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”Feynman was a truly great teacher. He prided himself on being

able to devise ways to explain even the most profound ideas to

beginning students. Once, I said to him, ”Dick, explain to me, so

that I can understand it, why spin one-half particles obey

Fermi-Dirac statistics.” Sizing up his audience perfectly,

Feynman said, ”I’ll prepare a freshman lecture on it.” But he

came back a few days later to say, ”I couldn’t do it. I couldn’t

reduce it to the freshman level. That means we don’t really

understand it.”

David L. Goodstein about Richard Feynman [1].
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Zusammenfassung

Diese Arbeit beschreibt die Entwicklung verschiedener Elemente einer lasergetriebenen Io-

nenquelle im Centre for Advanced Laser Application (CALA). Das Herzstück von CALA

ist der ATLAS-3000, ein Titan-Saphir Laser System, dass mit seiner Spitzenleistung von 3

Petawatt und einer Repetitionsrate von 1 Hz zu den weltweit führenden seiner Art gehört.

Ziel ist es, eine für Anwendungen nutzbare Ionenquelle zu entwickeln. In einer 2-jährigen

Prototypentestphase im Laboratory for EXtreme Photonics (LEX Photonics) wurden ver-

schiedene Elemente der lasergetriebenen Ionenquelle weiterentwickelt und Neuentwicklungen

implementiert. Die zuverlässige Beschleunigung von Protonen mit einer Repetitionsrate von

0.5 Hz und mehreren 100 Schüssen innerhalb weniger Stunden zählt zu den Errungenschaf-

ten, die unter anderem erste Bestrahlungen von Zebrafisch-Embryonen ermöglichte.

Der Hauptteil der Arbeit behandelt die Entwicklung zweier neuartiger online Diagnostik-

methoden. Mit einer chirped-pulse Probingmethode waren wir in der Lage, die Dynamik der

Laser-Plasma Interaktion innerhalb eines Schusses in 9, um jeweils ca. 200 fs zeitlich getrenn-

ten Schnappschüssen mit einer räumlichen Auflösung von ca. 25µm aufzunehmen. Die Mes-

sungen erlaubten, die zeitliche und räumliche Intensitätsverteilung des Laserpulses bei voller

Energie während der Interaktion zu analysieren, eine Methode die wir Temporally Resolved

Intensity Contouring (TRIC) getauft haben. Die entwickelte Probingmethode ermöglicht

darüber hinaus ein Monitoring der Plasmainteraktion während des Vollschussbetriebs und

kann somit weitere wichtige Erkenntnisse zur Optimierung der Ionenquelle liefern. Mit Ion-

Bunch Energy Acoustic Tracing (I-BEAT) wurde ein Detektor entwickelt, der in der Lage

ist, das Energiespektrum von einzelnen sehr intensiven Ionenpulsen zu vermessen. Grundlage

von I-BEAT ist die Messung von Schallwellen, die erzeugt werden, wenn Ionen in Wasser

abgebremst werden und dadurch Energie deponieren. Die zeitliche Form der Schallwellen

enthält die Information über die räumliche Verteilung der Energiedeposition, woraus sich die

Anfangsenergieverteilung der Ionen bestimmen lässt. In zwei experimentellen Kampagnen in

LEX Photonics und am Draco Lasersystem in Dresden haben wir die Funktionalität von

I-BEAT demonstriert. Dabei haben wir I-BEAT zur Diagnostik von fokussierten Ionenpul-

sen verwendet und die Ergebnisse mit denen von Gafchromic Film-Stacks verglichen. I-BEAT

besticht vor allem durch seine Einfachheit, hohe Repitionsrate, seinen dynamischen Messbe-

reich hin zu hohen Ionendichten und der Insensitivität auf elektromagnetische Störsignale.

Ein weiterer großer Vorteil ist, dass die Ionen mit Hilfe der Schallwelle in Zukunft auch bei

biomedizinischen Bestrahlungen direkt im Sample nachgewiesen werden könnten.

Die Neuentwicklungen und Erkenntnisse dieser Arbeit finden sich in großer Breite im

Forschungszentrum CALA wieder und werden dazu beitragen, die experimentelle Arbeit auf

einem hohen Niveau wieder aufzunehmen.
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Abstract

This work describes the development of various elements of a laser-driven ion source at the

Centre for Advanced Laser Applications (CALA). At the heart of CALA is the ATLAS-

3000, a titanium sapphire laser system that, with its peak performance of 3 petawatts and

a repetition rate of 1 Hz, is one of the world’s leading high power systems of its kind. The

goal is to develop an ion source for applications. In a two-year prototype test phase at the

Laboratory for EXtreme Photonics (LEX Photonics), various elements of the laser-driven

ion source were optimized and new developments implemented. The reliable acceleration

of protons with a repetition rate of 0.5 Hz and capability of several 100 shots within a few

hours is one of the achievements that, among other things, enabled the first irradiation

of zebrafish embryos.

The main part of this thesis deals with the development of two novel online diagnostic

methods. Using a chirped-pulse probing method, we were able to record the dynamic

of the laser plasma interaction dynamics during a single laser shot in 9 snapshot images

with a temporal separation of about 200 fs and a spatial resolution of about 25µm. The

measurements allowed us to analyze the temporal and spatial intensity distribution of the

laser pulse at full energy during the interaction; a method we referred to as Temporally

Resolved Intensity Contouring (TRIC). In addition, this probing method enables moni-

toring the plasma interaction during operation with full laser energy and can thus provide

further important insights that enable optimizing of the laser-driven ion source. With

Ion-Bunch Energy Acoustic Tracing (I-BEAT), a detector has been developed that can

measure the energy spectrum of single, very intense ion bunches. The basis of I-BEAT is

the measurement of sound waves that are generated, when ions in water are decelerated

and thus deposit energy. The temporal shape of the sound waves contains the complete

information about the spatial distribution of the energy deposition, from which the inci-

dent energy distribution of the ions can be determined. In two experimental campaigns;

one at LEX Photonics and one at the Draco laser system in Dresden, we demonstrated

the functionality of I-BEAT. We used I-BEAT to diagnose focused ion bunches and com-

pared the results with those from Gafchromic film stacks. I-BEAT is distinguished by

its simplicity, high repetition rate capability, high dynamic range towards high ion den-

sities and insensitivity to known deleterious effects of electromagnetic pulses on signals.

Another great advantage is that the ions could, by detecting the emerging sound waves,

be detected directly in the sample of future applications, as for example with biomedical

irradiations.

At the CALA research facility, the new developments and findings of this work can be
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found on a larger scale. These can facilitate the planned high level experimental research

program and that will help to resume the experimental research on a high level.
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”Over the past 6 decades lasers and laser-based devices have

become indispensable in many different areas of society. With its

long-range narrow beam, that can be focused on a tiny spot, a

laser provides high power over a small area, useful for cutting

drilling welding and micro-machining. Other applications

abound. Billions of people make daily use optical disc-drives,

laser printers and bar-code scanners or are entertained by

amazing laser-light shows. Millions undergo laser surgery or

laser-skin treatment. The laser is truly one of the many

examples of how a so called blue sky discovery in fundamental

science eventually may transform our daily lives”

Olga Botner (Nobel Prize Speech 2018)
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Scientific Context and Motivation
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2 1. Scientific Context and Motivation

1.1 Particle Acceleration

Particle acceleration has been one of the most elaborated topics of physical research

for more than a century. Especially the large scale facilities such as CERN1 or

DESY2 are among the largest projects of current physical research. Particle accel-

erators serve in many fields of fundamental research (nuclear physics, discovery of

elementary particles or understanding our universe). But also on the application

side, especially in the field of biomedical applications, particle accelerators have

become more and more important. Imaging with X-rays [2–4] but also radiation

therapy with X-rays or electrons [5, 6] are among the most common tools in our

medical world. In the last decades, a therapy based on irradiation with ions due to

the favorable Bragg-peak shape depth-dose distribution has gained more and more

interest [7, 8].

The acceleration field of so called conventional accelerators3 is limited by material

breakdown due to the electric fields to ≈ 0.1 - 1 kV/µm [9, 10]. This limitation

results in large acceleration lengths of about 10 m per GeV as an absolute limit, but

more realistically 50-100 m per GeV4. Particle accelerators aiming for high energetic

particles are hence often built in ring shape configurations using the acceleration

cavities multiple times. Hereby, the maximum energy for electrons is ultimately

limited by synchrotron radiation5. In laser-plasma acceleration, the much higher

frequency of the laser supports higher acceleration gradients (> MV/µm) and thus,

shorter acceleration lengths. This fundamental difference to conventional radio-

frequency accelerators in theory promises high kinetic energies on short distances.

This work concentrates on the acceleration of ions, but laser-plasma acceleration

finds wide use for electron [11] and neutron [12] acceleration as well as the generation

of X-rays [13].

1.1.1 Merits of Laser-Accelerated Ions

The key differences and characteristics of Laser-driven ION acceleration (LION)

acceleration, when compared to conventional accelerators, that deliver ions with

similar velocities, are [14–16]:

1Conseil européen pour la recherche nucléaire.
2Deutsche Elektronen-Synchrotron.
3Conventional accelerators are based on an electrostatic or radio-frequency (RF) field. High

energies can be obtained by staging multiple so called RF cavities after each other.
4Private communication with Thomas Rösch.
5Higher energies would require a larger radius of the accelerator ring.
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1. Small source size and low emittance: The source size is dependent on the

focal spot size of the laser and the extension of the plasma target during the

interaction. It can thus be chosen to be only a few µm. This leads further to a

very low transversal emittance beyond to 10−3 mm mrad and despite the wide

energy spectrum due to the short acceleration time also a small longitudinal

emittance beyond 10−4 eV [17].

2. Short Bunch Length: Due to the ultra-short duration of the laser pulse,

typically few fs to 1 ps, the acceleration time, and thus the bunch duration

at the source is also of this order. Due to the broad energy spectrum of the

ion bunches the bunch length disperses with the distance to the source. The

small longitudinal emittance is likely conserved [17].

3. High ion flux: Describes the number of ions per area and time. Typically, a

large number of ions is emitted from a plasma. Paired with the small area and

short bunch duration, the peak flux can reach 1012 protons/ (MeV · ns · cm2) at

1 cm behind the target6, and thus reach a current density of 160 A/(cm2·MeV).

Recovering those conditions at a remote application site remains one important

technical aspect of beam transport and delivery [18]. The high ion flux results

in high dose rates, that could reveal relevant effects for biomedical applications

[19].

4. Wide spread energy spectrum: Even though the different mechanisms of

laser- ion acceleration vary in their characteristics, a broad energy spectrum

with an exponential decrease remains typical. For applications, that require

well defined and narrow distributions, energy selective elements or even post-

acceleration can be used. At current energy levels, this is possible, but ap-

proaching higher energy levels will require careful consideration of the thereby

generated secondary radiation.

5. Synchronized acceleration of different particle species and types of

radiation: One of the major potentials is that a laser induced plasma emits

several particles species such as different ions and electrons as well as X-rays si-

multaneously. The synchronism of these is defined by the short pulse duration

and can allow a wide range of multi-modal experiments [20].

6Assuming a bunch length of 100 ps, and a particle number of 108/ (MeV ·msr) protons.
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1.2 Laser-Driven Ion Sources

1.2.1 High Power Laser Systems

A fundamental prerequisite for the development of laser-ion acceleration techniques

was the generation of ultra-intense laser fields. This development started with the

invention of the laser [21].

Figure 1.1 | History of laser intensity. The figure shows the increasing laser intensity
over the past decades and the most relevant inventions (yellow). The colors mark different
interaction regimes. The graph is adapted from [20, 22, 23].

Todays high-power laser systems are capable to reach peak intensities up to 1022

W cm=2 [24, 25]. In Fig. 1.1 the development of the laser intensity from the inven-

tion up to today is sketched. Several milestones are marked and the colors show

how the increasing intensity has enabled the generation of a plasma, the acceler-

ation of electrons to relativistic energies and will eventually reach a regime where

ions can be accelerated to relativistic energies by the laser field. Among the most

important enabling technologies in increasing intensity were the development of Q-

switching ([26]) and mode-locking ([27–30]). Chirped Pulsed Amplification (CPA)

has been the most significant principle that is used in the amplification of high-

power laser-systems [31, 32]. CPA has been awarded with the Nobel Prize in 2018

since its concept is used in short pulse laser systems, which have enabled a wide

range of applications (see epigraph of this chapter). The CPA does not change the

amplification process, but rather makes high-power laser systems affordable. The

damage threshold of the deployed optics is in first order dependent on the inten-

sity and higher intensities require a larger beam size and thus, larger optic. CPA

circumvents the necessity for large optics by lowering the intensity via stretching
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the laser pulse in time. The short laser pulse is thus chirped (frequency dependent

path-lengths) in time. The resulting decreased intensity allows an amplification at

much smaller beam-size and thus, significantly reduced costs. In the final step of

CPA the previously introduced chirp is inverted and the pulse compressed again to

reach its final high intensity. The process of CPA is depicted in Fig. 1.2. However,

Fig. 1.1 also shows that the laser intensity did stagnate recently. A further increase

of the laser intensity might need another invention, such as CPA, Q-switching or

mode locking.

Figure 1.2 | Chirped pulse amplification. A short laser pulse is chirped and thus
stretched in time to lower the intensity for amplification. The introduced chirp is com-
pensated and the pulse is compressed to reach its final ultra-high intensity. Taken with
courtesy from Ostermayr [20].

Another milestone for today’s laser systems was the discovery of Titanium

Sapphire (Ti:sapphire) as a laser medium [33]. With its broadband amplification

Ti:sapphire has been developed to the leading medium for highly intense laser sys-

tems with repetition rates in the 1 Hz regime, while the first generation of petawatt-

class laser systems has been based on glass laser systems with an repetition rate of

about 1 shot per hour. This tremendously increased repetition rate is one major

step towards the use of laser-accelerated ions as a source for further research and

application. Figure 1.3 shows existing and upcoming petawatt-class laser facilities

based on Ti:sapphire laser systems.
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Figure 1.3 | Ti:sapphire petawatt laser facilities. This figure shows existing and
upcoming petawatt-class laser facilities based on Ti:sapphire laser systems. The color
depicts the repetition rate of the system. The unfilled laser systems have not yet been
used for acceleration but are expected to start operation soon. The ATLAS-3000 and
DRACO are highlighted with stars since they play a role in the framework of this thesis.
The data has been taken from [34] with minor modifications. Laser systems that had been
planned to be finished in 2017 or 2018 have been moved to 2019 and are marked unfilled,
because they have not been fully demonstrated (to the author’s knowledge the status in
July 2019). Note that the start date of laser systems can vary since operation often starts
carefully and it takes time till the full power has been achieved.

1.2.2 Laser-Driven Ion Acceleration

The first theoretical study of today’s laser-driven particle acceleration techniques

has been proposed by Veksler [35] in 1957. For example, the radiation pressure

acceleration is one representation of a coherent acceleration process and it is inter-

esting that he proposed it even before the laser was experimentally demonstrated

for the first time. It turns out, that only today we are able to realize some of his

thoughts in experiments. So it will need further effort to reach intensities (Fig. 1.1)

high enough to directly act on and accelerate ions7 and up today ion acceleration

is an indirect process using electrons mediating the laser energy. The first work de-

scribing the acceleration mechanisms of electrons (wakefield acceleration) has been

outlined in 1979 by Tajima [36] and since then studied intensively [37]. The first

demonstration of multi MeV ions [38–40] is often regarded as the first demonstra-

tion of laser-accelerated ions even though there has been earlier demonstrations of

keV ions [41, 42]. A summary of recent experimentally obtained ion yields was pub-

7Intensities of 1024 W cm=2are needed. This will be explained later in Eq. (2.28).
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lished in Schreiber, Bolton, and Parodi [16] and is maintained reasonably updated

at https://www.alpa.physik.uni-muenchen.de. An exert from this website is

shown in Fig. 1.4.

Figure 1.4 | Laser-driven protons. This is a collection of different proton spectra
from https://www.alpa.physik.uni-muenchen.de. The color indicate the laser energies
from low energies dark blue to high energies dark red. The data points of Speicher are
taken at LEX Photonics [43]. Its color was changed from blue to purple for visibility.

The highest reported proton energies today approach 100 MeV [44–46]. The

apparently modest development of maximum ion energy over the past two decades

can be misleading, as it does not measure our progress correctly. A successful

use of laser-driven particles requires an interplay between various components and

developments. This is summarized for example in the concept of Integrated Laser-

Driven Ion Accelerator System (ILDIAS) [16]. The concept is illustrated in Fig. 1.5

and shows the pillars required for application.

During this work all pillars are tackled to improve the system towards a more

reliable ion source.

1. Pillar 1 - laser systems: The development of lasers in the last decades has

been pushed to higher repetition rates and with the generation of the multi

petawatt laser systems also to increasing peak power as can be seen in Fig. 1.3.

2. Pillar 2 - laser-plasma engineering: This pillar describes the design and

control of the plasma. This essentially requires online diagnostics to study the

plasma and its evolution during the interaction. Especially probing and the

https://www.alpa.physik.uni-muenchen.de
https://www.alpa.physik.uni-muenchen.de
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Figure 1.5 | The concept of ILDIAS. ILDIAS describes five pillars that are key to
develop laser ion acceleration towards a system that can be used for applications on a daily
basis. The pyramid on the right part emphasizes, that while all pillars can be studied and
developed independently, they are also based upon each other, since the target choice is
highly dependent on the plasma condition such as the ion transport on the ion spectra.
The figure has been adapted from [16, 47].

analysis of scattered light has been exploited for gaining deeper understanding

of the underlying processes.

3. Pillar 3 - targetry: A laser-plasma experiment basically contains the laser

and the target. Since a variation of the target is often simpler than changing

the laser or the plasma condition, large efforts have been devoted to design

and development of new targets. The motivation for new targets was diverse,

reaching from the development of mass-limited [48–54] and complex structured

or multilayer targets [55–58] to high repetition rate targets [59–66].

4. Pillar 4 - ion bunch instrumentation: This pillar describes measurement

devices and techniques that are required to analyze the ion bunch regarding

its temporal, spatial and spectral profile [67].

5. Pillar 5 - transport optics: Transport optics describe measures that can

modify the trajectory of particles. Due to the typically large energy spread

and divergence of laser-accelerated ions, particle optics to guide the ions, and
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thereby preserve the high particle number at an application site, are required.

Solenoids [18, 68], QuadruPoles (QPs) [69–72] or plasma lenses [73, 74] are

used to focus a certain energy of the ion bunch. More complex ion energy

selection system have also been developed [75, 76].

1.2.3 Applications of Laser-Driven Ions

The ILDIAS concept describes necessities to develop laser ion acceleration towards

a source that can be used for applications. One of the strongest driver for devel-

opments in the last decades has been the idea of developing a more compact and

cheaper source for ion beam therapy [77–79]. The clear advantage of ions for ir-

radiation is its depth dose distribution. The so called Bragg peak is depicted in

Fig. 1.6. The majority of the energy is thus dissipated in a certain depth dependent

on the original energy. The clear advantage is that the Bragg peak can be set to the

tumor position, while surrounding and more importantly tissue directly behind the

tumor is kept from harm (or at least the dose is minimized). The role of laser-driven

acceleration in ion beam therapy is not yet foreseeable. Current efforts concentrate

on radiation biological studies and aim at exploiting the specifics that are supported

by the laser-driven case.

Figure 1.6 | The Bragg peak. The
depth-dose distribution of a 100 MeV pro-
ton bunch is compared to the one of an
X-ray beam. The localized energy deposi-
tion of protons can be set to a tumor loca-
tion, and thus surrounding healthy tissue
can be spared. Figure has been taken from
[20].

The low emittance is one such specific and renders laser-accelerated ions, for

example, an interesting source for radiography and imaging [80–82]. The broad

energy spectrum that may be tailored to represent the solar wind bares potential to

study space radiation effects on different materials [83, 84] or astrophysical effects

in general [85]. Further applications are thinkable in inertial confinement fusion as

ignitor for fast ignition [86] or in nuclear physics, for example in the concept of

fission-fusion reactions to generate massive, neutron-rich nuclei [87–89].
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1.3 Centre for Advanced Laser Application

The Centre for Advanced Laser Applications is located in Garching near Munich.

It has been built to bring all infrastructure, dealing with advanced laser systems,

together in order to find synergies and form a platform serving for future applica-

tions. The aim of CALA is to develop the acceleration processes further, especially

regarding repetition rates, stability but also higher energies. Collaborations with

biomedical faculties and others shall develop and demonstrate the feasibility of using

laser-accelerated particle beams in more advanced biomedical studies and applica-

tions. With the Advanced Ti:Sapphire LASer 3000 Terawatt (ATLAS-3000) laser,

the CALA has one of the world’s leading laser systems (compare Fig. 1.3). In ad-

dition to the ATLAS-3000 laser, two other laser systems with less pulse energy but

even shorter pulses and higher repetition rate (Petawatt Field Synthesizer (PFS)

and PFS-pro) are currently built and can also be sent to the experimental areas,

enabling more complex and two-beam experiments in the future. The developments

presented herein have been highly motivated by challenges and the preparation of

the commissioning phase of CALA. The overview of CALA in Fig. 1.7 shows the

experimental areas and laser systems.

Figure 1.7 | CALA - Centre for Advanced Laser Applications. This figure gives
an overview of CALA. It shows the location of different projects and also a scheme of the
ATLAS-3000, the beam line and the experimental caves.

One central theme of CALA are laser-based plasmas experiments and their ap-

plications within five experimental areas.
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1. LION: the Laser-driven ION acceleration cave is the most important cave in

the context of this thesis. The main goal is to accelerate protons and carbons

up to energies of 100 MeV/u and beyond and develop the ion source towards

a viable controlled acceleration system with repetition rates up to 1 Hz. The

accelerated ions (protons) shall further be used for applications, especially in

research on tumor therapy with ion bunches and proton imaging [47].

2. LUX: The Laser-driven Undulater X-ray source (LUX) is an undulator-based

synchrotron radiation source based on laser-accelerated electrons [90]. Its aim

is, on the one hand, to generate brilliant, spontaneous undulator radiation

with photon energies in the range of 1 to 25 keV and pulse durations of a

few femtoseconds and, on the other hand, to perform research towards laser-

plasma-accelerator-based Free Electron Lasers (FEL) [91, 92].

3. ETTF: The main goal of the Electron and Thomson Test Facility (ETTF) is

the acceleration of electrons and to test different schemes for producing bril-

liant, energetic radiation with emphasis on photon-electron collisions. Their

usability for, in particular biomedical, applications shall also be demonstrated.

4. HF: The general aim of the High Field Physics (HF) cave is to explore physics

at highest field strengths and extreme conditions. One goal is to investigate

the fission-fusion process [87, 88]. A first step is the acceleration of heavy

particles such as gold to sufficiently high energies [89].

5. SPECTRE: The Source for Powerful Energetic Compact Thomson Radiation

Experiments (SPECTRE) shall be operated with the kHz laser system of the

PFS-pro. The generation of X-ray pulses with high brilliance and large average

flux are desired for phase contrast imaging for example in medical applications.

A further research project in CALA is the Broad Infrared Diagnostics (BIRD)

[93]. BIRD uses infrared spectroscopy to analyze the bio-molecular fingerprint of

molecules. It aims at improving the efficiency of early cancer diagnostics. The

Munich Compact Light source (MuCLs) [94] is based on a conventional electron

storage ring combined with intra-cavity laser technology and provides a brilliant

X-ray beam, that can be used for biomedical imaging.

Even though our understanding of the physical processes of laser-particle acceler-

ation is not complete yet, applications have become within reach of today’s table-top

laser systems. This work tackles several aspects and developments at CALA. The
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step from the successful demonstration of acceleration mechanisms towards applica-

tions requires thoughtful strategic developments, that lead to higher repetition rates

and stability. The experimental campaigns at LEX Photonics during 2015/16 can

be regarded as a prototype test campaign for CALA. One part of this work includes

the development towards a high-repetition-rate ion source and tackles the challenges

that occurred during the experimental campaign at LEX Photonics. Those experi-

ences led to approaches that have now been implemented at CALA. The main part

introduces two new online diagnostics, TRIC and I-BEAT. TRIC has been used to

measure the plasma evolution with sub-picosecond temporal resolution. From this,

it examines the spatio-temporal intensity distribution of the laser directly in the

interaction plane (focal plane of the laser.) I-BEAT is a new online measurement

technique for the ion energy distribution. The last part outlines some major efforts

and progress in CALA.

1.4 Thesis Structure

Chapter 2 introduces the theoretical basis relevant to all topics touched in this

work. It starts with the general concept of waves and leads to various parts of this

thesis, thereby covering the principles of laser-plasma interactions and ion acceler-

ation. Principles of laser-plasma dynamics (required in Chapter 4) and the sound

waves, that are generated by an ion bunch (basis for Chapter 5) are introduced.

Chapter 3 describes the experimental setup at LEX Photonics, where the major-

ity of the research presented herein has been realized. It summarizes a two-year-long

period of optimizing the system and preparation experiments towards I-BEAT and

TRIC.

Chapter 4 presents a novel probing technique. With temporally resolved intensity

contouring, an imaging method with THz frame rates, the spatio-temporal intensity

distribution of the ATLAS-300 laser is measured directly on target with full energy.

Chapter 5 presents the functionality and results of the developed I-BEAT detec-

tor. It shows its performance at two different laser-ion-acceleration systems.

Chapter 6 gives a summary of presented work. It shows how the experience in

LEX Photonics hast been used to optimize CALA and outlines upcoming challenges
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and future steps.

Appendix covers two major area. It gives deeper insight into some basics of waves

and light, in particular covering the propagation of waves using Fourier optics. The

second part covers additional experimental details of LEX Photonics and describes

various components of the setup in CALA.

Note on laser beam times This note is meant to clarify the special nature of

experimental environments that were used to record data presented in this thesis.

LEX Photonics and also CALA are large-scale facilities for laser-particle interaction

experiments. The ATLAS-300 laser was an upgrade and used for the first time during

our experimental campaign. Since the laser was used at different experimental areas,

the laser was usually assigned for one experiments for one or two days. Therefore,

experimental days were quite extended and complex, requiring the contribution

of a number of scientists, usually responsible for a subset of tasks such as target

preparation, laser performance, diagnostics, focusing optics. Since any experiment

of this kind involves more than the effort of a single scientist, the specific contribution

of the author to experiments presented herein will be specified at the beginning of

each chapter.
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If you can look at one of these waves and you don’t believe that

there’s something greater than we are, then you’ve got some

serious analyzing to do and you should go sit under a tree for a

very long time.

Laird Hamilton
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This chapter introduces the theoretical concepts of this thesis. The basic principles

of waves are introduced since they apply to several parts covering laser, plasma

properties and ultrasound. The idea of laser-plasma ion acceleration is outlined and

relevant equations are introduced.

Picture with courtesy of Lukas Strübel.
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2.1 Waves

Waves influence our daily life in almost every situation. A wave describes the transfer

of energy with little or no associated mass transport. In daily life we typically face

two types of waves: mechanical (such as sound waves) or electromagnetic (light).

A wave is an oscillation of a medium or field around a relatively fixed location,

originating from a perturbation within the medium or field. The oscillation can be

transverse to the propagation direction (transverse wave) or parallel (longitudinal

wave).

The basic of a wave is the harmonic oscillation1. The general expression for a

harmonic wave is (
∇2 − 1

c2

∂2

∂t2

)
U (~r, t) = 0. (2.1)

This equation is the general form of the wave equation in a homogeneous medium

without a source. Another commonly used expression is the Helmholtz equation. It

can be derived by assuming that U is separable2 U(~r, t) = A(~r)T (t). Eq. (2.1) then

becomes
∇2A

A
=

1

c2T

d2T

dt2
. (2.2)

This equation is only a general solution if both sides are a constant and can for

convenience be set to −k2. This leads to the time-independent Helmholtz equation:

(
∇2 + k2

)
A = 0. (2.3)

Analogously we can also obtain the temporal part of this equation using ω = kc:(
d2

dt2
+ ω2

)
T = 0. (2.4)

Equation (2.3) describes the spatial distribution of a time-independent wave, while

Eq. (2.4) describes temporal evolution of a wave at a certain position. The equa-

tions above govern the propagation of a wave in a homogeneous medium, where the

solution depends on the boundary conditions. In the presence of a source, the wave

equation becomes inhomogeneous and yields:

1A harmonic oscillator is a system wherein the restoring force is proportional to the displace-
ment.

2The separation of the variables can be applied in many circumstances to solve the wave
equation but fails for example for gravitational waves, where space is no longer time independent.
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(∇2 − 1

c2

∂2

∂t2
)U(~r, t) = −f(~r′, t′), (2.5)

where f(~r′, t′) describes the source. This inhomogeneous wave equation is of signif-

icant importance in the framework of this thesis. For example the vector potential

(see Eq. (2.12a)) with the current density ~j as a source or the acoustic pressure wave

(see Eq. (2.51)) where the source of the wave is the so called heating function.

As described in detail in Section B.1.2 we can solve this equation by applying

the concept of the Green’s function and get an approximated (neglecting initial and

boundary conditions) solution of

U(~r, t) =

ˆ t+

0

dt′
ˆ
V ′
dr′G(~r, t; ~r′, t′)f(~r′, t′). (2.6)

With the free-space Green’s function, a unit-amplitude spherical wave expanding

about ~r

G(~r, ~r′) =
eik|~r−~r′|∣∣∣~r − ~r′∣∣∣ , (2.7)

Eq. (2.6) basically describes Huygens principle. As shown in Section 2.5.3, a time

dependence can be added with a modified Green’s function:

G(~r, t; ~r′, t′) =
δ(t− t′ −

∣∣∣~r − ~r′∣∣∣
c

)

4π
∣∣∣~r − ~r′∣∣∣ . (2.8)

Here we introduce the concept of the retarded time t′ = t−
∣∣∣~r − ~r′∣∣∣/c. The retarded

time describes the time t′ when an event happened at the location r′ that is detected

at r at the time t and has traveled with the speed c.

We can deduct one particular important statement: The shape (amplitude

and phase) of a wave typically carries all information about the spatial

and temporal structure of its source, given that the medium and its

properties are known variables.

2.2 Electromagnetic Waves

Light is an electromagnetic wave. Most commonly we refer to light when it is

visible to the human eye, but the physics are the same for the entire electromagnetic
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spectrum. The breakthrough in the description of light has been done by Maxwell

condensed in the four equations given by Jackson [95]:

Gauss’ law:∇ · ~E =

0 no source

ρ
ε

with source
(2.9a)

Gauss’ law for magnetism:∇ · ~B = 0 (2.9b)

Faraday’s law:∇× ~E = −∂
~B
∂t

(2.9c)

Ampère - Maxwell law:∇× ~B =

µε∂
~E
∂t

no source

µ(~j + ε∂
~E
∂t

) with source.
(2.9d)

The vectorial component of the electric ~E and magnetic field ~B denote the polariza-

tion of the field. The charge density ρ and current density ~j mark the source term

of the fields. The electric permittivity ε and magnetic permeability µ are depen-

dent on the medium and determine the phase velocity c = 1/
√
εµ. In vacuum the

speed of light is thus c0 = 1/
√
ε0µ0. In the following, waves are considered to be in

vacuum and c = c0 is used. The homogeneous wave equations can be derived using

Maxwell’s equations without a source:(
∇2 − 1

c2

∂2

∂t2

)
~E (~r, t) = 0 (2.10a)(

∇2 − 1

c2

∂2

∂t2

)
~B (~r, t) = 0. (2.10b)

The inhomogeneous wave equations describe the wave in presence of a source:(
∇2 − 1

c2

∂2

∂t2

)
~E (~r, t) = −

(
1

ε0
∇ρ+ µ0

∂j

∂t

)
(2.11a)(

∇2 − 1

c2

∂2

∂t2

)
~B (~r, t) = µ0∇×~j. (2.11b)
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2.2.1 Vector Potential

A more symmetric expression of Eq. (2.11) can be derived using the magnetic vector

potential ~A and the scalar potential Φ. The vector potential is defined with:

~B = ∇× ~A (2.12a)

~E = −∇Φ− ∂ ~A
∂t
. (2.12b)

With the use of the Lorenz gauge condition [96] ∇ ~A+ ∂Φ/c2∂t = 0 the inhomoge-

neous wave equations simplify to

∇2 ~A− 1

c2

∂2 ~A
∂t2

= −µ0
~j (2.13a)

∇2Φ− 1

c2

∂2Φ

∂t2
= − ρ

ε0
. (2.13b)

A general solution of homogeneous wave equations is the plane wave with

~A(~r, t) = ~A0e
−iω0t− ~k0~r+ϕ0 . (2.14)

This is a complex wave function. To describe a physical quantity, the real part has

to be taken.

2.2.2 Laser Pulses

Laser is one of the most important innovations in the 20th century. The laser serves

as light source for many application and has enabled a wide range of research and

development. Although stimulated emission was firstly predicted by Albert Einstein

[97] the first experimental demonstration of a laser was realized 40 years later by

Maiman [98]. Since this first demonstration of a lasing medium the development of

lasers has been tremendous, covering the discovery of various laser materials, higher

energies, pulsed lasers and even more so shortest pulse lengths.

Starting with the vector potential Eq. (2.13a) in vacuum a laser pulse can simply

be described by
~A (~r, t) = ~AA (~r, t) sin

(
~kL~r − ωLt+ ϕ0

)
, (2.15)

with the phase ϕ0 and the dispersion relation ωL = c ~kL. Note that we have now used
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the real part of Eq. (2.14) since it describes the physical field of the wave equation.

The electric and magnetic field in the laser are thus given by

~E(~r, t) = ~EA(~r, t) cos
(
~kL~r − ωLt+ ϕ0

)
(2.16a)

~B(~r, t) = ~BA(~r, t) cos
(
~kL~r − ωLt+ ϕ0

)
. (2.16b)

Whereas ~AA, ~EA and ~BA are the envelope functions with the relation3
∣∣∣ ~EA

∣∣∣ = c
∣∣∣ ~BA

∣∣∣ =

ωL

∣∣∣ ~AA

∣∣∣. Two, in the framework of this thesis, relevant quantities for EA are:

1. Plane wave: Plane waves are often used to calculate the propagation of laser

pulses and its effects in plasmas. In many realistic scenarios this can only be

seen as an estimation neglecting its spatial and temporal dependence.

2. Gaussian pulse in the focal plane: The intensity distribution in the focal

plane, that is often referred to as laser focus, is a key element of laser-driven

ion acceleration. Even though, the spatial distribution of many flat-top laser

systems is described by a sinc function, Gaussian distribution is often used

for approximations. Note that the following equation describes the Gaussian

pulse solely in the focal plane.

~EA(~r, t) =

~E0 plane wave

~E0e
−t2/(2σ2

Eτ )e−(x2)/(2σ2
Ex)e−(y2)/(2σ2

Ey) Gaussian pulse in focal plane.

(2.17)

Where σEx and σEy are the standard deviations of the electric field of a laser pulse

in the focal plane in x and y dimension4. The sigma of its temporal distribution is

σEτ .

2.2.3 Temporal and Spatial Intensity

Detectors such as cameras often measure the intensity and not the amplitude of the

field. The intensity is defined as the cycle-averaged magnitude of the pointing vector

3The magnitudes can also be related as follows
∣∣∣~EA∣∣∣ = EA,

∣∣∣ ~BA

∣∣∣ = BA and
∣∣∣ ~AA

∣∣∣ = AA.
4The Gaussian width is typically defined by the beam waist w0 =

√
2σ (see Fig. B.5). The

nomination with x and y allows an elliptical shape of the focus.
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~S = 1/µ0

(
~E × ~B

)
and is for a plane wave5

I0 = 〈 ~S〉T = κPol
1

2
ε0cE2

0 , (2.18)

where κPol is 1 for linear polarization and 2 for circular polarization. In the case of

a Gaussian pulse in focal plane the intensity distribution becomes

I (x, y, t) = κPol
1

2
ε0cE2

0 e
−t2/(2σ2

Iτ )︸ ︷︷ ︸
g′(t)

e−(x2)/(2σ2
Ix)e−(y2)/(2σ2

Iy)︸ ︷︷ ︸
f ′(x,y)

. (2.19)

The intensity is therefore proportional to the square of the electric (or magnetic)

field amplitude. Note that the standard deviations of the intensity and the electric

field6 consequently differ by a factor
√

2: (σI = 1/
√

2 · σE). Note, that the standard

deviation of the intensity differs from the one of the electric field The Full Width at

Half Maxiumum (FWHM)7 is often used to describe the dimension of a laser focus

or the pulse length and is related to the standard deviation via dx = 2
√

2 ln(2)σIx,

dy = 2
√

2 ln(2)σIx and τL = 2
√

2 ln(2)σIt.

The total energy contained in a laser pulse EL can be obtained by integrating

the intensity over space and time

EL =

˚ ∞

−∞
I(x, y, t)dtdxdy. (2.20)

Using EL and normalizing the functions g′ (t) (temporal) and f ′ (x, y) Spatial of

Eq. (2.19) yields

I(x, y, t) = EL ·
Ñ

τL

g′(t)︸ ︷︷ ︸
g(t)

· Ñ
2

dxdy

· f ′(x, y)︸ ︷︷ ︸
f(x,y)

. (2.21)

Ñ can be derived by expressing the normalization of a Gaussian distribution (1/
√

2πσ2)

in terms of the FWHM value, exemplarily shown for the time t:

5With 1/µ0 = ε0c
2 and using the trick that the cycle average of

〈
cos(x)

2
〉

=
〈

sin(x)
2
〉

and

cos(x)
2

+ sin(x)
2

= 1.
6This often causes confusions, especially when theorists and experimentalist collaborate.
7The FWHM describes the complete width where the intensity has dropped to half of its

maximum.
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1√
2πσ2

It

=
1√
2π

2
√

2 ln (2)

τL

=
2
√

ln (2)√
π︸ ︷︷ ︸
Ñ

1

τL

≈ 0.94

τL

. (2.22)

The peak intensity I0 of the laser pulse can thus be calculated with

I0 = 0.83︸︷︷︸
Ñ3

· EL

τLdxdy

. (2.23)

Those equations are useful since the intensity in the focal plane is often not directly

measurable and only the spatial distribution f(x, y), laser energy EL and temporal

distribution are separately accessible quantities in the experiment. The peak inten-

sity of the laser I0 is often the most important quantity and can directly be calculated

by the laser energy, pulse duration and spatial extend using Eq. (2.23). Assuming

that spatio-temporal coupling (see [99]) can be neglected, the spatio-temporal in-

tensity distribution in focal plane can be calculated with Eq. (2.21) by using the

temporal distribution g(t) and the spatial distribution f(x, y).

2.2.4 Focusing Device

The focus or far-field of a high-power ultra-short laser pulse is typically generated

with an Off-Axis Parabolic mirror (OAP). There are multiple reasons why an

OAP is favorable over a lens. The wider spectrum and large diameter (combined

with a desired short focusing distance) of a short-pulse laser makes it impossible for

a lens to equalize all optical path lengths for all frequencies and Group Velocity

Dispersion (GVD) (see Section B.2.3) would disperse the pulse in time. Due to the

high intensity and onset of nonlinear effects in a medium, the laser pulse, traversing a

lens, would collect B-integral (see Eq. (B.47)), deteriorating the quality of the laser

pulse. Working in reflection, an OAP with the correct material and coating can

ideally focus the entire wavelength range of the short pulse without compromising

the pulse quality. Since at zero degree reflection, the focal point would lie at the

center of the incoming beam, an off-axis parabola is used to simultaneously deflect

the beam while preserving the focusing effect.
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2.3 Laser-Induced Plasmas

We have now introduced the concept of a laser as an optical, electromagnetic wave.

For simplicity, we will assume linear polarization and plane waves and thus ~EA = E0,
~BA = B0 and ~AA = A0. The basics of the interaction dynamics and the acceleration

mechanism for ions are explained. A deeper debate about different acceleration

mechanisms and the corresponding regimes can be found in [15, 20, 100, 101].

2.3.1 Laser Interacting with a Single Particle

As we will see later, collective effects play a significant role in laser plasma dynamics.

Nevertheless, the basis is the impact of an electromagnetic wave onto a single particle

such as an electron, which is described by the Lorentz force

~Fl = e

~E (~r, t)︸ ︷︷ ︸
F⊥

+ ~ve × ~B (~r, t)︸ ︷︷ ︸
F‖

 . (2.24)

Since B0 = E0/c, the second term is, apart from an additional factor ve/c, equal to

the first term. In the non-relativistic treatment we can assume ve/c to be � 1, and

Eq. (2.24) can thus be approximated with ~Fl ≈ eE(~r, t). An electron, initially at

rest, will first be accelerated along the direction of the oscillating electric field of the

laser.

~ve(t) = ~ey
eE0

ωLme

cos(klx− ωLt) (2.25a)

⇒vmax =
eE0

ωLme

. (2.25b)

This oscillation further interacts with the magnetic field of the laser pulse resulting

in an additional motion along the propagation direction of the laser. The fraction of

the Lorentz force acting along the propagation direction and transversal to it defines

the dimensionless laser amplitude that is a key parameter defining different regimes

in laser-based plasmas

a0 =
F‖
F⊥

=
e
(
~ve × ~B

)
e~E

=
eE0

mecωL
. (2.26)
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In other words a0 is defined by equating the maximum velocity of an electron (see

Eq. (2.25b)) with the speed of light. The dimensionless quantity a0 = 1, thus

describes the limit, where the non-relativistic description breaks down (in reality

this already happens well before a0 ≈ 1). Nevertheless, we speak of a relativistic

laser pulse if a0 exceeds unity.

The field amplitude and the intensity of a high power laser are typically described

with a0 (using Eq. (2.26)) and λL:

E0 = a0
ωLmec

e
=
a0

λL
2π
mec

2

e
=

a0

λL [µm]
3.21 · 1012 V

m
(2.27a)

B0 =
E0

c
=

a0

λL [µm]
1.07 · 104T (2.27b)

IL =
ε0c

2

2
E2

0 =
a2

0

λ2
L [µm2]

1.37 · 1018 W

cm2 . (2.27c)

These equations are taken from Karsch [102] and can be used to calculate laser

properties (e.g. of the ATLAS-300). Another important information that can be

deduced here is the intensity required to directly accelerate the heavier protons to

relativistic intensities. The relation of the masses mp/me ≈ 1835 gives the required

a0. This would require an intensity of

IL = 4.6 · 1024 1

λ2
L [µm2]

W

cm2 . (2.28)

Such intensities have not yet been realized, and thus the acceleration of protons till

today is an indirect acceleration process using the electrons to mediate acceleration

potentials.

2.3.2 Introduction to Plasmas

After introducing the laser as the first important part of laser plasma acceleration

and its impact onto other particles, this section gives an overview about the plasma

and its properties.

A plasma naturally occurs at very high temperatures and can thus be regarded

as the fourth state of matter. On earth, the natural occurrence of such temperatures

is rare and can only be observed in occasions as for example the flash of a lightning

bolt. Since the vast majority of the universe’s matter is in the plasma state, it

can be said: ”we live in the 1 % of the universe where plasmas do not naturally
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occur” [103]. A plasma is a quasi-neutral gas of charged and neutral particles,

which exhibits collective behavior. This Section and Section 2.4 are based on [20,

101, 104–108].

Plasma Properties

Plasma, as the ”fourth state” of matter, describes a partially ionized multi-body

system composed of free charged and neutral particles. One of the important char-

acteristics of a plasma is its quasi-neutrality in charge. Characteristic for a plasma

is also its collective behavior. In the framework of laser-produced plasmas and laser

ion-acceleration, the neutral condition can be locally violated. Nevertheless, the

effects of locally introduced charge is effectively shielded (1/e) at the characteris-

tic Debye length λD. The phrase quasi-neutrality describes that situation: a local

violation of neutrality within the plasma but a neutral behavior in a spatial scale

larger than λD

λD =

√
ε0kBTe

e2ne

. (2.29)

In the presence of an additional charge or an acting field (e.g. a laser), electrons

are displaced from their equilibrium position. Within the Debye length, a collective,

oscillating motion of the plasma can be initiated by a strong laser pulse. While the

electrons can react with their thermal velocity

vte =

√
kBTe

γme

, (2.30)

where γ is the time-averaged Lorentz factor that is often expressed by
√

1 + a0/2.

The other newly introduced quantity Te is the electron temperature that is of par-

ticular importance in the case of laser-driven ion acceleration. Using the electron

velocity, it is possible to calculate the response time to recover quasi-neutrality in

the plasma.

tpe =
λD

vte

= ω−1
pe . (2.31)

When the response time is shorter than the period of an external electromagnetic

field the radiation will be shielded. In the case of a laser pulse, this would mean

that the laser can not propagate into the plasma and is thus reflected. The response

time or, more commonly used, the plasma frequency ωpe defines the oscillation of
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the electrons in the plasma

ωpe =
vte

λD

=

√
e2ne

ε0meγ
. (2.32)

The plasma frequency of ions is, due to their heavier mass, much smaller. We use

ωpe = ωp for the rest of this work. The plasma frequency significantly influences

the interaction of an incoming laser pulse with the plasma itself. When the plasma

frequency exceeds a certain value the plasma becomes opaque for laser light, which

fundamentally changes the interaction processes. The refractive index of an optical

medium in general is ηR = c/vmedium:

ηR =

√
1−

ω2
p

ω2
L

=

√
1− ne

nc

. (2.33)

The first term relates the plasma frequency with the laser frequency ωL. The second

expression uses the electron density8 ne and the critical density nc stating that

the plasma will become opaque whenever the electron density exceeds the critical

density. Since the physics change fundamentally when the plasma becomes opaque,

the electron density, often given in terms of the critical density is one of the most

important parameters when describing the laser-plasma target. The critical density

is obtained by equating Eq. (2.32) with ωL

nc =
ε0meγω

2
L

e2
= 1.1 · 1021

(
γ

λ [µm2]

)
cm−3. (2.35)

When the laser impinges on the target at a certain angle, the critical density is

already reached at the smaller electron density ne = nc cos(Θi)
2. The electron

density divides plasmas into transparent (underdense plasma ne < nc) and opaque

(overdense plasma ne > nc). The acceleration of electrons is most efficient within

an underdense target, where the laser can co-propagate along with the electrons

and thus increase the acceleration time [11]. For the acceleration of ions, a steep

density gradient is beneficial, and thus overdense plasmas are favorable. In the case

of an overdense plasma, the laser cannot propagate in the plasma. Nevertheless,

8In general, the electron density can be calculated with

ne =
Na · Z · ρ
A ·Mu

, (2.34)

with ρ being the density, NA the Avogadro number, Mu is the Molar mass constant, Z the atomic
number and A the relative atomic mass.
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it propagates evanescently into the overdense plasma. The so called characteristic

plasma scale length (or skin depth) ls describes the depth in which the electric field

has dropped to 1/e:

ls =
c√

ω2
p − ω2

L

≈ c

ωL

, (2.36)

where the approximation is valid for steep density gradients. But before looking

deeper into those processes it is worth to have a look at the ionization process

originally transforming the target into a plasma.

2.3.3 Ionization and Damage Threshold

During all laser plasma experiments, the first step is the transition from the ”tar-

get”, that can be provided in gaseous, liquid or solid form, into its plasma state.

Therefore, the target has to be ionized. Before we start with a deeper understanding

of ionization processes, the ultimate limit at which for example a Hydrogen atom

will be ionized, and thus a plasma is created can be calculated. Using the Bohr

radius aBohr = 5.3× 10−9 cm, we get

Eb =
e

4πε0a2
Bohr

≈ 5.1
GV

m
. (2.37)

This field corresponds to the ionization intensity Iionize for the coulomb field that

binds the electron to the proton.

Iionize =
ε0cE2

b

2
≈ 3.51× 1016 W

cm2 . (2.38)

Ionization Processes

Different material dependent processes lead to an ionization starting at much lower

intensities. This section provides an overview of different processes that can happen

at high intensities but avoids a deeper discussion. Ionization means that a bound

electron gets enough energy to overcome the Coulomb potential and to become a free

charge. The Nobel prize of 1921 was given to Einstein for the photoelectric effect,

that states that the energy of a photon must be higher than the work function to

ionize an atom. In the context of solid state physics materials are distinguished as

conductors and insulators. An insulator has a certain band gap. In order to ionize

the material, an energy larger than the band gap has to be passed to an electron. As
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Einstein postulated, the energy must be given by a single photon. In the presence

of very intense laser fields there are different processes changing that behavior.

Multi-Photon Ionization describes the process that more than one photon

is absorbed by one electron until it can flee the Coulomb potential. Further, the

presence of an electromagnetic field can suppress the Coulomb barrier, and thus the

electron needs less and less energy to become free. This process is called Barrier

Suppression Ionization. The third process is tunneling, where the electron can

tunnel with a certain probability through the barrier. Tunneling is often combined

with BSI since the lowered Coulomb potential increases the tunneling probability.

Those processes can lead to the initial ionization of an atom and are depicted in

Fig. 2.1. At a certain ionization level the so called avalanche ionization starts to

kick in. The process of avalanche ionization describes that an energetic quasi-free

electron provides enough energy to transfer some of its energy to another electron

and thus, generating a second quasi-free electron, which in turn can generate another

and hence create an avalanche. The energy was previously gained in collisional

absorption, often also referred to as inverse Bremsstrahlung. It describes the process

of a photon that is absorbed by an electron in the conduction band, resulting in an

energy gain of this electron [109]. The cross section of such collisional absorption

processes is highly dependent on the energy of the electrons. The carried energy

needs to be higher than the bandgap of the other electrons (a multiple is most

efficient). On the other hand, higher energies lead to shorter interaction times and

thus, a drop off in the cross section. The absorption of such mechanisms has been

studied by Lotz [110]. Due to the scaling laws of hot electrons, those effects are

dominating at intensities smaller than 1015 W cm=2.

Damage of Material

This ionization of matter will eventually lead to damage of the material. The laser-

induced damage and its threshold of different materials has been discussed widely

over the last decades. The correlation between the conduction band (free) electron

density reaching the critical density (Eq. (2.35)) and damage due to ablation, is

broadly accepted [111, 112]. However, newer research indicates that higher electron

densities are required until damage occurs [113, 114]. The word damage in principle

describes any modification of the target, starting from alteration of the surface to

ablation of material up to complete destruction of such.

Apart from understanding the processes that lead to damage of matter, this is
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Figure 2.1 | Ionization processes. The processes of ionization are depicted. The
top part illustrates the effect of Multi-Photon Ionization (MPI), tunneling and a mixed
process. The bottom part shows the concept of avalanche ionization, taken from Vogel
et al. [109].

of particular interest for high-power laser systems. Building an high-power laser

system is quite expensive since the optics have to be larger with increasing intensity

and energy in the pulse. The minimum size of the optical elements is defined by the

damage threshold. And since the price of optical elements is exponentially increasing

with the size an increased damage threshold can severely lower the costs [107].

Expansion of a Plasma

Ablation creates a blow off of matter that expands with the ion sound velocity,

which is given by:

cs =

√
ZkBTe

mi

≈ 3.1 · 107

√
Te

keV

√
Z

A

[cm

s

]
. (2.39)
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This describes an expansion of the plasma that in the case of laser-driven ion accel-

eration could lead to significant alteration in the acceleration process.

2.4 Laser-Driven Ion Acceleration

We have now derived how the laser pulse ionizes atoms and creates a plasma. We

have further derived the interaction of a high power laser with a free electron. With

both ingredients and an initially solid target, an overdense plasma can be created.

The acceleration of protons mainly but not exclusively takes place in an overdense

plasma regime.

Overdense Plasma – Solid Targets

The interaction of a laser pulse with a plasma consisting of many charged particle

gets a lot more complex. Due to the shielding of free charges in the plasma, it was

shown that an electromagnetic field cannot propagate in an overdense plasma. The

field of the laser drops of to 1/e within the so called skin depth ls (Eq. (2.36)).

Despite this fact the laser pulse can still pass energy to the plasma. As it was shown

earlier the absorbed energy of the laser is passed on to the electrons. Different

absorption mechanisms can play a role and result in an energy gain of the electrons.

We have previously stated that collisional absorption dominates at intensities around

1015 W cm=2. This is due to the kinetic energies of electrons. If electrons gain

more and more energy (keV level), the interaction probability drops and collisionless

absorption mechanisms become dominant.

2.4.1 Collisionless Absorption

Resonant absorption, Brunel heating and~j× ~B heating, are the dominating processes

in the regime of collisionless absorption.

Resonance Absorption

Resonance absorption [115, 116] requires the propagation within the plasma of the

laser for several wavelengths. It further requires one component of the polarization

of the laser being parallel to the density gradient of the plasma. Since the density

gradient of the plasma will always form along the normal of the target surface and
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the polarization is transversal, the angle of incidence on the target (Θi) must be non-

zero (p-polarized laser). The critical density in this case is changed by the factor

ne = nc cos (Θc)
2. The second prerequisite is that the plasma scale length (see

Eq. (2.36)) has to be large enough to create a shallow plasma density gradient. A

fraction of the electric field such penetrates into the overdense region and resonantly

excites electron oscillation, and thus laser energy can be coupled into the overdense

plasma.

Vacuum Heating

The mechanism denominated as vacuum heating [117] is similar to resonance ab-

sorption except that no resonance occurs. When a p-polarized laser impinges onto a

plasma with steep density gradient and thus short plasma scale length (i.e. shorter

than one wavelength), the oscillation of electrons starts and electrons are pulled

from the vacuum-plasma boundary into the vacuum. Following the electric field

they will turn around and be pushed back into the plasma. Due to the short scale

length the laser cannot influence the electrons anymore, and thus energy has been

transferred from the laser to the injected electrons.

j x B Heating

The name of ~j × ~B heating [118] is given by its origin, the second term of the

Lorentz force (Eq. (2.24)) and is thus dominating for relativistic laser intensities. A

longitudinal oscillation of the electrons with a frequency of 2ωL is introduced. Again

analog to the effect in vacuum heating, electrons that oscillate beyond the plasma

scale length are shielded and not affected by the laser anymore. In contrast to the

other mechanisms, it works best for normal incidence onto the target since the force

is directed along the pointing vector of the laser field. Since it requires an oscillation

of electrons along one axis it can be suppressed by circularly polarized light.

2.4.2 Heating of Electrons

Since the electron heating is a mixture of different processes and dependent on

many different parameters such as density and thickness of the target as well as the

complete laser parameters, it is hard to be described quantitatively. Several models
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[119] have developed, while the scaling law by Wilks [120] is the most common one:

kBTh ≈ mec
2(

√
1 +

a2
0

2
− 1). (2.40)

This scaling law is directly derived from the ponderomotive potential and is thus

also referred to as ponderomotive scaling. One can directly see that the hot electron

temperature is dependent on the laser intensity. The laser intensity can thus be seen

as one of the most important parameters for the heating of energetic electrons that

affect consequently proton acceleration, as will be explained later.

The effect of a high power laser onto matter depends highly on the intensity of

the laser pulse. In Fig. 2.2, four different levels can be identified. At intensities below

1012 W cm=2 as typical for ns pulses, thermal heating is the dominating effect. We

have described processes that lead to the ionization of matter and thus the generation

of a plasma at intensities around 1014 W cm=2, generating free electrons that will

cause an expansion of the plasma. Eventually with intensities beyond 1018 W cm=2

collisionless absorption mechanism are able to generate hot electrons with energies

in the MeV level, that will drive the acceleration of ions.
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Figure 2.2 | Plasma regimes. This graph shows relevant regimes of matter-plasma
interactions at various intensities. The figure has been adapted from [16].
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A more detailed description of this fundamental physics and scaling laws for

electron energies is given by [101, 104].

2.4.3 Acceleration Mechanism for Ions

We have seen several mechanism how laser energy can be coupled into a plasma and

accelerate electrons to relativistic energies. We further have seen that today’s laser

intensities are not sufficient to directly act on the much heavier ions and accelerate

them. In all mechanisms that have been found for LION, the energy is transferred

to the ions via the electrons. With the first meaningful acceleration of ions at the

beginning of this century [121–123] a great number of simulations and models have

been derived describing various mechanisms of laser-induced ion acceleration. The

direct observation of different processes is challenging since in reality it is often a

mixture of different mechanisms. Further, several of the regimes require certain and

often challenging conditions such as a clean laser contrast, specific target shapes

and densities or very high intensities. The most elaborated and up to this stage

dominating process is the Target Normal Sheath Acceleration (TNSA) [122–124].

The name TNSA already indicates the principle of this mechanism. The accelera-

tion is directed along the target normal at both the rear and the front side of the

target. In the previous section it has been described how electrons can be colli-

sionless heated by the laser pulse. Those heated electrons will traverse the target

and eventually form an electron sheath at the rear side of the target, where conse-

quently a charge separation field is formed. Electrons are pulled back to the target

and simultaneously replaced by newly arriving hot electrons from the target front.

This electron sheath at the backside with a thickness of roughly the Debye length

forms a quasi-static electric field acting on the ionized atoms at the rear side of the

target. Consequently, due to the Coulomb forces, those ions will be accelerated. The

characteristic exponential energy spectrum generated by TNSA often characterized

by its cut-off energy. Further acceleration mechanisms are:

1. Radiation pressure acceleration: The RPA mechanism has first been de-

scribed in 2004 [125] as a method to accelerate ions with narrowed energy dis-

tribution. The high intensity beyond 1023 W cm=2required for this mechanism

marks its main challenge. However, circular polarized light can circumvent

this fact [126]. In 2009, the mechanism has first been demonstrated [127] and

is, even though frequently sought, still challenging due to the lack in laser

intensity.
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2. Collisionless shock acceleration: Is similar to RPA but typically with

thicker targets such that the hole boring effect of the plasma never perturbates

the target completely and reaches the rear. Experimental demonstrations can

be found in [128–130].

3. Coulomb explosion: The process of Coulomb explosion dominates when

all electrons have been pushed out of the target leaving behind the heavier

ions. Coulomb forces then cause an explosion of the purely positively charged

targets in 4π [131–134], or a more directed mechanism [135], depending on

geometry.

4. Magnetic vortex acceleration: This process occurring in low density tar-

gets describes an acceleration based on dipole magnetic fields [136, 137].

The number of different acceleration mechanisms, that have been demonstrated in

simulations or experiments is large. However, in most cases the acceleration process

involves various mechanisms. In order to clearly show the effect of one mechanisms,

it is mandatory to suppress other effects by an advanced choice of the laser-target-

setup combination.

2.5 Acoustic Measurements of Ions

This section introduces the concepts of how accelerated ions can be analyzed via

acoustic waves. We have shown earlier that the temporal shape of a wave contains

information about its source. This is the key idea of I-BEAT introduced in Chap-

ter 5. When ions traverse matter they interact with the surrounding material and

deposit part of their energy while being decelerated. This localized energy deposition

eventually leads to a local heating and expansion process. This expansion causes a

pressure wave. A pressure wave, as described earlier, is an acoustic wave that can

now be measured with several techniques. Piezoelectric transducers are one of the

common techniques and are used in this work. While one measurement point (one

detector) can acquire the information along 1 axis, the local heating map can be

evaluated by measuring the pressure wave at different locations. The source of the

energy can be quite diverse. The most common source is absorption of laser light

that is referred to as photoacoustics [138]. In this work though, we will concentrate

on ion bunches that are stopped within water.
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2.5.1 Interaction of Ions with Matter

The loss of energy, when ions traverse matter, is defined by the so called stopping

power. Several processes can lead to an absorption of energy:

1. Coulomb interaction with the atomic electrons (electronic stopping power)

2. Coulomb interaction with the atomic nucleus (nuclear stopping power)

3. Nuclear interaction

4. Bremsstrahlung

Figure 2.3 | Stopping power for protons in water. This plot depicts the stopping
power of protons ins water. At low kinetic energies the nuclear stopping power has some
impact. At higher energies it is negligible and the stopping power is dominated by the so
called electronic stopping power. The gray part highlights the relevant energy band in the
framework of this work. Data taken from [139].

The electronic stopping power is considered to be the dominating effect in particular

for high energetic ions (for protons > 100 keV) as depicted in Fig. 2.3. Ions colliding

with the surrounding electrons will eventually pass on enough energy to an electron

to set it free, thus ionizing its atom. Similar to what has been observed for collisional

absorption in a plasma the cross-section is strongly dependent on the interaction

time and thus the velocity of an ion. This explains the Bragg-peak shape of the

depth dose distribution since the majority of the energy is absorbed when the ion

becomes slow and is finally stopped as depicted in Fig. 1.6. The freed electrons have
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a certain velocity and will dissipate their energy by further ionizing surrounding

matter and distributing their energy to it. This transfer of energy from the ion

to surrounding matter can be considered as fast relative to the dynamics of sound

waves. The expression for the stopping power has been derived by Bethe and Bloch

[140, 141] and is written here following the notation of [142]:

〈−dE
dx
〉 = 4πNAr

2
emec

2Z

A

z2

β2

[
1

2
ln

(
2mec

2γ2β2Wmax

I2

)
− β2 − δ (βγ)

2

]
, (2.41)

with z the charge number of the incident particle, Z and A the atomic and mass

number of the absorber material, I the mean excitation energy, δ (βγ) a correction

term and Wmax the maximum energy transfer in a single collision. The stopping of

ions in matter is a statistical process causing lateral and also longitudinal straggling

of an ion bunch. It is thus not possible to calculate the trajectory of an ion ex-

actly but a normalized distribution can also be assigned to a single ion. We define

B (Ekin, z) as the depth dose profile, describing the deposited energy per unit volume

depending on the energy Ekin at z = 0 (and for completeness also on the density of

the material and the ion species). For non mono-energetic bunches of mixed species

we introduce a normalized energy distribution f (Ekin) and thus Bs (z) represents

the instantaneously generated spread out Bragg-curve:

Bs (z) =
∑

i

[
ni

ˆ
Bi (Ekin, z) · fi (Ekin) dEkin

]
, (2.42)

where ni is the number of ions of each species, indicated with i.

2.5.2 Thermodynamics

We have stated that the deposited energy is the source of an acoustic pressure wave.

For a deeper understanding of this transition a few thermodynamic quantities are

examined. The nexus of quantities such as pressure, temperature and density form

the basis of thermodynamic models. In the framework of this work a few statements

can be made

1. Boyle’s law: When the density increases the pressure increases ρ ∝ p.

2. Charles’s law: When the temperature increases, matter expands and thus

the density decreases ρ ∝ 1/T .
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Name Symbol Further information
Volume V
Mass m
Speed of sound vs vs = 1/

√
ρκ

Density ρ ρ = m/V
Injected heat per unit volume and time Qi

Thermal expansion coefficient βt βt = 1/V · (∂V/∂T )p
Specific heat coefficient (isochoric) Cv Cv = δQi/(mδT )
Specific heat coefficient (isobaric) Cp Cp = δQi/(mδT ) = κρCvv

2
s

Isothermal compressibility κ κ = −1/V · (∂V/∂p)T = Cp/(ρv
2
sCv)

Grüneisen coefficient Γ Γ = βt/(κρCv) = βtv
2
s/Cp

Heating function H(~r, t)

Table 2.1 | Thermodynamic quantities. This table introduces thermodynamic quan-
tities that are used to describe how ions can be the source of a pressure wave.

3. Gay-Lussac’s law: When the temperature increases, the pressure also in-

creases p ∝ T .

The volume expansion δV/V can be written as

δV

V
= −κδp+ βtδT. (2.43)

The behavior of this equation is strongly dependent on the time scales of the pertur-

bation. There are three different regimes. In the non-adiabatic regime the time scale

is large enough that a thermal equilibrium can be formed by diffusive processes. In

the so called thermal confinement regime the time scale is too short to form a ther-

mal equilibrium and the volume expansion of Eq. (2.43) can be neglected. Thirdly,

the stress confinement is valid when the time scale τsc is shorter than the pressure

wave would need to pass a certain characteristic length dsc:

τsc =
dsc
vs
. (2.44)

For a given heating pulse with duration τsc the stress confinement is valid for a

maximum length of dsc and defines a resolution limit at witch the heating function

can be regarded as instantaneous. Equation (2.43) therefore can be written as

δp =
βt

κ
δT. (2.45)
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This equation directly shows one important aspect. A change of pressure and thus

a sound wave is generated when the temperature changes. This means that a con-

stant heating would not result in any acoustic signal; a pulsed energy deposition is

required. In the framework of this thesis short ion bunches and short laser pulses

are used to deposit heat in water. Therefore all further considerations are within

the stress confinement regime. The next step is to relate the pressure directly to

the introduced heat. With Cv = δQ/mδT and the heat Q = ξ · E the Eq. (2.45)

transforms to

δp =
βtξ

κCvm
δE = Γξρ

δE

m︸︷︷︸
δD

= Γ
δQ

V
, (2.46)

where ξ is a coefficient that describes the how much energy E is converted to heat

and can be treated as 1 [143]. The dose D is the absorbed energy per unit mass and

is of particular importance in the bio-medical field. Additionally, the Grüneisen coef-

ficient Γ was introduced here [144] . The Grüneisen coefficient is material dependent

and correlates pressure with the absorbed energy:

Γ = V
∂p

∂E
=

βt

κρCv

= (βtc
2
s )/Cp. (2.47)

The Grüneisen coefficient for water is given by

Γw = 0.0043 + 0.0053 · Tw, (2.48)

where Tw is the water temperature given in Kelvin.

At this point, we have introduced relevant thermodynamic quantities and can fi-

nally introduce the particularly important heating function H(~r, t) as the transferred

energy per volume and time

H(~r, t) = ρCvδT =
δE

V
= ρδD. (2.49)

Note that the heating function is linear dependent to the dose, which becomes

particularly relevant in Chapter 5.
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2.5.3 Acoustic Waves

We have introduced the concept of waves and studied the basic principles of a

prominent type, the transverse electromagnetic wave. One of the most important

longitudinal waves are sound waves. The following description of sound waves is

based on work presented in [138, 144–147]. A sound wave can be described as a

propagating pressure or density change within a medium. Deduced from the general

form of a harmonic wave (Eq. (2.1)), a pressure wave can be described as [144]

(
∇2 − 1

c2

∂2

∂t2

)
p (~r, t) =


0 without any source

− βt

κv2
s

∂2T (r, t)

∂t2
with a heat source.

(2.50)

Implementing the heating function in Eq. (2.50) yields

(
∇2 − 1

c2

∂2

∂t2

)
p (~r, t) = − βt

Cp

∂H
(
~r′, t′

)
∂t

. (2.51)

Solving the Wave Function

In Section B.1.2 it has been demonstrated that an inhomogeneous wave equation can

be solved with the proper Green’s function. The Green’s function for this particular

case is given by [144]

G(~r, t; ~r′, t′) =
δ(t− t′ −

∣∣∣~r − ~r′∣∣∣
vs

)

4π
∣∣∣~r − ~r′∣∣∣ . (2.52)

The general solution for an inhomogeneous wave equation with the Green’s function

approach was given by equation Eq. (B.9). In this case, the second term can be

regarded as zero by sending the boundaries to infinity and assuming the field drops

off to zero there. The third term can also be neglected by choosing a large time,

where a thermal equilibrium has developed and thus the derivatives vanish. The

solution of equation Eq. (2.51) is thus given by:

p(~r, t) =

ˆ t+

0

dt′
ˆ
V ′
d3r′

δ(t− t′ −

∣∣∣~r − ~r′∣∣∣
vs

)

4π
∣∣∣~r − ~r′∣∣∣ · βt

Cp

∂H(~r′, t′)

∂t′
. (2.53)
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After the integration over t′ it becomes:

p(~r, t) =
βt

4πCp

ˆ
V ′
d3r′

1∣∣∣~r − ~r′∣∣∣ ∂H(~r′, t′)

∂t′
, (2.54)

where t′ = t−
∣∣∣~r − ~r′∣∣∣/vs is now the retarded time9. It can further be assumed that

the temporal and spatial behavior of the heating function are not coupled and thus

H(~r, t) = Hs(~r) ·Ht(t). As a result equation Eq. (2.54) transforms to

p(~r, t) =
βt

4πCp

∂

∂t

ˆ
V ′

d3r′∣∣∣~r − ~r′∣∣∣Hs(~r′)Ht

t−
∣∣∣~r − ~r′∣∣∣
vs

 . (2.55)

In many of such experiments the heating is either turned on or turned off without a

considerable rise time. It can therefore be regarded as a Heaviside-Stepfunction10.

In the regime of stress confinement this can be further simplified by regarding the

heating as a single event and thus Ht = δ (t′). We thus get

p(~r, t) =
βt

4πCp

∂

∂t

ˆ
V ′

d3r′∣∣∣~r − ~r′∣∣∣Hs(~r′)δ

t−
∣∣∣~r − ~r′∣∣∣
vs

 . (2.56)

This equation can be further simplified by using ~R = ~r− ~r′ and thus |R| =
∣∣∣~r − ~r′∣∣∣.

p(~r, t) =
βt

4πCp

∂

∂t

ˆ
V ′

d3R

|R|
Hs(~R + ~r)δ

(
t− |R|

vs

)
. (2.57)

This derivation shows that the source term for fast and short heating can be in-

terpreted as an initial spatial condition, that reaches the detector at the retarded

time.

9The retarded time describes the time t′ when an event happened at the location r′ that is
detected at r at the time t and has traveled with the speed c that is in this case vs.

10Ht (t) = HΘ (t)−HΘ (t− τp) with τp being the pulse length of the heating pulse.
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Calculation for I-BEAT

For further simplification we set the origin of the coordinate system to the detector

~r = 0. The pressure wave at the detector thus yields:

p(t) =
βt

4πCp

∂

∂t

ˆ
V ′

d3R

|R|
Hs(~R)δ

(
t− |R|

vs

)
. (2.58)

We have derived the description of a pressure wave that is generated by a short

heating pulse. In the framework of this thesis the pressure wave that is generated

by a short proton bunch dissipating its energy within a water phantom is measured.

The proton bunch is assumed to have a lateral Gaussian shape and to be directed

along z. Therefore also the heating function consists of a depth-dose profile h(z)

with a lateral Gaussian distribution11 with cylindrical symmetry Hs(x, y, z) = h(z) ·
N(x; 0, σ)N(y; 0, σ). Despite the cylindrical symmetry of the heating function it is

beneficial to work in spherical coordinates because its radius marks the propagation

distance of a wave and the concept of the retarded time applies directly. The heating

function can thus be expressed as

Hs (R,Θ,Φ) = h (R cos (Θ)) · 1

2πσ2
· e
−
R2 sin (Θ)2 (sin(Φ)2 + cos (Φ)2)

2σ2 . (2.59)

Rewriting Eq. (2.58) in spherical coordinates yields

p(t) =
βt

4πCp

∂

∂t

ˆ
V ′
dΘdΦdRR2 sin (Θ)

Hs(R,Θ,Φ)

|R|
δ

(
t− |R|

vs

)
. (2.60)

The integration over R and thus the delta function with the identity δ(αx) =
1

|α|
δ(x)

sets |R| = vst:

p(t) =
βtv

2
s

4πCp

∂

∂t

¨
dΘdΦ sin (Θ) t ·Hs(vst,Θ,Φ). (2.61)

In the next step we insert the heating function Eq. (2.59)

p(t) =
βtv

2
s

4πCp

1

2πσ2

∂

∂t

¨
dΘdΦ sin (Θ) t · h (vst cos (Θ)) e

−
v2

s t
2 sin (Θ)2

2σ2 . (2.62)

11σ is the standard deviation of the Gaussian determining the width of the heating function.
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Integrating over Φ results in

p(t) =
βtv

2
s

4πCp

1

σ2

∂

∂t

ˆ
dΘ sin (Θ) t · h (vst cos (Θ)) · e

−
v2

s t
2 sin (Θ)2

2σ2 . (2.63)

In a last step we re-substitute z = vst cos (Θ)

p(t) =
βtv

2
s

4πCp

1

σ2

∂

∂t

ˆ vst

−vst

1

vst
dz t · h(z) · e

−
1

2σ2 (v2s t2−z2)
. (2.64a)

=
βtvs

4πCp

1

σ2

∂

∂t

ˆ vst

−vst
dz · h(z) · e

−
1

2σ2 (v2s t2−z2)
(2.64b)

This equation can be used to relate the measured signal of I-BEAT with the heating

function caused by the ion bunch dissipating the energy in water. The σ is the

Gaussian width of the ion bunch and can later be used to retrieve the best fitting

width and thus get a first 2-dimensional information with only a single transducer.

Note that the propagation of the wave was not approximated herein12. In our case,

the heating function describes the energy that is induced by a short proton bunch

and thus h (z) is directly correlated to Bs (z) (see Eq. (2.42)).

12In the Fraunhofer approximation we could have used that z ≈ R.
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2.6 The Beauty of Waves

In this chapter we have seen several areas where waves play a significant role. The

beauty is that the concept of waves can describe many different phenomena such as:

1. Electromagnetic waves and the description of a laser pulse.

2. Plasma waves, which are generated during acceleration processes and play a

significant role especially in Chapter 4, where the plasma is modified from

transmissive to opaque.

3. Ultrasonic waves, that carry the information of their spatial source term and

are used for retrieval of the energy distribution of ions in Chapter 5.

Nevertheless we only tackle few of the various topics that can be explained by wave

phenomena in this work. The concept of waves for example further plays significant

roles in the fields of:

1. Quantum mechanics: λ = h/p = h/mv (de Broglie) and i~ · ∂Ψ/∂t = ĤΨ

(Schrödinger) where matter is described as a wave with the amplitude being

the probability of finding the particle at a specific location.

2. Solid state physics where phonons describe quantum excitations of lattice

vibrations in matter, defining several material properties.

3. Astronomy as for example the newly discovered gravitational waves are waves

in space-time.
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Chapter 3

LION at LEX Photonics

Summary of the experimental campaings in LEX Photonics (see Fig. 6.1).

Contents

3.1 ATLAS-300 . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 Experimental Area and Setup . . . . . . . . . . . . . . . . 50

3.3 Summary and Result . . . . . . . . . . . . . . . . . . . . . 56

This chapter describes the experimental setup at LEX Photonics and gives an

overview of results obtained in the 2 years operation period of experiments at

LEX Photonics. The two main motivations of LEX Photonics were prototype de-

velopment for CALA and one next step towards a viable laser-driven ion source.

Author contribution: This chapter describes a large experimental campaign

that was in particular lead by the author. Most of the modifications presented herein

were advanced and guided by the author. Nonetheless, nothing of this would have

been possible without the countless effort of Jianhui Bin, Ying Gao, Jens Hartmann,

Christian Kreuzer, Florian Lindner, Tobias Ostermayr, Thomas Rösch, Martin Spe-

icher and Prof. Stefan Karsch and his group.
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3.1 ATLAS-300
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Figure 3.1 | ATLAS-300. The scheme of the ATLAS-300 is illustrated. It shows the
main components that are typical for a high power laser system. The energy and pulse
length after each stage is given. The REGEN is highlighted since it has been identified
to be the main cause for prepulses, which had limited operation of the ion acceleration
experiments. The figure is adapted with the courtesy from Kreuzer [107].

The centerpiece of LEX Photonics is the ATLAS-3001, a laser that is built and

operated by the group of Prof. Stefan Karsch. It is a Ti:sapphire based CPA system

1The laser was designed to an energy of 7.5 J in 25 fs hence reaching a peak power of 300 TW.
The ATLAS-300 contains commercial components from Amplitude Technologies.
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(Fig. 1.2) with a spectrum from 760 nm to 840 nm supporting a pulse duration of

30 fs. Several stages amplify the energy of the stretched pulse up to 5.5 J, whereas

the Regenerative amplifier (REGEN) will be of most interest during this work.

The laser pulse had to be guided through vacuum after re-compression. Nonlinear

effects of air itself would be too large and the desired features such as the ulta-short

pulse and the resulting ultra-high intensity would be deteriorated otherwise. The

laser-pulse is thus transported in a vacuum beam line to the desired experimental

area. The LBD in LEX Photonics contained 6 mirrors redirecting the beam and

was approximately 15 m long. The laser could be guided to two experimental areas

that were dedicated to ion and electron acceleration. The leakage of a mirror close

by the experiment was used to analyze the incoming laser light. The energy was

reduced to about 2.2 J on target (the energy is primarily lost in the compressor

and the off-axis parabola in the target chamber), and thus an effective peak power

on target of about 70 TW is reached. A detailed sketch of the ATLAS-300 and its

components is illustrated in Fig. 3.1.

Apart from laser pulse duration and laser energy there are multiple parameters

that can significantly alter the laser plasma interaction and hence affect the acceler-

ation process. Among the most influential for laser-ion acceleration are the temporal

pulse-contrast and the spatial intensity distribution. In addition, the back-reflection

from an overdense plasma into the Laser-Beam-Delivery (LBD) and subsequently

the laser system has to be considered and avoided to minimize risk of damage of

laser components.

3.1.1 Temporal Intensity Distribution

The temporal intensity distribution of the laser pulse is often referred to as laser

contrast. The peak intensity of laser pulses often exceeds the ionization threshold

of matter by orders of magnitude. So even lower intense prepulses or Amplified

Spontaneous Emission (ASE) delivered picoseconds and nanoseconds in advance

of the main laser pulse can be sufficiently for creating a plasma and thus altering

the initial conditions of the laser-target interaction significantly, as described in

Fig. 2.2 and Section 2.3.2. The laser contrast is typically measured with third

order auto-correlators [148, 149] as described in Section B.4.1. The laser contrast in

LEX Photonics has been among the limiting factors for proton energies. This was

supported when the use of an integrated double plasma-mirror target [43] resulted in

proton energies of about 12 MeV corresponding to a doubling of the proton energy
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[43]. The removal of several prepulses (see Section A.1.2) did not change the results

significantly. Using a third-order-auto-correlator (Tundra) with a long measuring

range led to the discovery of two previously unmeasurable prepulses (at ≈ 500 ps

and ≈ 660 ps), which were the limiting factor. They originated from reflections

of the surfaces of the Pockels cell within the cavity of the REGEN (see Fig. A.4)

and were direct prepulses and not created from former postpulses. This is significant

since the prepulse is typically less intense than its corresponding postpulse, and thus

the direct prepulses have higher intensities. A small tilt of the Pockels cell lowered

the intensity of those prepulses, but could also cause a reduced amplification and

an increased ASE level of the REGEN. With this findings and modification the

measured proton energies increased significantly (as can be seen in June and July

2016 Fig. 3.10). Nonetheless, it was no solution to the problem, since the prepulses

were only attenuated and realignment and optimization of the REGEN impaired

the contrast again.

Figure 3.2 | The ATLAS-300 contrast. This figure shows two measured contrast
curves. The Tundra is capable of measuring 2 ns, and thus two significant prepulses at
500 and 660 ps prior to the main pulse have been identified. In contrast to previous
prepulses those are origin from direct reflections in the REGEN and not transformed from
postpulses.

3.1.2 Spatial Intensity Distribution in the Focal Plane

The spatial intensity distribution of the laser in the focal plane of the experimental

chamber was measured with a vacuum microscope (see Fig. 3.6). This was done

by recording images with attenuated laser pulses at different filter settings. Those

images were stitched together and the intensity was calculated using Eq. (2.23) (see

[150] for more details). The typical energy of the ATLAS-300 was about 6 J before
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a b

Figure 3.3 | HDR focus in LEX Photonics. The figures show the spatial intensity
distribution in the focal plan of LEX Photonics. The distribution is obtained by stacking
multiple images, recorded with different filter settings.

compression reducing to about 2.2 J in the target chamber2. The scaled intensity

distribution can be seen in Fig. 3.3. Even though the FWHM is evaluated to be

3.2 µm a large amount of energy is distributed to a larger area. This is important

since the peak intensity of I0 = 3.3 · 1020W cm=2would otherwise be significantly

overestimated. We can further calculate the characteristic laser intensity a0 using

Eq. (2.27c). The calculated a0 for the ATLAS-300 was about 12.4 and the corre-

sponding acceleration gradient (electric field) is of the order 50 MV/µm.

3.1.3 Additional Laser Diagnostics

An online shot diagnostic was built using a designated leakage through a mirror close

to the experimental chamber and measuring the energy and the spectrum of the laser

pulse, that arrived at the LION chamber. The monitoring of the energy allowed to

determine long-term stability and drifts of the laser performance and the shot-to-

shot fluctuations. The monitoring of the spectrum further allowed a control when

optimizing the timings of the fast Pockels cell as explained in Fig. 3.4. The spectrum

is altered when timing of the Pockels cell is delayed until it starts cutting into the

stretched pulse and thus, the spectrum. One can see that in such a case the part

of the shorter wavelength is attenuated. This careful adjustment is crucial, because

2This loss is a combination of the loss in the compressor, a loss in the beam line and the
parabola.
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the unbalanced spectral energy distribution can lead to an unbalanced temporal

intensity distributions and ultimately destruction of optics within the CPA system.

𝐸 = 1.11 ± 0.03 𝐽

Laser blocked

Energy changedb

ca

Figure 3.4 | Diagnostic of incoming laser light. The leakage of the incoming laser
light is focused (a) onto a energy meter (b) and a spectrometer (c).

3.2 Experimental Area and Setup

One purpose of LEX Photonics was to serve as a prototype experiment for CALA.

One experimental vacuum chamber was designated for testing a setup and compo-

nents viable for high-repetition rate ion acceleration for applications. These parts

should later be moved to CALA. A second adjacent experimental chamber provided

space for new approaches and ideas. A sliding mirror allowed to guide the laser

pulse to either setup (see Fig. 3.5). The second experimental3 chamber was mainly

used for the development of TRIC as demonstrated in Chapter 4.

3This chamber was referred to as storage chamber.
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Figure 3.5 | Two experimental chambers at LEX Photonics. At LEX Photonics
two vacuum chambers were used. While in the LION chamber the experimental setup
was rather strictly aiming for applications with ions, the second chamber was used TRIC
and is described in Chapter 4. With a sliding mirror the beam could be coupled out.The
figure is adapted from [151].

3.2.1 LION Chamber in LEX Photonics

The setup of the LION chamber can be seen in Fig. 3.6a. In accordance with the

requirements at CALA and other overarching reasons [152], the beam height was set

to 42 cm above the bread-board of the target chamber. The designated interaction

point, and thus the position of the laser focus is in the following referred to as

Target Chamber Center (TCC), even though it is not the geometrical center of

the vacuum chamber. The laser pulse is focused with an F/2 parabola4 with an

off-axis angle of 90 degree (Fig. 3.6d). A microscope that can be fully operated in

vacuum, developed under the supervision of Christian Kreuzer [107, 153], enabled a

very compact solution for focus diagnostics and also positioning of the targets. It is

depicted in Fig. 3.6b, and is described in more detail in Section A.1.4. The target

wheel (Fig. 3.6e) [59] enabled a positioning of various targets with a repetition rate

of 0.5 Hz (see Section A.1.7 for more details). The light, emitted off the plasma is

4The F number is F=f/d with f being the focal length and d the diameter of the laser beam
on the parabola.
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guided to the top of the chamber (as shown in Fig. 3.6c), where several diagnostics

have been built (see Section A.1.6 for more details).

Figure 3.6 | Experimental setup at LEX Photonics. A picture of the setup in
the experimental chamber is shown in a. The laser pulse is focused with a 90◦ OAP (d)
onto the target (e). The target is mounted in the target wheel (e) that is positioned onto
a hexapod. The vacuum microscope (b) is used to analyze the focus and overlap the
target position. The back-scattered light (blue) is guided out of the vacuum chamber and
analyzed on top as shown in c.
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3.2.2 Ion Wide Angle Spectrometer

Since we were mainly interested in the energy distribution of protons, our choice for

characterizing the energy spectrum and the angular distribution, we implemented

a Wide Angle SPectrometer (see Section A.1.8 for details) equipped with Radeye

detectors [154, 155].
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Figure 3.7 | Proton energy spectrum evaluated with WASP. The evaluation of
the data taken with the WASP (see Fig. A.8) is shown. The measured image (a) contains
three different layers of aluminum creating three cut-off energy lines at 1.7 3.2 and 6.2
MeV. The proton spectrum over the lineout is shown in b. An ion focus, where the PMQ
have been set to a design energy of 11.8 MeV is shown in c.

In Fig. 3.7a, a typical image, taken with a Radeye, is shown. Protons were

deflected downwards by the magnetic field. Various thicknesses of aluminum in

front of the detector were used to identify several cut-off energies and could be used

for energy calibration. The curvature in the signal is due to inhomogeneities of the
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magnetic field caused by the wide gap between magnetic poles. A vertical lineout

was used to calculate the absolute energy distribution of the proton spectrum (see

Fig. 3.7b).

3.2.3 Quadrupoles - Focusing the Ion Bunch

Typical features of laser-accelerated ions are the large divergence angle as well as

the broad-band energy spectrum and ultra-high ion flux. Nevertheless those features

cause a drop-down in the flux for increasing distance from TCC. To exploit that

uniquely high particle flux for applications that commonly have to be positioned

further downstream of the source, particle optics have to be used. Therefore we im-

plemented a doublet of Permanent Magnetic Quadrupole (PMQ) that is described

in more detail in Section A.1.9. With the use of the PMQ we were able to re-focus

a specific design energy to the application site. The design energy can be set by

adjusting the distances of both PMQ to the target and also the distance of the

ion focus to TCC. The focus of the PMQs was measured with Image Plates (IPs)

(Fig. 3.8a), scintillators (Fig. 3.8b) and also on the Radeye detector (see Fig. 3.7c).

A closer study of the focus of the PMQ can be found in [156].

1cm

5mm

a b

Figure 3.8 | Ion focus. This pictures show an ion focus obtained with the PMQ
doublet. The ion bunch was guided about 1.50 m out of the vacuum and measured with
an IP in a and a scintillator in b.

3.2.4 Setup Assembly

A typical setup for applications can be seen in Fig. 3.9. The ions have been focused

with the PMQ and guided out of the vacuum chamber. The DM that was also used

for the WASP was used to filter out electrons and contamination of low energetic
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particles. A Kapton foil of 50 µm thickness, 1 cm width and 5 cm height served as

vacuum-exit window.

OAP

Laser-pulse

Target

PMQ WASP

Application

Vacuum Chamber Air

Exit window

Figure 3.9 | Application setup at LEX Photonics. The laser-pulse is focused via
an OAP onto a target. The herefrom accelerated ion bunch is focused and guided with
the QPs. A DM filters out electrons and low energetic particles. Traversing a Kapton-foil
window, the ion bunch is guided out of the vacuum chamber, where it could be used for
application such as I-BEAT.
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3.3 Summary and Result

Optimization of the performance:
highest energies obtained after 

minimzing pulsfronttilt and prepulses

Problems with
back-reflection

First usage of
targetwheel

Varying target
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material

Installation of
Pockels cell Finding a stable regime for daily
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Highest
energy
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Figure 3.10 | Shot summary at LEX Photonics. This figure shows the performance
at LEX Photonics. It shows the number of beamtimes and the number of shots per month.
If further depicts an appraisal of the maximum proton energy of each month evaluated
with the WASP as demonstrated in Fig. 3.7. The proton energy is partially based on
evaluations carried out in [157].

The experimental campaigns at LEX Photonics have been carried out

from April 2015 to beginning of December in 2016. The first few months contained

several experiments with few shots per day. Those campaigns were mostly used to

debug the system and install diagnostics step by step. With the implementation of

the target wheel in December 2015 the repetition-rate and shot-number increased

significantly. In Fig. 3.10 the presented data starts with the implementation of the

target wheel. The depicted proton energy is an estimated monthly average and

resembles the maximum proton energy of an average shot. The proton energy is

evaluated with the WASP (Fig. A.8 and Fig. 3.7) and the data is partially based

on evaluation in [157]. The whole experimental campaign can be divided into five

stages. The first stage was the implementation of the target wheel. This enabled
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a tremendous increase in repetition rate and number of shots per beam time [59].

This development also required the automation of the data acquisition. In the first

stage various target scans were performed, including the use of double foil targets

that contained two layers of targets with a distance of few hundred µm. Despite

a wide parameter scan the proton energy did not exceed 5 MeV. The second stage

was characterized by problems with the back-reflection. A damage in the crystal of

the first pro-pulse amplifier, probably caused by back- reflection limited the usable

laser-energy. A second incidence, probably caused by back-reflections destroyed

several mirrors in the beam-line and gratings. Due to the monitoring of the back-

reflection experiments LION could be excluded as the cause of those damages. The

operation was stopped until the safety Pockels cell was installed and performance

was tested in May 2016. This allowed the removal of the quarter-wave-plate and

rotating the target back to zero degree incidence. Even though the back-reflection

did not completely vanish it was kept at an acceptable level. In the third stage

(June - July 2016) the performance was optimized. With the successful use of the

integrated plasma mirror the contrast was identified as one of the main limitations.

The identification of pulse-front-tilts and its removal further boosted the proton

energy significantly. Further the early prepulse were revealed and minimized by

slightly misaligning the Pockels cells in the REGEN. The highest energies were

achieved with the use of the integrated plasma mirror, while of course the repetition

rate dropped severely. Therefore a stable regime with normal targets was sought.

This was finally found using 250 or 500 nm thick gold foils as a target to accelerate

protons. In the fourth stage (August - September 2016) the QPs were implemented

and tested for the first time. This required several iterations and due to their

debugging less beam times and number of shots were performed. In the fifth and

most rewarding stage (October - November 2016) ions were used for applications.

Most of the valuable and later published data was taken in this period. The increased

number of beam times and shot-numbers illustrates clearly the value of those last

two month. The routine usage and stability of the laser and the target enabled quite

successful period of experiments.

During the 1.5 year of operation in LEX Photonics more than 8000 shots5 have

been delivered to the LION chamber. The total shot number, which also includes

a beam time, where 1000 shots have been demonstrated within several hours, is

a milestone achievement compared to previous experiments. As mentioned in the

5This evaluation excludes the experiments for TRIC that are demonstrated in Chapter 4. Those
experiments were mostly executed from June to September 2016.
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introduction the first laser systems were based on glass lasers with repetition rates

of 1 shot per hour. For comparison The PHELIX [158] has been operated for about

5000 shots6 in over 10 years of operation.

The irradiation of Zebrafish embryos, and thus the first living vertebrate

organisms, with laser-accelerated protons has been one of the highlights of the ex-

perimental campaigns in LEX Photonics. We hereby demonstrated the suitability

of LEX Photonics for applications and the progress in particular regarding repeti-

tion rate and number of shots compared to previous studies (see [159, 160]). With

over 20-60 shots per embryo and a repetition rate of 0.5 Hz no irradiation process

took longer than 2 minutes. We exposed the embryos to different doses and anal-

ysis have clearly shown the effect of the irradiation. The second aim was to show

that Zebrafish embryos are well suited for such experiments and to examine what

further would be required for more advanced experiments of such kinds. Since the

experiment happened in the last week of operation with a very limited preparation

time we could not include a decent on-shot dose control. Therefore the obtained

results are more of a qualitative nature. In Fig. 3.11 the setup outside of the vac-

uum chamber is depicted. The embryos are positioned within a dwell plate (each

dwell has a width of 2 mm). Remarkably the fluid was kept inside the dwell solely

by its adhesion. The results have been evaluated by Thomas Rösch et al. and are

currently prepared for publication.

Exit window

2mm

Zebrafish Embryo

a b

Figure 3.11 | Irradiation of Zebrafish embryos. As the last experiment in
LEX Photonics we have irradiated Zebrafish embryos with laser-accelerated protons. The
embryos were placed in a dwell plate and exposed to varying doses.

6Bernhard Zielbauer, GSI PHELIX, private communication.
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3.3.1 Lessons Learned in LEX Photonics

Since LEX Photonics was a prototype test for CALA the most important findings

that we learned are collected herein. Those ”lessons learned” are partially based on

data presented within this work but also include the authors opinion and experience

of daily operation.

Lesson 1. Regen prepulse: The temporal laser contrast is a limiting factor of

the ion acceleration process. Significant prepulses are created inside the REGEN,

preventing an efficient acceleration of ions, especially using thin targets.

Lesson 2. Back-reflection: It is essential to monitor the back-reflected light in

order to keep the laser safe. An operation under non-zero degree suppresses back-

reflected light.

Lesson 3. Pockels cell: A Pockels cell in the laser chain is essential in order

to enable the opportunity to hit the target at normal incidence. For practical rea-

sons the alignment possibilities of the Pockels cell are crucial and the height has to

be adjustable as well as the angles of the cell and the polarizers to reach its best

performance.

Lesson 4. Laser beam delivery: Observing the scattered light of the laser on each

mirror (after compression) facilitates reproducible adjustment of the laser through

the Laser beam delivery on a daily basis. An absolute mirror position or end-switches

would be a beneficial advancement.

Lesson 5. Incoming laser light: Input laser pulse parameters must be known and

well characterized for each shot and directly available to the operator. Characterizing

the laser directly in the target chamber has the further advantage that problems in

the LBD can potentially be detected directly. When the transmission mirror had to

be reworked the lack of information was clearly perceivable during the experiment so

a spare one would be desirable in CALA.

Lesson 6. Back-scattered light: The analysis of the back-reflected light can pro-

vide useful information. In LEX Photonics the transmission of a mirror of the LBD

was used, thereby suppressing the fundamental laser wavelength λL. A mirror with

determined transmission for λL would be favorable. It was further useful that the

mirror was highly transmissive to green lasers that could be used for alignment or

potentially also heating of targets to remove contaminant layers.
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Lesson 7. Spatial Intensity: The spatial distribution of the laser focus reveals

that a significant amount of energy can be distributed to larger areas. The careful

analysis, for example through the HDR imaging described in [150], yields accurate

peak intensity values. Those are otherwise significantly overestimated.

Lesson 8. Debris: A high repetition rate with a large number of shots causes

severe debris problems that significantly alloy the parabola and mirror surface. In

LEX Photonics we had no solution to this problem.

Lesson 9. Plasma Mirror: It can be a very cost efficient and effective way to use

a thin foil as a plasma mirror. The prototype version demonstrated the functionality

but lacked the possibility to optimize the alignment and neighboring targets were often

corrupted.

Lesson 10. WASP calibration: The energy measurement with the Radeyes placed

behind an WASP worked quite well. However, the analysis of the data required pre-

cise knowledge of the magnetic fields, distances and positions. Since the evaluation

was very sensitive an inherent calibration would be beneficial.

Lesson 11. Shielding QP: The shielding of the entrance of the QPs is crucial

and causes severe ablation of laser light transmitted through the target. The ablated

matter is deposited onto the target due to the vicinity and can even destroy targets.

Lesson 12. Orientation QP: A good control of the rotation and tip/tilt angle of

the QPs is important and misalignment cause the star-like shape of the ion focus.

The new procedure of pre-alignment was very useful. However, it would be beneficial

to further adjust the rotation of the PMQ during the experiment, thus being able to

optimize the focal shape analogously as it is done for the primary laser focus.

Lesson 13. Data monitoring: An automatized data acquisition was one of the

major improvements compared to previous experiments. However, the data acquisi-

tion did not include all diagnostics yet and should thus be further improved. It could

also include further safety mechanisms. For example interlocks to prevent a laser

shot with full power when the microscope is at focus position.
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TRIC: Temporally Resolved

Intensity Contouring

Plasma dynamics measured in a single-shot (see Fig. 4.2).
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This chapter covers the method of TRIC. We developed a single-shot multi-

frame probing technique, that enables a time-resolved study of the plasma during

the interaction with a pump beam, in our case the laser pulse. It thereby can be as-

sociated to pillar two of the ILDIAS concept. As a first application of this technique

we determined the spatio-temporal intensity distribution of the ATLAS-300 laser

pulse at full energy directly at the focal position. This experiment has been carried

out in the second vacuum chamber (see Fig. 3.5). This chapter and its figures closely

follow the publication of TRIC [161].

Author contribution: This project has been conducted with all co-authors of

[161], in particular together with Martin Speicher and Jianhui Bin. The experimen-

tal campaign and the analysis of the results have been led by the author.
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4.1 Introduction to TRIC

Two of the most influential parameters relevant to laser-ion acceleration are the

temporally resolved intensity contrast [162] and the transverse intensity distribution

in the focal plane (as shown in Chapter 2). The hot electron temperature, and thus

also the ion energy is dependent on the laser intensity (see Eq. (2.40)). A good

temporal laser contrast is required to prevent a pre-expansion of the plasma, and a

flattening of the density profile that would prevent the use of very thin targets and

the access of desired regimes where RPA dominates the acceleration mechanism. Due

to the sub-picosecond duration and the high peak intensity, a direct measurement of

such remains challenging. In principle there are several possibilities to analyze the

interaction process. One contains the analysis of transmitted light or light emitted

off the plasma [163–166]. The frequencies and also source size of such emitted light

can reveal information of the process. Another option would be the use of a probe

beam. The term probe beam describes in the easiest form a small fraction of the laser

pulse that is coupled out and used for further analysis. Analyzing the interaction of

the probe beam with the generated plasma (reflectance, transmission, diffraction)

also reveals information about the plasma at a certain time frame. By varying the

delay between the laser pulse and its probe, the plasma condition can be scanned

in time and a temporal evolution can be obtained.

In the field of laser plasma physics pump-probe configurations have been among

the most rewarding diagnostic tools [167–169]. The intrinsic synchronization and

ultra-short pulse duration of the probe beam enable sub-100 fs resolution and

µm-level spatial resolution. Typically temporal information is obtained combin-

ing data from multiple pulses, varying the delay between the main laser pulse and

the probe pulse. First attempts to record multiple frames of a single pulse have

been realized by probing with different harmonics of the laser-frequency [169, 170].

TRIC describes the method to recorded nine temporally separated images of the

laser-plasma interaction in a single-shot and the retrieval of the Spatio-Temporal

Intensity Distribution (STID) of the ATLAS-300 during the interaction.

4.1.1 Spatio-Temporal Intensity Distribution

In fact, the spatial and temporal intensity distributions are often determined inde-

pendently, for separate shots and with attenuated beams.
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Temporal Intensity Distribution

The temporal intensity contrast is typically measured relatively (in relation to the

peak intensity) with auto correlation methods (see Section B.4.1). Recently methods

have been developed to measure the temporal contrast in a single-shot [171, 172].

Those enable important steps towards an online monitoring of the laser contrast.

The temporal laser contrast of the ATLAS-300 laser that was used during those

experiments has been shown in Fig. 3.2.

Spatial Intensity Distribution

The spatial intensity distribution is usually measured with time-integrating beam

profilers using an attenuated laser pulse and the anticipated high intensities require

mapping with high dynamic range (at least five orders of magnitude) in order to

avoid an overestimation of the peak intensity at focus [150]. Also several methods

have been developed to measure the peak intensity of high-power laser pulses [173–

175].

Measurement of Spatio-Temporal Intensity Distribution

A combined spatio-temporal measurement of an attenuated high-power laser focus

has recently been demonstrated for the first time by Pariente et al. [176]. Although

several techniques allow the analysis of the spatial and temporal intensity distri-

bution of a high-power laser focus [148, 149, 171, 172, 177–179], it has not been

directly accessible during a laser-plasma interaction. Here we describe a technique

that measures the spatio-temporal evolution of a laser-induced plasma on target

for a single-shot. This not only yields information about the evolution of plasma

formation, but can be further interpreted to retrieve the absolute spatio-temporal

intensity distribution STID of a high-power laser in the focal plane at full inten-

sity. Within a single-shot we measure temporally resolved intensity contours with

sub-picosecond temporal resolution and about 25µm spatial resolution. With each

additional measurement with modified laser intensity (in our example five pulses,

Table 4.1) we add about one order of magnitude to the covered dynamic range of our

measurement. Because there are no direct comparisons with our novel technique,

we extract the transverse spatial and the temporal profiles of the three-dimensional

intensity distribution function, and compare them to the standard techniques, i.e. a

spatial High Dynamic Range (HDR) focus image (integrated over the full laser pulse
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duration) and a temporal contrast measurement with a third-order auto-correlator.

Spatio-Temporal Coupling

We have derived the intensity of a laser pulse so far as a linear independent function

of the temporal and the spatial distribution Eq. (2.21). This assumption neverthe-

less is just an approximation and can be altered by the effect of Spatio-Temporal

Coupling (STC) [99]. STC can have diverse origins. The simplest example is a

pulse front tilt which causes a lengthening of the pulse length in the focal plane

of a focusing optic. Other effects that lead to STC can for example be caused by

misalignment of the compressor [180].

4.2 Setup and Configuration of the Experiment

The ATLAS-300 laser described in Chapter 3 is a Ti:sapphire laser system with 30

fs pulse length and a repetition rate of 5 Hz. The available energy was varied and

the used settings can be seen in table Table 4.1. The background level of the laser

intensity (temporal contrast) has been found to be in the order of 10−9 (Fig. A.1)

from a few ns up to ∼ 50 ps prior to the main pulse. Two short prepulses with

∼ 10−6 of the peak power have been identified about 600 ps prior to the main pulse,

originating from reflections in the regenerative amplifier. Further measurements

with saturated photodiodes have not shown any significant prepulses in the ns-

range prior to the pulse. Therefore the majority of the energy is contained within

the main pulse. To monitor the energy of each shot an energy meter is positioned

behind a leakage mirror close to the experiment (see Fig. 3.4a). At lower energies

the sensitivity of the energy meter was not sufficient. In this case, the energy was

estimated by integrating over the spectrum measured with a spectrometer1 for each

shot (Fig. 3.4c). The neutral density filters that are used to attenuate the beam

during the experiment are positioned in the stretched beam before the compressor

(∼ 400 ps pulse length). The main laser is focused with a 90◦, F/2 silver parabola

with 20 cm focal length (see Fig. 3.6d) impinging onto target with p-polarization.

The HDR picture of the focal spot distribution is depicted in figure 4.5 with a

resulting FWHM of about 3µm. The HDR image of this time-integrated focal spot

distribution provides the basis for calculating the peak intensity [150].

1Ocean Optics.
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4.2.1 Pump-Probe Configuration

Figure 4.1 | The trick of TRIC. A Ti:sapphire laser pulse (1) is focused onto a 200
nm thick Formvar target (2) at 45◦ angle of incidence. A small part of the short laser pulse
is coupled out earlier (3) and sent through a glass rod (4). The emerging chirped pulse (5)
passes the target perpendicular to the main pulse. In the imaging path, the probe beam
is multiplied using a low dispersion transmission grating (6). A small frequency range is
cut out of each of the replicas by narrow bandpass filters (7) before being recorded with a
camera (8). The bottom row shows a sample picture series recorded in a single-shot. The
figure is adapted from [161].

The complete experimental setup resembles a typical pump-probe configuration

and is shown in Fig. 4.1. The Ti:sapphire system provides up to 370 mJ on target

within 30 fs with a spectral range of 760 nm to 840 nm (see Fig. 3.4c). The laser

is focused onto a 200 nm thick transparent Formvar foil target [65] with a diameter

of 2 mm which is positioned for irradiation at 45 degree angle of incidence. A small

fraction of the 30 fs laser pulse was coupled out with a pick-off mirror at the edge of

the main laser pulse in the target chamber (spatial sampling) to provide the probe

beam (Fig. 4.2a). The timing of the probe beam with respect to the main laser

pulse was controlled with a delay stage. The probe beam was then guided through

an aperture of 7.5 mm diameter. This aperture was imaged onto the TCC with a

demagnification of 9, resulting in an illuminated area of ∼ 830µm. A glass rod of 3

cm length was introduced in the beam path (Fig. 4.2b) prior to target in order to
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chirp the pulse up to 2 ps. The energy of the probe beam was∼ 0.5 % of the energy of

the main pulse, resulting in a maximum of 20 mJ and an intensity of 1 ·1012 W cm=2

on target. The intensity of the probe was thus five orders of magnitude lower than the

intensity of the main pulse and further distinctly smaller than the threshold intensity

for plasma formation. The energy of the probe beam could further be filtered in

front of the camera (for high energies). An intended good contrast between the

image created by the probe and self-emission from the target favored filtering in

front of the camera instead of filtering prior to the target. Note that spectrum of

the emitted light was dominated by the fundamental wavelength and even more the

second harmonic of the laser pulse. The probe beam was overlapped perpendicularly

Iris 

Pick-off

mirror

Delay

stage

Parabola

Target

Lenses

Laser 

Pulse

Probe 

Pulse

a c

b

Figure 4.2 | Experimental setup for TRIC. a, Shows the probe pulse before the
target. A small portion of the laser pulse is coupled out with a pick-off mirror at the
edge of the beam. A delay line enables to add an adjustable delay to it. The iris is later
imaged onto the target to have a well defined intensity distribution. b, Shows the glass
rods that were used to chirp the pulse. Three different length (10, 3 and 2 cm) enabled
a modification of the chirp. c, Depicts the geometry of the laser pulse and the target.
It shows how the iris is imaged onto the target and later imaged and guided out of the
vacuum chamber for further analysis. The pictures have been adapted with the courtesy
of Speicher [151].

with the main laser pulse at the target. The transmitted probe light is collected

with a lens, guided out of the vacuum chamber and imaged with another lens onto a

camera2 with a magnification of ∼ 6.5 and a spatial resolution of roughly 2µm. The

illuminated area at TCC has a vertical extent of 830µm. The spatial resolution of the

2Prosilica GT 4907, Allied Vision.
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complete setup was determined experimentally to about 25 µm. This is significantly

lower than the theoretical resolution of the imaging system, which would support

about 2 µm (Abbe limit Eq. (B.42)). The main limiting factor is the low quality

of the beam profile of the probe beam, which shows strong intensity fluctuations

on the order of 10µm spatial scale. A 2-D large pitch transmission grating3 is

positioned between the lens and the CCD chip, such that nine spatially separated

replicated images are accommodated on the camera chip. At this stage, each image

still contains the complete spectrum. By adding nine different narrow band-pass

filters (band-width of 10 nm)4 in front of the camera chip at the positions of the

replicas they will be spectrally filtered, and thus correlated temporal information is

imprinted [181, 182] onto each image. The time delay between subsequent images

is set to 222 fs. We thus measure nine sequenced images with a frame rate of

almost 5 THz, revealing the plasma evolution in response to a high-power laser

pulse interacting with a solid density target.

Temporal Overlap between Probe Pulse and Main Pulse

Probing techniques with sub-ps resolution require a very accurate knowledge of the

temporal relation between main and probe pulse at TCC. This zero timing describes

the coincidence of probe and main pulse on the target. It was measured with the

use of an air plasma ignited by the attenuated pump pulse in air. A high-power

laser pulse can generate an air plasma when the intensity is larger than a certain

threshold [183]. Therefore the laser intensity was attenuated until the air plasma

was solely visible in one or two of the nine frames, and thus marking the peak of

the laser pulse with an accuracy of ±222 fs . Notice that for this measurement the

probe and the main pulse have been in air from the moment the probe is picked and

therefore no speed of light difference in vacuum and air has to be considered.

Frame Rate of 5 THz

The frame-rate of the camera is set by the temporal spacing of the spectral images

and the chirp of the probe pulse. Therefore, the group velocity dispersion (see

Section B.2.3) has to be calculated based on the optical parameters of the stretching

material in the probe beam. Since multiple error sources are introduced, we chose

a different approach. Two nine-frame images are created, differing in delay by 1000

3Collischon, 15µm lattice constant.
4Omega Optical Inc.
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steps of the motor of the delay stage. If a specific plasma size is observed in two

different frames of both nine-frame images, one can check for the change in the frame

number and unambiguously correlate frame-number and temporal delay. Knowing

that 1000 steps equal a delay of 666 fs the frame-rate can be simply calculated. In

the setup described above, a 3 cm glass rod resulted in a delay of 222 fs between

each frame and a total observation time of 2 ps within a single-shot.

4.3 Interpretation of the Observation

An exemplary raw image of a single laser shot onto target is displayed in Fig. 4.1

(8) (bottom line). The image appears bright in areas, where the target remains

transparent and dark in areas, where the target became opaque. The cause for this

binary image information is the change in the optical transmission of the evolving

plasma. When the free electron density becomes larger than the critical density

ne > nc (Eq. (2.33)), the plasma turns reflective for the incoming probe pulse.

The horizontal dimension recorded in the image contains convoluted information

since the laser and the orthogonal probe pulse both hit the target under an angle

of 45 degree. At the same time, the orientation of the target with respect to the

drive-beam implies that non-central parts of the target interact with the laser in

out-of-focus planes causing a complex two-fold convolution of time and space. A

spatial difference in horizontal dimension of 60 µm in the image corresponds to a

time difference of 200 fs of both the laser and probe pulse hitting the target. For

simplicity we therefore only consider the vertical dimension, where those effects do

not play a role. The overdense plasma area (dark region) of the single-shot image

sequence in Fig. 4.2 grows with about 30% of the speed of light. The first step was

to examine the physical reason for this growth in more detail.

4.3.1 Relation of Laser Intensity and Plasma Contour

We therefore varied the laser energy and compared the spatial intensity distribution

of the laser focus with the contour of the overdense plasma during the interaction and

the hole in the target that is apparent after each shot. The laser energy was reduced

by adding neutral density filters in the beam path of the laser before compression

and thus, attenuating both the main pulse and the probe pulse. The corresponding

intensities are shown in Table 4.1. The hole in the target after the shot with intensity

I5 is shown in Fig. 4.3c. Since the angle of the target was 45 degree with respect to
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Laser energy [J] Laser intensity
[W cm=2]

Scaled edge con-
tour intensity Iseci

[W cm=2]
I0 0.37 5.8 · 1019 5.7 · 1013

I1 6.6 · 10−2 1.02 · 1019 3.2 · 1014

I2 6.6 · 10−3 1.02 · 1018 3.2 · 1015

I3 6.6 · 10−4 1.02 · 1017 3.2 · 1016

I4 6.6 · 10−5 1.02 · 1016 3.2 · 1017

I5 3.7 · 10−5 5.7 · 1015

I6 3.7 · 10−6 5.7 · 1014

I7 3.7 · 10−7 5.7 · 1013

Table 4.1 | Intensities used for TRIC. Different laser energies and corresponding
intensities are introduced here. The scaled edge contour intensity will be explained later.

the laser axis and thus, also to the microscope (Fig. 4.3a), only the central vertical

axis appears sharp. Comparison to a contour plot of the laser focus, taken with an

attenuated beam (Fig. 4.3d), indicates great resemblance. The picture was taken

with the same microscope. Comparison of the laser intensity profile (Fig. 4.3d) and

the hole in the target after the shot (Fig. 4.3e) indicates the contour of the hole

to be directly correlated to the shape of the laser focus at a certain intensity. The

distinct spatial shape of the laser focus makes this effect more clear. In Fig. 4.3b

we see the measured plasma shape with the probing technique at t = 0 (largest

contour) with an intensity of I4 of the main pulse. The hole in the target foil after

the shot is shown in Fig. 4.3c and again the contours in Fig. 4.3b and Fig. 4.3c

show close resemblance. This indicates that the threshold intensity Ith, where the

Formvar target becomes opaque, and thus ne ≥ nc can be related to the contour of

the hole in the target after the shot.

As a conclusion of this empirical observation we assume that the intensity at the

measured contour of the plasma is also the contour of the intensity distribution of the

laser focus reaching a certain threshold intensity. This threshold Ith = (6± 5) · 1013

W cm=2was determined by reducing the laser energy, and consequently the intensity,

stepwise until no hole was observed at the target after the shot. In the previous

part we have simplified a few physical aspects. The threshold intensity (Ith =

(6±5)·1013 W cm=2) is significantly lower than relativistic intensities∼ 1018 W cm=2,

where other effects such as relativistic transparency [163], relativistic self-focusing

[184] and self-phase-modulation [185] can play a role. We further assume, that the
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Figure 4.3 | Nexus of intensity distribution and plasma shape. This figure shows
separately obtained images of the laser focus, the probe image and the hole in the target
after the shot. The configuration can be seen in a, where a 20 times magnifying microscope
views the target under an angle of 45◦ and also measures an attenuated laser pulse in the
focal plane d (contour image). The hole in the target with intensity I5 is shown in e. A
shot with intensity I4 compares the hole in the target c to the probe image b. The figure
is adapted from [161].

enlargement of the plasma is caused, when the intensity distribution of the laser

pulse reaches the threshold intensity and the target is ionized to reach free electron

density beyond the critical density ne ≥ nc. Another cause of an advancing plasma

diameter could be the transverse expansion of the plasma itself by hot electrons

[168, 186]. In the center of the laser focus at t = 0 the laser eventually reaches

relativistic intensities for the shots with highest laser energy and thus in the inner

part relativistic transparency, self-focusing and other effects can play a significant

role. Also the electron temperature at the central part of the laser focus can be

beyond the MeV level, resulting in expansion velocities approaching a large fraction

of c. However, since the interesting region for TRIC is the outer contour of the

plasma, where I(x,y,t) = Ith, those effects do not play a dominant role and the

electron temperature is in the low keV region or smaller. In principle, fast electrons

that are excited in the center, where the intensity is higher, could contribute to
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the transversely expanding front. Because in our case the transverse expansion (in

vertical dimensions) stagnates after t = 0 ps when the peak of the pulse has hit the

target, we ignore this effect but note that it could become relevant for transversely

steep intensity distributions. We observed a growth in horizontal dimension after

t = 0 s for the highest intensities (see Fig. 4.1). One reason for this delayed growth

is the orientation of the target, which we irradiate and view under an angle of 45◦.

Therefore, an intensity contour with transverse extension dx will cause an effect in

the target that is delayed by dx/c, in our case ≈ 200 fs.
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Figure 4.4 | Illustration of the principle of TRIC. In a the intensity increases
with the time approaching zero. Consequently a larger fraction of the HDR laser focus
perforates the intensity level of the threshold intensity Ith. An illustration how this effects
results in a growing area with advancing time is given in b. Part of the figure is adapted
from [151].
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4.3.2 Determination of the Threshold Intensity

Ith was determined by focusing the main laser pulse onto a 200 nm thick plastic foil

with a peak intensity that was calculated via equation 4.4. The target was exam-

ined after the shot with a 20 times magnifying microscope in the vacuum chamber.

By reducing the intensity stepwise according to the values given in Table 4.1 we

identified that the target had no visible hole after a single-shot with peak inten-

sity I7 = 5.77 · 1013 W cm=2, whereas a clear hole was visible after a shot with

I6 = 5.77 · 1014 W cm=2. We thus determined the threshold intensity of the 200 nm

plastic target to be Ith = (6 ± 5) · 1013 W cm=2. We also note, that we empirically

found the intensity that was needed to create an overdense, and thus opaque plasma,

also caused a hole in the target. Because we only use the transition from transparent

to opaque for determining the contours, which happens for any free electron density

ne ≥ nc, our method is not sensitive to the exact damage mechanism. The threshold

intensity Ith = (6 ± 5) · 1013 W cm=2 is therefore not necessarily associated with a

damage threshold. Note, that the large error bar of Ith results from the course in-

tensity filtering steps during the determination of the threshold intensity. It is thus

an absolute error that can be regarded as an offset but does not change the shape

of the STID.

4.4 Analysis and Evaluation of the Measurement

The measured contour lines originate from the STID reaching the threshold intensity

Ith = (6± 5) · 1013 W cm=2. The intensity at the edge contour is thus

I(x, y, t) = Ith. (4.1)

The intensity of the measured contour in the probe image is known but its inner

intensity remains inaccessible due to the binary nature of the recorded data. Assum-

ing that an attenuation of the beam by using neutral density filters with factors Ci,

does not change the STID at focus, we can overcome this limitation. Repeating mea-

surements with an additional attenuation by the factor Ci of the laser pulse yields

a contour that encloses a smaller area because Ith is unaltered. Scaling this contour

back to the full intensity of the pulse results in a scaled edge contour intensity Iseci:

Iseci(x, y, t) = Ith · Ci. (4.2)
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Repeating this for several Ci yields the absolute spatio-temporal intensity map as

shown in Fig. 4.5. Each row corresponds to a single-shot with different attenua-

tion coefficient, and thus the scaled contour corresponds to a different intensityIseci.

The summation over those measurements enables the retrieval of the absolute spa-

tial intensity distribution of the laser focus at distinct time steps and is shown in

Fig. 4.5b. Fig. 4.5b is thus the complete STID of a high-power laser pulse in the

focal plane, at full pulse energy on target and represents the main result of TRIC.

We note that the horizontal dimension is still temporally blurred due to the chosen

probing geometry as described before. For further comparison a line-out at x = 0

µm (central vertical line) is used. The intensity map features measuring the spatial

intensity profiles at select time steps and reveals the temporal shape at a given po-

sition. The most interesting cases are the spatial distribution of the peak intensity

(t = 0) fs and the temporal contrast at the central point (x = 0 µm and y = 0

µm). We therefore evaluated the spatial intensity distribution I(x, y, t = 189 fs) as

displayed in Fig. 4.6a, since it was the closest timestep past the interaction with the

peak of the main pulse (t = 0) and the temporal intensity distribution I(x = 0 µm,

y = 15 µm, t) as displayed in Fig. 4.6b. Due to in its current form limited spatial

resolution we could not resolve the central area ≤ 25µm. Therefore the most intense

measured contour represents the intensity not in the center of the focal spot, but in

a transverse distance of 15µm (3.18 · 1017 W cm=2), well below the estimated peak

intensity of 5.76 · 1019 W cm=2.
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Figure 4.5 | Spatio-temporal intensity distribution. a, Shows Iseci exceeding a
certain intensity Ith. Each row corresponds to a single-shot with a certain laser intensity
(attenuation coefficient) of the laser pulse, and thus a different intensity of the scaled
edge contour line. While the edges have the depicted intensity, the information about the
inner part of the enclosed contour is limited to the fact that the intensity has risen above
threshold before. The table shows the used peak laser intensities and the corresponding
measured scaled edge contour intensity. The yellow frame shows the spatial distribution
at the temporal peak of the laser pulse t = 189 fs (first frame after t=0) and the red line
the temporal intensity distribution at x = 0 µm and y = 15 µm. b, Is the absolute spatio-
temporal intensity map and is the main result. Due to spatial distortions of the imaging
geometry under 45◦, the horizontal dimension is not exact. Each timestep represents the
overlapped contours in a column in a. The figure is adapted from [161].
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4.4.1 Marginals of the Complete Distribution: Contrast Curve

and Laser Focus

To assess our method we compared the extracted temporal and spatial intensity

distribution to data obtained by conventional methods, a contrast profile of a third

order auto-correlator (see Fig. 3.2) g(t) and a high-dynamic-range (HDR) image of

the laser in the focal plane (see Fig. 3.3) f(x, y). Both of those standard measure-

ments yield only relative information, which can be scaled to absolute values by

using Eq. (2.21)

I(x, y, t) = ELaser · f(x, y) · g(t), (4.3)

where ELaser = 370 mJ is the full laser pulse energy measured for each shot. The

spatial shape function of the laser focus f(x, y) and the temporal laser contrast-

curve g(t) are both normalized,
´
f(x, y) dx dy = 1 and

´
g(t) dt = 1. Note that this

separation of the temporal and spatial profiles neglects effects of spatio-temporal-

coupling [99] by definition.

4.4.2 Increased Dynamic Range of the Focus Picture

The HDR focus image is the integrated spatial distribution over the full duration of

the laser pulse and can thus be normalized to f(x, y). Assuming a Gaussian profile

for the temporal distribution of the laser pulse, with a full-width at half-maximum

τL = 30 fs (laser pulse duration), the spatial intensity distribution of a measured

HDR laser focus at time t = 0 using Eq. (2.22) is

I(x, y, t = 0) =
0.94

τL

· ELaser · f(x, y), (4.4)

Figure 4.6a compares a line-out of this function along the vertical dimension (at

x=0 µm) with the result obtained by TRIC at t = 189 fs. The focus, measured

time-integrated with the camera, appears continuous since it has more data points

due to a finer spatial resolution, while TRIC contributes a small number of points

(dictated by the number of shots with different attenuation coefficients and its spa-

tial resolution). In the overlap region, both methods yield similar results on the

logartithmic scale. Importantly TRIC enables determining the distribution for in-

tensity down to Ith, which exceeds the capability of HDR imaging as this is limited

by damage of the camera. With an increased spatial resolution of TRIC the peak

of the pulse could be resolved, such that seven orders of magnitude dynamic range
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seem feasible. The horizontal error bar originates from the readout of the diameter

of the contour. The rather large error bar for the evaluated intensities is due to the

error of the determination in the threshold intensity, which is so far conservatively

estimated.

a b

TRICHDR

~400µm

Vertical lineout [µm]

~200µm

Figure 4.6 | Comparison of TRIC to contrast curve and HDR focus image.
a, Compares the intensity distribution measured with TRIC and with a HDR camera.
Lineouts of the HDR focus (left inset Fig. 3.3) and the TRIC focus (right inset) are shown.
b, Shows the temporal contrast of TRIC at x = 0 µm and y = 15 µm. For comparison the
right axis shows a normalization compared to the measurement taken with the Sequoia-
autocorrelator. The large intensity error bars are absolute errors that indicate a potential
offset but would not change the shape of both curves. The figure is taken from [161].

4.4.3 The Temporal Intensity Distribution

Comparison of the temporal intensity distribution measured with a Sequoia to the

absolute temporal intensity evolution at a fixed spatial position, as accessible with

TRIC, requires more assumptions. In principle, we must integrate the spatio-

temporal distribution of which we only know the contours over x and y. The current

resolution is insufficient, and we are thus restrained to compare the autocorrelator

contrast curve to a normalized curve measured with TRIC as indicated in Fig. 4.6b

(right axis). We normalized both intensities such that the temporal peak (t = 0) is
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equal to one. The extent of temporal error bars of TRIC is attributed to the time

interval correlated to the width of the bandpass filters for each timestep in addition

to an increment from time delay uncertainty. The intensity error bars originate from

the uncertainty of the determined threshold intensity Ith = (6 ± 5) · 1013 W cm=2.

It may be arguable, that this is a very conservative value which leaves room for fur-

ther investigation. The TRIC values follow the shape of the autocorrelation trace

but indicate reduced temporal contrast. The reason for this disagreement between

the autocorrelation trace and the trace extracted from TRIC is not clear. It is one

of the interesting questions that can be studied with TRIC. As mentioned earlier,

spatio-temporal coupling [99], which can have diverse origins, manifests in focus

(the simplest example is pulse lengthening by a pulse front tilt). Therefore, it seems

likely that the spatio-temporal coupling will also manifest in differences between the

temporal intensity profile when measured in focus or elsewhere. This is where TRIC

can yield clarifying information. It provides a monitoring of the laser contrast on

target at full energy, especially in the focal plane.
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4.5 Summary and Discussion

By using a simple method of beam multiplexing we enable recording of nine images

of the plasma evolution during the interaction of a high-power laser pulse with a

thin solid density target in a single-shot. Our interpretation of the such obtained

images in the framework of TRIC yields information about the absolute STID in

the focus of a high-power laser pulse. We note though, that if the spatial intensity

distribution on target was significantly steeper with respect to the radial coordinate,

for example in the case of a perfect spatially Gaussian pulse, this interpretation can

be misleading and the transversely streaming electrons could contribute or even

dominate the observed expansion front. Determining the STID in focus at high

peak intensity is specially interesting in combination with plasma mirrors [60] or

other nonlinear techniques [187] that aim to manipulate the laser pulse close to

target. TRIC gives access to the spatial intensity distribution at intensities above

Ith ( ≈ 1014 W cm=2). We note that it requires still analytical effort to account for

the horizontal dimension. Because the ignition of the plasma, and thus the change of

opacity is irreversible on ultra-fast timescales, TRIC only yields information of the

rising slope of the laser pulse and therefore requires the assumption of an intensity

distribution that rises monotonically over time. Two short prepulses with intensities

around 10−6 with respect to the peak at ∼ 600 ps prior to the main pulse have been

identified in the laser system using third-order autocorrelation (see Fig. A.14). If

they were focused to a similar spot as the main pulse, they would have reached

1014 W cm=2 and thus just above the threshold intensity for the shots with highest

energy of 370 mJ. Although exceeding the intensity threshold for TRIC, we have

not observed a respective contour when probing at times as early as 100 ps before

the main pulse. We note though, that the contour with a size of a few µm could

have not been detected with TRIC with its currently limited spatial resolution.

The absence of any sign of these prepulses on the other hand reconfirms that the

measurement is not disturbed by transverse plasma-expansion initiated by very early

prepulses at sufficiently low intensity, since no plasma shape is recorded in the

probe beam until 1.3 ps prior to the peak of the pulse as evidenced in the last

line of Fig. 4.5. It remains important to keep in mind such potential sources of

misinterpretation though. For example when prepulses have a much higher intensity

such pre-expansion can cause a plasma that indeed expands and mimics a contour

that is not related to the intensity contour any longer. Such prepulses, however,

would be easily identified in autocorrelation measurements and would not require
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TRIC. Additional uncertainties can be caused by absorption or divergence of the

probe pulse in the plasma. However the close resemblance between the contour

of the hole and the plasma shape that we observed, does not indicate that this is

relevant for extracting the contour lines from the images. Improving this resolution

to a few µm will increase the sensitivity to prepulses just above Ith. A more detailed

determination of the threshold intensity would further allow a reduction of this

systematic error, and thus an even more accurate determination of the absolute

intensity distribution on target. Nonetheless the relative shape of the STID is not

affected by that error. The temporal contrast was evaluated at a certain position

(x=0 µm and y=15 µm). A fair comparison to the contrast that is measured with the

autocorrelation method would require an integration over the spatial distribution.

This would further require an evaluation of the horizontal dimension and a two-

dimensional interpolation.

The technique of acquiring multiple images by exploiting the natural features of

a broadband highly intense laser pulse, can considerably simplify single-shot probe

schemes that have been realized in the past [169, 170, 182, 188]. It further can

be adapted to other, more complicated probing techniques, e.g. using holography

[189, 190] instead of binary shadowgraphy. It can therefore add a temporal compo-

nent to diverse probing experiments. Thus, we see TRIC as a very first step that

is accessible with this technique. In the future we foresee a potential use of this

probing scheme for different pump-probe modalities. Especially the intrinsic syn-

chronization in laser-driven particle acceleration processes enables temporal resolved

investigations of the interaction of ions, electrons and x-rays with matter.
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I-BEAT: Ion-Bunch Energy

Acoustic Tracing

Schematic drawing of I-BEAT (see Fig. 5.1).
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This chapter describes the development and successful implementation of I-BEAT

in several experiments. Tracing the acoustic signal that is generated when an ion

bunch dissipates its energy in a medium allows the determination of the energy distri-

bution of the ion bunch. This chapter closely follows the publication of I-BEAT[191].

Author contribution: This work has been carried out in collaboration with all

co-authors of[191], in particular Rong Yang[147] and Sebastian Lehrack[146]. The

overall project, experiments and evaluation of the data was led and executed by the

author. Rong Yang developed the retrieval algorithm and Sebastian Lehrack provided

expertise in ionoacoustics.
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5.1 Ion Bunch Instrumentation - Detector Sys-

tems

While the scientific efforts in the field of laser-driven ion acceleration have been

concentrated onto the understanding of acceleration mechanisms, the detection and

analysis of the accelerated ion bunches has been a crucial part of experiments. The

forth pillar of ILDIAS is dedicated to ion instrumentation and detection. The di-

agnostic of ions regarding their spectral, spatial and temporal distribution remains

challenging; especially in circumstances where higher repetition rates are required.

5.1.1 Detector Schemes for Laser-Driven Ions

The early most devices that have been used for the characterization of laser-accelerated

ions have been adapted from conventional accelerators. One of the prominent detec-

tors in the early days of high energetic particles was the bubble chamber, which is

based on the work of Glaser in 1952 [192–194]. The bubble chamber has been devel-

oped further and is still a useful tool. Another detection method that was adopted

and implemented particularly in the early days of laser-plasma experiments has been

based on TOF [195, 196]. Since the early high power laser-system were glass lasers

with low repetition rates single-shot dosimetric films have been used widely [197,

198]. They are capable of measuring the absorbed dose accurately with high spatial

resolution. Thus the particle number and angular distribution can be calculated.

Using such films as a detector the ion energy can additionally be measured by using

stacks of films. Another possibility is to deflect the ions within a magnetic field

in a so called WASP [199]. By doing so the spatial information in one dimension

is sacrificed for the good of the energy information. By an additional electric field

the charge state can furthermore be measured, which has been demonstrated and

widely used and is well known as Thomson-parabola spectrometer [200–202].

Current Developments

The advent of high power laser systems with higher repetition rates (1 shot every

few minutes up to the 10 Hz regime) added additional requirements for detectors

such as repetition rate and an online readout.

One approach is to combine a WASP or Thomson parabola and replace the

dosimentric film with an online detector such as an Micro-Channel Plate (MCP)
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[203] or the Radeye detector [108, 204, 205], a pixelated CMOS1 sensor. Another

approach is the revival of TOF [206, 207]. The measurement of the time-of-flight

of the ions enables a determination of their energy. The advantage of TOF is its

compactness and simplicity. It can further be scaled to give information about

the spatial resolution, using pixelated detectors. One of the drawbacks is that

the energy resolution decreases for higher energies, as the ∆t between two distinct

energies decreases. To compensate this, faster electronics or longer drift distances

would be necessary. A third approach is the use of scintillators that directly give

a spatial information in combination with a camera. Thus, they are compatible to

high repetition rates and can further be stacked to enable a determination of the

energy distribution [208–210].

Status

Several detection techniques to measure and characterize ion bunches have been

developed over the years. The appropriate choice of the detector depends on the

circumstances and has to be tailored to the experimental goals. The idea of I-BEAT

was to develop a novel online detector, that is especially suitable for upcoming

applications using short, high intense ion bunches at high repetition rates. Especially

an online monitoring of ion energies is still challenging and was one major motivation

for I-BEAT.

5.2 Introduction to I-BEAT

An acoustic wave is generated, whenever energy deposition within matter changes

(see Section 2.5). Note that only a fast and localized energy deposition creates an

energy-induced pressure wave, and thus an acoustic wave under thermal and stress

confinement, that is when heating is fast. So just heating up a cup of water would

not create an acoustic wave if the temperature gradient is small in time and space.

It has also been shown that the underlying physical process can be thermal heating

(absorption) or ionization. Heating can be induced by ions or by photons. Different

notations have been created over the years and are explained and summarized in

hereby.

1Complementary metal-oxide-semiconductor.
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Notation Heating process Description
Photoacoustics Absorption (photons) This process describes the absorption of en-

ergy (often delivered by a laser) in matter
and measurement of the hereby produced
sound signal.

Protoacoustics Ionization (protons) This notation has been introduced by Jones
[211].

Ionoacoustics Ionization (ions) Generalization of protoacoustic. Has been
introduced by [212, 213].

Table 5.1 | Notation of different types of acoustics. Locally introduced heat causes
pressure waves that can be measured acoustically. Dependent of the heat source different
denotations are introduced.

5.2.1 Background

The first deliberate observation of such effects was observed by Bell in 1880 in the

so called photophone [214]. Bell used a thin flexible mirror, that could be deformed

by impinging sound waves. Sun light, reflected from this moving mirror was thereby

modulated (e.g. varying the angle of reflectance). By using a photoelectric device

this modulated light signal could be transformed back to a pressure signal. We can

thus say that Bell demonstrated the creation of sound by light. Since then photoa-

coustics has been developed to a powerful tool especially in biomedical imaging[138].

The term photo hereby means that absorption of a laser pulse is the source of the

acoustic wave. The first observation of the ionoacoustic effect has been described

by Askaryan [215]. The effect of acoustic wave generation of ions dumped in a wa-

ter tank were later extensively studied by Askariyan et al. [216] and Sulak et al.

[217]. This work formed the basis of ionoacoustics and further studied thereafter

[218, 219]. Even though the concept was known for several years it recently gained

attention with increasing use of protons and ions in biomedical applications. In 1.6

the beneficial behavior of ions for irradiation have been shown. Due to the Bragg

peak the energy can be distributed to a well defined area. This advantage though

requires a precise knowledge of the range of the ions and thus, the stopping power

of material. Ionoacoustic has been identified as a potential solution to measure and

verify the range of protons and other ions in matter, especially water was extensively

studied in the past years [143, 211, 212, 220, 221]. It has been shown that the range

of ions can be determined with sub-millimeter resolution [213].
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5.2.2 Concept of I-BEAT

Figure 5.1 | I-BEAT. This illustrates the concept of I-BEAT. A short ion bunch (1)
enters the detector through a thin foil (2). Within a water volume (3) the ions are stopped
and dissipate their energy in the form of a Bragg-peak (4). The localized inserted energy
causes pressure waves. The transducer (7) detects two signals. The direct pressure signal
(6) and the reverse running wave (5) that eventually gets reflected at the entrance foil
reaching the detector at later times. The temporal behavior of a measurement is sketched
at the bottom elucidating the difference in time scales of the ion bunch and the sound
wave.

The concept of I-BEAT is to record the pressure wave that has been created

by a short ion bunch dissipating its energy within a water volume. In Fig. 5.1

the measurement process is sketched. A short ion bunch enters the water filled

detector volume through a thin foil. The ions are stopped and dissipate their energy.

This consequently time and space dependent heat source will create pressure waves,

whereas the gradients will determine the strength of the signal (Eq. (2.51)). The

transducer detects three signals. The direct pressure signal and the reverse running
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wave that eventually gets reflected at the entrance foil reaching the detector at

later times. A third signal is generated when the ion bunch traverses the entrance

foil (different absorption coefficients increase the gradient). A typical signal for a

mono-energetic proton bunch can be seen at Fig. 5.4. Further a time scale of the

measurement is outlined elucidating relative fast energy deposition of the ions and

the slow traveling speed of sound leaving ample time for negative electronic side

effects such as EMP to decay.

5.3 Design and Development of I-BEAT

The work was carried out on the basis of broad knowledge of previous measurements

for range verification of protons. This previous work was based on the evaluation

of the travel time of the acoustic signal to the transducer, that could be correlated

to the Bragg peak of a mono-energetic ion bunch, much like in the conventional use

of ultrasound for sonar. Since the ion flux and thus, the signal strength of typical

conventional ion sources such as a Tandem accelerator [222] is weak, a good signal

to noise ratio required averaging over multiple shots (∼ 100).

In contrast the proton bunch accelerated by a laser-plasma interaction is in

particular suitable for such measurements. Its short bunch duration (< ps directly

at the interaction and ∼ ns in 1 m distance due to dispersion) and intense ion

number causes steep energy gradients and consequently large acoustic signals. The

broader and more complex energy distribution required the analysis of the complete

acoustic signal and not only the center of the envelope (as in previous work) in a

single-shot. The second challenge was to design a detector that can be operated also

in vacuum.

5.3.1 Detector for I-BEAT

The most convenient solution for a prototype was to use a KF-40 vacuum pipe as the

water tank. The transducer2 (10 MHz, focusing Fig. 5.2c) was attached with a feed-

through at the rear while a hole covered with an 11 µm titanium foil was used as an

entrance window for the ion bunch. Figure 5.2 shows the employed detectors. Two

geometries have been tested (Fig. 5.2a is used for the experiments at LEX Photonics

and Fig. 5.2b for the experiments at the HZDR in Dresden).

2Olympus.



5.3 Design and Development of I-BEAT 87

Transducer

100 mm

55 mm

45 mm11 µm titanium foil

Water Volumea

b

c

Transducer

75 mm

30 mm

45 mm11 µm titanium foil

Water Volume

d

e

Figure 5.2 | The detector of I-BEAT. a, Sketch of the detector geometry used
at LEX-Photonics. b, Geometry used at the Draco laser (HZDR). c, Picture of the
transducer used during the experiments (focussing, 10 MHz). d, Picture of the voltage
amplifier used in the experiments. e Picture of the tube accommodating the water sample
(front view). The figure is adapted from [191].

5.3.2 Calibration

Before starting the measurements of laser-accelerated ion bunches, the detector was

studied under well defined conditions. Therefore, I-BEAT was implemented at a

proton beam generated by the MLL Tandem accelerator [222]. The setup that was

used at the MLL can be seen in Fig. 5.3. A mono-energetic (dE/E = 10−4) 10 MeV

proton bunch (attenuated to 9.4 MeV at the detector entrance) with adjustable

bunch duration (40 to few 100 ns) exits the acceleration beam line through an

11 µm titanium foil and traversing an air gap until entering the I-BEAT detector.

Additional layers of aluminum could be added in the beam-path to attenuate the

energy of the proton bunch (causing an increasing energy width due to straggling). A

typical measurement of the acoustic trace that is generated by such a proton bunch is

given in Fig. 5.4. The signal can be split into three segments. In addition to the pulse

that propagates directly to the transducer and arrives 36.5 µs after proton impact

(segment 1), a second pulse initially propagates in the opposite direction towards
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Figure 5.3 | Setup at the MLL Tandem. This sketch depicts the setup at the
MLL Tandem accelerator. The ion bunch exits the accelerator vacuum via an 11 µm thick
titanium window and enters the I-BEAT detector after 5.2 cm in air. Additional layers
of aluminum can be added to attenuate the energy of the ion bunch prior entering the
detector. The figure is adapted from [191].

the entrance window, and is subsequently reflected back towards the transducer

(segment 3). The smaller intermediate signal (segment 2) originates from the energy

deposition within the entrance window (large gradient due to density change).

Comparing the measurement with the simulated signal based on p(t) (Eq. (2.64))

using the Bragg-curve of a mono-energetic 9.4 MeV proton bunch as the heating

function shows deviations3. As in any measurement, the signal is influenced by

the detector itself. This difference between an ideal acoustic trace and the real

measurement is apparent and can be used to calculate the so called total detector

response T (f) from the real pressure signal p(t) (Eq. (2.64)) and the measured one

Sm(t) by

T (f) =
F [Sm(t)]

F [p(t)]
, (5.1)

where F is the Fourier transform of the acoustic traces (measured in time domain).

3A more detailed description of the simulations can be found in [223].
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Figure 5.4 | Calibration required. The calculated signal of a 9.4 MeV proton bunch
entering the I-BEAT detector (Fig. 5.2 a) is shown. The three segments show the direct (1),
the reflected (3) signals. The middle signal (2) origins from the foil entrance. A comparison
with the measured trace signal reveals the need for a calibration of the detector response.
The figure is adapted from [191].

Since I-BEAT is taking the complete acoustic signal into account, the first step

was the measurement of the detector response function in units V/Pa (see Fig. 5.5).

The calibration is based on measurements at the MLL Tandem accelerator and out-

lined in Fig. 5.5. By inserting aluminum foils of 3 different thicknesses (90, 210 and

270 µm), the central energy entering the detector was gradually reduced from 9.4

MeV to 8.6, 7.2, 6.5 MeV. Since both the direct and the reflected signal contain the

full information, 8 trace segments can be used for determination of the transfer func-

tion. By using multiple trace segments, effects of electronic noise and the varying

spatial impulse response when the source has a different location are smoothed out.

Figure 5.5b shows the averaged transfer function, whereas the error bar reflects the

maximum deviation of the eight trace segments used for evaluation. The amplitude

is quite stable with small error bars. Therefore, the same calibration can be used for

energies in the range between 7 and 10 MeV. Increasing error bars beyond 10 MHz

are due to the use of a 10 MHz transducer. The fact that T (f) (frequency dependent

transfer function) peaks around 2 MHz while a 10 MHz transducer is employed can

be explained with the effect of geometry spatial response [224]. The used transducer

Fig. 5.2c has a focal length of 25.4 mm. In our case we measured ultrasound signals

with a source more than 50 mm away from the transducer. This out-of-focus opera-
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Figure 5.5 | Transferfunction of I-BEAT. a, Acoustic traces recorded with proton
bunches at the MLL Tandem accelerator and outlined regions used for the calculation
of the transfer function T (f). b, Amplitude of the averaged complex transfer function
T (f)/Ni in units V/Pa and its phase , where error bars represent maximum deviation of
the respective eight independently determined trace segments highlighted in a. The figure
is adapted from [191].

tion causes that almost plane waves (see Section B.1) hit the curved detector surface

and therefore excites it much longer (even if the acoustic signal was shorter). Those

measurements were also used for a quantitative calibration. Therefore the number

of protons per proton bunch was estimated via Ni =
´
f (Ekin) · dEkin = I/ (e · frep),

where I is the average current that was delivered from the Tandem to the water

volume, and frep = 5 kHz is the bunch repetition rate. We estimated, considering

the pinhole size of the detector entrance and the spot size of the beam, that 60 %

of the bunch enters the detector such that current was estimated = 0.6 · 7 nA= 4.2

nA. Sm (t) is thus quantitatively connected to the ideal pressure trace p(t) for an

arbitrary ion energy distribution f(Ekin) via

Sm(t) = F−1[F [p(t)] · T (f)], (5.2)
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where F−1 is the inverse Fourier transformation. This calibration is one prerequisite

in order to use the acoustic signal for the absolute determination of the heat source

and consequently the energy spectrum of the ion bunch.

Reflection at the foil

We have seen that the later part of the signal is reflected from the entrance foil.

So a modeling of the complete acoustic signal also requires an incorporation of the

reflection at the foil. Analougusly to the reflectivity of light under normal incidence

(see Eq. (B.40) we can calculate the reflective index for the sound wave

RSound =
Zfoil − Zwater

Zwater + Zfoil

, (5.3)

with Z being the medium dependent impedance. With the impedance of water

at room temperature Zwater ≈ 1.5 · 106 N s m=3and Zfoil ≈ 18.6 · 106 N s m=3, the

reflectivity would be RSound ≈ −0.85. However since the Titanium foil was very

thin (13 µm), Zfoil has to be calculated taking the thickness and the medium on the

other side Zload (in our case air or vacuum) into account (for details see [225]). It

then yields

Zthinfoil = Zfoil
Zload − iZ0 · tan (k0d0)

Zfoil − iZload · tan (k0d0)
, (5.4)

with k0 = 2πfs/cs and d0 =11µm the thickness of the foil. The equation simplifies

with Zload ≈ 0 (air or vacuum) to Zthinfoil ≈ iZ0 · tan (k0d0). With R = −eiΦ we can

calculate a phase shift of the reflection and get

Φ = atan

(
2 · ZwaterZfoil · tan(k0d0)

Z2
water − Z2

foil · tan2(k0d0)

)
≈ −1.1 ≈ −1

3
π, (5.5)

for a frequency of 10 MHz. This phase shift between the direct and reflected signal,

introduced when reflected, can be seen in Fig. 5.5.
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5.3.3 Simulated Annealing

The reconstruction of the spectrum from the I-BEAT signal is based on the technique

simulated annealing [226, 227]. The method of simulated annealing relies on vary-

ing an initial spectrum fi(Ekin) (a little change applies to the estimated spectrum,

and both its position and amplitude are decided by pseudo-random generators) to

obtain a modified spectrum fm(Ekin). As a starting point fi(Ekin) was chosen to

be zero for all energies. Typically, the maximum of the amplitude modification is

set to be smaller than 1% of the maximum of fi. With the input of the initial and

the modified spectrum in Eq. (2.64) and Eq. (5.2) the predicted acoustic signals

Si(t), Sm(t) are calculated and compared to the acoustic signal S0(t). The residu-

als Σi = Σj

(
Sj

i − Sj
o

)2

and Σm = Σj

(
Sj

m − Sj
o

)2
are calculated employing the least

squared method. If Σm is smaller than Σi, the algorithm continues with the modified

spectrum as the updated input distribution for the next cycle. For Σi smaller than

Σm , with probability q = exp (− (Σm − Σi) /T ), the algorithm continues with the

modified spectrum, while, with the probability 1 − q, it is rejected and the initial

spectrum is taken into the next cycle. This additional random choice prevents from

being caught in a local minimum. T is the annealing schedule temperature and was

set to 1. After a sufficient amount of iterations ≈ 104 the temperature during the

iteration would become stable around the temperature global minimum (Σi con-

verges) and the obtained proton energy spectrum is the retrieved spectrum. We can

further include the lateral bunch size σr in the retrieval algorithm, treating it as a

free parameter. In this case the complete process of simulated annealing depicted

in Fig. 5.6 is repeated by varying σr. As a result the final residuals Σi(σ
j
r) after

a sufficient amount of steps (Σi converges) can be compared in dependency of the

bunch diameter and smallest residual value determines the best fitting ion bunch

diameter.
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Figure 5.6 | Workflow of simulated annealing. a, The workflow of simulated
annealing is shown. b, The initial spectrum (fi) can be guessed or assumed to be zero for
all energies. c, A small modulation to the initial spectrum is done (fm). d, Acoustic signals
corresponding to the initial fi and initial fm spectrum, are calculated and compared to
the measured trace. The spectrum of the better fitting signal is with probability q taken
as fi for the next iteration step until it converges. The figure is adapted from [191].
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5.3.4 Validation Measurements at the MLL Tandem Accel-

erator

The next important step was validation of the approach under known circumstances.

So first tests were performed at the MLL Tandem accelerator at Garching with the

same setup used for the calibration, using well defined proton bunches of 40 ns dura-

tion with 10 MeV dE/E = 10−4, attenuated to 9.4 MeV at the detector (by the exit

window and air gap). The initial energy of 9.4 MeV at the detector entrance was

attenuated by inserting different thicknesses of aluminum in the beam path. The

acoustic signals deriving from different energies were measured and are shown in

Fig. 5.7a, where each trace represents an average of 100 proton bunches. Figure 5.7b

Figure 5.7 | I-BEAT at the MLL Tandem accelerator. a, Acoustic traces of 6 dif-
ferent proton bunch energies at the detector entrance recorded at the Tandem accelerator.
Each trace represents an average of 100 proton bunches. b, Comparison of proton energy
distributions simulated (curves) and retrieved data (filled), as well as reconstructed beam
with standard deviation σr (circles), of the measured acoustic traces in a. The inset of b
sketches the setup at the Tandem accelerator. The figure is adapted from [191].

compares the retrieved proton energy distributions to the energy distributions cal-
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culated via SRIM (2013) [228] by taking into account the absorber material in the

beam path. For the SRIM calculation, we employed a mono-energetic beam with 10

MeV, passing through 11 µm titanium (the exit window of the accelerator vacuum),

5.2 cm air, and 11 µm titanium (the entrance of the water tank). While the peak

positions of the energy distributions (simulated and measured) agree within 1%, the

larger energy spread and accordingly lower particle number of the I-BEAT data is

due to a limited temporal and thus, spatial resolution. The narrow energy distribu-

tion cannot be resolved by the transducer and the retrieved spectra are broadened.

The transducer and corresponding transfer function limits the temporal response,

and thus also determines the limit for the longitudinal spatial resolution. Since the

spatial resolution, to first order, is constant along propagation direction, the energy

resolution intrinsically increases for higher ion energies and is only limited by energy

loss straggling for high kinetic energies. We consider the effect of the transfer func-

tion on the FWHM of a mono-energetic ion peak to set the resolution limit. Our

transfer function yields resolutions of 1.0 MeV at 5 MeV and 0.6 MeV at 10 MeV

(increasing resolution towards higher energies). These resolution limits of I-BEAT,

when applied to narrow energy spread proton bunches at low energies (< 20 MeV),

are visible in Fig. 5.7b. The retrieved transverse beam size σr increases as expected

with increasing aluminum thickness (i.e. decreasing bunch energy). This is due to

the associated transverse straggling that becomes increasingly prominent.

5.4 Experimental Campaigns and Results

After a successful preparation of I-BEAT, two experimental campaigns were carried

out. The first one at LEX Photonics was used for first tests and a demonstration

of the method. Since the evaluated results comprised an absolute reconstruction of

the proton spectrum and thus also directly the depth-dose profile of the protons, a

second experiment was performed at the DRACO in Dresden to directly compare the

measured dose to the well accepted measurement with RCF-stacks. This comparison

was not possible at LEX Photonics because the proton energy was below 10 MeV,

where RCF-stacks do not provide a good depth resolution.

5.4.1 Experimental Campaign at LEX Photonics

The first demonstration of I-BEAT with a laser-accelerated proton beam was at

LEX Photonics. The detailed description of the Laser and the experimental setup
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can be found in Chapter 3. For most of the I-BEAT campaign 250 nm gold targets

were used since the proton energies were higher and more stable. The characteristic

TNSA energy spectrum is shown in Fig. 3.7. The PMQ were adjusted to focus

different design energies (7, 7.5, 8 and 8.5 MeV) to 1.53 m distance outside of the

vacuum chamber. The design energy is the energy that is focused to the desired

distance and is described in Section A.1.9. The DM was employed to clean the

signal, i.e. directing potential contamination attributed to energetic electrons and

low energy ions away from the I-BEAT detector entrance and further pre-selecting

the proton energy. As a result, the spectrum in the focus is narrowed and modulated.

After traversing the vacuum exit window (50 µm Kapton foil) it enters the I-BEAT

detector (the setup can be seen in Fig. 3.6 and Fig. 5.9a). The results are depicted

in Fig. 5.9.

e

OAP

PMQ

Target

I-BEAT

Microscope

Figure 5.8 | I-BEAT in the vacuum chamber. This pictures has been taken at
LEX Photonics where I-BEAT was positioned inside the vacuum chamber roughly 40 cm
behind target. We demonstrated the capability of operating I-BEAT in vacuum and thus
it can be positioned anywhere in the target chamber without much effort. The complete
setup of LEX Photonics has been described in more detail in Chapter 3.

Acoustic traces corresponding to single proton bunches with design energies (7,

7.5, 8 and 8.5 MeV) attenuated to 6.2, 6.7, 7.3 and 7.8 MeV when entering the water

tank are presented in Fig. 5.9b. A picture taken with an image plate can be seen in

the inset of Fig. 5.9d. The spot size at the focus of the laser-accelerated proton bunch

was distorted due to the broad input energy distribution and slight alignment errors

of the relative rotation angles of the PMQ. The shape especially at lower dose values
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Figure 5.9 | I-BEAT at LEX Photonics. a, Shows the schematic of the experiment
setup. A high power laser (ATLAS300) is focused with an OAP onto a foil target. Two
PMQ are used to focus a short ion bunch. A DM is used to remove electrons and low
energy ions from the swift ion bunch, which is focused within the Ionoacoustic detector.
b, Acoustic signals of single proton bunches. The design energies attenuated to 6.2, 6.7,
7.2 and 7.8 MeV on entering the water volume, are set by positioning of the PMQ. The
solid line is the measured acoustic signal and the dashed line corresponds to the calculated
signal from the retrieved spectrum in d. c, Depth dose curves corresponding to the different
energy settings. The dose on the central axis is D(z) = 1/ρ · 1/(2πσ2

r ) ·Bs(z). d, Absolute
proton energy distributions of single proton bunches of the different design energy settings
in the ion focus. The inset reveals a typical focal plane image of a single proton bunch at
the position of the detector entrance, taken with an image plate. The σr is the resulting
Gaussian width of I-BEAT. The figure is adapted from [191].

is typical for proton foci using PMQ [69]. While the most intense part is confined

to an about 1-2 mm central spot, it extends up to about 3-4 mm. We have seen in

Section 5.3.3 that the standard deviation of the lateral Gaussian distribution can

be included in the retrieval. The generic results for the case of a design energy of 7

MeV (attenuated to 6.2 MeV at I-BEAT) is shown in Fig. 5.10a. In (Fig. 5.10) one
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Figure 5.10 | Evaluation of different ion bunch diameters for I-BEAT. The
evaluation is performed for the 6.2 MeV case at LEX Photonics. a, shows the residual
Σi in dependency of the bunch diameter. b,c, and d, show the experimentally recorded
signal (blue) and the calculated signal using the retrieved (simulated annealing) ion energy
distribution. As an inset the development of Σi with the number of iterations is shown.
The figure is adapted from [191].

can see that evaluation of the residuals Σ produced a comparable result as long as

σr was less then 2.5 mm. The best fitting bunch size is σr = 1.5 ± 0.2 mm (error

is due to the step size of the fitting algorithm). To accelerate the reconstruction

process σr was then fixed to 1.5 mm for the reconstruction of the different energy

settings. This seems in reasonable agreement with the recorded image plate picture

(Fig. 5.9d), where the corresponding diameter is indicated.

Retrieved absolute proton energy distributions in the PMQ doublet focal plane

are presented in Fig. 5.9d. The integrated proton number of 108 may seem small

but considering that the bunch length in 1.5m distance is about 15ns (for a proton

bunch with spectrum covering 4 to 8 MeV) and a Gaussian width of 1.5mm, the

proton flux is intense. For the case of 6.2 MeV in Fig. 5.9, the peak bunch current

reaches about 1mA. The excellent conformity of the final retrieved and measured

signals (see Fig. 5.9b)) demonstrates successful reconstruction of the ion energy
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Energy
QP

Energy
I-BEAT

Distance
QP

Solid angle Result

[MeV] [MeV] [mm] [msr] [106 Protons /
(MeV msr) ]

7 6.2 33.5 12.0 4.3
7.5 6.7 35 11.0 3.5
8 7.2 36.5 10.1 2.7
8.5 8.8 37.8 9.7 1.7

Table 5.2 | Calculation of energy spectrum obtained with I-BEAT. This table
gives the values of the design energy of the PMQ and the attenuated energy when it enters
the I-BEAT detector. The distance of the PMQ to the target and the therefrom calculated
solid angle are given. The laser column shows the calculated proton number per MeV and
msr at the design energy of the PMQ

distribution. The corresponding on-axis depth dose distribution in Fig. 5.9c is of

particular interest for biomedical application and is a natural byproduct of I-BEAT.

Comparison of Energy Spectra

We further compared the retrieved energy spectrum with the spectrum obtained

with the WASP as shown in Fig. 3.7. We therefore assumed that, at the design

energy of the PMQ, all particles inside the elliptic opening aperture of the first

PMQ (radius rPMQa = 3.3 mm and rPMQb = 1.3 mm, see Fig. A.10c and [72]) will be

focused into the I-BEAT detector. The covered solid angle can then be calculated

with

Ω =
A

d2
PMQ

≈ π · rPMQa · rPMQb

d2
PMQ

. (5.6)

A is the spherical surface area that is covered by the aperture of the PMQ. Since it

is small, it can be approximated by the area of the aperture itself. The distance of

the first QP to the source is dPMQ and is dependent on the focus distance that in our

case was set to 1.53 m and the design energy. We note, that this is an estimation

since not all trajectories entering the PMQ will pass them, depending on the energy.

A more accurate study of this can be found in [229]. In Section 5.4.1 the distances

and therefrom resulting solid angles for all four settings of the PMQ are given. For

comparison we used the particle number at the values of the attenuated energies at

the detector of Fig. 5.9, given in Nprotons/MeV and divided it by the solid angle. As

a result we got Nprotons/(MeV ·msr) which we compared to the spectrum evaluated

with the WASP in Fig. 5.11.
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Figure 5.11 | Comparison of I-BEAT to the WASP The proton numbers obtained
with I-BEAT are compared to the date of the WASP Fig. 3.7. The values of I-BEAT have
been taken from Fig. 5.9 taking the solid angle of the PMQ into account.

We can see that the proton number obtained with I-BEAT is more than one or-

der of magnitude larger than the one evaluated with the WASP. Even introducing

an error bar for the values obtained with I-BEAT according to its noise level in the

signal (Fig. 5.9) as it is shown in Fig. 5.14 would not explain this discrepancy. A

potential source of errors for I-BEAT could have been introduced in the calibration

with the Tandem accelerator, by assuming a wrong particle number. Another pos-

sible explanation at this point could also be the evaluation with the WASP. The

conversion from signal to particle number has been evaluated in previous work [155].

In the used configuration with 1.16 m distance to the target and pixel (size of 50×50

µm) covers a solid angle of ≈ 2 · 10−6 msr. A proton number of 106/ (MeV msr)

would thus result in 1 proton per pixel. Even though the measurement is taken

out integrating over several pixels per energy bin the detector is operated close to

the threshold. Considering further that the used detector has experimented damage

from previous measurements as a dark image that is used for referencing (Fig. 5.12)

shows, the evaluated number has to be assessed cautiously. It is a valid option that

the Radeye underestimates the particle numbers.
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Figure 5.12 | Dark current of the Radeye. A dark current picture of the Radeye
of Fig. 3.7 shows the radiation damage that could cause deviations in the measurement.

5.4.2 Experimental Campaign at the DRACO

I-BEAT

Ion Beam

Figure 5.13 | I-BEAT at DRACO - setup. This picture shows the implementation
of I-BEAT at DRACO. The detector was setup just outside the vacuum chamber about
2 m away from the ion source.

Due to the discrepancy between the I-BEAT and Radeye data, we conducted

another experiment at the DRACO petawatt laser at HZDR [230], where the higher

protons energies allowed to compare of I-BEAT to the well-established RacioChromic

Film (RCF) stack detector. It further allowed to demonstrate the feasibility of I-

BEAT at a higher fluence level approaching 109 per bunch. The DResden Laser

ACceleration Source (DRACO) at the Helmholtz-Zentrum Dresden-Rossendorf

(HZDR) is a Ti:sapphire system, capable of delivering up to 30 J within 30 fs at a
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repetition rate of 1 Hz. In our experiment the energy was attenuated to about 12 J

on target with enhanced temporal contrast using a re-collimating single plasma mir-

ror [231]. Using plastic foil targets with a thickness of about 200 nm, the laser drives

a TNSA proton source with cut-off energies in the range of 30 MeV. The pulsed,

tunable solenoid magnet [18, 68] was positioned 80 mm behind the target and was

therefore able to collect the high energetic part of the beam without particle loss. It

acted as chromatic lens and was used to generate a focus of a desired central energy

at the irradiation site in air about two meters downstream of the target. The energy

bandwidth of the transported proton bunch amounted to about 20% (FWHM) at

the focus position. For the presented experiment, a central proton energy of 15.4

MeV was focused into the I-BEAT detector, corresponding to a solenoid current of

12 kA leading to a magnetic field of about 10 T, accordingly. This proton energy has

been chosen to optimize the signal-to-noise ratio recorded by the I-BEAT detector.

The increased ion energy herein enabled a comparison with an RCF stack (EBT3

Gafchromic film, calibrated with an X-ray tube). Fig. 5.14 shows a shot for a design

energy of about 16 MeV and its comparison to an RCF stack in two consecutive shots

(small shot-to-shot fluctuations are ignored). This energy setting has been chosen to

optimize the signal-to-noise ratio recorded by the I-BEAT detector. Fig. 5.14b shows

the measured signal and the simulated signal using the reconstructed spectrum of

Fig. 5.14c as an input. Fig. 5.14d validates that I-BEAT can reconstruct the depth

dose distribution quantitatively. The depth resolution (horizontal spacing between

data points) of I-BEAT is due to the sampling rate and transfer function and the

error bar due to the limited band width of the transducer (10 MHz). The dose-

error of I-BEAT results mainly from the calibration (e.g. fluctuations in the particle

number) at the Tandem accelerator and electronic noise in the measured signal. For

the RCF stack (EBT3-films) an overall accuracy in dose determination better than

5% can be obtained. However, due to higher Linear Energy Transfer (LET) in the

Bragg peak region (with respect to the plateau region) of a mono-energetic proton

beam, quenching effects might occur, which can lead to higher dose uncertainties.

The gray bar in Fig. 5.14d tRCF illustrates the water equivalent thickness and thus

the theoretical lateral resolution of an RCF stack detector. Fitting a 2-D Gaussian

to the Gafchromic film with the highest dose yields a horizontal σh of 3.6 mm and

a vertical bunch diameter σv of 2.2 mm with an average of 2.9 mm. The fitting

result of I-BEAT with σr = 3.0 ± 0.2 mm matches and shows that the transversal

information can be estimated with a single transducer. Even though the error-bars
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OAP

I-BEAT 
Target

Solenoid

𝑡𝑅𝐶𝐹

400 20
Dose[Gy]

Figure 5.14 | I-BEAT at DRACO - results. a, is a sketch of the setup. A pulsed
solenoid was used to focus a certain design energy. b, The measured signal and the
reconstructed signal according to the energy distribution evaluated in c are shown. c,
shows the final reconstructed proton spectrum. d, The depth dose distribution determined
by I-BEAT is compared to the one obtained by an RCF stack in two consecutive shots.
The corresponding layers of the stack are depicted and the dose (color coded in Gy) is
evaluated over a circle of 1 cm diameter (entrance of the detector) for both the RCF stack
and I-BEAT. The evaluated Gaussian profile determined by I-BEAT yields σr = 3.0± 0.2
mm and fits very well to the dose of the RCF stack (shown in the second film picture of
the stack). The upper axis shows the corresponding proton energy of different penetration
depths. The error bar of I-BEAT on the y-axis is due to the calibration of the detector
and the noise of measured signal. The error bar of the RCF stack is caused by calibration
uncertainties [154]. The gray bar tRCF illustrates the thickness of one RCF and thus the
spatial resolution. The figure is adapted from [191].

of the measured dose obtained with I-BEAT are larger than the ones obtained with

an RCF stack, the dose matches well. The error-bars of I-BEAT can be reduced with

more advance calibration techniques. The energy resolution of I-BEAT at this stage

is already better than that of the RCF stack (spatial resolution is nearly doubled,

Fig. 5.14d).
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5.4.3 Conclusion of the Measured Results

We have demonstrated the use of I-BEAT as a detector for laser-accelerated ions and

in particular protons. Especially the comparison to the RCF stack in Fig. 5.14 shows

the impressive performance of I-BEAT. The discrepancy to the data obtained with

the WASP in Fig. 5.11 has to be studied in more detail but the results at DRACO

hint that the error might be dominated by the evaluation of the WASP.

5.5 Applications of I-BEAT at (Laser-Driven) Ion

Sources

In this section we investigate the functionality of I-BEAT at different condition

typically occurring at laser-ion acceleration experiments. We show the performance

of I-BEAT measuring a broad band exponential spectrum that is typically obtained

close to target without any manipulation of the ion bunch. We also simulated the

performance of I-BEAT in a multi species spectrum, using quadrupoles as charge

state separator.

Simulation of I-BEAT Close to Target

In laser ion acceleration typically broad multi-species energy spectra emerge from the

plasma target. We simulated the performance of I-BEAT positioned close to target

without any manipulation of the energy distribution (e.g. magnetic quadrupoles or

dipoles). The proton input spectrum was exemplarily taken from [56]. Note that

other ion species are neglected in this consideration. The given input spectrum

was used for a calculation of the expected signal (Fig. 5.15b). This signal was

then evaluated with the I-BEAT algorithm and to retrieve the input spectrum. In

Fig. 5.15a the original spectrum is compared to the ones retrieved with I-BEAT.

The required signal to noise ratio, that is given by the particle number at the

detector, sets a limit to the distance (to the source), where the I-BEAT detector

can be placed. Assuming an opening aperture for the detector with an radius of

3 mm seems feasible and is supported by the measured data. It covers an area of

about A = 30 mm2. The measured spectrum provides more than 108 protons per

msr (all energies summed up). In the case of 109 protons we have to cover a solid

angle Σ = 10 msr. With Ω = A/d2 and d being the distance between target and the

detector yields d = 50 mm. I-BEAT can thus function as the typical RCF stack,
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a

b

Figure 5.15 | I-BEAT in a TNSA regime. This figure shows the response of I-BEAT
when it is utilized in a typical TNSA spectrum. An example spectrum has been measured
at [56]. A typical TNSA spectrum is measured in Protons/ (MeV sr) . The different
retrieved spectrum are simulated with a varying particle number at the detector and thus
a changing SNR. This would experimentally mean a changing detector-target distance.
The gray part of a marks the area where the SNR is poor and thus artifacts are generated
in the signal. b shows the simulated pressure signal that would be detected with I-BEAT.
The figure is adapted from [191].

without transverse resolution, that is positioned close to target offering an online

evaluation of the proton spectrum.
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Figure 5.16 | A multi-species spectrum with I-BEAT. This figure points out how
I-BEAT could be utilized to measure a multi species spectrum. Especially with the use of
energy selective optics such as QPs that are set for 60 MeV protons a spectrum as depicted
in a would be generated. The acoustic trace of such spectrum has been simulated in b and
zoomed in the central part in c. The main contributions of each species to the spectrum
can be seperated and thus evaluated independently. Therefore, a multi species spectrum
can be evaluated when the energies and penetration depth can be separated. The figure
is adapted from [191].

Measurement of Multi-Species Spectrum

Laser-driven plasmas accelerate not only protons but also other ion species depend-

ing on the target material. Especially carbons at different charge states are also

emitted from the contamination layer of any target surface. Since the range in the

water tank is dependent on the mass (not so much on the initial charge state) and

the kinetic energy, I-BEAT is able to assign a certain energy to a certain charge

and mass in combination with an energy selective focusing device (such as magnetic

quadrupoles) and can thus, at least for certain configurations also reconstruct the
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energy distribution of different ion masses and charges in a single-shot. An example

calculation is presented in the Fig. 5.16. We assume flat spectra of carbon ions with

charge states 4, 5 and 6, as well as protons. The PMQ focus all ions with the same

synchrotron radius to the same point. The radius can be calculated (see [72] for

detailed derivation) using the Lorentz force (see Eq. (2.24)) in a purely magnetic

field equated with the centripetal force and is:

rs =
mivi

qiB
. (5.7)

Ion species with the same rs that we used for the simulation are depicted in

Fig. 5.16a. A simulation of the signal when such a multi-species ion bunch is

measured with I-BEAT, is performed and the expected acoustic signal is shown

in Fig. 5.16b and c. One can distinguish the contributions of the different ions

to the acoustic wave form and hence measurement of this waveform will allow for

reconstructing the numbers of ions in a given charge state and energy band. Of

course, the information of the complete ion spectra emitted from the target remain

inaccessible (as the PMQ selectively focus ions with the q/m dependence). I-BEAT

can hence not replace the currently and valuable techniques of characterizing the

composition of the ion-spray emitted from the target, such as provided by Thomson

parabola spectrometers. But it will be an additional and complementary option to

measure ion energies, that will give an experimentalist a new, very powerful, tool

for future research at the application site of high flux ion bunches.
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5.6 Discussion and Outlook

We demonstrated I-BEAT for determining the absolute kinetic energy distribution

of single focused ultrashort proton bunches impinging into water using a single trans-

ducer. The retrieved particle number at the experiment in LEX Photonics could not

be verified unambiguously. However, the depth-dose profile at the DRACO agreed

with the comparative measurement of a RCF stack. This is the most important

measure, since it is the direct accessible quantity. The therefrom reconstructed

spectrum could potentially still have a systematic error induced by the calibration

and therefore overestimate the proton number. A more detailed calibration, includ-

ing the spatial impulse response, could further improve the detector’s accuracy. The

ultimate compelling measurement for the particle number would be a comparison

with CR39. The high proton number though could likely saturate the CR39 detec-

tor and render such measurement complicated. In contrast to previous work [221],

no averaging or scanning was required. The harsh conditions typically encountered

near laser-plasmas (notably strong electromagnetic pulses [232, 233]) are key chal-

lenges in the design and evaluation of online electronic detectors. In I-BEAT, the

relatively low speed of sound results in an inherent µs delay of the acoustic sig-

nal before readout. This allows ample time for the decay of prompt undesirable

artifacts of the intense laser-plasma interaction, rendering I-BEAT measurements

unaffected. While short, intense ion bunches typically saturate detectors (or even

cause radiation damage), I-BEAT, using water as a medium, is nearly indestruc-

tible and offers a high dynamic range starting from 107 protons per mm2 (Fig. 5.9).

Particle numbers beyond 1010 per bunch are foreseen as realistic. Due to the temper-

ature dependence of the Grüneisen coefficient (see Eq. (2.48)), a temperate control

of the water could further increase the accuracy. Further key advantages of I-BEAT

include compactness, robustness, simplicity of operation and low cost. With its

demonstrated merits, especially in certain situations (e.g. focused beams), we see

I-BEAT as a complement and promising addition to the pool of ion diagnostics for

research and application at existing and upcoming high repetition rate laser-driven

proton sources.
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Figure 5.17 | The detector of I-BEAT. Comparison between different energy detec-
tors. This table shows different techniques that have been used in laser ion acceleration in
the past years. It compares the performance of Thompson Parabola [201, 202], a WASP
[108, 199, 204], RCF [197], CR39 [234], Ionization Chamber [192–194], Time of Flight de-
tectors [206, 207, 235] and Scintillators [208–210] to I-BEAT regarding different criteria.
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In Fig. 5.17 the performance of different detectors that are used in laser-ion-

acceleration is compared. They are judged at different aspects. Note, that this

figure is not the ultimate truth since a clever design can often overcome some of the

limitations. While the figure shows, that established and widely used diagnostics

such as WASP, Thomson parabola or RCF are great to analyze the ion bunch,

many diagnostics struggle to meet the requirements of currently advancing laser-

ion-acceleration systems regarding the high repetition rate, focused and very intense

beam with high flux and high energies where newly developed diagnostics such as

I-BEAT reveal their strength.

Currently I-BEAT allows the reconstruction of the absolute depth-dose distribu-

tion at application sites, in particular downstream of energy selective transport and

focusing optics. Furthermore the reconstruction of a broad proton spectrum, typi-

cally generated in TNSA-based acceleration schemes has been simulated (Fig. 5.15).

In combination with magnetic energy selection optics (including quadrupoles or

solenoids) the detailed diagnosis of more complicated particle bunches consisting of

mixed species (for example protons and carbons), can be incorporated in the recon-

struction algorithm (Fig. 5.16). The energy range in which I-BEAT operates can be

adapted by proper choice of medium and size to accommodate the complete Bragg

curve (starting from several MeV as presented in Fig. 5.9 up to several 100 of MeV

protons [213]). The clear strength of I-BEAT is its potential for even higher repeti-

tion rate systems. The duration of the I-BEAT signal remains shorter than twice the

range of ions divided by the speed of sound, for 100 MeV protons with a penetration

depth of 77 mm in water, this is about 100 µs. The I-BEAT detector could thus be

advanced to an operation with repetition rates up to 10 kHz. In I-BEAT the spatial

resolution is directly connected with the temporal resolution, which in turn depends

on the frequency window, in which the transducer is sensitive. An advancement

of the detectors by for example using optical detectors [236] could further increase

the spatial resolution. The ion induced pressure wave alters the refractive index of

water and thus renders it sensitive to optical measurements. By employing more

transducers in additional directions (see Fig. 5.18) tomographic reconstruction of

the 3-D dose distribution seems feasible [221].

Detector calibration will become even more important with the development

of more complex detector configuration. Since using the Tandem accelerator was

elaborate, we aim to use laser-generated plasma for the determination of the transfer

function. The plasma is hereby generated, when the laser intensities reaches the
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a

Laser pulse

Focusing

Lens

Well defined

Plasma

Acoustic Signal

b

Figure 5.18 | I-BEAT 3-D. One of the next steps is the measurement of the heating
function in three dimensions. Therefore different prototypes have been designed using
more than one transducer. The design for a vacuum compatible cell using four transducers
is depicted in a. The calibration of such systems are very important and could in future
be implemented using a very small plasma as a heat source. In b a short laser pulse
generated with the ZEUS laser system is focused in water, generating a short and small
plasma that can be measured. Therefore, the detector could be calibrated for each point
by positioning the plasma accordingly.

ionization threshold of water. The size and position of the plasma can thus be easily

adjusted by the size, intensity and position of the laser focus and thus function

as a point source. By scanning the laser focus in the water one can in principle

generate a full 3-D response map of the spatial and spectral impulse response of the

detector system. As a first test I-BEAT was implemented at the ZEUS4 laser (see

Figure 5.18b). In this work, we demonstrated the applicability of I-BEAT in air,

but we recently demonstrated an operation of I-BEAT in vacuum at the PHELIX

laser system in Darmstadt, where a 3-D version of I-BEAT, but also compact one

dimensional detectors were used (see Figure 5.19). In another recent experiment

in collaboration with Brendon Dromey (based an earlier studies such as [19]) the

effect of ion interactions on the radiolytic yield of the solvated electron in water

was studied. The proton bunch was sent into a water phantom very close to the

ion source to preserve the high particle number. Since most detection methods

rely on absorption of the proton energy in the detector itself, an evaluation of the

proton energy, when used for application, is not directly possible. As the protons

4The ZEUS laser is a small version of the ATLAS-300 with up to 500 mJ in the pulse. It is
located in one of the smaller laboratories in CALA (see Fig. A.12).
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Figure 5.19 | I-BEAT at PHELIX. This picture shows recent implementation of
I-BEAT at the PHELIX laser in Darmstadt. b, Shows two compact one dimensional
detectors, positioned 10 cm behind the target with a 500 µm thick entrance window (steel
and peek). The thickness of the entrance window was to prevent its breaking by any
means. c, Shows the I-BEAT3D V1, about 40 cm away from the target and equipped
with 4 transducers.

were anyway stopped within the water phantom, the uniqueness of I-BEAT allowed

a monitoring of the proton spectrum without altering the application. This could

in particular be attractive, when using protons for irradiation and dose control is

required.
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The time to begin writing an article is when you have finished it

to your satisfaction. By that time you begin to clearly and

logically perceive what it is that you really want to say.

Mark Twain, Notebook, 1902-1903
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6.1 Summary: LEX Photonics

The experimental campaigns at LEX Photonics with the two highlights TRIC and

I-BEAT have been presented in this work. The motivation was to advance laser-

based ion acceleration towards a viable laser-ion source. The development of tailored

online diagnostics, with respect to the emerging need for online evaluation and high

repetition rates, was a particular goal. In TRIC we used a multi frame single-shot

probing technique to measure the plasma evolution with sub-ps temporal resolu-

tion. The combination of several shots allowed the retrieval of the spatio-temporal

intensity distribution of the laser focus. The presented probing technique is not only

limited to TRIC, but further allows to add a temporal dimension to other probing or

imaging techniques. I-BEAT is a measurement technique to analyze the depth-dose

distribution and ion energy spectrum of short and intense ion bunches. The herein

presented results can be seen as the first demonstration of its potential.

The accomplishments in LEX Photonics are not limited to I-BEAT and TRIC

but cover all pillars of ILDIAS. In Fig. 6.1 the achievements of the experimental

campaigns in LEX Photonics are summarized. Figure 6.1 illustrates the importance

of developments in all five pillars of ILDIAS for a successful application of laser-

driven ions. The spatial laser intensity distribution has been analyzed [150]. TRIC

can be used to measure the plasma evolution within a single-shot at full power

and thus reveal more temporally resolved information about the plasma [161]. The

target wheel has been successfully tested, and an operation with 0.5 Hz has been

demonstrated [59]. The use of the integrated foil-based plasma mirror significantly

increased the ion energies [43]. Using a WASP as simultaneous online diagnostic for

ions and electrons has been demonstrated [204]. I-BEAT as a novel technique for

measuring the ion-bunch has demonstrated its capabilities and is expected to become

a core diagnostic for future experiments with intense ion bunches at high repetition

rates, in particular for bio-medical applications [191]. The TOF diagnostic could

also due to its simple usage become a more relevant scheme of future diagnostics

[207]. The implementation of the quadrupoles further has enabled us to focus the

ion bunch to an application site, providing a ns-short and intense ion bunch on an

area of about 1 mm2 . With the irradiation of the zebra-fish embryos and thus

the first vertebrate organism, that has been investigated with laser-accelerated ions,

we demonstrated its usability for a first bio-medical application1. A total number

of 8000 shots, including one beam time with over 1000 shots within several hours,

1Publication is currently in preparation by Thomas Rösch.
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is a milestone achievement. It is therefore fair to state LEX Photonics has served

its purpose as a prototype facility for CALA. Weak spots (see ”lessons learned”

Section 3.3.1) have been identified and various key components (such as the target

wheel, WASP, PMQ) have been tested and optimized and are now implemented in

CALA.

Ion

Optic
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Target

Plasma

Laserb a
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Figure 6.1 | Successful experimental campaigns at LEX Photonics. The exper-
imental campaign at LEX Photonics is summarized showing the variety of results. Each
pillar of ILDIAS (a) has been addressed and various topics have been published or submit-
ted. The spatial laser contrast (b), TRIC (c), target wheel (d), integrated plasma mirror
(e), WASP (f), I-BEAT (g), TOF (h), PMQ (i) and the irradiation of the Zebrafish
embryos (j).

6.2 Outlook: CALA

Since the completion of the building for CALA in September 2016, the installations

have begun. The experiences and ”lessons learned” from the experimental cam-

paigns in LEX Photonics were thoroughly examined and various modifications have

been carried out to overcome previous limitations. In Fig. 6.2 the thirteen ”lessons

learned” and their respective solutions are summarized.
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Modification at CALAName

A new REGEN in a ring configuration prevents the generation of direct

prepulses and thus prepulses are significantly reduced
REGEN prepulse1

The configuration in CALA enables an operation under non-zero 

degree such that the back-reflected light is suppressed significantly.
Back-reflection2

A new large Pockels cell is prepared for the ATLAS-3000Pockels cell3

A 3 cm, 1 W cw diode is installed to align through the beamline and

each mirror is equiped with reference switches
Laser beam delivery4

The leakage through Turning Mirror 1 (TM1) is taken to analyze itIncoming laser light5

The back reflected light is also analyzed via TM1, which has a leakage

of about 1% for fundamental wavelength
Back-scattered light6

An adaptive optic including analyzis of near field and wavefront is

installed
Spatial Intensity7

Since there is no solution yet, copper parabolas are used that are less

expensive and can more easily be reworked
Debris8

The foil based plasma mirror worked but was challenging to align. A 

novel foil based plasma mirror is currently developed by M. Speicher.
Plasma mirror9

The development of a Pablone would allow an intrinsic calibration of

the WASP

No solution yet

WASP calibration10

No solution yetShielding QP11

The angle of the QP is now motorized and can be adjusted during

operation
Orientation QP12

New motorized and detection tools are built in order to be operable 

with a Tango system
Data monitoring13

Figure 6.2 | Lessons learned for CALA. This figure shows the lessens learned of
Chapter 3 and the modifications that have been carried out to solve the problem for
CALA. Solved issues are marked with green while red and orange indicate that no real
solution has been found yet.

Even though the majority of the known issues had been solved, there are still

open issues that need to be addressed. Increased challenges connected to EMP,

debris or the destruction of neighboring targets due to higher laser energy and

intensity, will be among the biggest issues. Another challenge is the intensity of the

transmitted laser light (lesson 11 ) that is often discarded as negligible. But with

thin foils, due to induced transparency, or simply because isolated micro-targets

are used, dumping the non-converted laser energy becomes important (as in the

case of laser-wakefield acceleration). The intensity will be about 1014W cm=2 at a

distance of one sixth of the focal length of the OAP (behind TCC). This becomes

in particular relevant for long focal length parabolas. The laser intensity (without

attenuation) would be high enough to ionize matter up to 30 cm distance to TCC,

when using the 1.50 m focal length OAP. This would lead to destruction and more

debris in the chamber.
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In June 2019 CALA has started its operation with reduced laser energy, which

will now be steadily increased. A first successful acceleration of about 15 MeV

protons emerging from 50 nm thick Formvar targets with roughly 4 J on target

have been reported2 on August 1st, 2019. A picture of the prepared experimental

chamber of LION is shown in Fig. 6.3. More details about CALA and some relevant

key components therein can be found in Section A.2.

Figure 6.3 | Picture of the LION chamber. This picture shows the experimental
chamber of LION. A more detailed description of the setup can be found in Section A.2.

Considering the improvements and the upgrade of the laser system, CALA is well

poised for laser-driven ion acceleration in the next years. It is worth considering some

immediate ideas and follow up tasks that can arise over the next years.

1. With the increased laser energy and meliorated contrast of the laser, proton

energies of about 30-40 MeV should be achievable on a regular basis. Such

ion energies will enable applications such as proton imaging and irradiation of

more complex three dimensional biological models.

2. A second set of QPs allows for using the first set for collimation and the second

set for refocusing (shorter focal length), thus generating higher peak dose rates

in even smaller ion foci. Assuming that the focus of the PMQ would have a

radius of 5 µm at 10 MeV with 1 % energy spread and a proton spectrum

2Private communication with Jens Hartmann.
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of 108/ (1%E ·msr), we could get about (assuming an acceptance of 10 msr)

1 · 109 protons within 78 µm2 and thus about 1015 protons cm2.

3. Besides the divergence, the energy spread of the ion bunch leads to increasing

temporal dispersion with increasing distance from the source. A temporal

re-compression of the ion bunch, typically referred to as re-bunching, could

further increase the ion peak flux at application site.

4. The detector of I-BEAT is planned to be advanced to measure the 3D heating

map and thus enable reconstructing the 3D spatio-energy distribution of the

ion bunch.

5. With respect to advancing the target (ion source), it is planned to implement

the Paul trap [237] into LION. Isolated micro-plasmas have shown great po-

tential for laser-driven ion acceleration [54]. The temporal resolved probing

technique could be used to study this interaction and acceleration process.

6. With improved contrast condition, the use of newly developed foil based

plasma mirrors, higher laser intensities, and target optimizations, one long-

term goals is to demonstrate an acceleration of ions beyond 100 MeV per

nucleon.

6.3 Epilogue: I-TRIC

A good story sometimes connects different story-lines in the last chapter. Analo-

gously would be a combination of I-BEAT and TRIC. We have already mentioned in

Chapter 5 that an optical measurement of I-BEAT could potentially increase its spa-

tial resolution. Implementing the multi frame probing technique, as used for TRIC,

would add an ultra-fast temporal resolution to the measurement. This combination

of both methods can be considered as a TOF method featuring the combination of a

spatial resolution of few µm with temporal resolution below one ps. It could further

become relevant for measuring the bunch duration of sub-ns ion bunches.



Appendix A

Experimental Setups in LEX

Photonics and CALA

Setup of the LION chamber, explained in detail in Fig. A.17.

Contents
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A.2 Centre for Advanced Laser Applications . . . . . . . . . 139

This chapter in particular describes the experimental setup in LEX Photonics

and CALA in more detail.

Author contribution: During the planning stage of CALA and the develop-

ment of different concepts several parts were under the authors responsibility. The

installation of the components has been carried out together with the technical staff

of CALA and researchers associated with CALA under the supervision of Jens Hart-

mann.
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A.1 Laboratory for Extreme Photonics - Closer

Look

A.1.1 Components of High Power Laser Systems

In Fig. 3.1 we have seen the setup of the ATLAS-300. Even though such high

power lasers are very complex they are typically based on several components, whose

purpose is quickly summarized:

1. Oscillator: Generation of short laser pulses with low energy and high repeti-

tion rate.

2. Stretcher and compressor: Basic ingredients for a CPA system to stretch

and later compress the pulse in time.

3. Multi-pass amplifiers: A pumped crystal that is passed several times to

amplify the laser pulse

4. REGEN: The Regenerative amplifier is a cavity based amplifier with mul-

tiple round trips. It has been identified to cause some prepulses and is thus

treated in more detail

5. Optical elements such as Pockels cells: Pockel cells are a temporal switch

that can select certain pulses and thus modify the repetition rate or just open

shortly before the laser pulse and thus being able to block prepulses

6. Dazzler: The Dazzler can optimize the shape of the chirp of the laser pulse.

Note that it typically absorbs a large amount of energy by doing so.

7. Mazzler: The Mazzler shapes the spectral profile of the laser pulse. A flat top

like spectrum is important for short pulses. Transmission and amplification

in the laser chain can degrade the spectral shape and therefore requires (pre-)

compensation.

8. Spatial filters: Spatial filters are built by positioning a small pinhole in the

focal plane of the laser pulse. In the Fourier plane, the higher spatial frequen-

cies are further out and are blocked by a pinhole. After the recollimation,

incident distinct sharp features in the beam profile are therefore smoothed

out. Due tu to the increasing intensity when focusing the pulse, the spatial

filter has to be operated in vacuum.
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A.1.2 Optimization of the Laser Contrast

The laser contrast has been one of the greatest challenges for laser-driven ion accel-

eration. The laser contrast is typically measured with third order auto-correlators

[148, 149] (see Section B.4.1). In LEX Photonics we observed that the temporal

laser contrast has limited the acceleration of ions. In this section we outline differ-

ent optimization stages of the laser contrast in LEX Photonics. A typical trace of the

ASE level

Coherent contrast
Prepulses

Peak

Postpulses

Figure A.1 | Laser contrast. This figure shows a typical laser contrast curve, recorded
with an autocorrelator (see Section B.4.1). It shows the different segments of the temporal
laser contrast. The level of ASE, the coherent contrast and the prepulses.

laser contrast is shaped by different processes and can be seen in Fig. A.1. Those

are Amplified Spontaneous Emission, short prepulses and the so called coherent

contrast.

1. ASE: Is created by spontaneous emission in any of the laser amplification

media (e.g. Ti:sapphire crystals) that is further amplified in the laser chain.

Its duration or influence can be minimized by pumping the crystals as short

as possible prior to the laser pulse. It can be further suppressed by using an

Optical Parametric Amplification (OPA) [238] or Optical Parametric Chirped

Pulse Amplification (OPCPA) systems [239, 240], or implementing a cross (X)

Polarized Wave generation (XPW) [241] or Pockels cells with fast raise times.

2. Short prepulses: Short prepulses are replicas of the main pulse. There are

two possibilities how they can be created. The most common source is internal

double reflection in transmissive optics. The resulting postpulse can further

create a temporally mirrored prepulse in the CPA laser systems due to inter-

ference of main an prepulse in the stretched configuration and nonlinearities
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in the material the laser passes. This effect is theoretically described by Di-

denko et al. [242] and is experimentally demonstrated in Fig. A.2. Secondly

direct prepulses can be created in the cavity of the REGEN. In particular the

surfaces of the Pockels cell, that are close to the cavity end-mirrors, can cause

prepulses.

3. Coherent contrast: Coherent contrast is typically associated with the raising

part of the laser pulse that starts a few tens of picoseconds prior to the peak

of the laser pulse [243].

9 ⋅ 10−4

2 ⋅ 10−4

3 ⋅ 10−7
4 ⋅ 10−6

4 ⋅ 10−8

Figure A.2 | Generation of prepulses by postpulses. This graph shows that during
CPA a postpulse can be transformed to a prepulse [242]. The contrast was measured
once with a glass plate just before the measurement creating a postpulse. The measured
prepulse is an artifact of the measurement (see Section B.4.1) and quadratically lower
than the postpulse. In the second situation the glass plate was installed shortly after the
oscillator and thus before the CPA stage and the amplification of the laser pulse. The
measurement reveals the additional postpulse that has been broadened and slightly shifted
in time. The postpulse is smaller since part of its energy is transformed to the prepulse
and the artificial prepulse is still visible. However, the hereby created postpulse is smaller
than the prepulse.

Identifying Contrast Limitations

The evaluation of the experimental data, especially the fraction of light transmitted

through the target [244] and measured proton energies as a function of target thick-

ness, are an indicator for the target density during interaction and thus also the laser

contrast. Our experiments showed that we were not able to accelerate ions from foils

thinner than about 100 nm and further the ion energies did not exceed 5 MeV at

this stage. Since the measurement of the temporal contrast revealed some prepulses
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while the ASE level seemed small, the effect of prepulses was studied in more de-

tail. Zhou studied how short prepulses affect the target conditions, in particular

the target density, during the arrival of the laser peak [245]. The target thickness

and the arrival time of the prepulse were considered and simulations supported our

experimental findings.
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Figure A.3 | Optimization of the REGEN. This graph shows the optimization of
the REGEN performed in January 2016. The exchange of the Pockels cells, in particular
the extraction, suppressed the postpulses and consequently the prepulses at 150 and 170
ps.

After removing or at least suppressing prepulses around 170 ps prior to the main

pulse (by exchanging Pockels cells in the REGEN) the contrast curve was improved

(Fig. A.3). But to our disappointment the achieved proton energies and particle yield

did not improve significantly. The implementation of a double plasma mirror, using

an integrated plasma-mirror-target, resulted in proton energies of about 12 MeV

corresponding to a doubling of the proton energy [43]. This observation proved that

it was still the temporal contrast that limited the optimization of ion acceleration.

One relevant cause for the limiting contrast was revealed when the contrast was

measured with another third-order-auto-correlator (Tundra) capable of measuring

up to two ns prior to the main pulse. Two significant prepulses (at ≈ 500 ps and

≈ 660 ps) were revealed in the trace. As illustrated in Fig. A.4, they originated

from reflections of the surfaces of the Pockels cell within the cavity of the REGEN

and were thus direct prepulses and not created from former postpulses. This is

significant since the prepulse is typically less intense than its corresponding postpulse
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Time -660ps-500ps0 ps

Pockels Cell

Cavity

Mirror

Regen

Main Pulse
Direct Prepulses

a b

c

Figure A.4 | Generation of direct prepulses. The source of the 500 and 660 ps
prepulses is illustrated. Reflections from the front surface (a) and the backside (b) of the
cavity Pockels cells of the REGEN cause direct prepulses. The distance of those to the
main pulse is dependent on the distance of the Pockels cell and the end cavity mirror.

(see Fig. A.2) and thus the direct prepulses have higher intensities. A small tilt of

the Pockels cell lowered the intensity of the prepulses, but could also cause a reduced

amplification and an increased ASE level of the REGEN. With this findings and

modification the measured proton energies increased significantly (as can be seen

in June and July 2016 Fig. 3.10). Nonetheless, it was no solution to the problem,

since the prepulses were only attenuated and realignment and optimization of the

REGEN impaired the contrast again.



A.1 Laboratory for Extreme Photonics - Closer Look 127

Figure A.5 | Discovery of more prepulses. Comparison of a short- (Sequoia) and
long-range (Tundra) contrast measurement. Two significant prepulses at 500 and 660 ps
prior to the main pulse have been identified. With the previously used short-range device
they have not been detectable. In contrast to previous prepulses those are origin from
direct reflections in the REGEN and not transformed from postpulses.

A.1.3 The Risk of Back-Reflection

During a laser plasma interaction the plasma can be highly reflective when the

electron density is larger than the critical density Eq. (2.33). A reflection at the

target under normal incidence will enter the same mode as the incoming laser light

and thus travel all the way back to the oscillator. Considering the laser traversing

the optical chain backwards, the energy will stay stable (only reduced by losses of

each mirror) or even increase since the amplifying crystals can be still in an excited

state. On top of this, the beam diameter decreases with every stage and so the

increasing intensity is more likely to cause damage. There are typically two possible

ways of dealing with this problem:

1. The first one requires optical elements in the laser chain that are capable of

rotating the polarization and act as a switch for the back-reflected light. The

most commonly used are Pockels cells (Section B.4.2) or Faraday rotators1.

2. The second possibility is a rotation of the target surface with respect to the

laser axis. This is commonly done because it is simple to implement and often

even proves beneficial for optimizing TNSA.

During the commissioning phase of LEX Photonics we have implemented a simple

monitor for the back-reflection. The leakage of a mirror just upstream of the Faraday

1A Faraday rotator turns the polarization of the laser dependent on the trajectory of the light
pulse.
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rotator (indicate in Fig. 3.1) that was placed under nearly zero degree was measured

with a fast photo diode. The back-reflection was thus also visible on this diode. It

was also positioned at a critical location because the Faraday rotator was already

operated close to damage threshold. Already an increased intensity of a factor of

2 on the downstream way could thus have caused damage. Initial measurements

revealed the necessity to shoot under an angle of incidence larger than 15 degree

to avoid too strong back-reflection signals. The half-angle of the OAP in those

measurements was about 14 degree2.

Introduction of the Safety Pockels Cell

Since the planned experiments required an operation under normal incidence we

introduced a large Pockels cell in the beam path between Propulse 1 and Propulse

2+3 where the laser-pulse has an energy of 500 mJ Fig. 3.1. The laser beam could

take to a detour traversing the Pockels cell and its related polarizers. One periscope

rotated the polarization by 90◦ prior to the Pockels cell, and the Pockels cell rotated

the polarization back to its original orientation (when active). The decay time of

the cell was sufficiently fast and the potential reflection from the target was securely

blocked. We achieved a extinction ratio of about 1:100.

A.1.4 The Vacuum Microscope

The vacuum microscope was developed by Christian Kreuzer [107, 153] (Fig. 3.6b).

The microscope as a very compact solution unites several advantages:

1. The simultaneous measurement of a low and a high magnification image, in-

corporated a good resolution for the focus diagnostic as well as a large field of

view to locate the focus and overlap it with the target.

2. The compact setup with the cage system of Thorlabs was robust and prevented

misalignments of the microscope itself.

3. An additional LED within the microscope enabled illumination of the target.

4. Only the x-axis of the microscope stage was used for positioning the micro-

scope in the beam and park it in a secure position. TCC was defined by the

microscope position and remained reproducible over several weeks.

2The focal length was 20 cm and the beam diameter 10 cm.
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5. Its compactness and the fact that it is built in one piece renders it in particular

suitable for experiments3.

The microscope as it was used in LEX Photonics was the first and most simple

version. Further upgrades will include an optional use of a white light interferometer

[107, 246, 247] and the implementation of a wavefront sensor [248].

A.1.5 Transmitted Laser Light

A milky glass plate with a small 1 cm horizontal slit was installed in the laser-beam-

path to analyze the transmitted laser-light through the plasma-target. A camera

recorded the image of the glass plate at each shot as demonstrated in Fig. A.6a.

Without a target the beam profile could be recorded and a misalignment of the

beam, causing clips in the profile, could be discovered. The most important feature

of measuring the transmitted light was the determination of the transmitted laser-

energy, revealing information about the target density during interaction.

3Typically the laser is guided out of the vacuum chamber for focus analysis.
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Figure A.6 | Plasma and light diagnostics. The transmitted light is measured on a
milky glass plate in a. The back-scattered light is measured in a Fabry-Perot like setup.
This enabled a clear distinction of the plasma position in TCC and 75 µm away (b and
c). The back-scattered spectrum is shown in d. One can see that the majority of the
light was in the second harmonic of the laser, while the fundamental wavelength is highly
suppressed.

A.1.6 Back-Reflected / Back-Scattered Laser Light

We re-collimated the reflected (or back-scattered) laser-light with the focusing OAP

and guided the beam out of the vacuum chamber, using the leakage through on

dielectric mirror. Since the mirror was optimized to reflect 760-840 nm the funda-

mental laser wavelength is highly suppressed which was also visible in the spectrum,

detected with an Ulbrichts-sphere. one very useful information is shown in Fig. A.6b

and c. We imaged TCC onto a camera in a Fabry-Perot-like configuration. Two

mirrors with the reflective surfaces facing each other and very close by with parallel

orientation are put in the beam-path. The camera is in transmission of both mir-

rors detecting an attenuated signal. By tilting the mirror normal with respect to the

propagation axis of the light, double reflections of both surfaces are transversally

separated and further have an extended beam-path to the camera (see Hartmann

[157]). Thereby several replicas were created, imaging different planes in the vicinity



A.1 Laboratory for Extreme Photonics - Closer Look 131

of TCC. We were thus able to observe the longitudinal position with an accuracy

of about 15 µm. This diagnostic served as a direct monitor, whether the target was

hit at the right position and also revealed on first sight if things went completely

wrong. Further we used the back-scatter arm for alignment and target control pur-

poses. The target was imaged in order to control the position prior to an event.

We also used this optical path for an alignment laser adjusting the position and

direction of the laser-beam in an offline mode.

A.1.7 Targets for Laser-Driven Ion Acceleration

The target is one of the key parameters in laser-based ion acceleration. The ma-

terial, the thickness, the density and also the geometry can alter the acceleration

mechanism. It is further one of the most challenging issues to prepare targets at

the same repetition rate as the laser is capable of, for example 1 Hz in the case

of the ATLAS-300. In general there are two different approaches that take on the

challenge of the repetition rate:

1. Preparing the target in TCC. The target is prepared directly at the

position of the interaction. Different implementation of this approach have

been tested. The use of mass-limited targets as in a Paul trap [237] or in

cryogenic targets [60, 66, 249] has many advantages [20] but the repetition

rate is still limited (� 1 shot per minute). The use of liquid crystals seems

very promising since the target thickness can be varied in the interesting range

(several nm up to few 100 nm) [64]. Even though it has recently been improved

the repetition rate is still about 1 shot per minute. Promising developments

include hydrogen ribbon or jet targets. Thereby hydrogen jets are produced

with high pressure forming a continuous target at TCC. The repetition rates of

such systems are far beyond the Hz level. Drawbacks are the limited thickness

(producing targets with thicknesses below one µm is challenging). Further the

pressure in the vacuum environment of such experiments increases severely

and has to be controlled.

2. Offline production of the targets and fast positioning. This approach

describes a common production of targets that are mounted such that pre-

produced targets can be positioned in focus without venting the chamber. The

clear drawback is the limited amount of targets and the need for reloading.

On the other hand this approach is flexible (any material and thickness, and
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even more complicated target geometries or composites can be used). During

the experimental campaign in LEX Photonics we used a target wheel accom-

modating up to 1683 targets. All target positions were scanned in advance so

that during the experiment a repetition rate of 0.5 Hz was achieved [59].

Target Wheel

a

b c

Figure A.7 | Target wheel. This figures shows the targetwheel system that was used
in LEX Photonics. In a, a target holder is shown hosting 99 holes of 500 µm diameter
for foil targets. One can clearly see which targets have been shot, since the interaction
imprinted a signature larger than the target hole (red circle). In b, the integrated plasma
mirror target is shown. It was developed to host 18 targets with a double plasma mirror
and could also be mounted within the wheel [43]. The target wheel positioned onto an
hexapod is shown in c. It enabled the operation with 0.5 Hz [59].

The nano-Foil Target Positioning System (n-FTPS) was developed in the frame-

work of the master thesis of Ying Gao. We demonstrated 99 shots at a repetition

rate of 0.5 Hz. The stability and performance are discussed in [59]. In a follow up

campaign, we demonstrated beyond 1000 shots within several hours. During the

experimental campaigns the target wheel enabled multiple experiments with differ-

ent target thickness and material scans. The automatized positioning of the new
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target allowed an allocation of man power and concentration to other task such as

the development of diagnostics or the application itself. This way, we could accom-

plish several beam-times with few hundreds of shots each. Whereas the usage of the

target-wheel greatly simplified procedures, several aspects are yet unsolved

1. Neighboring targets have been destroyed or modified during shots. This was

particularly observed when the foil was placed on the laser side of the target

holder.

2. Opaque foils could be only positioned on the front side of the target holder.

Targets were positioned using the microscope from the back. An opaque foil

on the back of the target holder would prevent the x-y-positioning of the holes

in the holder since it is fully covert by the opaque foil.

3. The scanning process was semi-automatic.

4. The repetition rate was limited due to vibrations but more so the communi-

cation and timing between target-system and laser-trigger has to be improved

.

Discussion

The target wheel has significantly improved and simplified the operation of the laser-

ion acceleration system. The number of shots is large but limited and would, for an

operation with one Hz, only last 30 min. Therefore, target systems that produce

the target directly at TCC with unlimited supply are favorable for applications.

But, and here the target wheel reveals its true strength, those target system are

often limited in target thickness and more importantly cannot change their material

composition. The target wheel can host host up to 17 different targets with varying

thickness and material composition and thus perform extensive parameter scans

within short times.

Plasma Mirror Based on Plastic Foil Targets

The temporal contrast plays a major role in the acceleration mechanism and thus,

the highest kinetic ion energies. Therefore, we developed a target system containing

an in-line double plasma mirror. The concept of plasma mirror for contrast enhance-

ment is well explored [250–253]. The idea is that a transparent mirror is placed in a
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converging part of the beam path. The laser pulse will be transmitted until eventu-

ally the intensity becomes high and a plasma is generated on the mirror substrate.

Based on the idea of the liquid crystal targets [63] we used thin plastic foils serving

as a plasma mirror. Due to our limited laser energy and the rather sharp focusing

parabola our in-line plasma mirror had to be positioned very close to TCC. We

also wanted to be able to use the plasma mirror together with the target wheel. We

designed more advanced target holders consisting of 15 targets. Each target had

its own double plasma mirror. The so called integrated plasma mirror target was

developed by M.A.O. Haug [254] and is shown in Fig. A.7b. The implementation

of the integrated plasma mirror target demonstrated its functionality and generated

higher proton energies [43]. This further supported that the contrast was one of the

major limitations while optimizing the ion energies.

A.1.8 Ion Wide Angle Spectrometer

The Wide Angle SPectrometer (WASP) measures the ion energy and hereby al-

lows detection of a ”wider” angle (typically a few degree) in one dimension. The

energy determination is based on magnetic deflection in one dimension and was first

demonstrated by Jung et al. [199]. The drawback is that ion species and in partic-

ular charge states are not resolved in contrast to for example a Thomson parabola.

Previously the WASP has typically been equipped with an image plate [255] or

with an MCP [203]. Since image plates require manual readout and exchange they

are not suited for high repetition rates and the operation of MCPs is rather elabo-

rate, we implemented Radeyes CMOS sensors in 2011 for the first time [154, 155].

This WASP was designed and operated under the supervision of Florian Lindner

(see [108]) and can be seen in Fig. A.8. The specific configuration allowed for a

simultaneous measurement of ions(protons) and electrons [204].

Additional Diagnostics - Time-of-Flight

In addition to the WASP a Time-Of-Flight spectrometer spectrometer was devel-

oped in LEX Photonics [207, 256]. The energy of the ions is thereby measured via

their velocity. The velocity dependent time-of-flight from the source to the detector

is measured and the corresponding energy calculated. The energy resolution of such

detectors is coupled to the electronic read-out-time (the faster the better) and the

distance of source and detector (the longer the better). A picture of the TOF, that

was used during our experimental campaigns, is shown in Fig. A.9. The picture
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Figure A.8 | Wide angle Spectrometer at LEX Photonics. This figure shows
the design of the WASP. The ion and electron bunch is traversing a slit with double
slit width. The large width allows enough particles for a decent signal of the electrons
deflected upwards to the top Radeye detector. The small slit provides a better energy
resolution for the ions/protons. This picture is taken with courtesy from Lindner et al.
[204].

further shows that multiple diagnostics were often positioned on a motorized stage.

This enabled to switch between diagnostics during an experiment.



136 A. Experimental Setups in LEX Photonics and CALA

Time-of-flight
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Housing for Radeye electronics
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Figure A.9 | Ion diagnostic at LEX Photonics. A Radeye detector and a TOF
detector were installed on a linear stage. A third position of the stage left the way to the
transmission screen that has been used to analyze the transmitted light. In addition, the
ions could pass the slit to propagate through the WASP. It was possible to change and
test different diagnostics from shot to shot without breaking the vacuum.

A.1.9 Quadrupoles

Introduction to Ion Bunch Transport Optics

The 5th pillar of ILDIAS covers ion optics. The large angular divergence and broad

energy spectrum of the ion bunch often does not suite the application and hence

requires manipulation of the ion bunch post-acceleration. The easiest way of guid-

ing an ion bunch is to exploit the Lorentz force within a magnetic field. The first

important task is a modification of the ion spectrum. We have already seen that

the WASP separates energies 4. Another important task of ion optics is the focusing

of an ion bunch to oppose the natural divergence and preserve the high ion flux at

the location of interest. Using magnetic quadrupole fields will serve this functional-

ity. In principle there are two different approaches (electromagnets and permanent

magnets). Both approaches are valid and differ in certain aspects. The magnetic

field of electromagnets or so called solenoids [18, 68] is adjustable and the selected

energy can thus easily be adapted without changing the setup. Permanent magnets

4With more than one dipole magnet a chicane can be built in order to select certain energy
bands [75, 76].
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[69–72] have a static and fixed magnetic field. In order to change the selected (de-

sign) energy, the position of the magnets has to be modified. On the other side,

electromagnets require high voltages which makes an operation in vacuum with high

repetition rates a challenging task. Whereas the permanent magnet obviously can

be used in any conditions at any repetition rates. A third approach with has not

used in that context explicitly but in principle has similar effects is the implementa-

tion of a coil around the movement direction of the ion bunch [58]. A fourth option

that is thus far mainly used for electrons is a plasma lens [73, 74].

Quadrupoles in LEX Photonics

Due to the aspired repetition rate of 1 Hz in LEX Photonics, we chose Permanent

Magnetic Quadrupoles. Their design and the development was supervised by

Thomas Rösch [71, 72] and Peter Hilz.

a

b

c

d

Figure A.10 | Quadrupoles at LEX Photonics. The QPs that were used in
LEX Photonics are shown in a. b, Shows how the QPs were installed in LEX Photonics.
The high laser intensity on the front plate of the QPs (shown in c) caused ablation of the
aperture which coated the target from the backside with aluminum. To minimize such
coating an aperture was inserted between the target and the QPs. In d one can see the
debris that is blocked by the aperture. On the front plate of b glass plates with a certain
angle are added as a first approach to minimize the effect.

A PMQ doublet was used to refocus the ion bunch to an application site and also

narrow down the energy spectrum, i.e. selecting a certain, so called design energy

(energy-band) to guide and focus the ion bunch. The design energy is the energy

that is focused to the desired distance (application site) where the foci of both spatial
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dimensions (x and y) overlap. The protons with energies not matching the design

energy are not focused to a small spot but contribute to the signal in the focus. As

a result, the spectrum in the focus is narrowed and modulated. The dipole magnet

in our system further cleaned the ion bunch from contamination of low energetic

particles or electrons in combination with the PMQ. The alignment of PMQ is very

sensitive. Similar to an optical lens, small misalignments can distort the quality of

the ion focus. Since this remains challenging especially in systems where repetition

rates are a limitation, we developed an offline system to measure the magnetic fields

and pre-align the complete quadrupole system. Even though, the star-like shape

of the ion focus (see Fig. 3.8) indicates some misalignments of the PMQ doublet

in combination with the wide energy spectrum and the WASP, the pre-alignment

allowed for a focus on first shot. The complete system was motorized such that

both the z distance of both PMQ could be adjusted. The complete system could be

driven in and out of the ion beam in horizontal dimension as shown in Fig. A.10.

Figure A.10 reveals another important aspect of the PMQ when implemented in

the setup. In Fig. A.10c we can see burn of the laser on the aluminum prototype

front-plate of the PMQ. The thereby spalling aluminum has coated the backside of

the closed-by target. To prevent this effect an aperture has been introduced between

target and PMQ (see Fig. A.10d) to block the aluminum. In the final version two

glass plates were attached to the front with a small tilt such that the surface normal

is redirected from the target.
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A.2 Centre for Advanced Laser Applications

Aug. 2016 Sep. 2017 Jan. 2019

Figure A.11 | Evolution of the LION cave. The progress in the LION cave is shown.
The cave construction site was finished in August 2016. The year after the framework for
the experimental chamber and the chamber were installed. Within 2018 the experimental
setup within the chamber has been installed. The cave in January 2019 is ready for
experiments.

Figure A.12 | Centre for Advanced Laser Application. The graph shows CALA
and the different experimental areas (LION, LUX, ETTF, SPECTRE and HF). It further
shows the ATLAS-3000 and the ZEUS laser system.

The CALA building has been finished5 in August 2016. Since then we have

installed different components and are now6 ready for operation. The progress in

the LION cave is depicted in Fig. A.11. An overview of the relevant areas of CALA

is given in Fig. A.12 (a more detailed version had already been shown Fig. 1.7).

It contains 2 large clean rooms hosting the ATLAS-3000 laser and the PFS-pro.

The ATLAS-3000 is connected to the LBD wherein the laser pulse can be guided

towards 5 experimental areas. The PFS-pro will also been connected to the LBD in

the future.

5Even though several technical issues had to be solved afterwards.
6March 2019.
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A.2.1 ATLAS-3000

Figure A.13 | ATLAS-3000. The ATLAS-300 serves as a frontend for the new ampli-
fication stage of the ATLAS-3000. 14 Gaia pump lasers are used to pump two multi-path
amplification stages. From the compressor on the laser pulse will be guided in vacuum.

The ATLAS-3000 laser is an upgrade to the ATLAS-300 (Section 3.1) with two

additional amplification stages amplifying the laser energy from 6 J to 90 J. Te

beam diameter (after compression) had to be increased from about 10 cm to 28

cm. The pulse energy reaches 90 J before compression and a 20 fs long laser pulse

attenuated to 60 J on target is reaching a peak power of 3 PW on target seems

reasonable.

Ring-REGEN

During the experimental campaign at LEX Photonics the regenerative amplifier was

identified as the source of the most prominent prepulses at 500 and 660 ps. To avoid

those prepulses two modifications were possible. An additional path length between

the Pockels cell and the cavity mirror would further separate the prepulse and the

main pulse in time such that upstream Pockels cells could be used to attenuate

the prepulses. However the second approach to redesign the REGEN in a ring

arrangement prevents the creation of those direct prepulses and was implemented
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with the help of Amplitude Technologies. The laser pulse is therein performing round

trips instead of being reflected. Therefore, no more direct prepulses can be generated

in the REGEN and prepulses origin from postpulses are significantly smaller. The

improved temporal contrast using the newly implemented REGEN is depicted in

Fig. A.14 and compared to the situation before installing the Ring-REGEN. The

improvement is obvious, nevertheless, new prepulses appear at 130 and 40 ps before

the peak. Their origin seems related to trailing postpulses (see Fig. A.14b).

a

b

1

2

Figure A.14 | Contrast with the Ring-REGEN. This graph shows the temporal
contrast measured with the newly implemented Ring-REGEN (a). The former prepulses
are no longer existent due to the ring configuration that prevents the generation of direct
prepulses. The prepulse at 130 ps (1) originates from its postpulse but seems to be
transformed to a real one (b). The prepulse at 40 ps (2) also originates from its postpulse
but also seems to be real.

Pockels Cell

In LEX Photonics we have explained the problems of back-reflection and the need

for either avoiding normal incidence on targets or implement measures within the

laser chain that are able to suppress the back-reflected light (see Section A.1.3). An

additional large Pockels cell with an aperture of 73 mm is foreseen to be implemented
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at the transition between the ATLAS-300 and ATLAS-3000. In LEX Photonics we

had to change the beam path whenever we had to implement the Pockels cell in

the beam-path complicating the alignment. Even though a permanent implemen-

tation of the Pockels cell is desired the flexibility to bypass was required. To avoid

a modification of the beam path, the Pockels cell, including the polarizers, can be

moved downwards inside the beam path with a motorized stage. To avoid an ad-

ditional rotation of the polarization the Pockels cell is operated downstream and

switched active, when the reflected laser pulse is passing it and thus attenuating the

back-reflected light.

A.2.2 Laser Beam Delivery

The compressor of the ATLAS-3000 (Fig. A.13) is operated in vacuum. From thereon

the laser pulse has to be guided in vacuum to avoid destruction of the pulse properties

by nonlinear effects in air (Section B.3). The laser beam delivery (Fig. A.15) is

prepared to connect the three laser systems (ATLAS-3000, ATLAS-300 and PFS-

pro) with the five experimental areas. Every mirror is motorized which allows a

precise guidance of the laser pulse. The beam line has been designed such that a

simultaneous operation of two laser systems is possible for certain configurations7.

Additionally, an adaptive mirror has been installed (Fig. A.15b). In combination

with a wavefront sensor that is included in the vacuum microscope the wavefront can

be corrected to optimize or even adjust the intensity distribution in focus. A detailed

description of the setup and operation of the wavefront sensor and the interaction

with the adaptive mirror can be found in the thesis of Leonard Doyle[248].

Mirror Control

The software interface of the LBD allows adjustment of the mirrors in the laser-

beam line and enables to select one of up to three different laser systems and guide

it to one of the five experimental areas. Therefore, the software gives an overview

and control abilities for different components.

1. Move axis: The move axis positions a mirror and thus selects a specific route

for a laser beam.

2. Position sensor: Hall sensors monitor the position of the move axis and

continuously confirm to the ZS if the required route is active.

7For example using the ATLAS-3000 in LION and the PFS-pro in SPECTRE.
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Figure A.15 | Laser beam delivery. Laser pulses from three different laser sys-
tems (ATLAS-3000, ATLAS-300 and PFS-pro) can be guided to the 5 experimental areas
(LION, LUX, ETTF, SPECTRE and HF). The figure further shows the control software
interface of the LBD. a, is a picture of a ”switch box” where the mirror can be moved
and rotated to various alignments. b, is a screenshot of the camera picture that images
the adaptive mirror in the indicated box (UT3) as it opens in the software. The camera
can be selected by the right button highlighted in yellow for each vacuum chamber. c is a
screenshot of the motor control showing how the user can adjust the mirror position. The
motor control of each mirror can be selected by the left button above the corresponding
chamber. A picture of the typical multilayer mirror imaged by the camera in SB3 is shown
in d.

3. Alignment of the laser beam: Each mirror is motorized in tip/tilt, enabling

a guidance of the beam onto the respective next mirror.

4. Monitoring: Cameras image each mirror and the scattered light is observed

and indicates the position of the laser beam on the mirror.

5. Illumination: LED’s are installed in each chamber enable illumination.

Figure A.15 shows the graphical user interface that is employed in the software.

Each vacuum box (that is used to redirect the beam) can be selected. The motor

control opens by selecting the left button (Fig. A.15c); the camera, watching the

mirror and the laser position on the mirror, with the right button (Fig. A.15b).
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A.2.3 Experimental Cave(s)

Each of the five experimental areas (HF, LION, ETTF, LUX and SPECTRE (see

Fig. A.12) is located within a radiation shielded bunker (cave). Figure A.16 views

the LION cave. The LBD is located in the double floor and the laser is entering

the experimental chamber from the bottom. A CW diode laser with 3 cm beam

diameter can be coupled into the LBD (Fig. A.16 (3)) and serves for alignment,

even when the laser is allocated to another cave. The additional beam dump ensures

that radiation safety is ensured for carbon energies up to 400 MeV/u. The second

chamber is not connected to the LBD yet. It can, for example be equipped with the

optics that have been used in LEX Photonics and would be capable for experiments

with the ATLAS-300. Its main purpose is the flexibility to perform prototype test

and proof-of-principle measurements.

LION - Chamber

2nd chamber

Beam

dump

Double floor for beamline and supply systems 1 32

Figure A.16 | The LION cave. The double floor is hosting the LBD and supply
cables for water, air conditioning, gases, electricity and signal cables. The laser (1) enters
the cave in the double floor and is then guided to the vacuum chamber. A second arm of
the beam line (2) can be used to guide, for example, the ATLAS-300 laser into the 2nd
chamber that can be used for smaller experiments and test purposes. A CW diode laser of
1 W with 3 cm beam diameter can be coupled in for alignment purposes (3). The beam
dump strengthens radiation safety outside the cave during full operation of LION.

Chamber Design

The vacuum chamber of LION contains 4 chamber modules. The modules are the

same as in LEX Photonics with minor modifications such as an optimized flange

configuration of the doors. The four modules can be divided into two parts. The

first two modules are used to guide and finally focus the beam onto TCC. They
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Figure A.17 | Experimental chamber and setup in LION. The laser with a beam
diameter of 28 cm enters the chamber from the bottom. A BS can be used to block the
laser (1). The laser is guided over TM1 (2) and TM2 (3) to the OAP (4), positioned
onto a hexapod (5), and eventually focused. The target wheel (6) is also mounted on a
hexapod (7). The laser and the target can be analyzed and positioned by means of the
vacuum-microscope(8). Two QPs-doublets can be inserted to guide the ion bunch (9,10).
The WASP contains the dipole magnet (11) and the Radeye detector at the back of the
vacuum chamber(not visible here). The back reflected light is transmitted through TM1
and focused by another OAP (12) to reduce the beam diameter. The analysis of incoming
and back reflected light is foreseen to be built on top of the chamber(13). The ion bunch
can eventually be guided out off the vacuum chamber through a foil window foreseen at
the back end(14). Drawing with courtesy of Martin Speicher.

contain 4 elements, Block Shutter (BS), Turning Mirror 1 (TM1),Turning Mirror

2 (TM2) and the OAP. The third and the fourth chamber contain TCC and the

further transport and diagnostic elements of the ions. As pointed out in Chapter 3

the setup of LEX Photonics was chosen such that the beam height and everything

downstream from TCC can be tested and implemented in CALA. The complete

setup design is depicted in Fig. A.17. One can clearly see that while the laser

mirrors became larger, the components (6-11) are optimized versions of the setup in

LEX Photonics (see Fig. 3.6). The first mirror in the chamber (TM1) is designed for

1% transmission. The incoming laser can thus be monitored as well as the reflected

light that is re-collimated by the final focusing OAP. It will thus be possible to

analyze the fundamental wavelength in the back reflected signal. TM2 has a silver

coating and can thus be operated under different angles of incident, for example

10 and 45 degree. This flexibility allows to use different off-axis parabolic mirrors

(see Table A.1) without exchanging mirrors. An overview of the available OAPs is



146 A. Experimental Setups in LEX Photonics and CALA

Figure A.18 | Picture of the LION chamber. A picture of the LION chamber with
OAP Nr. 4.

Number Off-axis angle Effective focal length Company and material
1 90◦ 30 cm AOS - Glas
2 20◦ 150 cm Layertec - Glas
3 90◦ 50 cm Millpond - Copper
4 20◦ 150 cm Millpond - Copper

Table A.1 | Parabolas for CALA. This table lists the parabolas that can be used in
LION.

given in Table A.1. Apart from the choice of the focusing mirrors it can further be

positioned rather freely within the first two chamber modules. This allows changing

the direction of propagation and thus enables a further variation of the angle of

incidence onto the target. This is important, because in our general elongated

chamber geometry rotating the target is not a desirable option. Furthermore the

polarization of the laser can be adjusted in the future. When impinging on the target,

the laser polarization will be dominantly vertical. We have two large aperture λ/4

wave-plate to change the polarization to circular or horizontal.
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B.1 Solving the Wave Equation - Fourier Optics

Many of todays measurements are based on interactions with light or waves in

general. Since the location, where the measurement is executed, differs in most

cases from the point of interest, where the interaction takes place, it is essential

to reconstruct the evolution of the wave from the point of interaction to detection.

Only with that understanding it is possible to retrieve the information that is sought.

With the beginning of Huygens who stated that ”each point of a wavefront can

be regarded as a point source of a spherical wave” (see Eq. (B.26)), many great

minds developed the theory of propagation of light as illustrated in Fig. B.1. The

starting point of this theory is the time independent Helmholtz equation Eq. (2.3).

Note that this theory describes the case of a time independent and thus purely

monochromatic wave. A detailed derivation and collection of this theory has been

written by Goodmann [257] and is summarized in Section B.1.
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Figure B.1 | Historical development of wave theory. This figure gives an overview
of the development of the wave theory, especially concerning the propagation of waves. It
names some of the most famous physicists that have contributed significantly towards the
development of the theory and whose principles and findings still form the basis of todays
theory of light in many aspects.

B.1.1 Green’s Theorem

One important tool in the derivation of Fourier optics is Green’s theorem. Green’s

theorem is a special case of Kelvin-Stokes theorem and relates the integration over

a volume to the integration over its enclosed surface.

˚
V

(
U∇2G−G∇2U

)
dV =

‹
S

(
U
∂G

∂n
−G∂U

∂n

)
dS, (B.1)
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where U(~r) and G(~r′) are any two complex-valued functions of position. S is a

closed surface surrounding a volume V .

B.1.2 Excursion Green’s Function

Even though the Green’s function1 is used more as an auxiliary function the concept

is rather important since it enables the basic formalism for solving the inhomoge-

neous wave equation. The principles of wave propagation are important at several

points of this work and therefore it is worth to have a closer look at the wave for-

malisms. The Green’s function G is an impulse response of a homogeneous linear

differential operator L

LU(x) = f(x), (B.2)

where f(x) is a source term. The Green’s function is the solution to the differential

equation L with a point source as force term:

LG(x, x′) = δ(x′ − x), (B.3)

we can obtain a solution for U(x) by multiplying Eq. (B.3) with the source function

f(x) and integrating over the full space yielding:

LU(x) =

ˆ
LG(x, x′)f(x′)dx′. (B.4)

Since the operator L is linear and only acts on x it can be taken outside of the

integration yielding

U(x) =

ˆ
G(x, s)f(s)ds. (B.5)

We therefore can conclude that with the appropriate Green’s function we can solve

an inhomogeneous differential equation and thus also the wave equation. For a

concrete example, we can look at an inhomogeneous wave equation with a source

term

(∇2 − 1

c2

∂2

∂t2
)︸ ︷︷ ︸

L

U(~r, t) = −f(~r, t). (B.6)

1The Green’s function provides a solution for differential harmonic equations.
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Using Eq. (B.3) we get:

∇2G(~r, t; ~r′, t′)− 1

c2

∂G(~r, t; ~r′, t′)

∂t2
= −δ(~r − ~r′)δ(t− t′). (B.7)

In the next step we multiply Eq. (B.6) with G and subtract Eq. (B.7) multiplied

with U

G∇2U − U∇2G−G 1

c2

∂2U

∂t2
+ U

1

c2

∂2G

∂t2
= −Gf + U (~r, t) · δ(~r − ~r′)δ(t− t′). (B.8)

By integrating ~r′ over the volume of interest V ′ and the time t′, from t = 0 to t, we

can solve for U(~r, t) :

U(~r, t) =

ˆ t

0

dt′
˚

V ′
d~r′G(~r, t; ~r′, t′)f(~r′, t′) (B.9a)

+

ˆ t

0

dt′
˚

V ′
d~r′
[
G∇2U − U∇2G

]
(B.9b)

+

ˆ t

0

dt′
1

c2

˚
V ′
d~r′
[
U
∂2

∂t2
G−G ∂2

∂t2
U

]
. (B.9c)

The equation Eq. (B.9) can be seen as the complete solution of the inhomoge-

neous wave equation accounting for a source term (Eq. (B.9a)), boundary conditions

(Eq. (B.9b)) and initial conditions (Eq. (B.9c)). Using Green’s theorem (Eq. (B.1))

for Eq. (B.9b) we get:

ˆ t

0

dt′
˚

V ′
d~r′
[
G∇2U − U∇2G

]
=

ˆ t

0

dt′
¨
S′

(
U
∂G

∂n′
−G∂U

∂n′

)
dS ′, (B.10)

where S ′ is the surface enclosing V ′. The part can thus often be neglected due

to asymptotic fall-off condition. Note that in reality boundary conditions, such as

reflections at the edges, could become important. An integration of Eq. (B.9c) over

t′ yields:
1

c2

˚
V ′
d~r′
[
U
∂

∂t
G−G ∂

∂t
U

]t
0

. (B.11)

In the case of a temporal induced source term we can assume equilibrium conditions

at t = 0 and choose t′ large enough that equilibrium conditions has been established

and thus Eq. (B.9c) can for such situations also be neglected.

In this work the concept of a Green’s functions is applied twice. On the one

hand it is used for the derivation of wave propagation with Sommerfeld, Fresnel and
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Fourier in Section B.1. On the other hand it is employed to solve the inhomogeneous

wave equation for the pressure wave that is generated by heat that is introduced

by ions dissipating their energy in water. This is relevant for Ion-Bunch Energy

Acoustic Tracing in Chapter 5.

B.1.3 Integral Theorem of Helmholtz and Kirchhoff

The first step is the derivation of the integral theorem of Kirchhoff and Helmholtz.

We consider the calculation of the field at P0 (Fig. B.2) for a given source within

the volume V ′ enclosed by S. The general approach, described in Section B.1.2,

is to calculate the impulse response to a source at P1 and later integrate over the

complete volume and thus all possible point sources.

V'

S

Sε

n

n

P0

Figure B.2 | Integral theorem of Helmholtz and Kirchoff. This drawing intro-
duces the quantities required for the derivation of the integral theorem of Helmholtz and
Kirchhoff. The figure is adapted from Goodman [257].

We start with the Helmholtz equation Eq. (2.3) and the free-space Green’s func-

tion, a unit-amplitude spherical wave expanding about P1:

G(P1) =
eikr01

r01

, (B.12)

where r01 is the distance from P0 to P1. The inner circle of Fig. B.2 is introduced

since G must be well defined within the enclosed volume V ′. In the later calculation

the radius ε of Sε is approaching zero. It is therefore S ′ = Sε + S. Using the two
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Helmholtz equations (∇2 + k2)U = 0 and (∇2 + k2)G = 0 and following the same

steps as for Eq. (B.8) we obtain2

˚
V ′

(
U∇2G−G∇2U

)
dV =

˚
V ′

(
UGk2 −GUk2

)
dV ≡ 0. (B.13)

With the use of Green’s theorem and keeping in mind that S ′ = S + Sε, we get:

−
¨
Sε

(
U
∂G

∂n
−G∂U

∂n

)
dSε︸ ︷︷ ︸

lim
ε→0

=4πU(P0)

=

¨
S

(
U
∂G

∂n
−G∂U

∂n

)
dS. (B.14)

This directly leads to the integral theorem of Kirchoff and Helmholtz

U(P0) =
1

4π

¨
S

(
U
∂G

∂n
−G∂U

∂n

)
dS. (B.15)

It states that the field at any point P0 can be calculated knowing the field and its

derivative and its derivative at the boundary of any closed surface surrounding ~r.

In other words the field can be expressed by its boundary conditions.

B.1.4 Fresnel-Kirchhoff Diffraction Formula

In a next step we consider the diffraction of light by an aperture. We therefore

assume an impinging wave from the left onto the aperture as illustrated in Fig. B.3.

The field at P0 behind the aperture is now calculated.

Using the integral theorem of Helmholtz and Kirchhoff (Eq. (B.15)) we get:

U(P0) =
1

4π

¨
S1+S2

(U
∂G

∂n
−G∂U

∂n
)dS. (B.16)

It can be shown that the integration over S2 vanishes. Further the screen on S1 is

opaque in all areas but Σ. The integration will further vanish everywhere except

inside the aperture when applying the Kirchhoff boundary conditions:

1. The field U and its derivative ∂U/∂n are not altered by the presence of the

aperture.

2. On the surrounding of the aperture U and its derivative ∂U/∂n are zero

2Within V ′, G is simply an expanding spherical wave satisfying the Helmholtz equation.
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S1

S2

P0r01
P1

P2

Figure B.3 | Fresnel, Kirchhoff, Sommerfeld. This drawing introduces the quan-
tities that are required for the derivation of several regimes. The surface is S1, including
the aperture Σ, and S2. The field at P0 shall be calculated. The figure is adapted from
Goodman [257].

U(P0) =
1

4π

¨
Σ

(U
∂G

∂n
−G∂U

∂n
)dS. (B.17)

With the assumption that the observation point is many optical wavelengths away

from the aperture (k � r−1
01 ) we get:

∂G(P1)

∂n
= cos(~n, ~n01)(ik − 1

r01

)
eikr01

r01

(B.18a)

≈ ik cos(~n, ~n01)
eikr01

r01

. (B.18b)

The aperture is illuminated by a spherical wave arising from a point source at P2,

the field on the aperture is therefore:

U(P1) =
Aeikr21

r21

, (B.19)

Using the same approximation (k � r−1
12 ) and applying both to Eq. (B.17) we obtain
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the Fresnel-Kirchhoff diffraction formula

U(P0) =

¨
Σ

1

iλ

(
Aeikr21

r21

)(
cos(~n, ~n01)− cos(~n, ~n21)

2

)
︸ ︷︷ ︸

U ′(P1)

eikr01

r01

ds. (B.20)

This result can be interpreted that the field at P0 arises from the integration of all

spherical point sources with magnitude U ′(P1) located within the aperture and can

thus directly be connected to Huygens principle. The Fresnel-Kirchhoff formulation

is limited to one impinging spherical wave. It further does not give the correct result

in the part of S1 that lies in the shadow of the aperture Σ, since the diffraction there

is not taken into account, and very close by, due to the approximation. Nonetheless

the Kirchhoff boundary conditions apply to many situations and calculations for

most cases are quite accurate. It fails though for certain situation for example when

scattered light (e.g. back to the source from the edge of the aperture) interacts with

the source again[258].

B.1.5 Rayleigh-Sommerfeld Formulation of Diffraction

The fact that boundary conditions had to be implied and internal inconsistencies3

of the theory motivated for further studies. Sommerfeld hurdled the inconsistency

of Kirchhoff by showing that there is one Green’s function satisfying more mathe-

matically correct boundary conditions (the field vanishes in Σ). With

G− = G(r01)−G(−r01) =
eikr01

r01

− eik ˜r01

r̃01

, (B.21)

which assumes a second mirrored point source of P0 at P̃0 oscillating with a 180

phase difference. Since G− vanishes at all locations of Σ the previous equation

Eq. (B.17) simplifies to

U(P0) =
1

4π

¨
Σ

U
∂G−
∂n

dS. (B.22)

This is called the first Rayleigh-Sommerfeld solution. On the surface Σ we get:

∂G−
∂n

(P1) = 2 cos(~n, ~r01)

(
ik − 1

r01

)
exp(ikr01)

r01

. (B.23)

3If a 2-D potential function and its normal derivative vanish simultaneously over any finite
curve segment, the potential function must vanish over the entire plane.
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Having the observation point again many optical wavelengths, away from the aper-

ture (k � r−1
01 ), the second term of Eq. (B.23) can be dropped. The first term is

twice the normal derivative of the free space Green’s G (see Eq. (B.12)) function

used by Kirchhoff:
∂G−
∂n

(P1) = 2
∂G

∂n
(P1) . (B.24)

With this relation Eq. (B.22) can be rewritten to:

U(P0) =
1

4π

¨
Σ

U
∂G−
∂n

dS =
1

2π

¨
Σ

U
∂G

∂n
dS. (B.25)

Inserting Eq. (B.18b) we obtain:

U(P0) =
1

iλ

¨
Σ

U(P1)
eikr01

r01

cos(~n, ~n01)ds. (B.26)

This equation again incorporates the Huygens-Fresnel principle. It expresses the

observed field U(P0) as a superposition of spherical waves originating from secondary

sources located at each point P1 located within the aperture Σ. The cosine is the so

called obliquity factor accounts for the direction of r01 with respect to the surface

normal. The only difference between the Kirchhoff and Sommerfeld solution is the

obliquity factor (and the mathematically sane derivation).

B.1.6 Common Approximations for the Propagation of Waves

One of the most important outcomes of the derivation is the definition of three

approximation that are widely used in many fields. Note that while up to now a

general field U has been considered we now consider an electric field E assuming

linear polarization for simplifications in this part.

The Rayleigh-Sommerfeld Formulation

The first approximation was already used in the derivation, namely that the obser-

vation point is many optical wavelengths away from the aperture plane (k � r−1)

yielding Eq. (B.26)

E(P0) =
1

iλ

¨
Σ

E(P1)
eikr01

r01

cos(~n, ~n01)ds. (B.27)

Since the calculation is still complicated two more approximations are commonly

used in the calculation of propagating waves. Assuming a planar aperture Σ and a
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parallel observation plane at a distance z, the distance r01 can be expressed as:

r01 =
√
z2 + (x− ξ)2 + (y − η)2, (B.28)

where x, y are the coordinates in the observation plane and ξη in the aperture plane.

This propagation distance can now be approximated using the binomial expansion4

r01 ≈ z

(
1 +

1

2

(
x− ξ
z

)2

+
1

2

(
y − η
z

)2
)
. (B.29)

This approximation is used for the exponent, while for the distance in the denomi-

nator of Eq. (B.27) only the first term is kept (r01 ≈ z)

The Fresnel Approximation

In the Fresnel approximation the binomial expansion up to the second order in ξ, η

is kept. It is valid when the lateral extent of the source and the detector are small

compared to the distance between each other. It reads:

E(x, y, z) =
eikz

iλz

¨ ∞

−∞
E(ξ, η)e

ik((x−ξ)2+(y−η)2)
2z dξdη, (B.30)

and denotes the so called near-field.

The Fraunhofer Approximation

The strongest approximation is the Fraunhofer stating that the source is much

smaller than the distance between source and detector5 2z/k � (ξ, η)max. Eq. (B.30)

simplifies to

E(x, y, z) =
eikz

iλz
e
ik
2z

(x2+y2)

¨ ∞

−∞
E(ξ, η)e−

ik
z

(xξ+yη)︸ ︷︷ ︸
Fourier transform

dξdη. (B.31)

The solution is called far-field and is directly the Fourier transform of the field

distribution in the aperture (or more generally speaking of the source). Figure B.4

illustrates those three regimes.

4
√

1 + b = 1
2b−

1
8b

2 + .....
5The word detector describes the location where the field is measured and in the frame work

of this thesis is the region of interest.
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Figure B.4 | Approximations for near-field and far-field. This figure illustrates
the propagation of waves. A spherical wave originating from a source is described in the
Rayleigh-Sommerfeld approximation that is valid for all mono-energetic waves. In the so
called near-field where the distance is larger than extensions of the source, the waveform
can be approximated by parabolic wavelets. If the propagation distance is now much
larger and the detection area small with respect to the source one can use the Fraunhofer
approximation describing the so called far-field.

B.1.7 The Fourier Transform

We have thereby introduced one of the most powerful mathematical tools - the

Fourier transformation6 . In our case the Fourier transformation connects the elec-

tromagnetic field of a source to the field in its far-field. The Fourier transformation

can be seen as a mathematical tool that is used to decompose a signal into its

ingredients (frequency components). For example a complex sound signal can be

dismantled into the different frequencies that it contains. This has the benefit that it

is much easier to reproduce, modify or to filter existing transients out of the signal.

The Fourier transform is essentially a base transformation, the convention used in

6Fourier’s theorem is not only one of the most beautiful results of modern analysis, but it may
be said to furnish an indispensable instrument in the treatment of nearly every recondite question
in modern physics, Lord Kelvin in 1867.
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this work is defined in this work as:

Ff (x) =

ˆ ∞
−∞

f (ξ) ei2πξxdξ (B.32a)

F−1f (ξ) =
1

2π

ˆ ∞
−∞

f (x) e−i2πξxdx. (B.32b)

The same holds true for a transformation from frequency f to time t. Equa-

tion (B.31) can thus be written as

E(x, y, z) =
eikz

iλz
e
ik
2z

(x2+y2)FE
(
−x
λz

,
−y
λz

)
. (B.33)

With the spatial frequencies −x/λz and −y/λz. This result shows that the field in

the Fraunhofer approximation can be calculated by the Fourier transformation of

its source term with some additional phase factors.

Focusing of a Laser Beam

Following Tyson [259] we can further show that starting with the Fresnel approx-

imation in the focal plane of a thin lens yields the same result as the Fraunhofer

approximation.. This remarkable results sets the basis of many imaging methods,

since it allows the observation in the Fraunhofer regime for even larger source dis-

tributions without the need of long propagation distances.

Correlations of the Fourier Transform

One other direct consequence of the Fourier theorem that is of particular importance

is the direct correlation between frequency-width (bandwidth) and pulse length.

Two statements can be derived:

1. Short signal correlates with wide range of frequencies. This becomes relevant

in the case of ultrashort laser pulses, requiring a large frequency bandwidth.

2. The Fourier transformation of a Gaussian is another Gaussian.

B.1.8 Time Dependence

In the derivation of the Kirchhoff/ Sommerfeld we considered a time-independent

source and also a source that is located in a certain plane (perpendicular to the

propagation direction z). The measured field was solely described as a function
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of x,y and z. The source becomes time dependent for a non-monochromatic wave

or simply time dependent source. This can mathematically realized by adding a

temporal dependence to the Green’s function. We can thus consider the field at the

location of the detector ~r at a certain time t.

Another ansatz would be to describe a temporal dependent electrical field in its

frequency domain using (Eq. (B.32))

E
(
~d, t
)

=
1

2π

ˆ ∞
−∞
Ẽ
(
~d, ω
)
e−iωtdω. (B.34)

Using the Rayleigh-Sommerfeld diffraction (Eq. (B.27)) for Ẽ
(
~d
)

yields

E
(
~d, t
)

=
1

2π

ˆ ∞
−∞

[
1

iλ

¨
Σ

Ẽ (~s)
eikr01

r01

cos(~n, ~n01)ds

]
e−iωtdω (B.35a)

=
1

2π

¨
Σ

cos (~n, ~n01) ds

ˆ ∞
−∞

iω

2πc
Ẽ (~s)

ei
ω
c
r01−iωt

r01

dω (B.35b)

=
1

2π

¨
Σ

cos (~n, ~n01)

cr01

ds
1

2π

ˆ ∞
−∞

(−iω) Ẽ (~s) e−iω(t− r01c )dω (B.35c)

=
1

2π

¨
Σ

cos (~n, ~n01)

cr01

ds
1

2π

ˆ ∞
−∞

∂

∂t
Ẽ (~s) e−iω(t− r01c )dω (B.35d)

=
1

2π

¨
Σ

cos (~n, ~n01)

cr01

ds
∂

∂t
E
(
~s, t− r01

c

)
. (B.35e)

This result again shows that the field measured at the detector at time t is dependent

on the variation of the source at the retarded time (as introduced in Section 2.1).

B.1.9 Conclusion

We have derived the Rayleigh-Sommerfeld diffraction integral (Eq. (B.27)), stating

that the electric field at any position behind a slit can be seen as the sum of individual

spherical wave sources as stated by Huygens principle. The summed electric field

can thus be seen as a sum of individual waves according to

~Etotal =
∑
m

~Em (~r, t) eiφm . (B.36)

This equation describes the superposition of fields. Superimposed fields will interfere

with each other. Interference can amplify the field (constructive interference) or
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attenuate it (destructive interference), depending on the phase-relation between the

fields. We have further shown how the propagation of a wave can be calculated when

the boundary conditions and source terms are given. The electrical field in the focus

of a lens can for example be calculated with the Fourier transform when the field at

the lens position is given and vice versa. In conclusion the amplitude and the phase

of a wave carry all the information about its source (when the complete properties

of the propagation are known).

Measurements

The ability to see is one of the most substantial human senses. It is thus reasonable

that optical measurement and imaging techniques are among the most important

ones. A common camera as well as our eyes detect only the intensity, allowing the

reconstruction of the electric field amplitude, but lacking phase information. Many

optical measurement techniques seek to not only acquire the amplitude but also the

phase of a wave. This can be done by exploiting the interferometric nature of waves.

Using interferometric methods further can increase the resolution and sensitivity

significantly (smaller than a wavelength), exploiting that the phase changes by 2π

over just a wavelength. One of the earliest realizations of such measurements has

been done with a Michelson interferometer [260]. One example where such sensitivity

has been pushed to its limits is the LIGO facility [261] leading to the discovery of

gravitational waves [262]. Another prominent examples is holography [263]. In the

framework of this thesis interferometric autocorrelation is used to measure the pulse

length and temporal contrast of a laser pulse. A different approach of measuring

the phase is typically applied to measure the wave front of light for laser systems

but also very commonly in the field of astronomy using a Shack-Hartmann sensor

[264].
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B.2 Some Basics of (Laser) Light

This section describes some basic concepts of light and in particular laser light

for a deeper understanding of several parts within this work. The section follows

[265]. In Table B.1 we have summarized some important quantities of laser light.

The Sellmeier formula can be used to calculate the refractive index for a certain

Name Symbol Calculation Description
Wavelength λL The wavelength of a laser is de-

termined by the material and ge-
ometrical setup of the cavity. It
is the length of a complete wave
period in space.

Frequency fL f = v · λ−1
L With v being the velocity in a

medium (speed of light (c) in vac-
uum).

Wavenumber k k = 2π · λ−1
L The wave number is commonly

when describing the wave math-
ematically.

Angular Frequency ωL ωL = 2πfL The angular frequency is more
commonly used.

Refractive index n n = v · c−1 The refractive index is the ratio
between the the velocity of light
in the material (v) and vacuum
(c). A wavelength dependent re-
fractive index will thus disperse
the beam. It can be calculated
with the Sellmeier formula (see
Eq. (B.37)).

Table B.1 | Laser quantities. This table summarizes a few of the most important
quantities of light and in particular laser pulses.

wavelength of a material, whereas Ai and λi are material dependent properties:

n(λ) =

√√√√1 +
3∑
i=1

Ai · λ2

λ2 − λ2
i

. (B.37)

B.2.1 Polarization of Light

The polarization describes the orientation of the electric field oscillations of a wave.

A linear polarized wave oscillates along one axis. Conversely, in circularly polarized
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light the polarization rotates constantly while the field magnitude stays constant.

Elements cleaning the temporal laser contrast change the orientation of polarization

and uses polarizers to filter the beam. The polarization of light plays an important

role when impinging onto material. If part of the polarization is directed along the

normal of of the material’s surface it is called p-polarized. If all parts are parallel it

is called s-polarized.

B.2.2 Reflectance and Brewster Angle

The reflectance R of a reflecting surface is defined by the Fresnel equation and yields

for non-magnetic media

Rs =

[
n1 cos Θi − n2 cos Θt

n1 cos Θi + n2 cos Θt

]2

Rp =

[
n1 cos Θt − n2 cos Θi

n1 cos Θt + n2 cos Θi

]2

, (B.38a)

where Θi and Θt are the angles of the incoming and transmitted light. With the

use of Snell’s law n1 sin Θi = n2 sin Θt one can find an angle ΘB where Rp becomes

zero. This so called Brewster angle is defined as

ΘB = arctan
n2

n1

, (B.39)

and is favorable when introducing a transmissive optics in a laser chain in order to

minimize losses. In the case of normal incidence the reflectance coefficient reduces

to

R0 =

[
n1 − n2

n1 + n2

]2

. (B.40)

Note that the reflectance R is associated with the intensity of light. The reflectivity

r in contrast is used for the electromagnetic wave with R = |r|2.

B.2.3 Group Velocity Dispersion

Another important quantity is the GVD. Let us consider a short laser pulse. The

pulse consists of the envelope and the underlying oscillating signal. The phase

velocity describes the propagation of the phase in space and is defined as vp = ω/k.

The group velocity instead is the the movement speed of the envelope and thus also

the only transportation of information. It is defined as vg = ∂ω/∂k ≤ c and is

limited to the speed of light. Another important quantity is the dispersion relation

that describes the wavelength dependent behavior of a wave traveling through a
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medium. The most important quantity in the framework of this thesis is the phase

velocity v = v(λ). This frequency dependent velocity causes GVD, describing the

dispersion of a short pulse within a medium. In particular when a short laser pulse

travels through a medium the pulse will disperse and thus typically be stretched in

time. Another important aspect is the wavelength dependent diffraction or reflection

angle that is key element of high power lasers as it is the key to the CPA mechanism.

B.2.4 Spatial Intensity Distribution

When the spatial intensity distribution is mentioned it is often referred to as ”focal

size”. This expression is not clearly defined but most commonly describes either the

FWHM or beam waist of a Gaussian distribution. The focal plane of a laser with

Gaussian beam profile is depicted in Fig. B.5. We have seen in Section B.1 that

the electric field of a wave in the focus of length can be obtained by the Fourier

transformation of the collimated beam. Therefore, the shape in focal plane of a

Gaussian laser pulse is another Gaussian. One important quantity is the Rayleigh

Focus

Figure B.5 | Sketch of a laser focus. This sketch shows the geometry of a Gaussian
laser focus. It thus introduces the Rayleigh length zR and the Gaussian widthW0. Adapted
from [266].

length zR. The Rayleigh length defines the distance to the focal plane where the

area has doubled and thus the intensity is halved.

zR =
π2W0

λL

, (B.41)
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where 2W0 is again the focal spot size. In many laser systems due to the damage

threshold of the optics the collimated beam profile is designed to be flat top (ho-

mogeneous intensity distribution). Its Fourier transformation is a sinc-function and

thus the focal size could also be attributed as the area to the first minimum of the

sinc.

B.2.5 Resolution of an Optical System

The resolution of an optical system is limited by the Abbe criterion. The minimum

distance dA of two lines or points that can be resolved is:

dA =
λ

2NA
. (B.42)

The second commonly accepted criteria for resolution is the Rayleigh limit. In the

image plane (focus of the lens) a point source creates a diffraction pattern (Fraun-

hofer limit). This diffraction pattern is defined by the Bessel function. Rayleigh

states that two point sources can be resolved when maximum of the second is at the

minimum of the first. The Abbe limit thus is evolved to

dR = 1.22
λ

2NA
. (B.43)

B.3 Nonlinear Optics

The field of nonlinear optics describes a nonlinear reaction to the electric field ~E of

light. It has first been experimentally demonstrated with the generation of second

harmonics [267]. Including the nonlinear refractive index, the total refractive index

can be calculated

n = n0 + n2I +O = n0 + n′2|E|
2 +O, (B.44)

with the nonlinear refractive index n2in SI units and n′2 in esu units, and O repre-

senting higher orders of nonlinearity. The nonlinearity is highly material dependent

defined by the nonlinear refractive index n′2 [268, 269]

n′2(10−13esu) =
68(nd − 1)(n2

d + 2)2

vd ·
√

1.52 + vd
(n2

d+2)(nd+1)

6nd

, (B.45)
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where vd is the Abbe number and nd the refractive index at 587 nm7. With

n2 = n′2
40π

cn0

, (B.46)

its value in SI units can be calculated. Since the value for n2 is typically really small

it can be neglected for most applications. Only if the electromagnetic field is intense

such as for high power lasers, its influence starts to become significant. In such cases

the nonlinearity can severely alter the laser pulse, caused by different mechanisms:

1. Self-focusing: In the case of a Gaussian spatial distribution the inner and

more intense parts will be retarded and can lead to self-focusing at a certain

intensity.

2. Self-phase-modulation: In the case of a Gaussian temporal distribution

the central part of the temporal envelope experiences higher intensities and

thus intensified nonlinear effects leading to a broadening of the pulse and a

modulation of its phase.

One relevant quantity is the so called B-integral.

Bint =
2π

λ0

ˆ
∆n(I)

n0

dl ≤ 1, (B.47)

where ∆n(I) = n2I +O describes all higher order effects that are accumulated over

a certain length l. The condition of B ≤ 1 is equal to the accumulated phase shift

< λ. This limit is a rule of thumb and describes until when effects can be handled.

The B-Integral can be minimizing by reducing the path length through material

or lowering the intensity therein. Since the first option is often not possible the

intensity has to be reduced, which is one motivation for CPA.

Despite several drawbacks, nonlinear effects play a significant role in many optical

fields and also in the generation of high power laser systems. Two examples are:

1. Pump laser: In the framework of this work the laser was based on Ti:sapphire

systems. The laser crystals are typically pumped by Nd:YAG-lasers, whose

frequency of 1064nm is doubled to 532nm using nonlinear effects.

2. XPW: An XPW uses nonlinear effects to rotate the polarization of light. In

a setup with crossed polarizers it can be adjusted such that only the highest

7vd = (nd − 1)/(nF − nc) and the n are the refractive indices at certain wavelength
nF (λF = 486nm), nd (λd = 587nm) and nc (λc = 656nm).
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intensity is rotated by 90 degree within the crystal and therefore the temporal

pulse profile can be steepened.

B.4 Optical Devices for High-Power Laser Sys-

tems

B.4.1 Sequoia and Tundra: Third-Order Autocorrelators

Autocorrelation describes the correlation of a signal with itself. Thereby the sig-

nal is duplicated and both are overlapped with a varying delay. The frequency of

the duplicated signal can hereby be modified to its second harmonic (second-order

autocorrelation) or third harmonic (third-order autocorrelation). High power laser

systems use third-order auto-correlation to scan the temporal contrast of the sys-

tem [148, 149]. One of the arms is frequency doubled with a nonlinear crystal.

Overlapping both arms in second nonlinear crystal leads to an intensity dependent

generation of the third harmonic that further is measured. By changing the de-

lay between both arms the temporal distribution is scanned. The drawback of a

second-order autocorrelator is that a prepulse will create a measurement artifact as

a postpulse and vice versa. A third-order autocorrelator has the advantage that the

intensity of the artifact, even though still detected, will only the square-root of its

origin and can thus be recognized. The commonly used devices are the Sequoia8 or

the Tundra9.

B.4.2 Pockels Cell

The core part of a Pockels cell is an electro-optical crystal with electric field de-

pendent birefringence. By applying or changing an adjacent electric field the bire-

fringence can be changed. This can in the right configuration cause a rotation of

the polarization. This effect has been studied by Pockels [270]. By adjusting the

high voltage that creates the electric field and the length of the Pockels cell the

polarization can be set to rotate by 90 degree (half-wave operation). With the use

of polarizers a very fast (sub ns) switch can be created. The typical configuration

is to position the Pockels cell between two polarizers that are rotated by 90 degree

8Amplitude Technologies.
9Ultrafast Innovation.
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with (cross polarized). In this configuration the light will be blocked (e.g. redi-

rected by the second polarizer) and the ratio between the reflected and transmitted

light is the called extinction ratio re = Pt/Pr, where P is the power of the light.

When the Pockels cell now is switched active, the polarization rotates by 90 degree

and the complete light is transmitted. In high power laser systems this is used as

an ultra-fast (sub ns) optical switch. In the configuration for CALA the polarizers

are oriented parallel and only when the Pockels cell is switched on the polarization

will be turned and the laser light blocked. The Pockels cell will thus be operated

when the reflected light is on its way downstream. Although this approach involves

the risk of causing damage whenever the Pockels cell is malfunctioning10, it can be

positioned in the beam-path optionally without the need of further optics to rotate

the polarization by another 90 degree. The polarizers are typically operated at the

Brewster angle (see Section B.2.2). A set of polarizers is used to account for the

beam offset that is introduced when traversing one polarizer. Further note that

the Pockels cell will modify the stretch of the pulse due to the nonlinear refractive

index and further introduce a pulse front tilt, since the optics are wedged in order

to prevent the generation of postpulse in the same mode.

10The risk is obsolete when turned on active upstream, since a malfunctioning cell would prevent
the beam from propagating further at first hand.
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List of Symbols and Abbreviations

Symbols

Abbreviation SI unit/value
c speed of light in vacuum 299792458 ms−1

ε0 vacuum permittivity 8.854...×10−12 A2s4kg−1m−3

µ0 vacuum permeability 4π × 10−7 TmA−1

kB Boltzmann constant 1.38064852(79)× 10−23 JK−1

e elementary charge 1.6021766208(98)× 10−19 C
re classical electron radius 2.8179403227(19) fm
me electron rest mass 9.10938356(11)× 10−31 kg
mp proton rest mass 1.672621898(21)× 10−27 kg
NA Avogardo’s number 6.022140857(74)× 1023 mol−1

λ wavelength m
ω, ω0 angular frequency s−1

I intensity Wm−2

E energy J
eV electronvolt 1.60218× 10−19 J
E electric fields Vm−1

B magnetic fields T
Te, (T = kBTe) temperature K, (J)



170 List of Abbreviations

Abbreviations

ASE Amplified Spontaneous Emission

ATLAS-3000 Advanced Ti:Sapphire LASer 3000 Terawatt

ATLAS-300 Advanced Ti:Sapphire LASer 300 Terawatt

BIRD Broad Infrared Diagnostics

BS Block Shutter

BSI Barrier Suppression Ionization

CALA Centre for Advanced Laser Applications

CCD Charge Coupled Device

CPA Chirped Pulsed Amplification

CW Continuos Wave

DRACO DResden Laser ACceleration Source

DM Diploe Magnet

EMP Electro Magnetic Pulse

ETTF Electron and Thomson Test Facility

FEL Free Electron Lasers

FWHM Full Width at Half Maxiumum

GVD Group Velocity Dispersion

HDR High Dynamic Range

HF High Field Physics

HZDR Helmholtz-Zentrum Dresden-Rossendorf

I-BEAT Ion-Bunch Energy Acoustic Tracing

ILDIAS Integrated Laser-Driven Ion Accelerator System
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IP Image Plate

Laser Light Amplification by Stimulated Emission of Radiation

LIGO Laser Interferometer Gravitational-Wave Observatory

LBD Laser-Beam-Delivery

LET Linear Energy Transfer

LEX Photonics Laboratory for EXtreme Photonics

LION Laser-driven ION acceleration

LUX Laser-driven Undulater X-ray source

MCP Micro-Channel Plate

MLL Maier-Leibnitz Laboratory

MPI Multi-Photon Ionization

MuCLs Munich Compact Light source

n-FTPS nano-Foil Target Positioning System

OAP Off-Axis Parabolic mirror

OPA Optical Parametric Amplification

OPCPA Optical Parametric Chirped Pulse Amplification

PHELIX Petawatt Hoch-Energie Laser für SchwerIoneneXperimente

PFS Petawatt Field Synthesizer

PMQ Permanent Magnetic Quadrupole

QPs QuadruPoles

REGEN Regenerative amplifier

RCF RacioChromic Film

RPA Radiation Pressure Acceleration
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SB3 Switch Box 3

SNR Signal to Noise Ratio

SPECTRE Source for Powerful Energetic Compact Thomson Radiation Experiments

STC Spatio-Temporal Coupling

STID Spatio-Temporal Intensity Distribution

TCC Target Chamber Center

Ti:sapphire Titanium Sapphire

TNSA Target Normal Sheath Acceleration

TM1 Turning Mirror 1

TM2 Turning Mirror 2

TOF Time-Of-Flight spectrometer

TRIC Temporally Resolved Intensity Contouring

WASP Wide Angle SPectrometer

XPW cross (X) Polarized Wave generation

ZEUS Zinths Extremely Useful Superlaser

ZS Zentrale Steuerung
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[207] M. Würl et al. “Time-of-Flight Spectrometry of Ultra-Short, Polyenergetic

Proton Bunches.” In: Review of Scientific Instruments 89.12 (Dec. 2018),

p. 123302.

[208] F. Kroll, J. Pawelke, and L. Karsch. “Preliminary Investigations on the Deter-

mination of Three-Dimensional Dose Distributions Using Scintillator Blocks

and Optical Tomography.” In: Medical physics 40.8 (2013).

[209] M. Goulet et al. “Novel, Full 3D Scintillation Dosimetry Using a Static

Plenoptic Camera.” In: Medical physics 41.8Part1 (2014).

[210] J. Metzkes et al. “An Online, Energy-Resolving Beam Profile Detector for

Laser-Driven Proton Beams.” In: Review of Scientific Instruments 87.8 (Aug.

2016), p. 083310.



194 BIBLIOGRAPHY

[211] K. C. Jones et al. “Proton Beam Characterization by Proton-Induced Acous-

tic Emission: Simulation Studies.” In: Physics in Medicine and Biology 59.21

(Nov. 2014), pp. 6549–6563.

[212] K. Parodi and W. Assmann. “Ionoacoustics: A New Direct Method for Range

Verification.” In: Modern Physics Letters A 30.17 (June 2015), p. 1540025.

[213] S. Lehrack et al. “Submillimeter Ionoacoustic Range Determination for Pro-

tons in Water at a Clinical Synchrocyclotron.” In: Physics in Medicine &

Biology 62.17 (Aug. 2017), pp. L20–L30.

[214] A. G. Bell. “On the Production and Reproduction of Sound by Light.” In:

American Journal of Science s3-20.118 (Oct. 1880), pp. 305–324.

[215] G. A. Askaryan. “Hydrodynamic Radiation from the Tracks of Ionizing Par-

ticles in Stable Liquids.” In: The Soviet Journal of Atomic Energy 3.8 (Aug.

1957), pp. 921–923.

[216] G. Askariyan et al. “Acoustic Detection of High Energy Particle Showers in

Water.” In: Nuclear Instruments and Methods 164.2 (Aug. 1979), pp. 267–

278.

[217] L. Sulak et al. “Experimental Studies of the Acoustic Signature of Proton

Beams Traversing Fluid Media.” In: Nuclear Instruments and Methods 161.2

(May 1979), pp. 203–217.

[218] N. A. Baily. “A Review of the Processes by Which Ultrasound Is Generated

through the Interaction of Ionizing Radiation and Irradiated Materials: Some

Possible Applications.” In: Medical Physics 19.3 (), pp. 525–532.

[219] R. Lahmann et al. “Thermo-Acoustic Sound Generation in the Interaction

of Pulsed Proton and Laser Beams with a Water Target.” In: Astroparticle

Physics 65 (May 2015), pp. 69–79.

[220] S. K. Patch et al. “Thermoacoustic Range Verification Using a Clinical Ul-

trasound Array Provides Perfectly Co-Registered Overlay of the Bragg Peak

onto an Ultrasound Image.” In: Physics in medicine and biology 61.15 (2016),

p. 5621.

[221] S. Kellnberger et al. “Ionoacoustic Tomography of the Proton Bragg Peak

in Combination with Ultrasound and Optoacoustic Imaging.” In: Scientific

Reports 6.1 (Sept. 2016).



BIBLIOGRAPHY 195

[222] W. Assmann et al. “The Munich MP Tandem.” In: Nuclear Instruments and

Methods 122 (Nov. 1974), pp. 191–203.

[223] A. Edlich. “Ionoacoustic K-Wave Simulations.” Bachelor Thesis. Munich:

LMU Munich, 2014.

[224] M. A. A. Caballero et al. “Optoacoustic Determination of Spatio- Temporal

Responses of Ultrasound Sensors.” In: IEEE Transactions on Ultrasonics,

Ferroelectrics, and Frequency Control 60.6 (June 2013), pp. 1234–1244.

[225] L. M. Brekhovskikh. Waves in Layered Media / L.M. Brekhovskikh ; Trans-

lated by Robert T. Beyer. 2d ed. Academic Press New York, 1980.

[226] S. Kirkpatrick, C. D. Gelatt, and M. P. Vecchi. “Optimization by Simulated

Annealing.” In: Science 220.4598 (May 1983), pp. 671–680.

[227] S. Kirkpatrick. “Optimization by Simulated Annealing: Quantitative Stud-

ies.” In: Journal of Statistical Physics 34.5-6 (Mar. 1984), pp. 975–986.

[228] J. F. Ziegler. “SRIM.” In: (2013).

[229] M. Youssef. “An Analytical Approach for the Transmission of Polychromatic

Divergent Proton Beams through a Magnetic Quadrupole Doublet.” Bachelor

Thesis. Munich: LMU Munich, 2018.

[230] U Schramm et al. “First Results with the Novel Petawatt Laser Acceleration

Facility in Dresden.” In: Journal of Physics: Conference Series 874 (July

2017), p. 012028.

[231] L. Obst et al. “On-Shot Characterization of Single Plasma Mirror Temporal

Contrast Improvement.” In: Plasma Physics and Controlled Fusion (Mar.

2018).

[232] M. J. Mead et al. “Electromagnetic Pulse Generation within a Petawatt Laser

Target Chamber.” In: Review of Scientific Instruments 75.10 (Oct. 2004),

pp. 4225–4227.

[233] M. De Marco et al. “Basic Features of Electromagnetic Pulse Generated in a

Laser-Target Chamber at 3-TW Laser Facility PALS.” In: Journal of Physics:

Conference Series 508 (Apr. 2014), p. 012007.

[234] T. W. Jeong et al. “CR-39 Track Detector for Multi-MeV Ion Spectroscopy.”

In: Scientific Reports 7.1 (May 2017).



196 BIBLIOGRAPHY
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