targets as a tool to generate
monoenergetic ions from TNSA interaction.

2.3.2 Con�nement of the proton source - the Esirkepov/Bulanov model

A spatially con�ned interaction geometry was proposed for the generation of narrow-band proton
beams, where all proton are initially located in the central homogeneous part of the TNSA �eld.
If the proton source layer is thin and screening e�ects can be neglected, all protons are uniformly
accelerated to the same energy.

In agreement with the above reasoning, in 2002 Esirkepov et al. [30, 61] proposed an accel-
eration scheme with an advanced target geometry for the generation of monoenergetic proton
beams. In this scheme, all protons are con�ned to a �dot� source located on a heavy ion
carrier substrate (Fig. 2.4). The dot source is limited in transverse direction to the central
�eld region of the TNSA �eld, and in longitudinal direction to a few nanometers thickness,
su�ciently thin to avoid screening e�ects (see section 2.3.3 for an actual estimation of the
penetration depth of the electric �eld). All protons hence experience the same potential and
are accelerated to a monoenergetic distribution. In the next section (2.3.3) it will be shown
that the limitation of the source layer thickness is actually not imperative: the longitudinal
inhomogeneity of the electric �eld due to screening can be outweighed by charge separation
e�ects, and the experimental restrictions on the source con�nement are thus lessened signi�-
cantly. However, before moving on to this more complex physical picture, it is instructive to
review the purely geometrical acceleration scheme proposed by Esirkepov et al.

In their work, Esirkepov et al. [30, 61] provide an analytical model for the calculation of
the resulting energy spectrum depending on the source geometry. The model sets out from
an estimation of the �eld magnitude on the back of the positively charged target, using the
average charge density Zeni of an ionized target slab:

∇E0 =
1
ε0

Zeni . (2.68)

Integration over the homogeneous slab gives

E0 =
1
ε0

Zenid , (2.69)

where d is the target thickness. The electric �eld con�guration is assumed to match a charged
oblate ellipsoid of revolution, with its major semi-axis equal to the sheath radius R̂⊥ and the
minor semi-axis given by d. The corresponding longitudinal and transverse �eld components
can be found in [163]

Ez =
2
3

E0R̂
2
⊥

1
Rξ

∂ξ

∂z
(2.70)

Eρ =
2
3

E0R̂
2
⊥

1
Rξ

∂ξ

∂ρ
, (2.71)
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Figure 2.4: Proton acceleration from a geometrically con�ned, ultra-thin �dot� source (Esirkepov model).

(a) An acceleration geometry for the generation of monoenergetic proton beams was proposed

by Esirkepov et al. in 2002 [61, 164], which limits the proton source to the central homogeneous

�eld region of the TNSA �eld at the rear side of a heavy ion substrate. If this dot source is

su�ciently thin and screening e�ects are negligible, all protons will experience the same potential.

Consequently, the dot will be detached as a whole and accelerated in a bunched, uniform manner,

leading to high quality monoenergetic proton beams. Note that this model alone does not explain

the monoenergetic spectra observed from the comparably thick dots at JETI, where additional

which charge separation e�ects must be taken into account. (b) Snapshots from a 3D-PIC

simulation carried for the con�ned source geometry by Esirkepov et al. as presented in [61]. The

proton dot (purple) is accelerated by the cloud of hot electrons (green), and departs from the

heavy ion background (red disc) as a whole. The two graphs represent the times t = 40 · 2π/ω

and t = 80 · 2π/ω, respectively.

with the abbreviations

ρ =
√

x2 + y2 (2.72)

ξ =
1
4

√(
ρ −

√
R̂2

⊥ − d2

)2

+ z2 +

√(
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√
R̂2

⊥ − d2

)2

+ z2

2

− R̂2
⊥ (2.73)

Rξ =
(
ξ + R̂2

⊥

) (
ξ + d2

)1/2
, (2.74)

R⊥ being the transverse extent of the sheath �eld region, and x & y lying within the target
plane. Note that close to the symmetry axis, the radial component Eρ vanishes and the �eld
vector points in target normal direction only. The longitudinal component then becomes

Ez (z) ≈ 4
3

E0R̂
2
⊥ · 1

R̂2
⊥ − d + z2

, (2.75)
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with the corresponding electrostatic potential

Φel (z) =
2E0R̂

2
⊥

3
√

R̂2
⊥ − d2

arctan


√

R̂2
⊥ − d2

z

 . (2.76)

This approximation holds true as long as no protons are located outside the transverse scale

length of the �eld, i.e. ρ ¿
√

R̂2
⊥ − d2. In other words, if one intends to produce a monoen-

ergetic proton beam from the central strong �eld region, the transverse extent of the sheath
�elds must be signi�cantly larger than the proton source! Thus, the �rst condition for mono-
energetic TNSA is a radial con�nement of the proton source.

The spectrum of a proton population in this �eld can now be calculated assuming that
their total charge is much smaller than the heavy ion background, i.e. they probe the �eld
as test particles. With an initial distribution function f0(z0, v0) = n0(z0) δ(v0), i.e. a proton
population at rest (δ being here the Dirac delta function), and dn = f dz dv = f dEdt/mp,
the energy spectrum N (E) dE derives as follows

N (E) dE = dE

∫
1

mp
f0dt

=
dE

mp

∫
dt δ(v0)

=
n0(z0)

mp

∣∣∣∣ dt

dv

∣∣∣∣
v=v0

dE (2.77)

In the last step, the delta function has been eliminated by transcribing the time integration
into a velocity integration using the Jacobian

∣∣ dt
dv

∣∣
v=v0

. Acknowledging that the Jacobian

corresponds to the reciprocal of the acceleration in the �eld,
∣∣ dt
dv

∣∣
v=v0

= 1/ |eEz/mp|z=z0
, and

that the energy gain in the electric �eld is given by eEz = dE/dz, one obtains the particle
spectrum

N(E)dE =
n0(z0)∣∣∣ dE

dz0

∣∣∣ dE , (2.78)

where E is given by Eq. 2.75. This is a general expression for the dependency of the spectrum
on the initial spatial particle distribution n0(z0), showing that spectral spread of the protons
accelerated in the locally uniform �eld close to the symmetry axis and the target surface is
directly proportional to the decay of the electric �eld over the proton layer thickness dz0!
The second condition for the generation of monoenergetic proton beams in this geometrical
scheme is thus a limitation of the source layer thickness. Note that this second condition is
not ful�lled for the comparably thick dots used at JETI. The Esirkepov model must hence be
modi�ed accordingly to account for our observations, which shall be done in the following.
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2.3.3 Charge separation e�ects

For thick dots, the formation of monoenergetic spectra is supported by charge separation e�ects
between the fast protons and a slower heavy ion species. The sharp ion front represents a discon-
tinuity, where charge neutrality is violated and a second sheath �eld is formed. Co-propagating
protons are accelerated across the ion front and enter a zero-�eld region, where they form a sta-
ble monoenergetic bunch. Since the bunching is bound to the slower ion front, the spectral peak
typically appears below the maximum proton energy.

Following the acceleration geometry proposed by Esirkepov et al., experiments were carried
out at JETI which demonstrated�for the �rst time�that monoenergetic proton beams can
in fact be produced from laser plasmas (cf. section 4.1 for experimental data). However,
the experiments showed that monoenergetic spectra can be obtained from much thicker dots
than originally expected. Hence, the limitation of the source layer thickness required by the
Esirkepov model is apparently not a necessary criterion, and a new theoretical basis needed
to be found.8

A satisfactory explanation is found by including charge separation e�ects in the physical
picture. Charge separation models of laser ion acceleration generally maintain that the for-
mation of monoenergetic spectra involves at least two ion species, a heavy and a light one.
For the polymer dots under discussion, this condition is satis�ed by the proton and carbon
contributions in the source layer. The potential of charge separation for the spectral mod-
ulation of laser-accelerated ion beams had been identi�ed in earlier works already [62, 122].
In a detailed study regarding micro-dot acceleration, Robinson and Gibbon [54] presented
numerical simulations which con�rmed that monoenergetic spectra can in fact be produced
from dots of up to micrometer thickness and may even vanish if the source layer is chosen
too thin. Because of their central role for this work, the e�ects of charge separation shall be
presented in detail in following.
Consider a con�ned ion source consisting of two ion species, say, protons and C4+. Owed

to their di�erent q/m-ratios, the two ion species are accelerated di�erently according to z̈ =
q/m · Ez, and will hence separate at an early stage of the acceleration process. Consequently,
two particle distributions with distinct particle fronts will propagate away from the target
surface. This situation is shown in Fig. 2.5a: The fast proton front (red) and the slower
carbon front (green) each terminate at a sharp z-position, whereas the carbon front overlaps
with the low energy part of the proton distribution. Fig. 2.5a represents snapshot taken from
a 1D-PIC simulation by Alex Robinson [55] for a 1µm thick target sitting at z = 100 µm, at

8In agreement with our observations, a simple estimation presented in [54] can be employed to see that typical
dot thicknesses used in the JETI experiments indeed exceed the maximum thickness of a source layer that
allows for monoenergetic acceleration according to the Esirkepov model. Assuming that the source layer is
still thin and the hot electron population retains approximately a constant density in it, the damping of the
electric �eld across the source layer can be described by integrating Poisson's equation ∇zEz = ρ/ε0 to �nd
Ez = e (ñi − ñe) dlayer/ε0. If one takes the sheath electron density to be ne,0 = 2.0×1020 cm−3 as estimated
in Eq. 2.62, and the ion density to be the proton density in the contamination layer, np = 2.24 × 1023 cm−3

(cf. section 3.1), then the �eld gradient amounts to ∇Ez ≈
(
4 × 1012 V/m

)
/nm. This implies that for a

maximum �eld strength of Ex=0 = 6.7 × 1012 V/m (cf. section 2.2.2), the �eld will be completely screened
across a layer of 1.7 nm, i.e. roughly the contamination layer thickness. In other words, for any source layer
of the order of the contamination layer or thicker, the spatial variation of the accelerating �eld will cause
an energy spread large enough to prevent the proposed uniform acceleration of the whole dot.
Note that according to this simple estimation, the penetration depth of the electric �eld is proportional

to 1/ni. Therefore, a stronger sheath �eld does not necessarily imply a greater ion yield; the high �eld may
also lead to increased ionization and thus evoke stronger screening�a somewhat counter-intuitive relation.
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Figure 2.5: Charge separation e�ects supporting the generation of monoenergetic proton bunches. In TNSA,
typically more than one ion species is involved in the acceleration process, which plays a central

role for the generation of monoenergetic beams from a dot source. Due to their di�erent q/m-

ratios, the ion populations expand into the vacuum with di�erent velocities, terminating to a

distinct particle front for every single species. At JETI, the two leading ion species are protons

and C4+, represented by the red and the green line in Fig. (a). The sharp termination of the

ion distributions causes two distinct discontinuities in the charge density, which is shown in Fig.

(b). At these discontinuities, charge neutrality can not be retained, and the co-propagating

hot electrons form sheath �elds across the particle fronts boundaries, given by the two peaks in

Fig. (c). At the proton front, the sheath �eld corresponds to the regular TNSA �eld driving

that drives the proton acceleration; at the carbon front, however, the second sheath �eld e�ects

that co-expanding light protons will be accelerated across the boundary, where they enter a

region (of zero electric �eld screened from the �rst sheath �eld by charge-neutralized parts of the

proton beam. In this zero-�eld region, protons are trapped in a state of quasi-ballistic �ow and

thus contribute to the monoenergetic bunch. All pictures are taken from a 1D-PIC simulation

performed by Alex Robinson [55].
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a laser intensity of IFWHM = 1020 W/cm2.9

The total charge density is plotted in Fig. 2.5b. It displays two distinct discontinuities,
one at the proton front (z ≈ 106µm), and one at the carbon front (z ≈ 104µm). Now,
remember that TNSA is driven by charge separation at the solid-vacuum interface, where hot
electrons are accelerated across the proton front and trapped to constitute the TNSA sheath
�eld. Obviously, the same holds true for the charge discontinuity at the heavy ion front: The
discontinuity represents a boundary where charge neutrality cannot be retained, and passing
hot electrons will hence form a second sheath �eld across the carbon front.
This is illustrated in Fig. 2.5c, where the electric �eld behind the target is given. The

two strong peaks correspond to two electrostatic shocks resulting from the sheath �elds at
the proton and heavy ion front, respectively. Between the peaks, there exists a zero-�eld
region (z ≈ 105µm), at which the proton front sheath �eld is already screened such that
protons, accompanied by a colder electron population, may propagate undisturbed in quasi-
neutrality. Evidently, this zero-�eld region is where protons are accumulated to form a stable

monoenergetic bunch: Similar to the TNSA process at the proton front, the light protons from
the low energy part of the spectrum are e�ciently accelerated across the carbon boundary by
the second sheath �eld, whereupon they immediately enter the zero-�eld region and remain
in a state of motion of uniform ballistic �ow.
This trapping of a part the proton population in a monoenergetic bunch located within the

zero-�eld region is underlined by the evolution of the phase-space extracted from the same
PIC simulation, shown in Fig. 2.6. The diagrams show that a quasi-monoenergetic proton
distribution, represented by the wave-like structure in the plot, is formed with its center
exactly in the zero-�eld region, e.g. around 105µm at t = 200 fs, in agreement with Fig. 2.5.
The simulations by Robinson et al. [55] also con�rm that the monoenergetic bunch does

not disintegrate, but remains stable even for very long computing times. The peak energy
thereby approaches a saturation value, reached typically after 200 fs as shown in Fig. 2.7a.
The six spectra show the development of the (1D) proton spectrum over time, which witness
a convergence of the peak position in the spectrum at about 10MeV for the given simulation
parameters. This stability and convergence is owed, on the one hand, to the quasi charge
neutrality in the proton beam caused by co-propagating cold electrons, which preclude a
substantial Coulomb explosion. On the other hand, the hot electron population will eventually
cool down, preventing further acceleration and the related spectral broadening [55, 166]. This
convergent behaviour is summarized in Fig. 2.7b, where the peak position is plotted for
di�erent simulation times. The two graphs represent two di�erent proton-carbon mixtures
in the dot material, whereas the ratio between the relative proton and carbon densities is
np : nC4+ = 1 : 1 for the squares, and np : nC4+ = 1 : 4 for the circles. One can see

9The numerical code used in this simulation [55] is a 1D3P PIC code, which makes use of standard explicit
PIC methods as discussed for example in [165]. Linear interpolation is used for particle and grid weighting,
and the electric �eld obeys Gauss's law.
In the simulation, a grid of 105 spatial points was used with a cell size of 2 nm. The electron temperature

was set to 20 keV. The heavy ion density was set to nC4+ = 40 nc = 4 × 1022 cm−3 and the proton
density to np = 10 nc, implying a relative proton density of 20% and an electron density of ne = 170 nc =
1.7× 1023 cm−3. The initial number of quasi-particles per cell was 4000, whereas 2× 106 quasi-particles we
used for each species. The e�ects of reduced proton density will be discussed in detail in section 4.4.
The simulation was carried out at an intensity of IFWHM = 1020 W/cm2 , whereas the laser pulse was

described by a sin2 envelope with a pulse duration of τlaser = 80 fs at a wavelength of 1 µm. The snapshot
was taken 200 fs after the interaction, which is justi�ed by the fact that the particle spectrum has already
attained its �nal form at that time (cf. Fig. 2.7).
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that in both cases a �nal peak energy value is reached at about 200 fs (i.e. 6 MeV and
10MeV, respectively) and maintained for the duration of the simulation. The signi�cance of
the di�erent proton-carbon ratios in the dot material will be discussed in section 4.4.
Note also that the proton peak does not form at the maximum proton energy, but at an

energy well below the cuto�, clearly visible in both the phase space plots of Fig. 2.6 and the
spectra of Fig. 2.7a. Especially for late times, the spectrum can be seen to continue with an
exponential high energy tail, resulting in a cuto� energy of about 20 MeV in contrast to a peak
position of 10MeV for the 300 fs-plot of Fig. 2.7a. This observation is in agreement with the
fact that the peak formation is bound to the zero-�eld region behind the slower carbon front,
and not to the perpetuating proton acceleration at the proton front. In particular, since the
proton and the ion front are initially not well separated, the formation of an exponential high
energy tail sets in at a later time (i.e. roughly after 200 fs) and continues to evolve while the
peak position remains the same.
The charge separation mechanism thus implies that the central peak position is necessarily

below the cuto� energy, which is well in accordance with experimental observations presented
in the subsequent sections: Monoenergetic peaks regularly appear on top of an exponential
background, and the peak positions are typically 30-50 % lower in energy than the maximum
achievable cuto� energy for thermal proton spectra obtained with the JETI laser. The sepa-
ration between peak position and cuto� energy thus underlines that the reduced bandwidth is
not merely a simple geometrical e�ect, but involves fundamentally di�erent physics, namely
charge separation.
A few �nal remarks concerning charge separation shall be added. Besides the e�ects dis-

cussed here, two more mechanisms of charge separation were identi�ed in a theoretical study by
Brantov et al. [166], which could potentially lead to monoenergetic spectra. First, during the
initial stage of the acceleration process, both ion species are still mixed in a quasi-homogeneous
target slab. As the separation sets in, protons need to leave the mixed slab in order to become
separated in the �rst place, passing thereby naturally the steep heavy ion front and forming
a peak in the above-described fashion. This �initial charge separation mechanism� is closest
to the ultra-thin source layer scenario proposed by Esirkepov et al. [61]. However, as men-
tioned above, for layer thickness of more than a few nm this monoenergetic bunch is typically
not stable because the proton front itself is a non-charge-neutralized region, and Coulomb
repulsion will soon dissolve the structure. Another mechanism is provided by �collisions� of
the heavy ion and proton populations. In the region ahead of the heavy ion front, the posi-
tive ion charge may exert a push on the precursing protons, which may support or even give
rise to monoenergetic bunching. Similar charge separation e�ects have also been involved in
the explanation of the observed monoenergetic deuterons from droplet targets [166, 167], and
spectral �dips� as seen in [168].
The general applicability of multi-ion species scenarios to laser acceleration experiments

emphasizes that any mature model of TNSA should include charge separation e�ects in order
to describe the acceleration conditions adequately. The presented model of �Con�ned TNSA�,
comprehending a radial source con�nement as well as charge separation e�ects, constitutes
such an advanced theory, and also provides a roadmap for the experimentalist how to achieve
monoenergetic proton beams from laser plasma interactions. This roadmap shall now be
explored in the following.
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Figure 2.6: Proton phase-space during peak formation via charge separation as extracted from a PIC simu-

lation by Alex Robinson [55] (see footnote 9 for simulation parameters). The z − pz phase space

of the expanding proton population is shown for di�erent acceleration times. After an initial

stage quasi-linear expansion, peak formation sets in at a time of about 100 fs, represented by a

wave-like structure in the phase-space plot. This structure is located at a distance z = 105 µm at

t = 200 fs (target sits at 100 µm), which is exactly where the zero-�eld region is located in Fig.

2.5 for the same time. Furthermore, the peak can be seen to remain at the same pz-position at

times ≥ 200 fs, implying that the peak position in the spectrum converges towards a �xed value.

In addition, the proton distribution expands beyond the peak structure for late times, resulting

in an exponential high energy tail in excess of the peak energy, which can also be seen in Fig.

2.7.
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Figure 2.7: Convergence of the peak position during the acceleration process as observed in PIC simulations

[55]. (a) The evolution of the proton spectrum is plotted up to 300 fs after the initial interaction.

The peak position can be seen to approach a value of 10MeV for the given simulation parameters

(see footnote 9 for simulation parameters), remaining stable for times ≥ 200 fs. On the contrary,

the continuous part of the spectrum expands beyond the peak position as an exponential tail for

late times. This localization of the peak position below the proton cuto� energy is in agreement

with the theoretical model, which holds that the peak formation is bound to the slower heavy

ion front, and not to the fast proton front which continues to be accelerated after the peak

formation has �nished. (b) The convergence of the peak position is plotted for two di�erent dot

compositions, featuring relative particle ratios between protons and carbons of 1 : 1 (squares)

and 1 : 4 (circles). For the former, the peak position approaches 6MeV, whereas the latter case

yields a �nal peak position at 10MeV. The di�erent particle rations in the material will play an

important role discussing the PDR hypothesis below (cf. section 4.4).
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3.1 Proton emission source size and source layer manipulation

For typical laser acceleration experiments, protons are provided by adsorption layers on the foil
surface. These source layers can be suppressed (e.g. using laser ablation), leading to an in-
creased acceleration of ions from the foil bulk, or enhanced (e.g. using double layer targets). The
transverse proton emission source size is of the order of 200 µm and varies with energy.

When considering Con�ned TNSA from an experimental point of view, it is pivotal to know
about the actual dimensions of the sheath �eld region on the target back side and the conse-
quent requirements on the target geometry�in other words: What is the maximum admissible
size of the proton dot source to enable the generation of monoenergetic beams?
Several techniques have been developed to investigate the source size of the TNSA-accelerated

ion beams, including mesh magni�cation experiments [17, 169], target structuring [170], and
the controlled constriction of the proton beam path [171]. Other approaches rely on the direct
imaging of the emission region, utilizing either plasma self-emission [108, 172], proton de�ec-
tometry [161] or transverse all-optical plasma probing [117]. The literature agrees that the
transverse extent of the ion source R̂⊥ varies strongly for di�erent proton energies, and should
be at least 200 − 300 µm in diameter for the parameters applied at JETI (e.g. 0.8 J, 5 µm
titanium foil, ∼ 2MeV central peak energy) [169, 171].1 Note that this value is signi�cantly
larger than the radius of electron emission R⊥ discussed for the Mora model in section 2.2.2
(Fig. 3.1). The derived proton source size suggests that a con�ned proton source should have
a diameter of less than 20 µm, i.e. 1/10 of the source size, in order to meet the requirements
for Con�ned TNSA.2

In laser ion acceleration experiments, the ions are typically not provided by the foil bulk
material but by adsorption layers on the foil surface, which are the result of the limited
vacuum conditions. These contaminants, mostly water and oil vapours, represent the top
layers exposed �rst to the ionizing TNSA �eld.3 The composition of typical adsorption source
layers was analyzed by Allen et al. [174] using x-ray photoemission spectroscopy. For a
gold foil target of 15 µm thickness and optical surface quality, the layer was determined to
be 12Å thick and consisted of 60.5% hydrocarbons, 12.2% water and 27% Gold. Thus, the
predominant ion species to be accelerated in the sheath �elds are indeed protons, favoured
due to their largest q/m-ratio as mentioned above. The average layer density amounts to
5.94 g/cm3, and the corresponding particle density for hydrogen to np = 2.24 × 1023 cm−3 .

1The emission source size can be considerably smaller (of the the order of 20− 50 µm) for the highest proton
energies [17, 171]. However, as explained above, the highest proton energies do not constitute the proton
peak in the monoenergetic spectra from Con�ned TNSA.

2There seems to be a general consensus in the literature that the formerly much cited smaller source size
of a few microns diameter should rather be attributed to a virtual source located in front of the target
[169]. This small virtual source size corresponds to the fact that protons are emitted with extremely high
laminarity from the foil, resulting in excellent beam properties and the possibility to carry out sophisticated
imaging experiments [17, 169] (Fig. 3.1).

3For the impact of surface purity on plasma expansion see e.g. [173].
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Figure 3.1: (a) Proton source size and emission within energy cones. The emission of TNSA-produced proton
beams from a thin foil target happens in an extremely laminar fashion. The source size of

the proton emission on the foil varies strongly with the proton energy and is typically of the

order of 200 − 300 µm for the parameters at JETI (e.g. 0.8 J, 5 µm titanium foil, ∼ 2MeV

central peak energy); however, the protons can also be allocated to a virtual point source located

several hundred microns in front of the foil, which is constitutional for the excellent laminarity

[17, 169, 171]. Furthermore, the proton emission happens in symmetrical cones, whereas the solid

angle of emission again depends on the proton energy. (b) The emission cones can be measured for

example with a piece of CR39 track detection plastic, which is covered with aluminium layers of

di�erent thicknesses and placed behind the foil target. Circular proton impact regions of di�erent

diameter are observed on the processed CR39 (white milky quarter-circles), corresponding to the

solid angles of emission for di�erent minimum energies transmitted by the aluminium layers. The

corresponding half opening angles are given in parentheses.

Thus, in a source volume of Vsource = π(100µm)2 · 12Å = 38µm3, a total of Np = 8.4 × 1012

protons are available for acceleration. Other publications estimate the layer thickness to be
≤ 100Å and the hydrogen particle density to np ≈ 1022 cm−3 (cf. e.g. [156]), which yields
similar total numbers for the same source size. Given this huge areal reservoir of protons,
one has to establish means to dispose of this extended contaminant layer �rst if intending to
provide a spatially con�ned proton source.
The removal of the proton source layer was �rst carried out as a direct proof of TNSA as

opposed to other proposed acceleration mechanisms from the target front side. Manipulations
of the rear surface showed an immediate impact on the proton yield, presenting a strong
argument against the front side hypothesis. A reduction of the contamination layer was
demonstrated with various techniques, including laser ablation [43, 53, 158, 175], resistive
heating [6, 43, 176], and ion sputtering [43, 174]. All of these manipulation techniques are
suitable to reduce the proton yield to almost zero. At the same time, a strong increase of the
heavy ion yield from the bulk material is observed [6, 43, 176]. This indicates that as soon as
the light protons are suppressed, the �eld energy is deposited onto ion species with next lower
q/m-ratio, in agreement with the TNSA model.
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On the other hand, one can also install additional ion source layers in order to enforce the
acceleration of a certain ion species [51, 52, 61, 177, 178]. Such double layer targets ideally
consist of a high-Z �carrier foil�, which provides a su�cient number of electrons while ensuring
a good 'contrast' for the acceleration of the light ions against the heavy ion background, and a
thin hydrogen-rich �source layer� attached to the back side of the carrier foil. Organic materials
(e.g. polymers) are rich in hydrocarbons and thus generally represent a good choice for the
source layer. In [178], an increase in proton �ux by a factor of 80 was reported using a double
layer target made of copper and polyvenyl methylether (PVME). This large factor could not
be reproduced at JETI; however, a reliable increase by a factor of 5 − 10 was observed for a
combination of titanium and polymethyl methacrylate (PMMA) [175].
Given their e�ectiveness as proton sources, double layer targets in combination with rear

surface cleaning represent powerful tools for the pursuit of Con�ned TNSA. The task is now
to �nd a way to limit the source size to the central �eld region. This can be achieved by
microstructuring the double layer targets, which shall be described in the following section.

3.2 Microstructured targets

Proton source con�nement was achieved using microstructured targets. Plain metal foils were �rst
coated with a sub-µm layer of PMMA and consequently structured using either femtosecond laser
ablation or UV laser lithography. The resulting �dots� have a transverse extent of 10 − 20 µm,
much smaller than the transverse extent of the sheath �eld.

The fabrication of adequate targets for Con�ned TNSA was realized in two steps. First, a
layer of PMMA was applied on a thin carrier foil, typically titanium or tantalum with 2−5 µm
thickness. The polymer was evenly spread on the back side of the foil using a spin coating
technique, which yielded well-de�ned layer thicknesses of 50 − 1000 nm. The spin coating
process was carried out at the Institute of Applied Physics (IAP), Jena.
In a second step, the coated target surface was microstructured via laser ablation.4 For this

purpose, the target was mounted on a micrometer positioning system and irradiated on its
PMMA-coated surface with a focussed Ti:Sapphire laser beam (Epulse = 5 µJ, τpulse = 60 fs)
with kHz repetition rate. By translating the target mount within the target plane, square
dots with a minimum size of 10× 10 µm2 were carved out from the PMMA surface (Fig. 3.2).
The microstructuring process proved very sensitive to the applied laser parameters: De-

pending on target and layer thickness, strong focussing could lead to destabilization or dis-
integration of the foil; on the other hand, weak focussing resulted in highly �frayed� carving
edges and thus to irregular dot structures or even spalling of the dots. For a typical PMMA
layer of 200 nm thickness on a 5µm Titanium substrate, the applied single shot �uence was
Φfs ≈ 0.1 J/cm2, which was accumulated over several shots at each focus position due to the
relatively slow translation velocity of the target positioning system in comparison to the kHz
repetition rate. The accumulated ablation �uence at each surface position on target thus
amounted to Φfs≈ 3.2 J/cm2, producing clean and reproducible microstructures. The size and

4Note that the expression �laser ablation� is used in two di�erent ways throughout this thesis, which should
be easily distinguishable from their contexts. In sections 3.1 & 4.2, �laser ablation� refers to target cleaning,
i.e. the removal of adsorbates from the target rear side, carried out with a pulsed Nd:YAG laser. In the
current section, it refers to the microstructuring of the double layer targets as part of the target fabrication
process. A detailed overview of the di�erent types of laser ablation applied in this thesis is provided in
Appendix A.
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Figure 3.2: (a) + (b) Fabrication of microstructured targets via fs-laser ablation. For the fabrication of mi-

crostructured targets suitable for Con�ned TNSA, a layer of polymer (PMMA) with 50−1000 nm

thickness was �rst applicated to thin titanium foils via spin coating. From the polymer-covered

surface, small square dots of 0.2 µm thickness, 20 × 20 µm2 extent and 80 µm separation were

�carved out� with the help of a femtosecond laser system. Fig. (a) clearly shows the perpendicular

carving traces ranging into the reddish polymer. In this particular case, the polymer contained

some Rhodamine 6G contributions, which are the origin of the red colour. Note the well-de�ned

carving edges typical for the multi-photon ablation processes occurring during fs-ablation. (c)

Lithography targets. Round dots of 0.2 µm thickness and 10 µm diameter with 80 µµm separation

were generated on the PMMA-covered back side of the titanium foil via UV-lithography with a

pulsed excimer laser through a custom-designed quartz glass mask. This alternative technique al-

lows for a more �exible fabrication of micro-dots, which are, however, considerably more sensitive

to laser ablation than those produced with the femtosecond system. For a detailed description

of the ablation processed, see Appendix A.
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the separation of the dots could be varied by defocussing the laser beam and compensating
the pulse energy.
Alternatively, target microstructuring was also performed via photo-lithography. In this

case, the PMMA surface was irradiated with a UV argon-�uoride excimer laser (λ = 193 nm, Epulse =
3mJ, τpulse = 15ns) through a custom-designed chrome-layered quartz glass mask. The en-
ergy deposition per area necessary for the removal of the super�uous material depended again
on the thickness of the PMMA layer. For a 200 nm layer on a 5µm titanium foil, typically
20 shots with an ablation �uence of Φuv = 0.25 J/cm2 per shot were accumulated to excavate
round dots of 5 − 20µm diameter from polymer (Fig. 3.2).
All microstructuring processes were carried out at IOQ facilities. For a more detailed de-

scription of the ablation physics and references, refer to Appendix A. The PMMA microstruc-
tures ful�ll all the requirements put forth by the Con�ned TNSA model. That is, they provide
a spatially limited proton source in the form of a compound with a heavier ion species (car-
bon) to be subject to the charge separation e�ects discussed above. Together with a robust
target cleaning procedure described in section 4.2, they provide the means to pursue mono-
energetic proton acceleration. In the following, the JETI laser system and the experimental
implementation of the Con�ned TNSA scheme via microstructured targets shall be reviewed.

3.3 The Jena 10 TW Titanium:Sapphire laser system (JETI)

All experiments concerning the generation of monoenergetic ion beams via Con�ned TNSA
were carried at IOQ with the Jena 10 TW Titanium:Sapphire laser (JETI). In the following,
the JETI laser shall be brie�y introduced.
An overview of the JETI layout is given in Fig. 3.3. Like all high intensity laser systems,

JETI is based on the chirped pulse ampli�cation principle (CPA) [179�181]. The laser front end
consists of a commercial Ti:Sapphire oscillator (�Tsunami�, Spectra Physics), which is pumped
by a 5W cw-Neodym:YVO4 laser (�Verdi�, Coherent) and delivers pulses of 10 nJ energy with
45 fs pulse duration (FWHM of laser intensity) at a central wavelength of λ = 795 nm.
Before entering the �rst out of three ampli�ers, the initial repetition rate of 80 MHz is re-

duced to a 10 Hz pulse train by a Pockels cell-based pulse picker. The pulses are then stretched
by a double-pass grating stretcher, which introduces a positive chirp (d2φ/dt2 = dω/dt > 0,
where φ is the spectral phase of the pulse and ω is the laser angular frequency) to increase
the pulse duration to 150 ps. In the �rst ampli�er, a regenerative ampli�er, the pulse energy
is increased during 12 round trips to a saturation value of 2.5mJ. The regenerative ampli�er
is followed by an additional ultra-fast Pockels cell to suppress pre-pulses and reduce contri-
butions of ampli�ed spontaneous emission (ASE) [182]. The Pockels cell has a compound
switching time (including voltage supply) of about τ

90/10
rise < 400 ps which, together with an

electronic jitter of about ±300 ps, guarantees a pulse contrast of IASE/Imain ≈ 10−9 at 0.7 ns
before the main pulse arrives (cf. also below and Appendix B for more detailed contrast
information) [182]. The remaining two ampli�cation stages are both multipass ampli�ers (a
�4-pass butter�y� and �2-pass butter�y�) pumped by frequency-double Nd:YAG lasers (�Pow-
erlite� and �Macholite� series, Continuum), where the pulse energy is raised to 320mJ and a
maximum of Elaser = 1.35 J, respectively. Between the two multipasses, a spatial mode �lter
(pinhole) located at an intermediate focus serves to smooth the beam pro�le.
With a 1/ẽ2-beam diameter of approximately 7 cm, the laser then enters the 4-grating

vacuum compressor. Because of gain narrowing and nonlinear dispersion imposed during the
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ampli�cation process, the initial pulse duration cannot be recovered completely, and the �nal
pulse duration amounts to τlaser = 80 fs. The transmission e�ciency of the compressor is
limited to about 65%, which results in a total pulse power of Ppulse ≈ 10 TW available for
experiments at JETI.

The �nal laser pulse parameters are characterized with several diagnostic tools, including
a pulse front tilt measurement, and two third order auto-correlators (a 'home-built' one, and
a �Sequoia� by Amplitude Technologies) for the determination of the pulse length and the
ASE/pre-pulse pro�le. At JETI, a pulse contrast of IASE/Imain < 10−8 between ASE and
main pulse is achieved up to 40 ps before the main pulse, followed by a single pre-pulse of
the order of 10−5 at 30 ps. After the pre-pulse, the ASE level decreases to < 10−8 again. A
Sequoia autocorrelation trace is presented in Appendix B.

The proton acceleration experiments at JETI were carried out with 45◦ f/2 o�-axis parabolic
mirrors, where the quality of the laser focus and the focal spot size were determined by imaging
the attenuated focus with a microscope objective onto a CCD camera. The achieved full-width
half-maximum (FWHM) focal spot size is typically Afocus ≈ 5µm2, which corresponds to an
FWHM intensity of Ifocus = 5× 1019 W/cm2. For an exhaustive description of the JETI laser
system, please refer to [56, 57].
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3.4 Experimental setup for Con�ned TNSA

The JETI pulses are focussed with an 45◦ o�-axis parabolic mirror and hit the target exactly
opposite to a microdot. The accelerated protons are dispersed in a Thomson spectrometer and
detected either with a micro-channel plate (MCP) or CR39 plastics. The rear surface is cleaned
from parasitic proton contributions using additional laser ablation.

The experimental setup for the micro-dot experiments at JETI was as follows: The microstruc-
tured target was mounted on an xyzΘ-translation and rotation stage, where Θ lies in the
xz-plane (parallel to the chamber base plate). A robust alignment procedure was employed to
guarantee that the target surface was adjusted parallelly to the xy-translations axis with an
accuracy of < 5µm over the whole target width (50×50mm2) in order to prevent defocussing
when translating the target to a new irradiation position.
The JETI laser pulses were focussed on the target front side at an angle of incidence of

45◦ with a gold coated f/2 o�-axis parabolic mirror, whereas the size and the quality of the
focal spot were determined by imaging the attenuated focus with a microscope objective onto
a CCD camera. By means of this imaging procedure, astigmatisms could be corrected by
adjusting the horizontal and vertical tilt of the parabola.
The most critical part about microdot setup is owed to the fact that the JETI laser pulse

must hit the thin foil target exactly opposite to the dot position (Fig. 3.4); that is, one
needs to align the laser pulse impinging on the target front side with something that is visible
only from the back side. For this purpose, the back side was observed with a long distance
microscope with micrometer resolution. An attenuated JETI pulse was then used to create
a small hole in the target (d ≈ 10 µm), whereupon the incidence position was marked on the
observation screen such that the dots only needed to be translated to this reference position
in order to achieve proper alignment. The overall accuracy of the alignment procedure proved
to be better than 5µm.
In addition, the ablation laser hit the target back side under an angle of 22.5◦ co-centered

with the JETI incidence position (Fig. 3.4). The laser was weakly focused on the surface
with a diameter of typically dfoc(1/e) ≈ 600µm in order to cover the whole proton source
area around the dot (cf. section 3.1), and could be attenuated with a variable set of neutral
density �lters to apply well-de�ned ablation �uences.
The generated proton and ion beams propagated towards the spectrometer chamber, where

the beam diameter was reduced by a pinhole of variable size (0.3mm, 1mm or 3 mm). Sub-
sequently, the limited beam was dispersed with a Thomson spectrometer, which applied an
e�ective magnetic �eld of B = 525mT and a co-parallel electric �eld of E = 2.7 × 105 V/m
perpendicular to the particle propagation direction and over a dispersion length of 10 cm
[175]. The energy resolution of the spectrometer was de�ned by the pinhole diameter to e.g.
∆Eres = 50 keV for 1 MeV protons using the 1 mm aperture. The particles were detected
either with CR39 track detection plates, or with an online imaging system based on micro
channel plates (MCP) in a chevron setup. The use of the MCP allowed for a very �exible
experimentation and enabled the collection of large amounts of data, facilitating statistical
analysis. The MCP was calibrated against both CR39 spectra and at the TCC-CV28 cy-
clotron of the Physikalisch-Technische Bundesanstalt (German National Metrology Institute)
in Braunschweig, Germany [175].
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Figure 3.4: Experimental setup. The laser pulse hits the thin foil target at the front side exactly opposite to

a micro-dot. Protons from the dot are accelerated within the central, homogeneous �eld region

of the TNSA �eld and analyzed with a Thomson spectrometer. The ions can be detected either

with CR39 track detection plastics or an online imaging system (MCP). A second laser, which

hits the target on the back side concentrically with respect to the �rst, is used for the cleaning
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photographs of the target chamber and the detection chamber. The JETI pulse incidence is given

in red, the ablation laser in green, and the accelerated proton beam in yellow.
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4 Narrow-band proton and ion beams

In the previous chapters, the physics of relativistic laser plasma interaction has been introduced
to the reader to provide the theoretical basis for particle acceleration based on high intensity
lasers. In particular, the TNSA process has been identi�ed as a potent mechanism for laser
ion acceleration from thin foils. A modi�ed version of the TNSA acceleration scheme called
�Con�ned TNSA� has been presented, where the ion source on the rear side of the irradiated
foil is con�ned to a small dot-like region in the homogeneous center of the TNSA �eld, and
charge separation e�ects between multiple ion species in the beam lead to the formation
of monoenergetic proton bunches at the slower heavy ion front. The potential of Con�ned
TNSA for the generation of ion spectra with intrinsically narrow energy distribution has been
discussed in detail, and a setup for the experimental implementation of this scheme has been
provided, which uses microstructured double-layer targets.
In the following chapter, the results of a series of experiments with such microstructured

targets shall be presented. All experiments were carried out at the JETI laser system. Under
comparable conditions, various types of targets were irradiated including for example polymer
dots on metal foils, deuterated polymers with low proton density, and carbon dots. This
chapter will start out with a discussion of a small number of exemplary proton spectra recorded
from polymer dot-targets, which will be compared in their properties to typical accelerator
beams. Secondly, the reproducibility of the results will be examined, thereby emphasizing
the importance of target surface cleaning. The high reproducibility and the overall large
quantity of recorded spectra will allow, thirdly, to derive scaling laws between laser energy
and the spectral parameters (i.e. the peak energy and width), which are well supported
by numerical simulations. In the fourth section, the in�uence of the target composition on
the acceleration process shall be discussed, resulting in a �proton density reduction scheme�
(PDR) for the improvement of the produced spectra. Fifthly, the feasibility of Con�ned
TNSA for the generation of heavy ion beams will be analyzed and demonstrated by the
observation of monoenergetic carbon spectra from carbon-rich microdots. Finally, after a
brief discussion of the observation of multiple modulations, alternative techniques for the
generation of monoenergetic ion beams from laser plasmas shall be presented, before moving
on to some application studies based on extrapolation of the current results.

4.1 Monoenergetic proton beams

4.1.1 Exemplary proton spectra

Narrow-band proton beams with peak energies ≤ 3MeV and typically 10% − 20% energy spread
are reproducibly observed from the irradiation of microstructured targets. The proton number
per energy interval of the spectral peaks typically exceed the thermal spectra observed from the
irradiation of plain foils by a factor of 4.

In this section, two exemplary spectra taken from the thousands of recorded shots on mi-
crostructured targets shall be presented and analyzed in depth. Fig. 4.1 shows a compar-
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Figure 4.1: Spectra from the irradiation of PMMA micro-dots (20× 20× 0.2 µm3) after 10 consecutive laser

ablation shots at the threshold �uence of Φabl = 1.2 J/cm2(red and green lines) in comparison to

plain, unstructured 5m Titanium foil (black line) [53]. The proton spectra from the polymer dots

show distinct peaks at Ecenter = 1.7MeV with an energy width of ∆EFWHM = 0.25MeV = 15%

for Shot #1 and Ecenter = 2.5MeV with ∆EFWHM = 0.2MeV = 8% for Shot #2. The ablation

has suppressed the parasitic low-energy component of the spectrum and enables the acceleration

of monoenergetic protons from the con�ned dot source. Narrow band features appear consistently

once an ablation threshold �uence of Φthr = 1.2 J/cm2 at 532 nm is surpassed. In contrast, the

irradiation of a plain Titanium foil (black line) yields the typical thermal distribution (average

over 6 spectra).

ison between spectra obtained from shots on micro-dots of 20 × 20 × 0.2µm3 located on
the rear side of a 5 µm titanium foil (red and green line), and shots on a plain unstruc-
tured titanium of 5µm thickness (black line, average over 6 spectra).1 The unstructured foils
yield the typical smooth thermal distribution known from many TNSA experiments. On the
contrary, the dot spectra display distinct peak features, located at Ecenter = 1.7MeV with
∆EFWHM = 0.25MeV ≈ 15% energy width for shot #1 (red line), and at Ecenter = 2.5MeV
with ∆EFWHM = 0.2MeV ≈ 8% for shot #2 (green line). The two narrow band peak struc-
tures contain a total of about 3 × 104 protons for shot #1 and 4 × 103 protons for shot #2
(FWHM) within 1 µsr solid angle of observation, whereas the peak maximum exceeds the ex-
ponential distribution by a factor of at least 4. The excess of the spectral peak is owed to the
accumulation of protons in the zero-�eld region behind the ion front (cf. section 2.3.3), and is
supported by the overall high hydrogen content in the dot material. Note, however, that the
peak signal strength does typically not exceed the factor of 5-10 observed from targets with
extended polymer-layers on the back (cf. section 3.1). The relative peak contrast between

1In addition, the rear surface of the microstructured target was cleaned from contamination layers using laser
ablation, which will be discussed in detail in section 4.2. The averaging was carried out to account for small
shot-to-shot �uctuations in the proton signal strength. Note that the production of thermal spectra from
thin foils via TNSA is an extremely reliable process, leading to quasi-constant cuto� energies and proton
temperatures over hundreds of shots.
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4.1 Monoenergetic proton beams

the peak maximum and the low energy background is typically 10 within 2 · ∆EFWHM (i.e.
≈ 4000/400 for shot #1 and ≈ 1000/100 for shot #2).
For shot #1, it can be seen that the peak is located well below the cuto� energy of the

proton spectrum, which continues with a quasi-exponential high energy tail. This behaviour
is in agreement with the theoretical model of Con�ned TNSA as discussed in section 2.3.3.
The model holds that the peak formation is caused by the charge separation between protons
and carbons at the slower heavy ion front. In the JETI experiments, the observed peak
positions are typically 30 − 50% lower than the maximum cuto� energy, and monoenergetic
peaks regularly appear on top of an exponential background.2

The distinctly monoenergetic beams achieved with microstructured targets represent a sig-
ni�cant improvement over the hitherto broad, quasi-thermal spectra obtained from laser ac-
celeration: For the �rst time, ion beams with intrinsically narrow energy spread can be pro-
vided by a micrometer-scale accelerator [51, 53]. This demonstrates that spectral shaping of
laser-accelerated particle beams may be achieved without subsequent beam shaping devices
as known from conventional accelerators (e.g. combinations of magnets), and thus indicates
that the small dimensions of laser accelerators can be retained when moving to narrow-band
beams. The possibility of active spectral control via manipulation of the target geometry thus
heralds a new quality in laser particle acceleration, paving the way for many applications.

4.1.2 Beam properties

Laser-generated proton beams possess a number of unique beam properties, including an ultra-
short pulse duration and excellent emittance values, leading to an extremely high peak brilliance
of ≈ 1027 (eV s)−1(m2sr)−1. These qualities witness the singular physical regime accessed by laser
accelerators.

The number of protons contained in the spectra of Fig. 4.1 was limited by the solid angle of
observation of the setup, 1µsr, which in turn was determined by a 1mm pinhole in front of the
ion spectrometer. Generally, this angle of observation could be varied from 0.1 µsr to 10 µsr,
which corresponds to pinhole sizes of 300µm to 3mm in the setup. In previous experiments,
the divergence of thermal proton beams at JETI was measured to be much larger, amounting
to 360msr at a proton energy of 1.6MeV, or 60msr at 2.5MeV (cf. Fig. 3.1), which implies
that only a small fraction of the total number of protons is actually observed.3

Due to the given setup, it was not possible to obtain spectral data for monoenergetic spectra
over the whole emission angle. However, simulation studies by Alex Robinson con�rm that
the narrow band feature in the spectrum is not limited to the small angle of observation,
but appears equally over the whole emission range (cf. section 4.1.3) [55]. Another set of
2D-PIC simulations carried out by Timur Esirkepov indicates that the angle of emission for
micro-dots is approximately 24msr for a peak at 1.1MeV and hence somewhat lower than
the experimental values measured for plain targets [51]4. Using this solid angle of 24msr as
a conservative estimation for the total number of protons, one �nds that shot #1 of Fig. 4.1

2In the case of shot #2, the signal strength of the exponential tail is too weak to be observed under the
current conditions.

3Angular emission properties were studied at JETI with CR39 plates, which were covered with aluminium foil
of di�erent thicknesses and placed immediately behind the target foil. On these plates, concentric sectors of
circles are observed, corresponding to well-de�ned solid angles of emission for protons with energies larger
than the maximum stopping energy in the aluminium foil (cf. Fig. 3.1).The speci�c values were measured
on 5 µm titanium foils at I = 2 × 1019 W/cm2.

4This could possibly be attributed to the con�ned source geometry.
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contains about Np ≈ 4.1 × 108 in the FWHM peak. From integration over the narrow-band
spectrum it follows that the conversion e�ciency of laser energy (0.78 J on target) into kinetic
energy of protons amounts to ηp = 1.4 × 10−4 for the FWHM peak, which corresponds to a
conversion e�ciency from hot electrons into proton of 0.07% for the above assumed ηe = 20%.

Building on this estimation, a number of beam parameters can be derived to put the present
achievements in a broader context and rank laser-produced proton beams among conventional
accelerator beams. In accelerator technology, two parameters of central importance are the
longitudinal and the transverse emittance, which represent a measure for the geometrical
con�nement of the particle bunch and thus describe the propagation properties of the beam
in comparison to an ideal ion trajectory [183, 184]. The longitudinal emittance is de�ned as
the product of the pulse duration and the energy spread, εlong = ∆τpulse · ∆Ekin, and gives
a measure for the spatio-temporal broadening of the particle pulse in propagation direction
(i.e. the �chirp�). Previous measurements carried out by Cowan et al. [17] revealed excellent
emittance values of the order of εlong < 10−4 eV s as a conservative estimation for laser proton
acceleration from thin foils. Simulations indicate even lower values of the order of εlong =
10−7 eV s. [ibid.] For the experiments under discussion, the FWHM energy spread of 0.25MeV
for shot #1 in Fig. 4.1 together with an initial pulse duration of 182 fs (corresponding to the
e�ective acceleration time t introduced in section 2.2.2) yield a longitudinal emittance of
εlong = 4.6× 10−8 eV s for the narrow-band proton beams at JETI, which is an extremely low
value. Even if the pulse duration is conservatively approximated by the lifetime of the TNSA
sheath �eld of roughly 10 ps, one still �nds a theoretical emittance of εlong = 2.5 × 10−6 eV s,
which is many orders of magnitude below the values achieved by conventional accelerators
(e.g. εlong ≈ 0.35 eV s for CERN SPS [185]). This remarkable quality of laser accelerators is
mostly owed to the ultra-short pulse duration, representing a physical regime not accessible
to conventional accelerators.5

The transverse emittance, on the other hand, is given by the phase-space integral εtrans =
(1/π)

∫
ni(x, px) dx dpx/pz and represents a measure for the transverse position-momentum

uncertainty and thus for the laminarity of the beam. Here, x and dpx/pz are the radial
particle position and normalized transverse momentum, respectively, and ni is the initial ion
density distribution. The transverse emittance determines the re-focussability of the beam
and is hence important when considering future applications of laser-produced ion beams,
for example as pre-acceleration stages for conventional accelerators. At the beam waist (i.e.
immediately at the source or in a subsequent focus), the transverse emittance reduces to
εtrans ≈ βγ·σx·σx′ , where β and γ are the relativistic factors, σx is the beam diameter, and σx′ is
the divergence. For laser-plasma accelerators, emittance values of εtrans < 4 × 10−3 mmmrad
have been measured using mesh magni�cation techniques [17]. At JETI, an estimation can
be provided by taking into account the minimum solid angle of emission (24msr ' 155mrad)
and a proton source size determined by the diameter of the microdots (> 20 µm), which yields
a transverse emittance of εtrans ≥ 0.2mmmrad. This number still outmatches the emittances
of conventional accelerators by more than one order of magnitude (e.g. εtrans ≈ 3mmmrad
for the CERN SPS [185]), which clearly indicates the potential bene�ts of laser driven particle
acceleration.

Finally, the beam brilliance is de�ned as particle �ux dN/dt per area dA, bandwidth dE

5Note that the proton pulse duration has not been explicitly measured yet. However, all current theoretical
models suggest that the initial proton pulse duration should be of the order of the laser pulse duration.
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Shot #1 Shot #2

Ecenter 1.7MeV 2.5 MeV
∆EFWHM 0.25MeV (15%) 0.2MeV (8%)
∆E1/e2 0.7MeV 0.4 MeV

peak contrast within 2 · ∆EFWHM 4000 : 400 1000 : 100
Np 4.1 × 108 0.7 × 108

εlong 4.6 × 10−8 eV s 3.6 × 10−8 eV s
εtrans 0.2mmmrad 0.2mmmrad

B 9.4 × 1026 (eV s)−1 (
m2sr

)−1 2.0 × 1026 (eV s)−1 (
m2sr

)−1

ηp 1.4 × 10−4 0.4 × 10−4

Table 4.1: Beam properties of narrow-band proton spectra in Fig. 4.1.

and solid angle dΩ,

B =
dN

dt · dE · dA · dΩ
≈ Np

πεlong (εtrans/βγ)2
, (4.1)

which for the parameters of shot #1 add up to B = 9.4 × 1026 (eV s)−1 (
m2sr

)−1. In com-

parison, the peak brilliance of CERN SPS amounts to BSPS = 5.3 × 1024 (eV s)−1 (
m2sr

)−1

according to the parameters presented in [185]. Note, however, that a large acceleration fa-
cility like CERN SPS provides considerably more protons per pulse (≈ 1011) at a 5 orders
of magnitude higher peak energy (≈ 450 GeV) with a signi�cantly smaller bandwidth! The
beam properties of the laser-produced proton beams discussed in this section should hence be
viewed as an illustration of the complementary and unique physical regime accessed by laser
accelerators, rather than a competitive comparison between di�erent machines aiming at the
same parameters. All characteristics of the two exemplary JETI spectra presented in Fig. 4.1
are again summarized in table 4.1.

4.1.3 PIC simulations

The experimental results are in excellent accordance with numerous Particle-In-Cell (PIC) sim-
ulations. PIC simulations help to understand the acceleration dynamics of Con�ned TNSA and
demonstrate that the narrow-band peak appears over the full angle of proton emission.

The observations at JETI are con�rmed by numerous PIC simulations, which help to analyze
and exploit the laser plasma dynamics of the acceleration process more e�ciently. All simu-
lations verify that the formation of narrow band spectra is an extremely robust mechanism:
Monoenergetic peaks appear consistently for a wide range of simulation parameters (e.g. vary-
ing focal spot size, pulse energy, target composition, and simulation run time) if a micro-dot
is irradiated.
Many of the simulations relevant for this thesis are owed to the dedicated work of Alex

Robinson and Paul Gibbon [53�55]. The simulations were predominantly carried out at the
Rutherford-Appleton Laboratories (UK) and the Forschungszentrum Jülich, and employed for
example the 2D-PIC code OSIRIS [186] and the gridless tree code PEPC [187], the former of
which shall be illuminated in some depth here for one particular set of simulations formerly
presented in [53]. In the 2D-OSIRIS simulations, the target consists of a dot, represented by
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Figure 4.2: Results of the 2D-PIC simulation carried out by Alex Robinson with the OSIRIS code [53]. The

interaction of a laser pulse with a 1.2 µm heavy ion foil carrying a micro-dot (0.2 µm thickness,

10 µm diameter) was simulated for an intensity of I = 2.7 × 1019 W/cm2 (corresponding to

Elaser = 0.5 J on target), whereas the dot consisted of 50 % protons and 50 % C6+. In good

agreement with the experimental results, the calculated spectrum yields a distinct peak at 1.0

MeV with 10 % bandwidth. The spectrum further possesses an exponential high energy tail, which

indicates that the peak formation occurs at lower energy than the cuto� energy of corresponding

thermal spectra. Similar simulations were carried out for di�erent laser energies (cf. sections 4.3

& 5.1).

a 0.2 × 10 µm mixed slab of protons at a density of 40 nc (mp/me = 1830, q/m = 1 · e/mp)
and heavy ions at 40 nc (mp/me = 3660, q/m = 1/2 · e/mp), sitting on a 1.2 µm substrate
(foil) slab consisting of ions only, with a density of 80 nc. Note that the q/m-ratio of the
heavy ions corresponds to C6+ or D+. The assumption of a relative proton fraction of 50%
is in good accordance with the applied dot material (PMMA [C3H5COOCH3]n) where the
hydrogen content is 53%. The laser pulse is normally incident at the center of the foil and
has a triangular temporal pro�le with a FWHM duration of 80 fs. The simulation employed a
simulation box of 20 × 20µm with cell sizes of ∆x = ∆y = 2.5 nm. Initially, 64 particles per
species were placed in each cell. The simulations were typically run up to 350fs.

Fig. 4.2 shows a typical spectrum obtained for a simulation at I = 2.7×1019 W/cm2. In the
plot, a distinct peak is visible at 1.0MeV with an FWHM bandwidth of 10%, which is in very
good agreement with the experimental results. The total signal strength (i.e. 5000 protons
per energy interval at the peak maximum) matches the experimental data very closely. The
slightly lower peak position of 1.0MeV compared to the 1.5−2.5 MeV observed in experiment
can be attributed to the slightly di�erent target geometry and composition in the simulation,
which has an impact on the charge separation between di�erent ion species and hence on
the formation of monoenergetic peaks. In particular, the simulated dot contained only two
ion species instead of multiple elements and ionization degrees, and the carrier substrate was
assumed to be carbon instead of titanium, thus providing a smaller number of hot electrons.
Furthermore, in this particular simulation, the ion charge state of the carbon contributions
in the dot was chosen to C6+, whereas the intensities available at JETI typically su�ce to
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Figure 4.3: Angular emission properties of protons from a dot source [55]. The proton spectrum for di�erent

angles of emission was studied with the help of PIC simulations. The grey curve represents a

spectrum of all protons emitted within an angle of ≤ 2◦, whereas the black curve contains all

protons emitted from the source. It can be seen that both spectra have a similar shape, displaying

a sharp peak feature of the same width at the same energy. This proves that the monoenergetic

proton bunch is not limited to a small angle of emission, but appears equally over the whole

emission angle. Note, however, that the peak contrast is slightly higher in the low-angle case. A

detailed discussion of the simulation parameters will be given in section 4.4. In particular, the

black curve in this graph corresponds to the green curve of Fig. 4.11.

produce C4+ only. The choice of the background ion species has a noticeable impact on the
peak formation, as will be discussed in section 4.4. Given these boundary conditions, the
results of the simulation are in reasonable proximity to the experimental �ndings.

As mentioned above, PIC simulations also provide information about the angular beam
spread. The simulations by Alex Robinson prove that the spectrum of all emitted protons
di�ers from that of protons at very low divergence only by a constant factor. This congruence
is shown in Fig. 4.3, where the grey line gives a spectrum for a proton angle of emission
of < 2◦, and the black line represents a spectrum at full angle of emission, containing all
protons accelerated from the dot.6 A detailed experimental analysis was not feasible due to
restrictions of the setup. It shall hence su�ce to note that it can nonetheless be assumed that
the monoenergetic bunching appear consistently over the full angle of emission, emphasizing
that all protons emitted from the dot source can in principle be utilized for application.

6Note that in Fig. 4.3 the simulation parameters are di�erent from those in 4.2, which explains the di�erent
peak energy and contrast. In the current context, the two graphs of Fig. 4.3 are only meant to highlight the
angular emission properties; a detailed discussion of the exact simulation parameters will follow in section
4.4. In particular, the black curve of Fig. 4.3 corresponds to the green curve of Fig. 4.11.
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4.2 Reproducibility studies and the inevitability of target
cleaning

Controlled removal of parasitic proton contributions resulting from adsorption layers around the
microdot via pulsed laser ablations signi�cantly improves the narrow-band proton acceleration.
Above a well-de�ned threshold �uence of Φthr = 1.2 J/cm2, reproducibility rates for the appearance
of monoenergetic spectra exceeding 80% are observed.

The removal of parasitic protons abundant in contamination layers around the microdot has
been discussed in section 3.1 as a central prerequisite for Con�ned TNSA. In a series of
experiments, the feasibility of laser ablation for the purpose of target cleaning was investigated
at JETI.
First, the target cleaning procedure was tested on plain titanium foils by varying the ablation

�uence of the frequency-doubled Nd:YAG ablation laser (λ = 532 nm, τpulse ≈ 5 ns, 10Hz
repetition rate) from Φ = 0.01 to 10 J/cm2. Above a distinct threshold �uence of Φthr =
(1.2 ± 0.3) J/cm2, the proton signal was found to reduce to almost zero. The existence of
threshold �uences is well known from pulsed laser ablation physics (cf. Appendix A), and
the observed magnitude corresponds to typical values for the ablation of organic layers from
surfaces at the given parameters (see e.g. [188�190]). Below the threshold �uence, no ablation
of contamination layers is expected, and indeed no e�ect on the proton acceleration is observed.
In a second step, the e�ect of laser ablation was studied on microstructured targets. Be-

low the threshold �uence, the observed proton beams correspond largely to those obtained
from unstructured targets, regularly revealing peaks on a strong quasi-thermal background.
However, once the ablation threshold Φthr is surpassed, the continuous spectral components
disappear and distinct, well-separated peak features are observed (Fig. 4.1). It can be con-
cluded that all contaminants have been suppressed; only the PMMA dot has resisted the
ablation and remained as a con�ned proton source on the surface.7 Furthermore, in accor-
dance with previous works on target cleaning [43], an increased acceleration of titanium ions
(Ti1+ − Ti4+) from the foil bulk sets in when removing the contamination layer on the target
back side. The observed ionization states agree well with the estimated TNSA �eld strength
of a few 1012 V/m.
Having determined the ablation threshold, the reproducibility of Con�ned TNSA was then

studied under single-shot ablation conditions. For this purpose, an additional shutter was
introduced into the ablation beam path and connected to the JETI timer such that the main
laser pulse arrives at the target approximately 5ms after the last ablation shot. It was found
that after one shot at the threshold �uence, almost all of the recorded spectra still display a
predominantly exponential shape (Fig. 4.4). After two to four consecutive shots of ablation,
the ratio between distinctly peaked and non-peaked spectra is evenly distributed, whereas for
6 or more shots the large majority of the spectra show a strongly reduced overall bandwidth.
Irradiation with a higher �uence (Φ = 1.7 J/cm2 > Φthr) reveals an even stronger dependency
on the number of ablation shots. Already after two shots 70% of the spectra are peaked; after
four shots almost all spectra show narrow-band features. This initial delay can be ascribed to

7If applied carefully, the micro-dots are generally su�ciently resistant to ablation. However, depending on
the ablation parameters and the dot composition, it is certainly possible to ablate the dots gradually, or to
�melt� them, so that after a certain number of ablation shots the dot structure has vanished. Another e�ect
observed at JETI is the �spalling� of surrounding dots due to thermal stresses on the surface. Besides the
below-mentioned incubation e�ects, it does therefore make a general di�erence whether the total required
�uence to clean the target is applied within one or several ablation shots.
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4.2 Reproducibility studies and the inevitability of target cleaning

Figure 4.4: Relative frequency of peaked spectra as a function of the number of ablation shots [53]. The back
surface of the microstructured 5 µm Titanium foil was ablated with a frequency-doubled pulsed

Nd:YAG laser (λ = 532 nm, τpulse = 5ns) in single shot mode, whereas the desorption of the

surface contaminants is subject to initial incubation e�ects. After 6 consecutive ablation shots at

the threshold �uence Φthr = 1.2 J/cm2, 60% of the produced proton beams showed narrow-band

spectra (open circles), which impressively demonstrates the reliability of the aiming and ablation

procedure. For an increased �uence of Φ = 1.7 J/cm2 > Φthr, an equally high reproducibility

was reached after two shots already (black squares). In both cases, the relative frequency for the

occurrence of peaked spectra approaches one when increasing the number of ablation shots. This

means that narrow-band spectra are observed consistently, if a micro-dot is irradiated.

incubation e�ects: It is well known that sub-threshold �uences can signi�cantly change the
initial absorption behaviour by inducing photo-chemical modi�cations in layer composition
(cf. Appendix A). The actual disposal of material may thus not start immediately, but only
after a critical number of defects have been accumulated [188, 191�193].8

Building on these detailed ablation studies, a remarkable reproducibility of > 80% for the
appearance of monoenergetic proton spectra at JETI was achieved for hundreds of consecutive
shots under optimum ablation conditions.
It is important to note that due to the vacuum conditions of the experiment, the ablated

adsorption layers will start to recover immediately after the ablation has stopped. The time
scale of such a recovery was studied by setting an additional delay between the last ablation
shot and the JETI pulse. It was found that after a delay of ∆t = 5 s the spectrum had regained
its exponential form completely, which is well above the 100ms between two consecutive
ablation shots and the 5ms between the last ablation shot and the JETI incidence. The
recovery time of adsorption layers can be estimated by the particle impact rate on the surface
R = p/ (3m kBT )1/2 [194], following directly from kinetic gas theory. Here, m is the mass of the
adsorbed molecule and T the temperature in the target chamber. Assuming conservatively

8This incubation behaviour can explain, for example, why some polymers may eventually be ablated at
wavelengths at which they are originally transparent.
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that the chamber pressure p = 10−5 mbar is determined by hydrocarbons only (mCH4 ≈
2.7 × 10−25 kg), the impact rate at T = 293K attains R = 6 × 1015 cm−2 s−1. A 12Å
contamination layer as put forth in [174] hence needs about 6 seconds to recover, which is
in good agreement with the observations at JETI.
In summary, the target cleaning procedure shows a strong in�uence on the quality of the

narrow-band spectra, their peak contrast as well as their reproducibility. With the help of
controlled laser ablation, the generation of monoenergetic proton spectra from microstructured
targets could be improved to a highly reliable mechanism, warranting reproducibility rates of
> 80% for the appearance of narrow-band features under optimum ablation conditions. In the
following, the correlation between the spectral parameters of the peak and the laser energy
shall now be analyzed.

4.3 Scaling laws for monoenergetic proton beams

4.3.1 Peak position scaling

In the given parameter range, the average peak position in the spectrum scales linearly with laser
energy. The observed scaling deviates from all hitherto scalings proposed for thermal proton
spectra, and hence represents the �rst scaling law speci�cally for monoenergetic beams. The
results are well con�rmed by 2D-PIC simulations.

A subject of great interest for the generation of monoenergetic proton beams is the scalability
of the acceleration mechanism to higher laser powers. Having established the high degree
of reproducibility discussed in the previous section, the peak parameters for many hundred
monoenergetic spectra were evaluated as a function of the JETI pulse energy, keeping all other
parameters (dot dimensions, focal spot size, laser pulse duration, prepulse conditions, ablation
conditions etc.) �xed. It shall be emphasized that the use of an online detection system like
an MCP clearly facilitates the collection of such large amounts of data.
Fig. 4.5 shows a subset of data where the JETI pulse energy was increased from 0.5 to 0.8 J

on target (black squares). The four data points comprise a total of 140 spectra, all taken from
5µm titanium foils carrying PMMA dots of 200 nm thickness after 10 consecutive shots of
ablation at the threshold �uence Φthr = (1.2± 0.3) J/cm2. Statistical analysis yields that the
average peak position increases from 1.42 to 1.63MeV over this energy range. The error bars
represent the standard deviation of the sub-sets and thus give a measure for the shot-to-shot
�uctuation. Note that the energy range covered by the four data points was constrained by the
available laser energy (upper boundary) and the detection range of the spectrometer (lower
boundary).
The four data points strongly suggest a linear dependency between the peak position and

the laser energy for the observed energy range. In order to support this evidence, we extended
our 2D PIC simulation studies to the di�erent laser energies applied in the statistical analysis
(using the same simulation parameters as discussed in section 4.1.3). The results are shown
in Fig. 4.5 as grey circles: Similar to the experimental data, the calculated peak position
increases in a linear manner, rising from 1.17 to 1.35MeV over the observed energy interval.
An additional simulation was carried out by Alex Robinson for a pulse energy of 15 J in order
to investigate whether this behaviour holds true also at higher laser energies [53]. This run
yielded a monoenergetic peak at 9.3 MeV (cf. section 5.1, Fig. 5.1), in very good agreement
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Figure 4.5: Energy dependency of monoenergetic proton peak position [53]. The laser pulse energy on tar-

get was varied from 0.5 to 0.8 J, which corresponds to intensities of 2.9 − 4.7 × 1019 W/cm2.

Consequently, the average peak position rose from 1.42 to 1.63 MeV (black squares). All other

parameters were kept �xed (identical micro-dots on a 5 µm Titanium foil; constant ablation con-

ditions of 10 consecutive shots at the threshold �uence). The four data points include a total of

140 monoenergetic spectra, which lends su�cient statistical signi�cance to the results. The error

bars represent the standard deviation of the statistical sample and thus delineate the shot-to-

shot �uctuation. The observed proportionality is excellently reproduced by 2D-PIC simulations

carried out by Alex Robinson for our experimental parameters (grey circles). The calculated

peak positions lie slightly outside the standard deviation, but are well within statistical range

of the sample sets. Together with an additional simulation for 15 J pulse energy (cf. Fig. 5.1),

the calculated peak positions follow a linear function, Escale
peak/MeV =0.56 × Elaser/J + 0.87 (grey

line), which represents the �rst scaling law particularly for monoenergetic spectra. All previous

scaling laws refer to the cuto� energy of thermal spectra from plain foils and fail to account for

our data. For example, the model by Fuchs et al. [7] predicts much higher energies and a steeper

slope (grey crosses) for the current parameters.
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with the linear extrapolation of the four calculated spectra between 0.5 and 0.8 J.9 Together,
the �ve simulation data points follow the linear function

Escale
peak/MeV = 0.56 × Elaser/J + 0.87 , (4.2)

represented by the grey line in Fig. 4.5.
Similar to the discussion of Fig. 4.1b, the numerical results appear systematically lower

than the experimental values. However, it is striking how closely the slope of the simulation
data matches that of the experimental data. The black line in Fig. 4.5 depicts the same
linear �t function (4.2) upshifted only by 320 keV. This excellent accordance lends authority
to the deduced linear scaling, which hence represents a scaling law for the generation of
monoenergetic proton beams from microdot assisted laser proton acceleration.
The importance of this scaling law becomes evident when comparing it to other scalings

proposed for laser proton acceleration. Various dependencies have been suggested to connect
the proton energy to the laser power or intensity [7, 8, 110, 123], and it is known from previous
measurements that for example the model by Fuchs et al. [7] successful predicts the observed
cuto� energies at JETI under certain assumptions. However, all of these scalings refer solely
to the cuto� energy of thermal spectra from plain foils. Contrarily, it has been shown above
that the peak position from Con�ned TNSA does not coincide with the cuto� energy of the
corresponding thermal spectra, but is bound to the slower heavy ion front. It is therefore not
ad hoc intelligible if or how the peak formation will scale with laser energy. Clearly, the thermal
scaling laws cannot be expected to account for the peaks, and in fact a comparison of our data
with the scaling law from [7] shows a strong discrepancy for the observed narrow parameter
interval already. This deviation is illustrated by the grey crosses in Fig. 4.5, showing that
the model by Fuchs et al. predicts much higher energy values and an approximately 8 times
steeper slope.
Eq. 4.2 hence represents the �rst scaling law speci�cally for monoenergetic spectra, and

veri�es�for the �rst time�that techniques for the generation of intrinsically monoenergetic
beams can be extrapolated to higher laser energies. Furthermore, it indicates that the peak
energy scales slower than the thermal cuto� energies, and that thermal energy scalings might
overestimate the potential of laser ion acceleration when it comes to monoenergetic beams,
which are the prerequisite for most applications. Nonetheless, today's capability of reliably
generating ≤ 109 quasi-monoenergetic protons with less than 10 % bandwidth by means of a
scalable technique marks an important step towards application.

4.3.2 Peak width scaling

The average energy spread of the peak scales as the square root of the laser energy. For high laser
energies, PIC simulations indicate that the peak approaches a saturation value of ≈ 2.0MeV.
Accordingly, the relative energy spread approaches zero at high energies.

Similar to the peak position scaling, the dependency of the energy spread on the laser energy
was investigated. For this purpose, it proved helpful to connect the peak width directly to
peak position rather than the laser energy in order to gain immediate information about
the relative energy spread. The interpretation of this peak width scaling to be discussed in
this section proves to be a di�cult task, and still poses some questions which could not be

9Note that this value of 15 J is clearly in the range of the upcoming generation of Ti:Sapphire lasers. See
discussion in chapter 5.
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completely resolved during the course of this thesis. Nonetheless, some tentative results and
interpretation shall be presented in the following emphasizing, however, that more work needs
to be done on this part.
Fig. 4.6 (black circles) shows the average peak width for the four data points already

displayed in Fig. 4.5. Statistical analysis of the sample sets reveals that the average FWHM
peak width increases from 0.21 to 0.41MeV over the peak energy range of 1.42 − 1.63MeV,
which correspond to laser energies of 0.5 − 0.8 J. Like for the energy scaling, the four data
points seem to suggest a linear proportionality. However, such a linear scaling would be
somewhat surprising, given that the di�erential of the proton kinetic energy can be written as

dE = p dp/m . (4.3)

Since the central momentum of the proton bunch p is furthermore related to the central
peak energy as ppeak =

√
2mEpeak, one would rather expect a square root scaling ∆Epeak ∼√

Epeak. Applying thus a square root �t to the data, one �nds that the peak width is in good
agreement with the following function

∆Epeak/MeV = 0.71
√

Epeak/MeV − 1.34 (4.4)

(black dotted line). In comparison, it can be seen that the relative width (plotted in red)
increases from 15% to 25% over the observed peak energy range.
However, this �t does still not live up to the complexity of the situation. Despite the

apparently good agreement, there is strong reason to doubt that ∆E scales uniformly as a
square root of the peak position over a wider energy range. In the �rst place, a square root
scaling would imply the absolute peak width to grow in�nitely, which is in contradiction to
all simulation studies, and also inconsistent with what one would expect from the charge
separation model.
A more comprehensive picture can be obtained by taking into account simulation data

points. This is shown in Fig. 4.6b. Again, the circles and dotted line represent the exper-
imental data and square root �t, respectively. In addition, the absolute and relative peak
widths obtained from various simulations have been inserted as crosses.10 It can be seen that
the simulation data matches the experimental data closely, showing good agreement with the
square root �t for low peak energies. However, for high peak energies the peak width is found
to run into saturation, leading to a strong deviation from the square root function (note the
double-logarithmic scale of Fig. 5.1b). The absolute peak width thereby approaches a limit
of dEsat ≈ 2.0 MeV. Due to the steep initial slope of the peak width dependency, the relative
peak width �rst increases to a maximum of 30%, and then decreases monotonously in the
saturation region to < 1%.
Although the encountering of a saturation behaviour for the peak width seems plausible,

it is challenging to try to incorporate it into the above model. One possible explanation
for the deviation of the actual data from the square root dependency allocated to the central
momentum ppeak =

√
2mEpeak could be the fact that the energy spread dE of Eq. 4.3 does not

only depend on the central momentum p, but also on some intrinsic beam energy spread dp.
This intrinsic spread can be attributed to the initial acceleration dynamics and in particular

10The simulation data points include the 2D-PIC results of Figs. 4.2, 5.1 & 5.2, as well as the red and blue
plots of the 1D-PIC results presented in Figs. 4.8a-c (i.e. the PDR runs for 50% and 30% proton density
to be discussed below, warranting a su�cient comparability).
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(a)

(b)

Figure 4.6: Peak width scaling. (a) The dependency of the average peak width on the peak position (black

circles) is well �tted by a square root function, ∆Epeak/MeV = 0.71
√

Epeak/MeV − 1.34 (black

dotted line), which is well in agreement with the di�erential of the proton kinetic energy, dE =

p dp/m ∼
√

E, E being the central peak energy and p being the central momentum. This

accordance also holds for the relative energy spread (red circles and dotted line). The four data

point correspond to the four statistical peak position determined in Fig. 4.5. (b) For higher peak

energies, PIC simulations indicate that the peak width runs into saturation at a maximum value

of approximately 2.0MeV, which is in contradiction to the square root �t. This deviation can be

explained by the dp−contribution in the equation for dE, representing an intrinsic momentum

spread. A saturation function has been added to the plot for illustration (black and red solid

lines).
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the charge separation process. Thus, the interplay of the two contributions p and dp may
cause that the peak width dE does not scale uniformly over the whole energy range, but in
fact allows for a saturation assuming that the dp component compensates for the p growth at
high energies. However, this intrinsic spread dp is much harder to pinpoint analytically, and
further experiments will be necessary to study the scaling behaviour over a larger range.
For the sake of illustration, the data points of Fig. 4.6b have been �tted with a standard

saturation growth function (Hill function),

dE =
(Epeak/MeV)n

(Epeak/MeV)n + kn
× dEsat (4.5)

where the best agreement has been found for the parameters dEsat = 2.0 MeV, k = 2.9 and
n = 3.1, matching the data closely for all peak positions. The saturation function is given as
solid black line in the graph. In addition, the red line shows the relative peak width according
to saturation function, i.e. dE/Epeak.

4.4 Target composition and the �Proton Density Reduction�
scheme (PDR)

4.4.1 Impact of the heavy ion background on the proton spectrum

The target composition determines the properties of the ion fronts involved in the charge sepa-
ration during the acceleration process. PIC simulations indicate that a background of ions with
large q/m-ratio (e.g. deuterium) facilitates the formation of narrow peaks at higher energy.

Besides laser parameters, ablation characteristics, and target geometry, also the dot compo-
sition must be considered for the optimization of the acceleration process, which shall be the
subject of the following sections. It has been elaborated above how the spectral peak is asso-
ciated to the charge density gradient and the related electrostatic shock at the fastest heavy
ion front. The magnitude and form of the this crucial charge discontinuity is determined by
the relative numbers of light and heavy ions in the beam, as well as by their speci�c ion charge
state. Both parameters can be expected to in�uence the constitution of the sheath �eld, and
hence to a great extent also the overall acceleration dynamics.
The impact of the heavy ion species on the proton peak was studied with 1D-PIC simulations

carried out by Alex Robinson [55], using the same code as described in section 2.5. The results
of this study can be seen in Fig. 4.7. Here, the black line gives the proton spectrum for a C4+

background, and the red line the spectrum for a C6+- background. In both cases, the laser
intensity was I = 1.0 × 1019 W/cm2, and the initial particle densities were 10 nc and 40 nc

for protons and carbon ions, respectively.11 It can be seen that the choice of the background
species in�uences the spectrum signi�cantly: The proton peak for the C6+-background displays
a much smaller energy spread (0.1MeV) and is also located at a higher energy (4.1MeV) than
for the C4+-background, where the peak is found at 2.8 MeV with 0.4 MeV spread. This
di�erence is plausible since an increased q/m-ratio corresponds to a higher expansion velocity
of the heavy ion front, resulting in a proton trapping and ballistic �ow at a higher kinetic
energy.

11The reduced proton density is the reason behind the slightly increased peak energy in comparison to Fig.
4.2, which will become clear immediately.
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Figure 4.7: Impact of the heavy ion background species on the generation of monoenergetic spectra [55]. Pro-
ton acceleration from microdot targets was studied in 1D-PIC simulations for di�erent heavy ion

backgrounds. For a C4+-background (black line), the proton peak is found located at ≈ 2.8MeV

with an energy spread of about 0.4MeV, whereas for C6+ the peak is located at 4.1MeV and has

a width of 0.1MeV. This di�erence demonstrates that the choice of the target composition has

a considerable in�uence on the peak formation, indicating the advantageousness of a background

ion species with high q/m-ratio, e.g. deuterium. The simulation results can be explained by the

higher expansion velocity of C6+ in the electric �eld, resulting in a proton bunch formation at a

higher kinetic energy.

Generally, the simulation results indicate that high charge states are preferable as back-
ground material. In the particular case of JETI, where the observed maximum ion charge
state for carbon is typically C4+, this suggests the use of proton-deuterium mixtures as tar-
get composites, as deuterium has the same q/m-ratio as C6+. The q/m-ratio could thus be
potentially improved from (q/m)C4+ = 0.3 to (q/m)D+ = 0.5, thus enabling an enhanced
narrow-band proton acceleration from the dot microstructures. In section 4.4.3, some experi-
mental results will be presented which this approach.

4.4.2 PDR theory & simulation studies

PIC simulations indicate that the peak energy can be enhanced signi�cantly by reducing the initial
proton density in the dot. The rare�ed protons behave like test-particles at the ion front, leading
to a more pronounced peak formation at higher energies. This e�ect is predicted to saturate at
proton density of a few percent.

Let us now consider the impact of the relative particle densities at the heavy ion front. Again,
it is instructive to recall that the monoenergetic peak is formed by those protons passing the
heavy ion front and probing the subsequent ion sheath �eld. Evidently, the charge density
gradient is steepest and hence the sheath �eld is strongest if the total positive charge ahead of
the ion front attains a minimum, in which case the �eld is depleted the least. The theory holds
that the mechanisms of proton trapping and ballistic proton �ow work best if the trapped
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Run (colour in Fig. 4.8) np/cm−3 np/nc relative density /%
black 8 × 1022 80 67
red 4 × 1022 40 50

not displayed 2 × 1022 20 33
green 1 × 1022 10 20
blue 1 × 1021 1 2.4

not displayed 1 × 1020 0.1 0.25

Table 4.2: Simulation parameters of the 1D-PIC simulation for the Proton Density Reduction (PDR) scheme.

Note that ni = 40 nc and the heavy ion species was chosen to C4+, which matches the use of

polymer dots at JETI.

proton bunch itself does not in�uence (i.e. deplete) the density gradient. This essentially
requires the proton number to be small compared to the number of heavy ions, implying that
the protons probe the sheath �eld in a test-particle like fashion. These above arguments have
stimulated the idea of using targets with low initial proton density in the source layer in order
enhance the monoenergetic beams obtained from Con�ned TNSA.
This �Proton Density Reduction� scheme (PDR) was explored in several theoretical works

led by Robinson (see e.g. [55, 62]), which proved that the spectral peak position can indeed
be shifted to signi�cantly higher energies if the initial proton density in the target material
is decreased below the regular hydrogen content of 53% in PMMA. The PDR hypothesis has
led to a series of experiments at JETI using highly deuterated PMMA as the dot source
material, which also comply with the above reasoning about the preferability of a deuterium
background. These experiments will be introduced in section 4.4.3.
Prior to the experimental studies, however, the PDR scheme was thoroughly investigated

with the help of simulations by Alex Robinson across a wide range of parameters and under
speci�c consideration of JETI acceleration conditions, providing a roadmap for an experimen-
tal implementation. Moreover, extensive scaling studies in 1D, 2D and 3D were carried out for
the three di�erent intensity regimes 1019 W/cm2, 1020 W/cm2 and 1021 W/cm2 [55]. In the
simulations, the targets are typically considered to have �xed heavy ion density of 40 ni with
C4+ as the heavy ion species (if not indicated otherwise), and the proton density is varied
between 80 nc and 0.1nc. The simulations generally assume a laser wavelength of 1µm, and
nc is the critical density at this wavelength.

1D simulations

Three sets of six simulations each were carried out in 1D using the 1D3P electromagnetic PIC
code with the speci�cations previously discussed in section 2.3.3. In each set, a systematic
proton density scan was performed at a certain intensity, with proton densities ranging from
np = 80nc to np = 0.1nc in front of a heavy ion background of C4+ at 40 nc, corresponding
to a relative proton content of 67% to 0.25% in the target. The exact parameters are given in
table 4.2.
The results of this 1D study are shown in Fig. 4.8. The top graph comprises the six

runs at I = 1019 W/cm2, whereas the middle and bottom graphs display runs at 1020 W/cm2

and 1021 W/cm2, respectively. A strong dependency of the peak position in the spectrum
on the proton density is observed at all three intensities. The proton peak energy increases
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(a)

(b)

(c)

Figure 4.8: PDR studies with 1D-PIC simulation [? ]. Three series of 1D-PIC simulations were carried

out by Alex Robinson for microdots with di�erent initial proton densities (cf. �gure legends) at

di�erent intensities (1019 W/cm2, 1020 W/cm2, 1021 W/cm2). The spectral peak features, which

take the form spiked towers in the 1D simulations, sit on top of the exponential background and

can be seen to move to higher energies when decreasing the proton density. This increase in

peak energy shows that the proton beams from microdot targets can be improved signi�cantly

when varying the target composition appropriately. For the lowest two density (2.4%), the peak

intensity drops below the regular exponential high energy tails, which indicates a theoretical gain

limit for the PDR scheme. The parameters used in the four simulations are summarized in table

4.2. Note that of the 6 density runs performed at each intensity, only 4 are displayed in the graph

for the sake of clarity.
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(a) (b)

Figure 4.9: PDR peak energy scaling as a function of the initial proton density (1D-PIC).

Figure 4.10: PDR peak energy scaling as a function of the laser intensity for di�erent initial proton densities

(1D-PIC).
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continuously with decreasing proton density. The proton peak takes the form of a tower on top
of an exponential background, �anked by two characteristic spikes. These spikes are known
to be an 1D simulation artifact and disappear for the 2D and 3D runs (cf. below).12 At the
same time, the maximum proton energy of the thermal part of the spectrum can be seen to
decrease systematically when reducing the proton density.
Note that for very low proton densities (2.4% and 0.25%), the proton peak drops below

the exponential part of the high density spectra, which is in agreement with the fact that the
total number of protons available for acceleration decreases as the proton density is reduced.
Therefore, although the energy of the spectral peak continues to increase for these low density
cases, there exists an optimum proton density below which the PDR scheme provides no further
bene�t, i.e. where the number of protons per energy interval in the peak will necessarily
be smaller than the number accelerated from a conventional target. This speci�c density
represents a �gain limit�, which for the current simulations can be identi�ed to lie between the
two runs at 2.5% and 20%. Furthermore, the spectrum attains a completely di�erent shape
in these low density runs. In the 2.4% run (cyan spectra), a second spectral peak located at
the end of the spectrum can be seen to exceed the high density spectra, notwithstanding the
fact that the spiked tower has disappeared almost completely. Note, however, that this peak
contains only a negligible total number of protons.
The result of the simulations can be summarized in a set of peak energy scalings, which

are plotted as a function of the proton concentration and the laser intensity in Figs. 4.9
and 4.10, respectively. It can be seen that for the density range under consideration, the peak
position increases roughly linearly with decreasing proton density for all intensities (Fig. 4.9a).
Similarly, the relative peak position Epeak/Ecutoff can be seen to increase roughly linearly for
all three intensities up to a maximum of ≈ 0.7Ecutoff at very low proton densities (Fig. 4.9b).
In Fig. 4.10, the scaling of the peak position with laser intensity is given for the three target
compositions of 2.4%, 20% and 50% relative proton content, respectively. It turns out that
for all compositions the data points are well �tted by an expression of the type Epeak ∼

√
I19,

where I19 is the laser intensity in units of 1019 W/cm2. This proportionality is reasonable
for a 1D calculation, as the velocity of the heavy ion front and hence the velocity of the
monoenergetic proton bunch is proportional to the ion acoustic velocity, and the ion kinetic
energy scales as Epeak ∼ c2

s ∼ Te with Te ∼
√

I19 (cf. Eq. 2.11).

2D simulations

A second series of numerical simulations regarding PDR was performed using the 2D3P OSIRIS
code previously discussed in sec. 4.1. Here, the calculations were run on a spatial grid of
8000 × 8000 cells of dimension (0.16 cω−1)2 ≈ (25 nm)2. Like in the earlier sections, the
target consisted of a slab of proton-free substrate material carrying a microdot on the rear
surface. The slab of substrate material was 10 µm wide and 1µm thick, and consisted of ions
with a q/m-ratio of 1/3660 at a density of 80 nc, with equal electron density to obey charge
neutrality. The microdot was 4.8µm wide and 0.32 µm thick, and was located in the center
of the substrate rear side. The dot consisted of a variable mixture of protons and ions with a
q/m-ratio of 1/2 · e/mp, corresponding to a deuterium background for the charge separation.
The exact compositions in the various runs are given in table 4.3.

12As a matter of fact, the sharp peaks are associated with the turning points of sine-wave like structure in the
proton phase space as discussed for Fig. 2.6.
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Figure 4.11: PDR studies with 2D-PIC simulations [55]. Four 2D runs for microdots with di�erent initial

proton densities were carried out with the OSIRIS code. Similar to the 1D simulations, the

peak energy increases when decreasing the proton density in the dot source, and a gain limit is

approached for very low densities. The parameters used in the four simulations are summarized

in table 4.3.

(a) (b)

Figure 4.12: PDR peak energy scaling as a function of the initial proton density (2D-PIC).
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Run (colour in Fig. 4.11) np/cm−3 np/nc relative density /%
Blue 6 × 1022 60 75
Green 1 × 1022 10 12.5
Red 5 × 1021 5 6.25
Black 1 × 1021 1 1.25

Table 4.3: Simulation parameters of the 2D-PIC simulation for the PDR scheme. For all runs, the intensity

was I = 1021 W/cm2, ni = 80 nc, and deuterium was chosen as the heavy ion species.

In the simulations, each cell contained 64 quasi-particles representing electrons, 64 repre-
senting protons, and 32 representing heavy ions. The laser pulse has a triangular temporal
pro�le with a total pulse duration of 80fs, and impinges on the substrate front side under nor-
mal incidence. The FWHM intensities were set to 1021 W/cm2, with a transverse 1/e-width
of the Gaussian laser pulse of 40 cω−1 ≈ 6.4µm. All simulations were run up to 250 fs.
The results of the 2D-PIC studies for the PDR scheme are shown in Fig. 4.11. Similar

to the 1D runs, the peak position in the spectrum increases when moving to lower proton
densities, whereas the cuto� energy simultaneously decreases. In good accordance with the
above results, a gain limit is observed at very low density. This time, the gain limit appears
between ni = 1nc...5nc, which corresponds to a relative hydrogen concentration of 1.25% to
6.25% in the target, setting further constraints to the gain limit density range obtained from
the 1D simulations. The results are again summarized in a density scaling plot for both the
absolute and the relative peak position in the spectrum, where the central peak energy is once
more found to increase in a roughly linear fashion with the proton density for the evaluated
density range (cf. Fig. 4.12).

4.4.3 PDR experiments

Experimental PDR studies fully con�rm the theoretical predictions: An increase of the average
peak energy is observed when reducing the initial proton density, where for each density the peak
position still scales with laser energy. No gain saturation is observed.

A series of experiments was carried out at JETI to verify the predicted PDR e�ects on microdot
acceleration. Acknowledging the speci�c results of the above PIC simulations, microstructured
targets with strongly reduced proton concentration were designed, featuring deuterium as the
leading heavy ion species. For this purpose, highly deuterated PMMA13 which was diluted
with di�erent fractions of regular PMMA in order to obtain well-de�ned hydrogen concen-
trations in polymer microdots to be accelerated in front of a strong deuterium background.
Similar to the conventional PMMA dot targets, the mixed polymer was applied on 2 − 5 µm
titanium foils via spin coating, resulting in homogeneous layers of 400 nm thickness. The
layers were microstructured using the fs laser system as described in section 3.1.
In the course of the PDR experiments, several hundred shots on low-density microdots

were carried out and evaluated statistically. The dot compositions applied in the experiment
are given in table 4.4. As expected, a systematic increase of the central peak energy is
13Deuterated PMMA (dPMMA) resembles regular PMMA apart from the fact the hydrogen contributions

in the polymer are substituted by the chemically equivalent deuterium. The purity of the dPMMA was
ndPMMA : nPMMA > 99.5%. The dPMMA samples were commercially obtained from Deutero GmbH,
Kastellaun, Germany, and processed into a photo-resist suitable for spin coating by Allresist GmbH, Straus-
berg, Germany.
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Colour

Fig. 4.14b
nPMMA :

ndPMMA

total

proton

density /%

Epeak/MeV

at

Elaser = 0.6 J

σ(Epeak)/MeV

at Elaser = 0.6 J

Black pure PMMA 53 1.50 0.28

Orange 10:1 45 1.63 0.26

Red 1:4 10 1.68 0.24

Blue 1:10 5 1.67 0.28

Green 1:50 1 1.75 0.55

Cyan 1:100 0.5 1.80 0.21

Table 4.4: Composition of deuterated polymer microdots used for the PDR study.

observed when the proton density is reduced. In Fig. 4.13, it can be seen that average
peak position raises when the proton density is reduced, growing approximately linearly from
Epeak = 1.5MeV at a hydrogen concentration of 53%, to Epeak = 1.8MeV at 0.5%.14 All
shots contained in Fig. 4.13 were taken at a laser energy of Elaser = 0.6 J on target ('
3.5 × 1019 W/cm2) under similar conditions. The error bars in the Fig. a represent the
standard deviation of the statistical sample sets.
The observed energy increase from 1.50MeV to 1.80MeV when reducing the proton density

from 53% to 0.5% equals a relative rise in peak energy of 20%. Although the gain is not
as strong as predicted by the simulations, this proves that the generation of monoenergetic
protons can be signi�cantly enhanced with the PDR scheme.
An more detailed overview about PDR results for di�erent laser energies is given in Fig.

4.14. In Fig. 4.14a it can be seen that independent of the laser energy, a reduction of the
proton density causes a similar increase of the peak position. The green plot represents the
same data as shown in Fig. 4.13. In particular, the detailed plots for 0.6 J and 0.7 J (green
and red line) indicate that the initially moderate rise in peak energy is succeeded by a much
steeper increase at very low proton densities, resulting in an average peak position as high as
2.13 MeV for a density of 0.5% at 0.7 J laser energy.
Fig. 4.14b shows the same data, rearranged to provide information about the energy scal-

ings for the single densities under consideration. Here, the black curve corresponds to the
systematic energy scan performed for regular PMMA dot as discussed for the scaling law in
section 4.3. For all densities, the peak position is found to increase consistently with laser
energy, very much in agreement with the previous �ndings. The results presented in Fig. 4.14
fully supports the PDR hypothesis, and underscores the feasibility of the PDR scheme for the
improvement of the monoenergetic spectra obtained from Con�ned TNSA.
It shall be annotated that, contrary to the simulations, no explicit gain limit could be

determined during the PDR experiments. Although the reproducibility for the 0.5% and 1.0%
densities was comparably low, no actual depletion of the proton signal was observed.15 A
thorough investigation of the e�ects of gain limitation will be the subject of future experiments.
Let us brie�y summarize the results of the target composition studies. A substantial increase

14Note the semi-logarithmic scaling in Fig. 4.13
15For example, the reproducibility rate at 1.0% was ≈ 13% as opposed to ≈ 53% at 10% proton density. Note

that these comparably low overall rates are most likely due to di�culties encountered during the fabrication
and alignment procedure of the deuterated targets rather than the PDR acceleration mechanism itself.
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(a) (b)

Figure 4.13: Scaling of the peak position as a function of the initial proton density at a laser energy of

Elaser = 0.6 J on target. As expected from the numerical studies, the peak position consistently

increases when the proton density is reduced. For proton densities varying from 53% to 0.5%,

the average peak position is found to rise from 1.5MeV to 1.8MeV Figs. a and b represent

the same data, plotted linearly and logarithmically with density, respectively. The error bars

in Fig. (a) represent the standard deviation of the sub-sets. A linear �t has been added to the

plot in Fig (b), where the error bars have been omitted for the sake of clear display, resulting in

a dependency of Epeak/MeV = −0.004 × ρ% + 1.747, ρ% being the proton density in percent.

(a) (b)

Figure 4.14: Scaling of the peak position with proton density and laser energy. (a) For all laser energies,

the average peak position is found to increase when decreasing the proton density, which is

well in accordance with the PDR theory. (b) The PDR data has been arranged to provide

information about the peak position scaling with laser energy for each proton density. The

observed proportionality is in agreement with the scaling law discussed in section 4.3, plotted

here in black. The results of the PDR study demonstrate that the quality of the monoenergetic

beams can be improved signi�cantly by reducing the initial proton density in the microdot,

which can be achieved for example by the replacing the hydrogen in the dot by deuterium.
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of the peak energy is observed if the relative fraction of the leading ion species in the source
layer (i.e. protons) is decreased to a few percent or less. This observation is supported by
multidimensional PIC simulations, which predict the same (roughly) linear dependency of
the peak energy as found in the experiments. Both experiment and simulation hold that the
relative peak position can be improved to 3/4 of the thermal proton cuto� energy. A similar
increase in peak energy is observed independent of the applied laser energy. At the same time,
for each proton density the peak position scales with laser energy, which is excellent accordance
with the previous scalability studies. The simulations indicate that PDR bene�ts can be
expected at intensities up to 1021 W/cm2, which underlines the importance of the current
�ndings with respect to future laser systems (cf. section 5.1). Furthermore, simulations show
that a heavy ion species with large q/m-ration is bene�cial for the acceleration process, both
in terms of peak position and peak width. This suggests the use of deuterated target materials
as implemented during the PDR experiments. The PDR �ndings point out a promising way
to generate enhanced monoenergetic proton beams, achieving peak energies comparable to the
cuto� energies of thermal spectra obtained from conventional TNSA while containing more
protons per bandwidth interval.

4.5 Monoenergetic ion beams

The microdot geometry can be transferred to other target material in a straightforward manner.
Monoenergetic carbon beams with a typical peak energy of 3MeV and 20% bandwidth are observed
from the irradiation of tungsten carbide dots on a titanium foil.

The successful implementation of PDR using deuterated targets indicates that the physical
mechanisms of Con�ned TNSA should be generalizable to other target compositions. In par-
ticular, the question arises if Con�ned TNSA can be utilized to create narrow-band beams
of other ion species. To answer this question, let us brie�y reconsider the two central re-
quirements for monoenergetic acceleration�radial source con�nement and charge separation
between multiple ion species. According to these requirements, one only needs to �nd a
source material where the lightest ion species is not hydrogen, and furthermore ensure that
this material can be provided in dot-like sources.
Both conditions should pose no insurmountable problem: Many inorganic materials such as

metals, oxides or carbides can be easily applied to substrates in the form of ultra-thin layers for
example using sputtering techniques, and are regularly processed to micro- or nanostructures.
Nonetheless, the fabrication of such �heavy ion dots� on thin foils is far from being an easy
task and requires subtle engineering.
Among all possible ion beams, carbon beams are of speci�c interest for application purposes

(cf. discussion in chapter 5). Consequently, this thesis engaged in manufacturing targets with
carbon as the lightest ion species. Such carbon dot targets were designed by sputtering a 200 nm
layer of tungsten carbide (W4C) onto a 5µm titanium foil. W4C represented the layer material
of choice as it represents a standard sputtering material. The sputtering was performed at the
Fraunhofer-Institut für Angewandte Optik und Feinmechanik (IOF) in Jena, and the obtained
layer was microstructured similar to the PMMA-layered targets via femtosecond laser ablation,
producing arrays of square dots with 10 − 25 µm base length.16

16Note that the use of compound materials such as W4C is not strictly necessary and was only chosen for
pragmatic reasons. The required criterion of charge separation between two di�erent ion fronts would in
principle be ful�lled by the di�erent degrees of ionization of one heavy element already (e.g. C3+ vs. C4+).
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Figure 4.15: Monoenergetic carbon spectrum. The Con�ned TNSA scheme can be easily transferred to

other dot materials. Narrow-band C4+ beams were observed from the irradiation of tungsten

carbide (W4C). This demonstrates that in principle any type of monoenergetic ion beam can

be produced by Con�ned TNSA if suitable targets are available, broadening signi�cantly the

scope of the present work.

The ion-dot targets were implemented and aligned in the JETI setup like a conventional
polymer-dot target, and subjected to the same careful ablation testing procedures as described
above. Good ablation results (i.e. a su�cient suppression of the parasitic proton contributions)
were obtained for �uences≥ 4 J/cm2, which is slightly higher than for the polymer microdots.17

Fig. 4.15 shows an exemplary narrow-band spectrum of C4+ recorded for a JETI pulse
intensity of I = 1.7 × 1019 W/cm2, after 10 consecutive ablation shots at 10Hz repetition
rate with an ablation �uence of 8.2 J/cm2. The spectrum displays a strong peak centered at
an energy of Epeak = 2.9MeV, which corresponds to a kinetic energy per nucleon of about
0.24 MeV/u, u being the atomic mass unit. The peak possesses an FWHM energy spread of
0.6 MeV (∼= 21%) and can be seen to continue with an exponential tail towards higher energies.
Similar to the polymer dots, this tail is the result of the fastest C4+ ions ahead of a slower
successor ion fronts. For the particular spectrum displayed in Fig. 4.15, the ion species with
the next lower q/m-ration was determined from the MCP image to be C3+. In other shots,
Ti12+ was observed as the next lower species. Note that
The experimental results obtained from W4C-dot on a titanium foil prove that the Con-

�ned TNSA scheme is straightforward transferable to other dot materials, and that hence
any desired type of monoenergetic ion beam can in principle be produced from laser plasma
interaction. Although the overall reproducibility for monoenergetic heavy ion beams was still
rather low in comparison to the proton beams, this represents an important generalization of

17Despite the ablation, faint proton traces were regularly observed next to the carbon traces in the MCP
images, which could be ascribed to hydrogen inclusions in the tungsten carbide. Note that in many cases,
the accompanying proton traces were peaked as well.
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the technique presented in this thesis and signi�cantly broadens the scope of Con�ned TNSA
for application. This fact is of particular importance since several applications for laser accel-
erators do in fact aim at ion beams rather than proton beams, which will be discussed for the
case of medical ion beam therapy in section 5.3.2.

4.6 Multiple peak structures

Multiple peak structures are occasionally observed in the proton spectra. These double and triple
peaks can be attributed to the shock acceleration at multiple ion fronts (e.g. di�erent carbon
degrees of ionization).

Besides the narrow-band spectra centered at one distinct peak energy in the spectrum, also
proton spectra with multiple peak structures are observed in the micro-dot experiments. This
observation is well in agreement with the acceleration model: The formation of monoenergetic
proton bunches is related to the electrostatic shock resulting from the charge discontinuity at
the successor ion species, i.e. typically C4+. However, similar charge discontinuities exist at
slower heavy ion fronts such as the carbon charge states ≤ C3+, or the titanium contributions
from the foil bulk. Therefore, the charge separation mechanism responsible for the generation
of monoenergetic peaks occurs also at lower proton kinetic energies, leading to multiple peaks
in the spectrum.
Fig. 4.16 shows a typical spectrum with multiple modulations, recorded during the PDR

experiments for a microdot with 0.5% initial proton density at a laser energy of 0.6 J on target.
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Figure 4.16: Proton spectrum with multiple peak structures. Occasionally, the formation of multiple peaks

is observed in the proton spectra. The black curve represents a shot on a dot with 0.5% initial

proton density at a laser energy of 0.6 J. Two pronounced peaks are visible at 2.0MeV and

1.6MeV, respectively, resulting from multiple charge separations at the di�erent heavy ion

fronts (e.g. C4+ and C3+).
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Two distinct peak features are visible, centered at 2.0MeV and 1.6MeV, respectively. Multiple
peak structures have been observed for all proton densities, but particularly frequently occur
at low proton densities, which can be attributed to the more test particle-like acceleration,
enabling pronounced peak formation over wide parts of the spectrum.
The phenomenon of multiple peak formation shall be touched upon only brie�y here. More

theoretical modelling regarding multi-species e�ects, as well as continuing experimental work,
will be necessary to account for the physical processes at stake in a satisfactory manner.

4.7 Alternative approaches to narrow-band ion beams

Several other techniques for the generation of monoenergetic ion beams have been discussed in the
literature. These techniques can categorized as either using charge separation e�ects [52, 167] or
ultra-strong sheath �elds to gate certain parts of the proton spectrum [195, 196].

For the sake of comparability and completeness, a number of complementary techniques for
the generation of monoenergetic ion beams from laser plasma interactions shall be presented.
All these techniques have been developed speci�cally for laser accelerators and refrain from the
magnetostatic beam shaping devices known from conventional accelerators. The techniques
shall be discussed only shortly, pointing out di�erences and commonalities to the microdot
setup where appropriate. For a more detailed review, please refer to the canonical references
listed in the respective sections.

Monoenergetic ion beams from ultra-thin carbon layers

In experiments carried out by Hegelich et al. [52] at the Trident Nd:glass laser (20TW, 0.8 ps)
at Los Alamos National Laboratory, the generation of monoenergetic C5+ and C6+ ions from
an extended ultra-thin layer of graphitic carbon on a 20 µm palladium foil was demonstrated.
The carbon layers were created by catalytic decomposition of adsorbed hydrocarbon impuri-
ties, which arises after the target is resistively heated to a temperature of 1100K, and were
determined to be approximately≈ 10Å thick. The resistive heating also warranted that par-
asitic proton contributions from the contamination layers were removed from the surface,
similar to the e�ects of laser ablation in the JETI experiments
The recorded spectra showed monoenergetic features for the highest carbon charge state

at a mean energy of typically 3MeV per nucleon and 17% energy spread. The explanation
for the observation of monoenergetic ions put forth by Hegelich et al. is somewhat related to
the ultra-thin layer arguments presented in the Esirkepov/Bulanov model (section 2.3.2) and
relies on �initial charge separation� between consecutive degrees of ionization as discussed by
Brantov et al. [166] and in section 2.3.3. The C5+ or C6+ ion layer detaches from the substrate
as a whole and propagates ahead of the slower ions as a directed bunch. For the ultra-thin
carbon layer with high charge states and the heavy palladium background, the model predicts
a clean separation between the expanding fronts.
The explanation provided by Hegelich et al. relies on a 1D model and does thus not explicitly

account for the transverse inhomogeneity of the electric �eld. The observed monochromaticity
can be assumed to be due to the high laminarity of the beam as discussed in [17] and in section
4.1.2, which causes that only ions from a certain initial position on the foil (and hence a well-
de�ned kinetic energy) are observed through the pinhole.
On the other hand, a certain proximity between the results by Hegelich et al. and the

Con�ned TNSA model becomes evident when considering the following 2D argument: In
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a 2D case, the �eld strength decays in transverse direction. Therefore, the highest carbon
charge state is only produced in a well-localized central region. The di�erent degrees of �eld
ionization associated with the inhomogeneous TNSA �eld create a natural limit of the carbon
source size and hence automatically satisfy the geometrical prerequisites for Con�ned TNSA.
This phenomenon is supported by the particularly large gap between the ionization energies of
the C4+ and C5+ state, which are separated by more than a factor of 6 (Eion(C4+) = 64.5 eV;
Eion(C5+) = 392.1 eV) . Because of this di�erence, the C5+-region will be su�ciently small
and distinctly demarcated in order to warrant a dot like carbon source. The charge separation
e�ects discussed in sections 2.3.3 and 4.5 hold true in this case, even for the thicker layers
mentioned in [52].

Monoenergetic deuterons from droplet targets

A paper by Ter-Avetisyan et al. [167] from the Max-Born-Institute in Berlin reported the
emission of quasi-monoenergetic deuteron beams from heavy-water droplets. The theoretical
model for the observed narrow-band acceleration equally refers to the �initial charge separation
e�ects� for an homogeneously mixed composite target as presented by Brantov et al. [166] and
discussed in section 2.3.3. At an early stage of the acceleration process, the light deuterons
are accelerated across the plasma boundary. Due to the short acceleration time related to
the laser pulse duration of 40 fs, the oxygen ions remain comparably immobile and constitute
the necessary sharp potential jump. The limited transverse extent of the sphere allows front
side electrons to access the rear side by passing around the target; the two electron currents
inside and around the sphere may thus recombine at the rear side of the target, which can
strongly enhance the electric �eld. Besides this initial charge separation, the peak formation
is supported by the regular shock acceleration at later times, where the velocity of the oxygen
ions de�nes the phase-space position of the monoenergetic deuteron bunch. The deuterons
continue their acceleration in their own self-consistent electrostatic �eld created by the co-
propagating hot electrons, which may lead to undesirable spectral broadening. For a more
detailed discussion, see [166].
The irradiation of heavy water droplet targets delivered monoenergetic deuteron beams with

typically 15% energy spread at a central peak energy of 2MeV. Note that here, too, a certain
analogy between the spherical mass-limited geometry and the microdot source con�nement
can be asserted: Since no ions are present outside the droplet sphere of 20µm diameter, all ions
will naturally experience the central homogeneous TNSA �eld�very much like in Con�ned
TNSA.

Beam shaping with a laser driven micro-lens

An alternative to the ab initio narrow-band approaches from certain target geometries was
presented by Toncian et al. [195, 197], who used a hollow laser-irradiated micro-cylinder as a
focussing device to separate certain parts of temporally broadened proton beam and achieve
spectral truncation with the help of a subsequent pinhole. In experiments carried out at the
LULI laser facility, narrow-band features with approximately 3% bandwidth at 6MeV were
produced on top of a broad background.
The micro-lens setup requires two synchronized ultra-intense laser pulses, which were gener-

ated by introducing a beam splitter into the TW beam path. The �rst pulse creates a proton
beam with broad energy distribution via TNSA on a thin foil target. The second pulse hits
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the outer wall of a small cylinder located behind the foil and on the propagation axis of the
proton beam, whereupon a relativistic electron population is generated and injected through
the cylinder's wall. The electrons spread evenly on the inner wall surface of the cylinder and
initiate the build-up of strong radial electric �elds of the order of ≤ 1010 V/m. These transient
radial �elds may be used to focus a narrow band component of the dispersed polyenergetic
proton bunch, and hence enables the spatial selection of a monoenergetic peak feature by
means of an additional aperture. Since the focussing �elds are triggered by the second laser
pulse, the focussed energy can be tuned by changing the timing of the two laser pulses.
The laser-driven micro-lens represents a handy device for active beam shaping on a femtosec-

ond timescale. Due to its small dimensions, it seems highly preferable over the comparably
large conventional magnetostatic ion optics when aiming at sustaining the favourably small
dimensions of laser accelerators for applications (cf. discussion of section 5.3.2).

Energy gating via multi-stage acceleration

In recent experiments at IOQ, multi-stage laser acceleration of ions was demonstrated for
the �rst time. These results will be treated in detail elsewhere [198]; however, one aspect of
the experimental setting �ts well into the current discussion of alternative methods for the
generation of monoenergetic proton beams and shall be introduced here brie�y.
Similar to the laser-triggered micro-lens, the multi-stage acceleration setup makes use of

two temporally correlated, ultra-intense laser pulses P1 and P2 impinging on two subsequent
targets T1 and T2 (Fig. 4.17a). A proton beam with a quasi-exponential energy distribution is
produced at the primary foil T1 via the TNSA mechanism. The proton beam expands towards
the secondary foil T2 located a few millimeters behind the �rst one, and is temporally stretched

Figure 4.17: Energy modulation from multi-stage acceleration. (a) Double-stage setup at JETI. A proton

beam with thermal energy spectrum is generated at the primary foil T1 via TNSA and expands

towards the secondary foil T2. At T2, a second (synchronized) laser pulse creates a second

TNSA �eld, strongly a�ecting the proton spectrum of the T1 beam. (b) Modulated spectrum

from double-stage acceleration (black squares). The TNSA �eld at T2 causes an inhibition of

certain energies in the T1 proton spectrum and an accumulation of these protons at higher and

lower energies. A thermal �t (kBT = 0.24MeV) has been added to the modulated spectrum

(grey line), which is in good accordance with the typical thermal spectra observed when T1 is

irradiated alone.
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due to the di�erent proton velocities. When the proton beam reaches the target T2, a second
TNSA is created on T2, which strongly modulates the T1 proton spectrum around a certain
energy determined by the distance between the two foil and the delay between the laser pulses
(Fig. 4.17b): Those protons already behind T2 are boosted by the second TNSA �eld to
higher energies, while their slower successors are decelerated at the target front side due to
the positive Coulomb wall.
The spectral modulation achieved with the double-stage setup directly addresses the task

of spectrally controlling laser-produced proton beams. The second plasma acts as a spectral
�lter, which works on the same femtosecond timescale as the proton source and utilizes the
ultra-strong TNSA �elds to gate and enforce certain proton energies while inhibiting others.
In particular, the energy range to be a�ected can be selected by changing the delay between
the two laser pulses�somewhat related to micro-lens setup. Beyond the great prospects of
enabling successive energy gain, staged laser acceleration therewith proves feasible to custom-
shape the spectrum of laser-produced proton beams.
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narrow-band proton beams

The previous chapters of this thesis have introduced a technique for the generation of monoen-
ergetic ion beams based on the interaction of an ultra-intense laser pulse with microstructured
thin foil targets. The technique was developed, tested and brought to maturity by a series of
experiments carried out at the JETI laser facility, providing monoenergetic ion beams with
≈ 10% bandwidth in a reproducible and scalable fashion.
The quality of the currently achieved spectra in this work is mainly limited by two factors,

the target design and the laser power, both of which determine the peak position, width and
contrast. Several ways of improving the target design have been pointed in this work, including
composite targets containing only a small contribution of the leading ion species (cf. section
4.4). An extensive research program has recently been brought on the way in cooperation with
IAP Jena to develop standardized lithographic methods for a large-scale, quasi-commercial
fabrication of microstructured targets, which would allow to transfer the micro-dot technique
to other laser facilities. The replacement of individually crafted foils by standardized series
of targets is pivotal when aiming at applications outside mere fundamental research. For
sophisticated concepts like accelerator injectors or oncological radiation therapy, �uctuations
of the beam quality resulting from an uncontrollable interaction geometry would be simply
unacceptable. Target improvements continue to be a central subject of IOQ research and will
be presented in separate works.
In the following, some improvements on the laser's side shall be discussed in detail, limiting,

however, the discussion to two parameters, the pulse power and the pulse contrast. Finally,
one promising application for laser-generated ion beams�laser-driven radiation oncology�
shall be introduced to the reader, casting some light on the enormous impetus behind the
rapid developments of the past years.

5.1 POLARIS Petawatt scaling

The results of this thesis are extrapolated to higher laser energies using 2D-PIC simulations.
For a pulse energy of 15 J, OSIRIS simulations by Alex Robinson yield a narrow-band peak at
9.3 MeV. For the Petawatt laser POLARIS (150 J, 150 fs), REMP-based simulations by Timur
Esirkepov show monoenergetic peaks at 173MeV with 1% bandwidth.

At the time of the completion of this thesis, the physics community witnesses the advent of
a new generation of high intensity lasers. Besides established Petawatt (PW) laser facilities
of factory-like dimensions like VULCAN (Rutherford-Appleton Laboratories, UK [199]) and
the JUPITER facility (Lawrence Livermore National Laboratories, USA [200]), a number
of smaller PW lasers, much more suited to applications beyond laser plasma research, have
recently started operation or will take up operation within the next months. This includes
the ASTRA GEMINI laser at Rutherford-Appleton Laboratories [201], the Texas Petawatt at
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Figure 5.1: 2D-PIC simulation for 15 J pulse energy [53]. The irradiation of a microdots was simulated

by Alex Robinson for a pulse energy of 15 J, resembling the fourth ampli�cation stage of the

POLARIS laser system. A narrow band peak at 9.3MeV with approximately 2.5MeV energy

spread is observed. Apart from the laser energy, the simulation conditions correspond to those

of Figs. 4.2 & 4.5.

the University of Texas at Austin [202], the HERCULES laser at the University of Michigan
[203], and the POLARIS laser at IOQ [204].
POLARIS utilizes diode-pumped Yb3+:glass to amplify pulses from a commercial Ti:Sapphire

oscillator which has been detuned from its central wavelength to 1030 nm at a bandwidth of
19 nm to the PW level [205�209]. The enormous advantage of such a diode pumped solid state
laser in comparison to the conventional �ash lamp technique is the high conversion e�ciency
of pump light into laser radiation, preventing instability and damage problems related to ther-
mal e�ects, and thus allowing for higher repetition rates. At POLARIS, presently four out
of �ve ampli�cation stages have been realized, achieving pulse energies of 15 J within 130 fs
pulse duration at a repetition rate of up to 0.1Hz. The �nal stage of POLARIS will provide
150 J pulse energy at an expected pulse duration of 150 fs.
Owed to the strong experimental links between the JETI and the POLARIS lasers, it is

foreseeable that laser proton acceleration from microstructured targets will be among the �rst
experiments carried out at POLARIS after its launching in 2008. In order to anticipate the
experimental conditions to be encountered at POLARIS, we extrapolated our current results
using the established PIC algorithms discussed in sections 4.1 & 4.3. In a �rst simulation, the
laser parameters were �tted to the 4th POLARIS ampli�cation stage of 15 J pulse energy. The
calculations were performed by Alex Robinson using the OSIRIS code already used for the
corrobation of the above-presented scaling laws. By keeping all other simulation parameters
�xed (dot size, dot composition etc.), a direct comparability to the previous results can be
warranted.
Fig. 5.1 shows the spectrum for the 15 J calculations. A distinct peak feature is visible
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Figure 5.2: Scaling of the monoenergetic acceleration to the Petawatt regime [51]. The irradiation of a

dot with 2.5 µm diameter and 0.1 µm by a 150 J & 150 fs laser pulse focussed to a spot of

10 µm diameter was simulated by Timur Esirkepov, which resembles the conditions for the Jena

POLARIS laser system currently under construction. The resulting spectrum shows a distinct

peak at 173 MeV with about 0.9 % energy spread.

at Ecenter = 9.3MeV with an energy spread of about ∆EFWHM = 2.5MeV ' 27%.1 The
comparably poor relative energy spread can be explained by the peak width scaling discussed
in section 4.3, where it has been argued that the absolute peak width ∆EFWHM = 2.5MeV
represents an asymptotic limit for high intensities. At this particular peak energy, the spread
has just reached this limit, which leads to the somewhat unfavourable ratio ∆E/E = 27%.
A second simulation was performed by Timur Esirkepov to investigate the situation for the

�nal POLARIS parameters. In the simulation, a laser pulse of EPOL = 150 J and τPOL = 150 fs
is focussed to a spot of dfoc = 10µm diameter, leading to an intensity of IPOL = 1.2 ×
1021 W/cm2. The target consists of a 5 µm Titanium foil with PMMA dots of ddot = 2.5 µm
diameter and ∆zdot = 0.1µm thickness.2

The results of the simulation can be seen in Fig. 5.2. The calculation yields a distinctly
peaked spectrum at Ecenter = 173MeV with an energy spread of about ∆EFWHM = 1.5MeV or
0.9 %, which represents an improvement by a factor of ≈ 70 in terms of peak energy and ≈ 10
for the relative energy spread in comparison to the beams currently available at JETI. Note
that for such ultra-high intensities, the conditions of ion acceleration are expected to change
(cf. section 2.2.2), and indeed the spectrum deviates from the linear scaling law 4.2. Instead,
one may refer to the Petawatt scaling law 2.67 provided by Esirkepov et al. in [126]. However,

1Note that the peak is used in the peak energy scaling law proposed in section 4.3.
2The simulation is based on the 2D Particle-in-Cell (PIC) code REMP (�relativistic electromagnetic particle-
mesh�) and the hydrodynamic model of Matsukado et al. [156], as used already in ref. [61] for the prediction
of the monoenergetic spectra. Here, the fully vectorized motion of 8.2× 108 particles was calculated at the
NEC SX-5 computer at Osaka University, Japan.
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5 Future prospects for laser-generated narrow-band proton beams

on a closer look the Petawatt scaling also fails to account for the simulation, predicting a
maximum proton energy of 228MeV rather than 173MeV. This deviation can be explained
by the fact that Esirkepov's scaling law holds true only for the optimum critical depth as
mentioned in section 2.2.2, which is not ful�lled in the POLARIS simulation. Therefore, the
Esirkepov model holds, but the optimum boundary conditions are not met.
For the Petawatt regime, the simulations also yield that the acceleration of protons from a

dot source is no longer limited by the skin depth of the electric �eld. All protons are detached
from the foil and accelerated in a bunched manner. The monoenergetic peak thus contains all
8 × 108 protons abundant in the dot.
Note also that for Petawatt laser matter interaction the proton motion becomes relativistic.

The relativistic factor amounts to

γ =
Ekin

mpc2
+ 1 ≈ 173MeV

1GeV
+ 1 = 1.173, (5.1)

which is no longer negligible and thus requires an advanced theoretical treatment. On the other
hand, the laser-induced ion quiver motion still remains comparably small since the relativistic
parameter a0 scales as ∼ 1/mi.

5.2 Contrast improvements

Laser proton acceleration can be signi�cantly enhanced by improving the pulse contrast to a level
of ≈ 10−10. Such ultra-high contrasts can be achieved with plasma mirrors.

The decisive role of the pulse contrast for laser acceleration experiments has already been
pointed out in earlier sections (cf. 2.1.1, 2.1.4 & 2.2.3). A number of recent publications
underscore this importance, demonstrating that the proton emission can be signi�cantly en-
hanced when moving to ultra-high contrasts IASE/Imain < 10−10. For example, proton energies
> 5MeV from laser-foil interactions at an intensity of I ≈ 5 × 1018 W/cm2 were reported by
Cecotti et al. [210], which exceeds the maximum energies at JETI despite the signi�cantly
lower intensity. This extraordinary improvement is owed to the very e�cient electron heat-
ing mechanisms, related to a shift of the predominant absorption mechanism from resonance
absorption and

−→
j ×−→

B -heating to Brunel absorption. In addition, with such clean pulses the
irradiation of ultra-thin targets becomes possible, accessing target thicknesses of the order of
tens of nanometers. For such thin foils, Neely et al. [211] showed that also the conversion
e�ciency of laser energy into hot protons as well as the temperature of the proton population
are enhanced signi�cantly in comparison to micrometer thick foils.
In both works, the ultra-high pulse contrast was achieved with the help of a plasma mirror.

Plasma mirrors are a groundbreaking and elegant way to dispose of ASE and pre-pulse con-
tributions in the laser pulse pro�le, exploiting the high re�ectivity of an overcritical plasma
by introducing an originally transparent medium into the weakly focussed laser beam (e.g. an
anti-re�ection coated glass substrate). While the ASE does not su�ce to pass the medium's
ionization threshold, the rising edge of the main pulse will create a plasma slab with a very
steep plasma gradient at the surface, which serves as a mirror to be �switched on� within an
optical timescale [85�88]. The plasma mirror technique allows to improve the contrast ratio
by several orders of magnitude, easily reaching values < 10−10.
A plasma mirror setup is currently being installed at JETI. The setup will be hosted in

an additional stretch of beamline right in front of the ion acceleration experiment. In this
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con�guration, switching between high contrast and low contrast pulses is immediately possible,
which will allow to study the irradiation of microstructured targets in a comparative manner.
The reader may also note that several advanced acceleration schemes (radiation pressure
dominated regime, circular polarization etc.) have been discussed in section 2.2.2, which
explicitly require the high pulse contrast made available by plasma mirrors. Finally, it shall
be but mentioned here that the pulse contrast provided by plasma mirrors can be utilized
to generate high harmonics from solid targets, which gives access to the exciting �eld of
attosecond science [212�215].

5.3 Radiation oncology based on laser accelerators - an
estimation

Laser accelerators have the potential for a number of outstanding applications. In particular,
medical physics would greatly bene�t from the availability of compact particle beam sources, for
example in the �elds of PET isotope production and oncological ion beam therapy.

In this concluding section, laser particle acceleration shall be discussed from a broader per-
spective, aiming at applications outside purely physical research. It is well known that over the
past decades, particle beams have acquired an irreplaceable role in medical physic, and par-
ticularly in radiation oncology. Particle-based radiation oncology uses the controlled energy
deposition from scattering processes to create local damage in cancerous tissue�preferably a
double-strand breaking in the DNA of the cancer cells�thus inhibiting the reproduction of
the cancerous cell (clonogenic death), or causing the cell's death directly (apoptotic death).
Like surgery, radiation therapy mainly addresses so-called �localized primary tumors� as

opposed to already metastasized tumors. Primary tumors represent 58% of all medical cases
and are treated with surgery and radiation therapy roughly one third each. For the remaining
third (≈ 18% of all medical cases), all current treatment methods fail. In order to give an idea
of the total patient numbers involved, consider that there are about 436, 500 new cancer cases
every year in Germany, with an 5-year survival rate of approximately 56% (values dated 2004,
[216]). This implies that 78, 500 patients per year could potentially bene�t from new treatment
methods in Germany alone. Acknowledging that all OECD countries su�er from comparable
cancer rates, this signi�cant number represents an imperative to develop new radiological
techniques, and to make current state-of-the-art techniques more widely accessible. The high
demand has stimulated a debate about the potential of laser-based particle beam sources
for oncological purposes, whereas two possible applications have aroused particular interest�
isotope production for positron emission tomography (PET) and ion beam therapy (IBT)
[27�32, 217�219].
In PET, short-lived radio-isotopes such as 11C (τ1/2 = 20.4min) and 18F (τ1/2 = 109.7min)

are introduced as radiopharmaceutical markers into the blood circuit of the patient, where they
circulate and eventually undergo β+ decay. The emitted positron is stopped in the body and
annihilates with an electron to two 511 keV photons, which can be used for medical imaging
of the blood circulation and tumors via coincidence detection. As of today, PET isotopes are
mostly produced via (p, n) reaction from cyclotrons or Van-de-Graph accelerators, which due
to their considerable costs, size and shielding requirements are prohibitive for most hospitals.
Fritzler et al. [27] argued convincingly that laser-produced particle beams could provide an
alternative for PET isotope source with favourably less shielding requirements and investment
costs. In experiments carried out at the Laboratoire d'Optique Appliquée in Paliseau, France,
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the feasibility of 10MeV protons produced by a 10 Hz laser system for the induction of
11B(p, n)11C reactions su�cient for PET isotope production was demonstrated, assuming
that the laser operation could be enhanced to 1 kHz.
The second application, IBT, shall be treated in greater detail here, because it is often

referred to as the most auspicious of the ambitious application plans for laser-generated ion
beams. Starting from a brief overview about the physical principles of IBT, the alluring
question shall be addressed if and how lasers can contribute to radiation therapy with ions.

5.3.1 Ion beam therapy vs. other radiation treatments - a physical overview

Ion beams display a characteristic stopping behaviour in matter, leading to a well-localized energy
deposition at the end of the penetration path. This �Bragg-peak� explains the superiority of ions
over electrons and photons for the treatment of deep-sited tumors in a sensitive vicinity. With
this respect, carbons are preferable over protons, but are much harder to provide.

The crux of all radiation therapy is the achievement of a high target dose in contrast to a low
integral dose, that is, the optimization of the energy deposition in a tumor with a minimum
e�ect on the surrounding healthy tissue.3 A typical therapeutic dose applied in radiation
therapy is 60Gy over a time of 30 days, where individual doses of ≈ 2Gy are delivered during
daily sessions of a few minutes. Note that in comparison the lethal whole-body dose for
humans is only about 7Gy.
The key advantage of ion beams in comparison to other types of radiation (photons, elec-

trons) is the characteristic stopping behaviour of ions in matter [220�223]. The energy depo-
sition of ions is described by the Bethe-Bloch formula [222, 224]

−dEkin

ds
=

4π

me

(
e2

4πε2
0

)2

· neZ
2

v2

{
ln

2γ2mev
2

Eion
− v2

c2
− ln(1 − v2

c2
)
}

, (5.2)

which gives the di�erential loss of kinetic energy (i.e. the energy deposition) along the penetra-
tion path. Here, Z is the projectile charge, γ the relativistic factor, and Eion is the ionization
potential of the target atom.
The stopping interaction can be basically divided into two contributions, an electronic and

a nuclear one, which correspond to two di�erent regimes of energy loss [224]. In the regime of
electronic interaction, the incident ion performs a relatively straight propagation with quasi-
constant energy loss, thereby displacing, exciting or liberating hull electrons along its path. If
the particle is already su�ciently slow, elastic scattering at the positive nuclei gains importance
and supports the stopping process, so that the particle comes to rest very quickly. In addition,
ions may also undergo and cause nuclear fragmentation, which generates additional ionization
along the penetration path and alters the composition of the incident beam, thus changing its
overall stopping behaviour [225].4

Fig. 5.3 shows the speci�c stopping powers of electrons, protons and carbon ions (solid lines,
left vertical axis) and their projected ranges (dashed lines, right vertical axis) in water as a
function of the particle energy [226]. In addition, the attenuation factor for photons in units
of cm−1 (solid blue line, left axis) and the 1%-attenuation depth in water (dashed blue line,
3As a matter of fact, the irradiation of healthy tissue with ionizing radiation may itself potentially lead to
cancer formation.

4A typical nuclear fragmentation for an incident 12
6 C ion is 12

6 C + 16
8 O → 11

6 C + 11
8 O + 2 1

0n, and subsequently
11
6 C → 11

5 B + e+ and 15
6 O → 15

7 N + e+. Such reactions along the beam path are for example utilized for
the so-called �in-beam PET� monitoring during radiation treatment sessions [225].
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protons        carbons electrons        photons

Figure 5.3: Comparison of the stopping power and range of electrons, protons and carbon ions in water. The

solid plots show the energy loss in MeV/cm. Ions are superior to the electrons with respect to

the maximum deposited energy, which is due to the con�ned absorption in the Bragg peak. This

leads to a higher ionization rate and minimizes the e�ect on surrounding healthy tissues. The

stopping range is given by the dashed lines.

right axis) are given. From this diagram it follows that, contrary to electrons and photons,
ions lose their energy very rapidly once they have been slowed down to a kinetic energy of
a few MeV per nucleon, which in conjunction with their overall high stopping power leads
to a well-de�ned penetration depth and an maximum energy deposition at the end of the
penetration path - the so-called Bragg peak. The resulting dose deposition patterns for the
four di�erent types of radiation are displayed in Fig. 5.4 for the irradiation of water. Here,
the e�ective dose D = ηRBE · ∆E/m is given for 15MeV photons (blue), 25MeV electrons
(green), 92 − 103MeV protons (black) and 2 − 2.3GeV carbon ions (red), ηRBE being the
Relative Biological E�ectiveness to be explained below. The spectra used for the calculation
are displayed on the right hand side and are similar to those applied in actual radiation
therapy.
The superiority of ion beams (including protons) over electrons and photons for targeted

dose deposition becomes evident when considering for example a tumor of 1.5 cm diameter
located at a depth of about 7 cm, as indicated by the grey rectangle in Fig. 5.4. Both electrons
and photons display steady decrease in energy deposition, with the dose maximum located
in the surface region, i.e. well before the tumor.5 In contrast, for ions the major fraction of
the beam energy is deposited in the tumor, minimizing the impact on surrounding tissue and

5The sudden drop in the dose curves close the surface is due to the initially non-equilibrated transport of
secondary electrons into the tissue.
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Figure 5.4: Dose deposition patterns for photons, electrons, protons and carbon ions. A comparison of the

energy deposition in water for di�erent particle species witnesses the superiority of ions for the

treatment of deep sited tumors. For electrons and photons, the energy deposition maximum

is located close to the surface (assuming typical particle energies as applied for therapeutic

purposes here). In contrast, proton and ion beams deposit most of their energy at the end of

the penetration path, well localized in the so-called Bragg-peak, which warrants an minimum

e�ect on surround healthy tissue. The particle spectra which entered the dose calculations are

displayed on the right hand side. Note that the dose plots for photons, electrons and carbons

have been normalized to their maximum, whereas the proton plot has been normalized to the

�carbon skin dose�.

leading to a least invasive treatment. This variability of the maximum dose position makes
them the ideal candidates for the irradiation of deep-sited tumors in the vicinity of sensitive
organs. Carbon beams prove to be even more e�cient than protons but are, however, much
harder to provide and also show a dose �tail� resulting from nuclear fragmentation that reaches
beyond the Bragg peak into regions of possibly healthy tissues. In the viewgraph, the dose
curves for photons, electrons and carbons have been normalized to their maximum, and the
proton curve to the carbon �skin dose� (surface dose).
A few comments on the notion of �physical dose� shall be added for the sake of completeness.

The physical dose represents only a rough measure for the e�ect of radiation on biological tis-
sue. An empirical factor for the Relative Biological E�ectiveness (RBE) is usually introduced
into the calculations, which denotes the speci�c biological e�ect of the type of radiation in
comparison to X-rays, measured for example with cell survival rates [222, 227, 228]. Protons
are generally assumed to have a uniform RBE of 1.1, electrons of 1. For heavier ions, the RBE
depends on several parameters such as the kinetic energy, the total dose, or the speci�c tissue
composition, which makes the situation and adequate treatment plans signi�cantly more com-
plex. For carbon, the RBE can be as high as 6 in the Bragg peak, whereas for higher energies
the RBE of ions approaches that of protons. RBE has been acknowledged in the calculations
of Fig. 5.4.
Generally, one must also take into account the so-called Oxygen Enhancement Factor, which

describes the speci�c e�ect of the presence of oxygen on the ionization power of the radiation
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and is particularly important for tumors. The Oxygen Enhancement Factor has, however, not
been included into our simple estimations for Fig. 5.4.

5.3.2 Laser-based ion beam therapy

The rapid progress in the �eld of high power lasers and laser particle acceleration heralds the
advent of a new generation of particle accelerators. Laser accelerators are compact and comparably
cheap devices, which could in principle provide several types of radiation, while still �tting in a
hospital laboratory. A number of serious engineering problems�including peak energy, spectral
stability and beam shaping�need to be overcome before lasers may play a role in ion beam therapy.

Now, how can laser-produced proton beams contribute to IBT? Let us approach this question
by re-emphasizing �rst that IBT is indeed a most sophisticated technology, involving enormous
operational, computational and material e�orts. This fact is witnessed by the still very small
number of treatment sites around the world; as of 2007, 27 IBT facilities are in operation [33].
The majority of the facilities (17) still belongs to physics laboratories, where the beam time
is shared with �normal� accelerator research, thus limiting the available treatment capacities
further. Altogether, approximately 50, 000 patients have been treated with IBT since the
�rst experiments in the 1950s, > 90% of which were treated with protons. These comparably
small patient number indicate a demand for new IBT facilities�a demand which laser-based
accelerators could help to answer.
In their 2007 study [33], Linz and Alonso asked the question �What will it take for laser

driven proton accelerators to be applied in tumor therapy?� The authors presented a de-
tailed though rather sceptic assessment of the technical hurdles that laser accelerators need
to overcome before gaining any practical relevance for radiation oncology. In particular, they
provided a list of key features of conventional accelerators that current laser accelerators do
not meet, including beam energy, reliability, and dose conformation.
In the following, the pessimistic view of Linz and Alonso shall be encountered, arguing for a

less static perspective on the issue and extrapolating the rapid development of high intensity
laser technology of the past years into the close future. Central arguments concerning the
potential of laser accelerators with respect to radiation shielding and overall costs shall be
re-iterated, whereupon a roadmap for the future of laser-driven particle sources in the next
years shall be drawn.
The �rst objective noted by Linz and Alonso is the low particle energy provided by laser

accelerators. For IBT, particle sources are typically designed to enable a penetration depth of
30 cm in water, which corresponds to kinetic energies of 200MeV for protons, and 5.3GeV for
carbon (cf. table 5.1). The authors contrast these numbers with the maximum proton energy
hitherto achieved by laser accelerators, 58MeV, which was reported at the large-scale high
energy laser system at Lawrence Livermore National Laboratories [5]. In comparison, current
table-top lasers typically provide proton energies of ≤ 10MeV [27].
Leaving aside the fact that proton energies of ≈ 60MeV is already su�cient for a number

of speci�c IBT applications such as the treatment of eye cancer [229, 230], there is no doubt
that the particle energies achieved with lasers will multiply within the next couple of years.
Available laser powers have increased by almost 7 orders of magnitude over the past 20 years.
At the moment, fully commercial table-top lasers of the 100−200TW class are being installed
in several laboratories around the world, replacing the current 10 − 20TW systems. As
discussed above, scalability studies indicate that the particle energy will increase with the
square root of the laser power [7, 8], which puts proton energies of several tens of MeV clearly
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Ion species Ekin

1H 220MeV
4He 870MeV
12C 5.3 GeV
16O 8.5 GeV
20Ne 12.2GeV

Table 5.1: Kinetic ion energy required for the penetration 30 cm water.

in the scope of table-top lasers. In addition, contrast improvements and target engineering
have the potential to increase particle powers by another order of magnitude (cf. section 5.2).
Most notably, several Petawatt projects will be completed within the next couple of years,
from which proton energies in excess of 100MeV can be expected (Fig. 5.2). These machines
clearly approach the energy requirements for IBT. Finally, it shall be emphasized that the
possible bene�t from cascaded acceleration schemes has not even been touched upon by laser
accelerators: Similar to conventional accelerators, cascaded acceleration schemes would allow
to increase the particle energy successively, thus overcoming the technological limitations of
single-shot laser power, and multiplying the potential of laser accelerators.
A second central condition for IBT is a precise dose application. Following [33] here, this

aim should better be divided into the sub-tasks of monochromaticity, energy variability, spatial
dose localization, and beam intensity. Cyclotrons and synchrotrons typically achieve band-
widths of 0.1%, determined by the design of the accelerator and the beam transport. The
well-de�ned penetration depth associated with this excellent bandwidth is for example ex-
ploited in the raster scanning technique [222, 231, 232], where the tumor is scanned with a
focussed �pencil beam� as a series of volume pixels. However, the precision of the dose applica-
tion is generally limited by lateral scattering and longitudinal straggling of the particle beam
[222, 225]. For a penetration depth of 20 cm, the longitudinal or �energy straggling� amounts
to about 0.2 cm for protons, and to about 0.1 cm for carbons. Furthermore, one must take into
account the e�ects of fragmentation tails described above. The lateral scattering is even more
signi�cant, causing an average deviation of 0.9 cm for protons and 0.3 cm for carbon at 20 cm
depth. Both types of de�ection decrease for heavier ions, but are clearly a limiting element
for IBT. In comparison, a longitudinal shift of a proton Bragg peak by 0.5 cm at 20 cm depth
corresponds to an energy �uctuation of 2.5MeV or 1.4%.
The monochromaticity of laser-produced ion beams is the central topic of this thesis. It has

been shown that particle spectra of ≈ 8% can be obtained from microstructured targets in a
reasonably reproducible manner, and similar values are reported for other target geometries
(cf. section 4.7). Therefore, laser-driven particle beams might still su�er from a comparably
large energy spread, but they are certainly not orders of magnitude o�. It has been argued
in section 4.3 that the peak width is likely to saturate for higher laser powers, resulting in an
expected energy spread of ≤ 1% for the POLARIS parameters (cf. �g. 5.2). The bandwidth
obtained from the POLARIS simulation will be comparable to the e�ects from straggling, and
in conjunction with the high peak energy resemble the properties required for IBT closely.
It has been argued that the integral �spread-out Bragg peak� used in IBT dosimetry only

requires bandwidths of a few percent, which is actually not that di�erent from the proton
spectra presented in this thesis [33, 233]. The reference to the �spread-out Bragg peak�
parameters is a reasonable objection and indicates that laser accelerators may be able to
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circumvent the prerequisite of a cyclotron-like bandwidth. This suggestion does, however, not
solve the problem of energy stability and in fact puts more weight to it.
Regarding energy variability, at least for cyclotrons the energy selection is still a rather

complicated process and connected to the generation of hazardous radiation caused by stopping
foils or wedge �lters. For laser accelerators, a su�cient energy variability is guaranteed by the
dependency of the peak position on the laser power, and should thus in principle be only limited
by the �uctuations of the pulse energy with an rms of typically < 2%. Current monoenergetic
beams are still subject to non-negligible �uctuations in terms of peak reproducibility, mostly
determined by the quality of the target fabrication process and the alignment accuracy. The
improvement of the energy stability to an IBT-relevant degree poses a substantial engineering
challenge, but is not limited by any fundamental physical constraints and should therefore be
manageable within the next years. 6

Linz and Alonso continue arguing that the large emission angles and the broad energy
spread of laser-produced beams prohibit an e�cient beam shaping by means of conventional
techniques. In the opinion of the author, this claim neglects the essential fact that the very
parameters relevant for beam shaping, i.e. the longitudinal and transverse emittance, are
one of the outstanding strengths of laser-produced beams, and compare already favourably
with conventional accelerators. Thus, laser acceleration bears the potential for unprecedented
beam shaping and most brilliant beams, given that appropriate technologies are developed.
The rise of laser accelerators has been accompanied by the development of new beam shaping
techniques acting on (sub-)picosecond timescales, including laser-driven lenses (cf. section 4.7)
and numerous other proposals for other custom-designed beam shaping devices [219, 234�236].
Thus, the prospect of an all-optical particle accelerator with customized beam shaping devices
remains an attractive and realistic promise, and does certainly not �only produce a technology
that is a generation behind the scanning technique.�
In terms of beam intensity, approximately 1010 protons per second are applied in a typical

continuous IBT cyclotron beam over a time of several minutes, corresponding to currents of
about 2 nA. Synchrotrons operate at a slightly lower average current (≤ 1 nA). For laser
accelerators, the generation of thermal spectra containing > 1013 protons with energy >
10MeV per shot were reported already in 2000 [5]. Current concepts for monoenergetic beams
employ only a fraction of the totally available protons, leading to much smaller total number
of e.g. 7 × 108 per shot for the JETI experiments, or a projected 8 × 108 for the POLARIS
simulation (5.2). However, this only implies that the required dose needs to be delivered
by accumulating over several shots. For example, consider a tissue volume of (2 cm)3 to be
irradiated with an average dose of 2Gy. The 1/e-Bragg peak of the simulated POLARIS beam
contains approximately 1.8mJ within a localized penetration depth of 20.02 − 20.44 cm (Fig.
5.5). Averaging this Bragg peak energy over the designated volume, one obtains an average
dose of 0.2Gy per POLARIS shot. At a repetition rate of 0.1Hz, a treatment session would
hence take less than two minutes, which is comparable to IBT with conventional accelerators.

It shall be remarked that the particular biological e�ects of ultra-short particle pulses deliv-
ered by laser accelerators may well di�er from those of conventional beams. It has been argued
that the extreme peak currents associated with the femtosecond particle bunches could result
in a higher RBE, which would multiply the bene�ts of laser accelerators and reduce treatment

6Note that the generation of thermal spectra with a well-de�ned cuto� energy and temperature via TNSA is
already standard procedure at many lasers, reaching reproducibility rates of close to 100%.
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Figure 5.5: Bragg peak calculated for the POLARIS spectrum (Fig. 5.2) for propagation in water. Proton

beams produced with the POLARIS laser will be capable of propagating 20 cm into water, which

approaches the energy requirements for ion beam therapy (IBT). Several technological prob-

lems such as energy stability, energy selection and beam shaping must, however, be addressed

before laser accelerators will be applicable for medical purposes, which sets the agenda for the

development of laser particle sources in the next decade.

time further. At present, however, this is only a speculation, since experimental expertise is
not available. Experiments concerning the dosimetry and biological e�ects of laser-produced
electrons are underway at JETI, entering the regime of femtosecond radiology for the �rst
time. Similar dosimetry experiments for protons are planned at POLARIS.
Finally, let us consider the costs for such a laser-based treatment facility. Current pro-

ton therapy centers typically employ cyclotrons or synchrotrons, which are well-established
commercial devices with extremely high reliability. Nonetheless, such accelerators require ex-
tensive infrastructure, starting with the fact that IBT-suited cyclotrons (synchrotron) sources
have a diameter of ≥ 4m (≥ 10m). For carbon therapy, the requirements are even larger: No
adequate cyclotron technology is currently available and one has to rely on synchrotrons of
typically 20−25m diameter, plus a similarly large injector line consisting of a linear accelerator
and strippers. The accelerator is followed by large-scale beam shaping devices and a beamline
to guide the particle beam into one or more fully rotational gantries with massive radiation
shielding. For instance, the state-of-the-art proton and carbon therapy center in Heidelberg
to be opened in 2008 [237] is located in a three-storey building with the base area of a soccer
�eld, and features a 600 t gantry to be aligned in 3D around the patient with an accuracy of
0.5 mm. The whole treatment site is housed by 2m thick concrete radiation shielding.
High intensity laser systems of the multi-100TW class are not much smaller than a com-

mercial cyclotron, and it will take several more years before PW lasers will shrink to that
size. An application of laser accelerators as mere substitute front end particle sources while
keeping all the conventional infrastructure seems therefore unintelligible. However, a second,
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more auspicious implementation scheme was proposed by Bulanov and others [29, 32, 218],
which locates the proton source (i.e. the comparably small thin foil target) as close as pos-
sible to the patient. Assuming for the time being that laser plasma sources can provide the
desired proton beams in situ, e.g. with an appropriate combination of target engineering
and customized all-optical beam shaping, the whole assembly of rotatable magneto-optics for
beam transport and large parts of gantry system becomes super�uous�the only thing to be
guided and rotated around the patient is laser light, which can be easily achieved with mir-
rors. In addition, hazardous radiation contributions from stripping or energy selection can be
avoided; the amount of laser plasma-generated hot electron bremsstrahlung or laser-generated
neutrons are certainly a manageable problem, given that the overall volume to be screened
can be con�ned to the comparably small laser-plasma interaction volume.
Therefore, laser accelerators have the potential to greatly reduce the system of beam trans-

portation and radiation protection, which can help to cut costs for an IBT facility signi�cantly.
Furthermore, the investments for the laser as the particle source can be expected to be much
lower than that of commercial cyclotron or synchrotron sources, which typically cost > 10
Mill. Euro. Present state-of-the-art 200TW table-top lasers cost approximately 2 Mill. Euro.
Given the furious development of laser technology, it is not too bold a prediction that Petawatt
systems will become commercially available for the same amount within the next 5 years. By
that time, many biophysical proof-of-principle experiments will have been carried out at many
laboratories, and an adequate dosimetry for laser-produced particle beams will have been de-
veloped. Furthermore, target engineering and beam shaping will have signi�cantly advanced
according to the speci�c needs of laser accelerators, so that laser accelerators might enter a
clinical test phase in 7-10 years from now.7

During this next decade, laser accelerators will not yet be a competitor to conventional
accelerators with most respects. In fact, it is more appropriate to understand laser acceleration
as a supplementary and�given the truly unique properties of pulse duration, emittance values
and acceleration lengths�complementary technique, facilitating outstanding new applications
in fundamental research, material science and biophysics. In the prospect of these promising
experiments to come, today's capability of reliably generating several 108 quasi-monoenergetic
protons with MeV energy and less than 10% bandwidth by means of a scalable technique marks
an important step towards application and will contribute signi�cantly to the future of laser
particle acceleration.

7More visionary scenarios even propose that one laser plasma source could equally provide MeV ions, GeV
electrons, and MeV X-rays simply by changing the target and the acceleration geometry. Such a �exible
beam source would allow to switch between di�erent types of radiation therapy while simultaneously en-
abling X-ray imaging and PET isotope production driven by the same source. Despite the very speculative
character of this proposal, it is an exciting idea for such a versatile machine still to �t in a hospital lab.
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Appendix A: Laser ablation

The laser ablation of solids and in particular polymers continues to be a subject of great sci-
enti�c interest. Over the past four decades, numerous theories have been proposed to describe
the di�erent e�ects that may lead to the removal of material layers, basically distinguishing
between photochemical [188, 238�242] and photothermal models [188, 238, 243�246]. The
ablation characteristics depend on various parameters including the laser wavelength, �uence,
pulse duration and repetition rate. In the particular case of polymers such as PMMA, they
also depend strongly on the speci�c composition of the material (e.g. impurities or dopation
[193, 247, 248]). The wavelength dependency of the ablation process is correlated to the ab-
sorption spectrum of the polymer, which typically consists of broad band structures resulting
from di�erent absorption mechanism such as molecular vibrations (IR) and combinational vi-
brations (NIR-IR), electronic excitations (VIS-UV), and polaron excitations in carbon chains
[188, 249�251]. Two complementary absorption spectra for PMMA from the literature are
shown in Fig. 5.6.
The di�erent types of laser ablation used in the thesis, i.e. surface cleaning with a pulsed

Nd:YAG laser at 532 nm, and target microstructuring via UV-lithography or fs-ablation, be-
long to very di�erent ablation regimes. It shall be remarked that the application of laser
ablation to stretched foils of 2 − 5µm thickness is far from trivial and may easily lead to
thermal deformation or damage of the foil if not carried out with great care and within a very
narrow admissible parameter window.
The fs-structuring employed a Ti:Sapphire laser with a pulse duration of τpulse = 60 fs and

typically Epulse = 5 µJ pulse energy at a repetition rate of 1 kHZ. Together with a focal
spot size of approximately 80µm diameter, the single shot �uence on target amounted to
Φfs ≈ 0.1 J/cm2, yielding an accumulated �uence of Φfs≈ 3.2 J/cm2 for the roughly 32 shots
applied to each target position because of the comparably low target translation velocity
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Figure 5.6: PMMA absorption spectra taken from [252] (LHS) and [253] (RHS), each given in arbitrary units.
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Figure 5.7: Etch rate and incubation e�ects for UV laser ablation of PMMA. (a) Plot of ablation (etch)

depth vs. ablation �uence for 20 ns pulses at λ = 193 nm as presented in [252]. The ablation sets

in at a distinct threshold value of 40mJ and enters a regime of linear �uence dependency between

100 and 400mJ. (b) Average etch rate vs. applied ablation shot number for the irradiation of

PMMA with λ = 248 nm and 20 ns pulse duration at an ablation �uence of 900mJ/cm2. The

ablation curve clearly witnesses incubation e�ects; an initial number of ≈ 15 shots is necessary

to start ablation. The graph was taken from [192] (b).

during the fabrication process. Despite this moderate �uence, the intensity in the ablation
laser focus was Ifoc ≈ 1.7×1012 W/cm2 owed to the ultra-short pulse duration, which exceeds
the threshold for multi-photon processes (cf. section 2.1.1). In this regime, multi-photon
excitation and ionization lead to photochemical decomposition of the material caused by direct
bond breaking, and a subsequent blow-o� of fragments [68, 254�256]. Moreover, the ultrashort
pulses do not allow for signi�cant heat dissipation into the surrounding material because the
phonon relaxation and heat conduction timescales exceed the laser pulse duration, resulting
in very sharp ablation structures. However, in some cases, multi-photon e�ects may still lead
to collisional heating and avalanche ionization via electron-phonon scattering, and therefore
some thermal e�ects may play a role for the material decomposition [66, 68, 254]. The applied
ablation �uences are in good agreement with literature values, where also the necessity of shot
accumulation is described [255, 257, 258].
The mechanism of UV laser ablation of polymers is also known as �ablative photodecom-

position� (APD) or �cold ablation� [239�242, 244, 259�262]. While with ns-UV pulses the
threshold for multi-photon absorption is typically not reached, single-photon excitation be-
comes possible due to the shorter wavelengths. In the present case, the UV lithography was
carried out with an argon-�uoride laser at λArF = 193 nm, that is, at a photon energy larger
than the ionization energy (Ephoton = 6.4 eV > Eion = 3.5 eV). PMMA has a strong ab-
sorption maximum at 180 − 220 nm resulting from electronic resonances in the chromophoric
groups. Therefore, the ablation happens again mostly via direct (photochemical) bond break-
ing, supported by rapid heating due to energy transfer from excited electrons into rotational
and vibrational states. The ablation process typically requires the accumulation of several
laser shots in order to initiate ablation, known as �incubation e�ects�. Both the applied �u-
ence of Φuv = 0.25 J/cm2 per shot and the required accumulation of ≈ 20 shots are in very
good agreement with the literature (cf. Fig. 5.7 and refs. [192, 193, 252]).
Contrary to the microstructuring process, the crucial aspect of surface cleaning via laser
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ablation employed for Con�ned TNSA is to not damage or destabilize the PMMA structures.
Instead, the process aims at removing adsorbed water and single hydrocarbon molecules�that
is, a rather loosely structured contamination layer which may, nonetheless, adhere strongly to
the surface [263]. The cleaning of surfaces from particles is a well-established application of
laser ablation [189, 190]. Here, a frequency-doubled Nd:YAG laser at λNd:YAG = 532 nm was
used for which the photon energy is below the single-photon absorption threshold, and the
applied intensities of ≈ 107 W/cm2 are below the threshold for multi-photon processes. How-
ever, for pulse durations of several nanoseconds there is su�cient time to dissipate the photon
energy as heat in the lattice during one pulse duration, which gives rise to photothermal de-
composition e�ects [243�245]. In agreement with the literature, the ablation showed a distinct
threshold �uence of Φthr = (1.2 ± 0.3) J/cm2 for the removal of contaminants, accompanied
by initial incubation e�ects [191, 255, 257, 264]. Note that the ablation threshold of PMMA
is > 3 J/cm2 at 308 nm [248, 262], and should be even higher at 532 nm, where PMMA is
basically transparent. Still, the PMMA ablation threshold is certainly less than an order of
magnitude away from the applied �uences and could easily be reached when increasing the
pulse energy of the cleaning laser. However, unintentional damage of the PMMA dots could
generally be avoided during the cleaning procedure.
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Appendix B: JETI THG-autocorrelation
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Figure 5.8: JETI THG-autocorrelation trace measured with a Sequoia (Amplitude Tech.). The temporal

pro�le of the JETI laser pulse possesses a ASE contrast of IASE/Imain < 10−8 until 30 ps before

the main pulse (t = 0). Preceded by two correlation artifacts (�ghost pulses� ) at t = −50 ps and

t = −40 ps, the THG trace also reveals a pre-pulse at t = −30 ps, where the contrast decreases to

Iprepulse/Imain < 10−5 . After the pre-pulse, the contrast temporarily retrieves its original value

(10−8 at t = −20 ps), before the pedestal of the main pulse sets in.
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