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Abstract

The work described in this thesis is concerned with the ex-

perimental investigation of the acceleration of high energy

proton pulses generated by relativistic laser-plasma interac-

tion and their application. Using the high intensity 150 TW

Ti:sapphire based ultra-short pulse laser Draco, a laser-

driven proton source was set up and characterized. Con-

ducting experiments on the basis of the established target-

normal sheath acceleration (TNSA) process, proton energies

of up to 20 MeV were obtained. The reliable performance

of the proton source was demonstrated in the first direct

and dose controlled comparison of the radiobiological effectiveness of intense proton pulses

with that of conventionally generated continuous proton beams for the irradiation of in vitro

tumour cells. As potential application radiation therapy calls for proton energies exceeding

200 MeV. Therefore the scaling of the maximum proton energy with laser power was inves-

tigated and observed to be near-linear for the case of ultra-short laser pulses. This result

is attributed to the efficient predominantly quasi-static acceleration in the short accelera-

tion period close to the target rear surface. This assumption is furthermore confirmed by

the observation of prominent non-target-normal emission of energetic protons reflecting an

asymmetry in the field distribution of promptly accelerated electrons generated by using

oblique laser incidence or angularly chirped laser pulses. Supported by numerical simu-

lations, this novel diagnostic reveals the relevance of the initial prethermal phase of the

acceleration process preceding the thermal plasma sheath expansion of TNSA. During the

plasma expansion phase, the efficiency of the proton acceleration can be improved using so

called reduced mass targets (RMT). By confining the lateral target size which avoids the

dilution of the expanding sheath and thus increases the strength of the accelerating sheath

fields a significant increase of the proton energy and the proton yield was observed.
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Zusammenfassung

Diese Doktorarbeit beschäftigt sich mit Experimenten zur Beschleunigung hochenergetis-

cher Protonenpulse, erzeugt durch relativistische Laser-Plasma-Wechselwirkung und deren

Anwendung. Mit Hilfe des hoch intensiven, Ti:Sa basierten 150 TW Kurzpuls-Lasersystems

Draco wurde eine lasergetriebene Protonenquelle realisiert und charakterisiert. Auf Basis des

etablierten TNSA (target-normal sheath acceleration) Prozesses konnten mit diesem System

Protonenenergien bis zu 20 MeV erzeugt werden. Mit Durchführung eines Vergleiches zur

strahlenbiologischen Wirkung von intensiven Protonenpulsen und konventionell erzeugten

Protonenstrahlen bei der dosiskontrollierten in vitro Bestrahlung von Tumorzellen, konnte

zudem die zuverlässige Funktion der Protonenquelle nachgewiesen werden. Da die Strahlen-

therapie als mögliches Anwendungsgebiet Protonenenergien über 200 MeV erfordert, wurde

die Skalierung der maximalen Protonenenergie mit der Laserleistung für den Fall ultra-

kurzer Laserpulse untersucht und ein nahezu lineares Verhalten beobachtet. Dieses Re-

sultat wurde einer effizienten, vorwiegend quasi-statischen Beschleunigung in der kurzen

Beschleunigungsperiode nahe der Targetrückseite zugeschrieben. Bestätigt werden konnte

diese Annahme durch eine weitere Beobachtung: Schräger Lasereinfall oder die Einführung

eines Winkelchirps führen zu asymmetrischer Verteilung der direkt vom Laser beschle-

unigten Elektronen, was eine auffällige Ablenkung der hochenergetischen Protonen von

der Targetnormalen zur Folge hat. Unterstützt durch numerische Simulationen offenbart

diese neue Methode die hohe Bedeutung der „vorthermischen“ Anfangsphase des TNSA-

Beschleunigungsprozesses, die der thermischen Expansion des heißen Plasmas vorangeht.

Während der Expansionsphase kann die Effizienz der Protonenbeschleunigung zusätzlich mit

sogenannten masse-reduzierten Targets verbessert werden. Durch Einschränkung der lat-

eralen Targetgröße, was die Ausdünnung des expandierenden Plasmas verhindert und damit

zu einer Erhöhung der elektrischen Feldstärke führt, konnte eine signifikante Erhöhung der

Protonenenergie und der Protonenausbeute beobachtet werden.
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1. Introduction

Laser based acceleration of charged particles has recently attracted considerable interest.

Due to the extreme fields intense laser light generates during the interaction with matter, a

hot plasma is formed in which particles can gain high kinetic energies in the gigaelectronvolt

range for electrons and tens of megaelectronvolts per nucleon for ions. This is possible,

because with the invention of the chirped-pulse amplification (CPA) technique [1] in the

1980s modern high power lasers (10 TW - 1 PW) are capable of providing laser intensities in

the range of 1018 − 1022W/cm2 in the laboratory. Since electrons, oscillating in such intense

laser fields that reach the order of teravolts-per-meter, may gain a kinetic energy that is in

the order of the electron rest mass within half a laser period, these light intensities are called

’relativistic’ and also give the research field of relativistic laser-plasma physics its name.

In contrast to that, ions, possessing a much higher inert mass, cannot gain relativistic

kinetic energies from the laser field directly. This would require laser intensities in the order

of 1024W/cm2, a technology that is presently not available. However, during the interaction

of a high intensity laser pulse with a solid or near-solid density target it is possible to partially

transfer the electron energy to the heavier ions and to efficiently accelerate them.

The most common concept to describe laser-driven ion acceleration is target-normal sheath

acceleration (TNSA) introduced by Wilks et al. [2]. A sketch illustrating an experiment in

the TNSA regime is shown in Fig. 1.1(a). Such experiments are conducted in vacuum

and as hydrogen is always present in the contaminants at the surfaces of the laser targets,

micrometer thick metal foils in the most simple case, most experiments focus on proton

acceleration. At the laser illuminated target front side, the laser generates a plasma, where

laser energy is absorbed and hot plasma electrons are pushed into the target. The electrons

propagate through the foil and exit at the rear side, forming an electron cloud, called Debye

sheath. As a result, a large quasi-static electric field is set up (∼TV/m) that leads to

ionization of the light ions at the target surface (hydrogen, carbon) and that accelerates

these ions to megaelectronvolt energy into target-normal direction. In general, the field

strength increases with electron density and the average kinetic energy of the electrons in

the thermal sheath, whereas the latter is usually referred to as the hot electron temperature

of the plasma. The plasma then expands [3] in longitudinal and transverse directions leading

to a continuous decrease in electron density and temperature, while energy is transferred to

the proton ensemble.

A representative proton spectrum obtained with the 150 TW ultra-short pulse laser system

Draco (Dresden Laser Acceleration Source) is presented in Fig. 1.1(b), showing the broad
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Fig. 1.1.: (a) Schematic presentation of the TNSA process. The laser irradiates the target front
surface and the extreme electric field strength of the laser generates a plasma in which
energetic electrons are accelerated. Those electrons propagate through the foil and leave it
at the rear side, forming an electron cloud, the hot electron Debye sheath. This leads to a
large quasi-static electric field and thus ionization of light ions in the contaminant layer
and to acceleration of those ions to megaelectronvolt energy. The typical spectrum mea-
sured with a magnetic spectrometer in (b) shows a broad exponentially decaying energy
distribution with a cut-off energy around 17 MeV. (c) Photograph depicts the relativistic
laser-matter interaction at the instant of a single laser shot of the Draco laser system.
Focused by an off-axis parabolic mirror (visible in the background), the laser beam irra-
diates a titanium target foil mounted in a frame, visible in the center of the picture. In
the generated plasma flash, that illuminates the parabola, energetic protons (green arrow)
are accelerated and propagate through an energy selective magnetic filter used in the cell
irradiation experiment to be presented in chapter 2.

energy distribution that is typical for TNSA. The hard cut-off of the spectrum (here at

17 MeV) is characteristic for the maximum available accelerating field, and therefore widely

used to study the acceleration process as function of the different laser and target parameters.

The unique properties of laser-driven proton pulses, such as the high bunch charge at initially

short pulse duration and the excellent beam optical quality [4] triggered the discussion

about potential applications. Laser-driven proton pulses could be used as probes for electric

fields in laser-driven inertial confinement fusion [5] and in relativistic laser-plasma research

[6, 7], where the large energy bandwidth even allows for improved time mapping by the

correlation between time-of-flight and energy. The high charge of the pulses combined with

the excellent transverse emittance further motivates the injection of laser-accelerated bunches

into synchrotrons [8, 9, 10, 11].
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Especially important for the scope of this thesis is the potential medical application,

namely the application of the laser-driven accelerator technique for the development of com-

pact proton sources for radiation therapy [12, 13, 14, 15, 16, 17]. Radiation therapy, however,

requires proton energies of up to 250 MeV at a dose rate of a few Gy per minute and thus a

pulse repetition rate at least of the order of 1 Hz. Thereby the crucial and still unresolved

issue is the need for an increase in maximum particle energy. At present, maximum proton

energies achieved with high-energy high-power lasers operating in single pulse mode range

to around 70 MeV [18]. Although the radiation doses available in such single pulses seem

promising for use in this field, the average achievable current, and thus the pulse repetition

rate has to be improved. Only with the recent generation of table-top 100 TW Ti:Sapphire

lasers, operating at pulse repetition rates of up to 10 Hz, energies exceeding 10 MeV (for

references see Sec. 3.1.3) became accessible for applications where also the average dose rate

is of interest, e.g., for providing sufficiently short treatment duration of a few minutes.

To identify feasible routes toward high proton energies at reasonable pulse repetition

rates, the underlying physics for the established TNSA process [19, 20] but also for novel

acceleration processes, such as the relativistic transparency regime [21, 22, 23, 24] or the

radiation pressure dominated acceleration regime [25, 26, 27, 28, 29, 30, 31] are presently

under systematic evaluation. This is in particular important for further laser development

which, of course, is equally indispensable for the development of devices suitable for medical

applications as the demonstration of the competitiveness of the laser-plasma accelerator with

conventional sources in terms of precision, reliability and reproducibility imposing enormous

technical challenges as well.

Structure of the thesis

The first task of this thesis was the development of a setup for the generation of a reliable

laser-driven proton source at the Draco laser system. Draco is a 150 TW Ti:Sapphire based

high intensity laser that was installed at the HZDR in 2008 and that provides ultra-short

pulses (30 fs) when tightly focused (focal spot around 3µm FWHM) leading to intensities

on target of up to 1021W/cm2, and in addition, excellent temporal pulse contrast in the

order of 10−10. In parallel to the obvious purpose of the laser-driven proton beam to conduct

experiments on fundamental questions of the laser-plasma interaction with solid targets,

of particular importance was the demonstration of the source in a real application, here

a systematic radiobiological study of radiation induced biological damage based on an in

vitro cell system. Such an application imposes strict requirements not only on basic proton

beam parameters such as sufficiently high proton energy (> 10 MeV), proton yield and pulse

repetition rate but calls also for high reproducibility, reliability and therefore stable and

automated operation of the source.

Therefore in the first part of this thesis (chapter 2) an overview of the Draco laser chain,

including the diagnostic of the laser pulse parameters achieved on target will be given and

the implemented setup for the proton beam generation and the detector systems necessary
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for the characterization of the proton beam parameters are introduced. Using the TNSA

acceleration mechanism, an optimal target and laser configuration is presented that was

used for the first dose-controlled irradiation of in vitro cancer cells successfully performed

with laser-accelerated proton pulses. Parts of this highly multidisciplinary study, predomi-

nantly concerning the implementation of online and offline dosimetry and the radiobiological

methods were conducted within a close collaboration with the onCOOPtics project (Zen-

tren für Innovationskompetenz-Verbundprojekt: „onCOOPtics - Hochintensitätslaser für die

Radioonkologie“).

Independent from the medical application, but taking the introduced source of stable pro-

ton beams as a reference to correlate measurements conducted in different campaigns, the

thesis will then focus on the fundamental physics question of how to increase the proton

energy. This is necessary for the next level of radiobiological studies, such as the irradiation

of tumors in animals (in vivo), and it is mandatory for clinical application of laser-driven

proton beams in the near future. Yet, TNSA remains the most simple and robust approach

guaranteeing highest proton energy for given laser parameters and thus scaling this mecha-

nism by direct increase of laser power presently seems to be the most effective way to reach

higher proton energies. Therefore, the experiments conducted in this thesis were mainly

focused on TNSA using micrometer thick targets and related effects.

After a brief revision of the theoretical concepts of TNSA (Sec. 3.1), in chapter 3 the

proton energy scaling with laser power for the particular case of ultra-short laser pulses

(Sec. 3.1.3) and the implication of the ultra-short time-scale onto the underlying physics of

the acceleration mechanism will be addressed. It will be shown, that protons efficiently gain

energy during the ultra-short initial period, the intra-pulse phase, of the acceleration process

(Sec. 3.2) and that this matter of fact has certain implications for optimization procedures

and intensity scalings. To identify the intra-pulse acceleration phase, prominent non-target-

normal emission of energetic protons is used. This reflects an engineered asymmetry in the

field distribution of promptly accelerated electrons during the laser-plasma interaction in-

duced by applying oblique laser incidence or angularly chirped laser pulses. The concept of

this novel method is discussed with the help of particle-in-cell simulations as well as exper-

imental results obtained for the investigation of the influence of various laser parameters,

such as angle of laser incidence on target, laser polarization, laser pulse energy and temporal

laser pulse contrast (Sec. 3.2.2, 3.2.3, 3.2.4).

TNSA is described as an expansion of the plasma sheath surrounding the target, that

drives the proton acceleration. Therefore the maximum acceleration is limited due to the

rarefaction of the plasma in the longitudinal and transverse directions with time, leading

to a continuous decrease in electron density and temperature. One promising approach to

circumvent this problem is the confinement of the lateral target surface, as will be the main

topic of chapter 4. By using reduced mass targets (RMT), the electron spreading along the

target surface is restricted, leading to a time-averaged hotter and denser plasma sheath that

improves the conditions for efficient proton acceleration.
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Based on lithographic technology, reduced mass targets with different lateral size, thick-

ness and mount geometry were developed in order to study their laser-proton acceleration

performance as function of the target geometry. Irradiating the targets with Draco laser

pulses results in enhanced proton energy and proton yield when comparing with results

obtained with planar foils. In particular, the experimental investigation of the target thick-

ness dependence reveals that the proton energy increase depends on the target thickness

representing a novel signature to describe the functionality of this target concept.



6

2. Realization of a laser-driven proton

beam delivery system for

radio-biological studies

Cancer represents the second highest cause of death in industrial societies. Today, at a

steadily increasing rate, already more than 50% of all cancer patients are treated with photon

or electron radiotherapy during the course of their disease. Radiotherapy by protons or

heavier ion beams, due to their inverse depth dose profile (Bragg peak, see Fig. 2.1), can

achieve better physical dose distributions than the most modern photon therapy approaches.

In the case of ions heavier than protons, the higher relative radiobiological effectiveness

[32, 33] might be of additional therapeutic benefit. It is estimated that at least 10-20% of all

radiotherapy patients may benefit from proton or light ion therapy [34, 35] and indications are

currently evaluated in clinical trials worldwide. Yet, making widespread use of this potential

calls for very high levels of clinical expertise and quality control as well as for enormous

economical investment and running costs associated with large-scale accelerator facilities.

The former point is presently being addressed in clinical research with, e.g., advanced real-

time motion compensation techniques, while the latter asks for more compact and cost-

effective yet equally reliable particle accelerators.

As a promising alternative to conventional proton sources, compact laser-plasma based

accelerators have been suggested [12, 13, 14, 36, 15, 16, 17], which yield unsurpassed accel-

erating field gradients in the megavolt per micrometer range. Furthermore, high power laser

systems could not only provide laser-driven proton radiation (LDPR) with a high pulse dose

rate for therapeutic purposes, but diagnostic radiation as well. This combination could en-

able novel schemes of image guided radiotherapy, in particular for the irradiation of moving

targets.

As already discussed in chapter 1 LDPR originates from hydrogenated contaminants on

almost any solid target surface when irradiated with sufficiently intense laser pulses [2].

Electrons are heated to megaelectronvolt temperatures during the interaction, and driven

out of the target volume. In the corresponding electric field, the protons at the surface

efficiently gain energy. Over the last decade, intense proton pulses with energies exceeding

several 10 MeV have been reached with large single-shot laser facilities. Yet, only with

the recent generation of table-top 100 TW Ti:Sapphire lasers, operating at pulse repetition

rates of up to 10 Hz, energies exceeding 10 MeV [19, 37, 29, 38] (see also chapter 3) became
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Fig. 2.1.: Motivation of particle therapy. The advantage of using protons or heavier ions for ra-
diotherapy in comparison to widely used X-rays or electrons can easily be understood by
the different energy transfer characteristics shown in the picture. In matter, protons and
heavier ions show only little spatial scattering, and in contrast to electrons and X-ray
radiation, the dominant part of their kinetic energy is deposited close to the end of their
trajectory in the well-known Bragg peak, here spread-out Bragg peak when a certain range
of proton energies is applied. This feature allows for a more precise irradiation of a tumor
at a considerably reduced dose deposition in healthy surrounding tissue.

accessible for applications where also the average dose rate is of interest, e.g., for providing

sufficiently short treatment duration of a few minutes. For the anticipated future application

in radiation therapy a further increase in the proton energy of up to 200-250 MeV is required,

which is currently addressed by the investigation of novel acceleration schemes [39, 29], more

sophisticated target designs [40, 18] (c.f. chapter 4) as well as by ongoing laser development.

Equally indispensable for the development of devices suitable for radiobiological studies

and medical applications is the competitiveness of the laser-plasma accelerator with conven-

tional sources in terms of precision, reliability and reproducibility. Research in this field can

adequately be performed with available technology and, in particular, presently accessible

particle energies. The challenge is the development of a laser-based treatment facility tak-

ing into account the specific properties of LDPR, such as pulse dose and pulse dose rate,

which are higher than those provided by conventional techniques by orders of magnitude,

and the demonstration of its potential for clinical application. This task is addressed by

a translational research process, meaning the transfer of the results of the complex and

interdisciplinary basic research area into clinical practice [41], starting from in vitro cell ir-

radiation, over experiments with animals, to clinical studies. Vice versa the realization of a

translational step represents a benchmark of the development status of the laser-driven dose

delivery system itself.

Starting with cell irradiation experiments the relative biological effectiveness (RBE) of

such laser-driven proton beams has to be determined. In general, the RBE is given by
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the fraction of the dose delivered by a reference radiation (here conventionally accelerated

protons) to the dose delivered by the given radiation (laser-driven protons) when yielding the

same biological effect, whereas the general basis of RBE measurements is the determination

of dose-effect curves for in vitro cell systems. To obtain a radio-biologically substantial

result, several tumor and normal tissue cell lines as well as different biological endpoints

have to be investigated. Although it is unlikely, in the therapeutically relevant dose range of

a few Gy non-linear radiobiological effects may arise for pulsed proton beams due to multiple

damages in the cell within one pulse and thus below the time-scale of repair mechanisms.

Complementary to studies with conventional beams [42] several groups put effort into in vitro

investigations of such possible non-linear RBE effects due to the extreme pulse dose [43, 44,

45] using single shot exposure of a few Gy per pulse from laser-plasma accelerators. However,

in those articles the proton dose applied to the cells was only analyzed retrospectively which

does not allow for a controlled delivery with prescribed dose values as recommended for

animal irradiation and mandatory for patients.

In order to illustrate the technical challenge for the conducting of radiobiological in vitro

experiments on a laser-accelerator-driven cell irradiation site, the next paragraph summarizes

the most relevant requirements [46]. Meeting all that requirements and in particular reaching

the order of the clinical precision standard, the first direct, and dose controlled comparison

of the radiobiological effectiveness of LDPR and conventionally accelerated protons in vitro

in a full scale systematic cell irradiation campaign was realized within the frame of this thesis

and will be presented in this chapter [46, 47].

Requirements for radiobiological in vitro experiments

• As living cells have to be irradiated in air, a vacuum exit window for the proton beam

is mandatory.

• Due to the comparatively low energy of presently available laser-accelerated protons

(∼ 10 MeV) all components used in transmission in front of the cell monolayer have to

be as thin as possible in order to minimize energy loss.

• All types of background radiation causing cell damage such as X-rays or electrons have

to be suppressed, eg., by blocking the direct view from the laser target to the cell

sample or by magnetic filtering.

• The delivered proton intensity should be high enough to guarantee irradiation times

of the order of few minutes to avoid the influence of any effects not related to the

irradiation.

• In order to derive the biological effectiveness of laser-accelerated proton beams dose-

effect-curves with radiation doses in the range of about 0.1 to 10 Gy have to be mea-

sured.
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• The large shot-to-shot intensity fluctuations up to now observed for laser-accelerated

proton beams as compared to conventional sources makes the delivery of a prescribed

dose by a single pulse impossible. It requires the application of several pulses in

combination with online dose monitoring for each individual irradiation.

• The beam diameter has to be optimized with regard to the geometry of the cell sample.

This implies a homogeneous dose distribution over an area typically in the range of

about 1 to 25 cm2.

• The precise evaluation of the absolute dose delivered by polyenergetic proton beams

requires the knowledge of the proton energy spectrum.

• In contrast to monoenergetic proton beams common in medical applications, no abso-

lute dosimetry protocol exists for the laser-accelerated proton pulses at low energies

and therefore has to be established.

• Precise absolute dosimetry is nearly impossible when protons are fully stopped in the

cell monolayer. As a practical consequence, low energy protons (below∼ 5 MeV in

front of the irradiation system) have to be filtered out.

• Because of the biological heterogeneity and dose dependence of radiobiological effects

numerous cell samples and several independent replications of the experiments have to

be performed.

• Supplementary cell samples (controls) have to be prepared but not irradiated for the

determination of the impact of ambient conditions and the whole experimental proce-

dure on the cells and on the examined biological effect.

• A cell laboratory next to the laser facility is necessary for cell culturing, sample prepa-

ration and analysis of the biological effect after irradiation. In parallel to the laser

experiment, reference irradiations are required for the classification of the obtained

biological results and for the comparison with other laboratories.

Scientific environment and role of medical application project within the thesis The

application of laser-accelerated proton pulses for cancer therapy has been heavily promoted

by the laser-plasma community as the ideal application matching the needs for compact and

affordable technology in clinical application. Several national and international activities,

often combining the expertise of laser-plasma physics, accelerator physics, radio-biology,

and medicine, have been started over the last years to explore the potential of this

approach. The most important projects are: Japan (PMRC − Photo Medical Research

Center, Kansai), Great Britain (LIBRA − Laser Induced Beams of Radiation and their

Application, Birmingham/Glasgow/Belfast etc.), France (SAPHIR − Source Accélérée de

Protons par laser de Haute Intensité pour la Radiologie, Paris/Marseille/Orsay etc.), Italy
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(PROMETHEUS − PROtons, ions and coherent X-rays facility based on high power laser

for MEdical research, oncological THErapy, bio-imaging and radio-biology USes, Bologna

etc.) and two projects in Germany, the Munich centre for Advanced Photonics (MAP) and

onCOOPtics in Dresden where this thesis is partly embedded in. The onCOOPtics project

(Zentren für Innovationskompetenz-Verbundprojekt: „onCOOPtics - Hochintensitätslaser

für die Radioonkologie“) aims for the development of laser-driven particle beams for

radiation therapy and is supported by the German Federal Ministry of Education and

Research (BMBF). It consists of three partners in Dresden (Germany), the ZIK (Zentrum

für Innovationskompetenz) OncoRay and the ZIK ultra optics as well as the HZDR. This

collaboration ensures that laser-driven radio-oncology as a novel concept of radiotherapy

is integrated in a much broader program including molecular targeting, radiobiology,

image-guided therapy, in vivo dosimetry and basic laser development.

In 2008, Amplitude Technologies delivered a 150 TW Ti:Sapphire based laser system,

named Draco (Dresden laser acceleration source), that was installed in new clean room

laboratories inside the ELBE accelerator building at the HZDR. This close proximity to

accelerator infrastructure has many advantages, such as radiation shielding. Furthermore

it allows for combined experiments of the ELBE electron beam and the high power laser

such as Thomson scattering experiments, that were conducted in parallel to ion acceleration

experiments in the last years. The ELBE building hosts a cell laboratory and an X-ray

reference irradiation site, that are indispensable for all kind of radio-biological studies.

Beginning with an empty laboratory, the first central task within the frame of this thesis

was the development of the setup for the generation of a reliable laser-driven proton source

at the Draco laser system as described in this chapter. To some extent, that also included

the establishment and the operation of the laser infrastructure and the implementation of

additional laser diagnostics. Reproducible laser parameters on target, such as laser energy,

pulse duration, focal spot size and temporal contrast as well as the identification of optimal

target properties, precise target alignment but also development, characterization and im-

plementation of appropriate proton beam diagnostics were the most important issues to be

solved for the generation of a reliable laser-driven proton beam [19].

The next sections will focus on the setup of the Draco laser including the laser diagnostics

and the concept of the proton acceleration system. To illustrate the achieved performance of

the laser-driven proton beam, the results of the successful cell irradiation campaign demon-

strating stable system operation for many weeks of beam-time as published in Ref. [46, 47]

are presented at the end of this chapter. This work was conducted in close collaboration

with the onCOOPtics team that focused in particular on the dosimetric and radiobiological

methods and analysis [48, 49, 50] whereas this thesis concentrated on operation and design

of the laser-driven proton acceleration experiment. In addition, there was a strong overlap

for the development of particle detectors and dosimeters in particular for the investigation

of saturation effects of several detector devices using the high bunch charge electron pulses
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from the tunable ELBE accelerator source [51, 52, 53, 54].

2.1. The Draco laser system

The Draco laser is a Pulsar 200 system developed by Amplitude Technologies. It is based on

the chirped pulse amplification (CPA) scheme introduced by Strickland and Mourou [1] and

exhibits Ti:Sapphire crystals as primary gain medium pumped with frequency doubled, flash

lamp pumped Nd:YAG laser modules. The laser system was designed to deliver ultra-short

pulses of about 25 fs duration with a pulse energy up to 4−5 J on target (see Tab. 2.1).

Special measures were taken to optimize the temporal contrast of the laser pulse and the

implementation of actively controlled components for shaping the pulse spectrum and spec-

tral phase enables an optimal pulse compression. A schematic drawing of the complete laser

chain including the major laser diagnostic parts and a picture of the focusing performance

inside the target chamber for ion acceleration is presented in Fig. 2.2.

The laser pulse is generated in a Ti:Sapphire oscillator, manufactured by Femtolasers.

When mode-locked, the oscillator delivers pulses at 78 MHz with an average power of 560-

600 mW. The central wavelength is 800 nm and the bandwidth amounts to about 95 nm

(FWHM). At the oscillator output a 10 Hz pulse train (seed pulses) is separated using a

pockels cell and transfered into a booster amplifier module comprising a saturable absorber

(SA) as passive intensity dependent filter for temporal contrast enhancement of the oscillator

pulses. In the booster the seed pulse is amplified by a high gain multipass amplifier up to

the microjoule level. Passing through the SA cleans the pulse from amplified spontaneous

emission (ASE) background generated in the oscillator. Due to the linear dispersion, the

laser pulse encounters during propagation through all transmission components of the booster

amplifier, the pulse duration at the SA amounts already to about 4 ps. Consequently, residual

ASE components beneath the dispersed temporal pulse envelope cannot be removed by the

intensity dependent filter and remain as pulse pedestals after compression (c.f. the discussion

of temporal contrast measurements below).

Having left the booster amplifier, the seed pulses enter the CPA stage, beginning with the

pulse stretcher, where the pulses are temporally stretched to about half a nanosecond dura-

tion. The stretcher design is based on an all-reflective Öffner triplet combination, avoiding

on-axis coma and chromatic aberration. Only spherical aberration and astigmatism may

appear. After amplification the pulses are re-compressed to short duration using a classical

two-grating compressor design optimized for high transmission efficiency (65 % compared to

the energy level directly behind the last amplifier) and adaption to the stretcher ensures

flattest spectral phase dispersion in the overall system.

The stretched seed pulses are coupled into the cavity of a regenerative amplifier (RA),

where the pulse energy is increased up to the millijoule level. The resonator defines a TEM00

transverse mode, and thus ensures an excellent beam profile propagating into the following

multipass amplifiers. Together with two acousto-optic programmable gain control filters

http://amplitude-technologies.com/
http://femtolasers.com/
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Fig. 2.2.: Illustration of the Draco laser chain, including laser diagnostics and target chamber.
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parameters EL τ Strehl intensity prepulse ps
[J] [fs] ratio [W/cm2] contrast contrast

design 4 23-30 0.3 > 1021 < 10−7 10−10

experiment 2-3 30 >0.9 ≈ 1021 < 10−10 10−11 at 100 ps

Tab. 2.1.: Comparison of the design parameters of the 150TW Draco system and those repro-
ducibly achieved and used for the experiments discussed in this thesis. The improvement
of the experimental parameters was achieved by adding further components to the original
laser setup, such as a deformable mirror (better Strehl ratio), a fast pockels cell (PC30)
to suppress prepulses and a second saturable absorber to reduce the ASE pedestal leaking
out of the RA. All parameters refer to conditions on target. The intensity is derived
using a focal spot diameter (FWHM) of 3µm. Contrast is given as the power ratio with
reference to the maximum pulse power as discussed below. The ps-contrast level refers
to the ASE pedestal a few hundreds of picoseconds prior to the main pulse (see main text
for detailed discussion).

(AOF), one intra-cavity (MAZZLER) and another one directly ahead of the RA entrance

(DAZZLER, both from Fastlite) the RA represents the core of the laser system.

One main limitation for laser amplification is the spectral gain narrowing in the amplifier

chain which reduces the temporal compressibility of the pulse (due to Fourier Transform

properties). With the MAZZLER this effect is pre-compensated by actively introducing

spectral losses into the RA cavity using an acoustic wave that diffracts unwanted spectral

components out of the resonator as depicted bottom left in Fig. 2.2. This ensures a spectrally

constant amplifier gain of the non-diffracted cavity beam and enlarges the global amplifica-

tion bandwidth from initially 30 nm to up to 80 nm, thus enabling pulse durations of below

25 fs after compression. The shape of the filtering acoustic wave is calculated on the basis

of pulse spectra measured behind the multipass 1 stage and optimized iteratively. The gain

narrowing in the two last multipass amplifiers is small due to their moderate overall gain.

Similarly, the DAZZLER is used to independently control the spectral phase of the pulse.

In combination with a spectral phase measurement of the compressed pulse using a SPIDER

(spectral phase interferometer for direct electric-field reconstruction) by APE, that is situated

at the end of the laser chain, higher order dispersion effects in the laser system are pre-

compensated by a computer controlled loop resulting in spectral phase modulations of less

than ±π/3 over the whole spectrum.

When amplification saturation is reached the seed pulse is extracted from the RA cavity

by switching the output pockels cell (PC-Output). In order to optimize the contrast ratio

between output pulse and the other round trips (separated by 12 ns), the leakage pulses

are additionally suppressed by means of a pulse cleaning pockels cell (PC-Cleaner) right

behind the RA and another one behind multipass 2 (PC30 with 4 ns rise-time). The ASE

background generated in the RA cavity is removed by a second saturable absorber installed

on the transfer path to the next amplifier.

Further amplification of the pulse energy up to 6 J at a pulse repetition rate of 10 Hz is

realized by 3 stages of multipass amplifiers. The seed pulse is freely propagating and its size

http://fastlite.com/
http://www.ape-berlin.de/
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is continuously enlarged by a series of Galilean type telescopes up to the final beam diameter

of about 10 cm in front of the compressor chamber.

The first multipass amplifier crystal is pumped with an energy of 120 mJ (at 532 nm)

from a single frequency doubled YAG laser (CFR 200 from Quantel). The second multipass

amplifier is pumped with 1.8 J delivered by one Propulse+ Nd:YAG laser and the third

amplifier crystal (5 cm edge length and 3 cm thick) can be pumped with up to 18 J from 9

ProPulse+ lasers manufactured by Amplitude Technologies. Cryogenic cooling in the last

amplifier yields a significant increase of the thermal conductivity of the crystal and therefore

ensures a stable beam profile and reduced wave front distortion for variable pumping power

and thus variable beam energy.

Behind multipass number 2 and 3 large aperture pockels cells PC30 and PC75 have been

installed to protect the system against high energy back reflections from the laser plasma in-

teraction, which can be additionally amplified in the amplifier crystals that are still pumped.

Using these pockels cells and an additional attenuator, consisting of a large aperture half

wave plate and a pair of thin film polarizers behind the multipass 3 the beam energy can

be continuously attenuated by about 4 orders of magnitude without insertion of additional

components to provide appropriate and flexible diagnostic beams with optically identical

properties.

After pulse compression in vacuum (vacuum compressor chamber), in oder to avoid non-

linear intensity effects such as self-phase modulation or beam filamentation due to self-

focusing in air, the beam is either delivered to the laser diagnostic table (attenuated to a

few percent) or it is transported into the dedicated target chamber.

Laser diagnostics In order to provide identical dispersion conditions between inside the

target chamber and on the diagnostic table for the analysis of the spectral phase with the

SPIDER diagnostic a small part of the collimated beam is picked immediately behind the

compressor exit window. Afterwards, the beam size is reduced for further diagnostics using

a large aperture telescope (see Fig. 2.2). As mentioned above, the SPIDER measurement is

used to pre-compensate for phase distortions with the DAZZLER and thus to optimize

and measure the laser pulse duration. Potential pulse-front tilts are interferometrically

monitored using an inverse field autocorrelator [55] and minimized over the full aperture.

Wavefront corrections are performed with a large aperture deformable mirror installed inside

the compressor chamber. For the closed loop correction, performed on a daily basis, the

surface of the mirror is imaged onto a wavefront sensor (SiD4 manufactured by Phasics).

Inside the target chamber the wavefront corrected beam of about 90-100 mm diameter is

tightly focused using an off-axis parabolic mirror with a focal length of 250 mm (23◦ off-axis

angle) to a spot size of about 3µm diameter (FWHM). This is illustrated by the enlarged

image of the focal spot (insert top right Fig. 2.2, linear rainbow colour scale) measured inside

the target chamber with an aberration corrected large distance microscope lens. Latter is

mounted on large travel range motorized stages in order to move it out of the beam and

http://quantel.com/
http://phasicscorp.com/
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thus to provide a permanent installation as a reference. The horizontal line-out (top right

Fig. 2.2) shows that 80 % of the laser energy can be concentrated inside the focal spot.

Consequently, peak intensities of up to 1021 W/cm2 can be achieved on target. The pointing

stability yields a focus fluctuation less than the focal spot size.

As mentioned above in the design of the laser system special measures were taken to

optimize the temporal pulse contrast. By means of two saturable absorbers, one cleaning

the short energy boosted oscillator pulse at a pulse duration of a few picoseconds and a

second, installed behind the regenerative amplifier, the ASE background from both cavities

is significantly suppressed. A representative contrast curve normalized to the main pulse

intensity at t = 0 is depicted at the top of Fig. 2.2. Note, that the experimental data between

10 and 100 fs is resolution limited due to the measurement technique (temporal dispersion

in doubling crystals). For the same range the SPIDER measurement yields a pulse duration

of 30 fs. The autocorrelator trace shows that a pulse contrast ratio level of few 10−11 can be

achieved over several 100 ps before the intensity starts to increase about t = −100 ps ahead

of the main pulse up to a level of about 10−9 (this level may fluctuate on a daily basis).

The ionization threshold intensity of (1012 − 1013)W/cm2 is exceeded at t = −3 ps for the

first time. On the nanosecond time-scale the ASE pedestal as well as prepulses leaking out

of the regenerative amplifier or originating from cross-talk in the multipass amplifiers are

verified with a fast photodiode (rise-time of 200 ps) using calibrated absorption filters and a

fast oscilloscope. The ASE signal begins to become measurable about 4 ns before the main

pulse and reaches an energy contrast, which integrated over 100 fs (time resolution of the

third order autocorrelator) is consistent with the intensity contrast measurement for few

100 ps. Potential ns-prepulses from the RA and the first two multipass amplifiers were ruled

out with a dynamic range of better than ten orders of magnitude by shifting the time delay

window of PC30 prior to the main pulse and thus using it as an additional time dependent

attenuator for the main pulse.

The parameters, which have routinely been achieved on target for experiments are listed in

Tab. 2.1 and compared with the design parameters of the system. Besides the establishment

of appropriate alignment protocols, the improvement of the experiment parameters was

mainly achieved by adding further components to the original laser setup. The deformable

mirror enabled the optimization of the focal spot (Strehl ratio), the fast pockels cell (PC30)

suppressed the prepulses and the second saturable absorber was successfully implemented

to reduce the ASE pedestal leaking out of the RA.

2.2. Setup of the laser proton source for cell irradiation

studies

In parallel to the implementation of the Draco laser system, next-door an experimental area

was installed and equipped with a vacuum chamber (footprint of 112×219 cm2) dedicated to
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the generation of laser-driven ion and proton radiation. The infrastructure for the transport

of the laser beam to the target area as well as an off-axis parabolic mirror for beam focusing

had to be set up. Appropriate diagnostics for focal spot optimization and target alignment as

well as for the characterization and optimization of the generated proton beam was developed

and will be presented in the following. Special care was taken to use components that in

principle are compatible to a laser operation of 10 Hz.

Applying this setup to conduct first proton acceleration experiments in the TNSA regime

using flat metal foils as target, yielded proton energies of up to 17 MeV, at that time un-

precedented for high intensity laser pulses of 30 fs duration [19]. This surprising and at the

same time very promising result represented the fundament for the radiobiological studies

described in this chapter and published in Ref. [46, 47, 49, 56].

Furthermore, the same experimental setup and diagnostic components were used to in-

vestigate the underlying physical mechanisms of the proton acceleration process and their

potential correlations with laser parameters and target properties as will be addressed in the

chapters 3 and 4 of this thesis. For that a reference laser-target configuration was established

and characterized for a period of several months (Sec. 2.2.2). It was directly applied for

the cell irradiation experiments presented below and later used to optimize and determine

the proton beam performance on a daily basis in order to relate the data obtained in all the

physics experiments within the frame of this thesis.

2.2.1. Proton beam generation

The experimental setup as sketched in Fig. 2.3 has to meet the requirements for both, the

laser beam transport and focusing with large aperture optics in vacuum (see Sec. 2.1) and

the generation as well as the detection of the proton beam with its peculiar properties calling

for a system of multiple and complementary detectors.

Intense proton pulses generated with an ultra-short pulse laser as Draco in the TNSA

regime exhibit a high number of protons of about 1012 protons per pulse, typically dis-

tributed according to an exponentially decaying energy spectrum (few keV to few 10 MeV)

as explained in Sec. 3.1. Initially, the proton pulse is generated within a few hundreds of

femtoseconds but during propagation to the detector the non-relativistic proton bunch is

significantly broadened by the difference in time-of-flight of the individual particles to up to

a few nanoseconds. As the name target-normal sheath acceleration (TNSA) already implies,

the proton beam is predominantly emitted in target normal direction. The divergence an-

gle amounts to about ±20◦ but decreases with increasing proton energy. Furthermore, the

laser-plasma interaction causes an important amount of background radiation, such as high

energetic electron radiation but also secondary X-ray radiation that has to be taken into

consideration for the detector design.

As sketched in Fig. 2.3(a), targets were routinely irradiated with p-polarized light at an

incident angle of δ = 45◦. Different angles of incidence can be achieved by simple rotation
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Fig. 2.3.: (a) Schematic overview of the experimental setup and the proton diagnostics used in the
present experiments. δ denotes the incident angle of the laser with respect to the target-
normal direction. The complete proton beam is detected with RCF stacks positioned at
about 35 mm behind the target and, through a hole in the center of the RCF stack, the
proton spectrum is measured with a Thomson parabola spectrometer for a small solid
angle in the target-normal direction. Additionally, a stack of plastic scintillator read-out
with a CCD can be used to measure the angular proton emission distribution along the
horizontal plane (more details in Ref. [57]). (b) For illustration of the real design a
photograph shows the inside view of the target chamber for a setup of normal incidence
of the laser beam δ = 0 (see chapter 3). Indicated components are as follows 1: target
exchange device, 2: RCF wheel, 3: scintillator stack detector, 4: off-axis parabola, 5:
target, 6: incoming laser beam, 7: proton beam propagating to the Thomson parabola
entrance, 8: focus diagnostic, 9: target manipulation stages.

of the target to keep the alignment of the incoming laser constant. For this the detectors

have to be moved accordingly that in principle does not cause any problem as the vacuum

chamber is big enough and therefore very flexible. The considerable amount of light reflected

back into the system at small angles of incidence δ & 0◦ is completely suppressed by use of

additional pockels cells in the laser system (see Fig. 2.2) in order to protect the system from

severe damage.

For most experiments presented in this thesis thin metal foil targets predominantly made

of titanium or gold were used. To ensure really tightened target surfaces, necessary for an

exact definition of the target-normal direction, the foils together with their target mounts
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Fig. 2.4.: Representative proton detector output (c.f. Fig. 2.3) using 2 µm thick flat titanium
foil as target and a laser energy of 3 J, 30 fs pulse duration, p-polarization and oblique
laser incidence (see also next section). (a) An RCF stack sample trace is displayed
as a false color image. (b) A proton energy spectrum with a cut-off energy of 17MeV
recorded with the Thomson parabola spectrometer is shown. (c) A sample image recorded
with the stacked-scintillator detector is depicted. The colored lines correspond to the
angular proton emission distribution projected on the horizontal beam axis. The different
scintillator layers providing a coarse energy resolution.

(generally made of aluminum) were cooled down in a freezer or in liquid nitrogen and screwed

together afterwards. By warming up the foil gets tightened due to the different coefficient

of thermal expansion of the materials.

The mount of the target as well as all important mounts of optical components are mo-

torized to ensure sufficient reproducibility of the setup. This is especially important for the

alignment of complex setups to remain stable for the complete campaign. A special target

foil exchange device allows about 1000 shots without breaking the vacuum (see photo in Fig.

2.3).

Positioning in the focal plane is continuously monitored between consecutive laser shots

by backside imaging as well as front side imaging of the focal spot of an alignment laser beam

exactly co-propagating with the high power beam. This results in an alignment precision

for the focus depth of ±10 µm that is sufficiently exact to maintain a stable proton beam

performance beginning to decrease with a shift from the best focal position by about ± 20µm

[57].

The angular resolved energy distribution of the proton pulses accelerated from the tar-

get rear side under target-normal direction are detected using stacks of radiochromic films
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(RCF). The stacks consist of one GafChromic HD layer followed by several GafChromic

EBT layers, covered with 13µm Al foil and mounted 35 mm (if not stated differently) be-

hind the target. The RCF stacks are mounted on a motorized wheel in order to irradiate up

to 14 stacks before opening of the target chamber becomes necessary. The used EBT films

are absolutely dose calibrated [49, 48]. The stacking of many RCF slices provides a coarse

energy resolution due to the range-energy relationship of the stopping power. From the

RCF data the proton spectrum can be reconstructed and since the complete proton beam

can be recorded, a calculation of the conversion efficiency of laser to total proton energy is

possible [58]. A typical value of the conversion efficiency measured at Draco is about 0.5%

(considering only protons with an energy exceeding 4 MeV, [19]). An RCF stack sample

trace is displayed as a false color image in Fig. 2.4(a) illustrating the proton beam profile,

decreasing in size with increasing proton energy. The hole in the RCF layers, visible as white

circles corresponds to the target-normal direction and enables further proton beam analysis

behind the stack. The RCF stack sample shows a deflection of the most energetic protons,

of a few degree from target-normal into the direction of the initial laser propagation axis.

This robust signature is linked to the acceleration mechanism and will be discussed in detail

in chapter 3.

As an RCF stack is an offline detector meaning vacuum has to be broken for the analysis,

an online detection of the angular proton distribution along one spatial dimension can be

used that is based on a stack of 0.2 mm thick plastic scintillating screens, each of them

covered with a light-tight foil. The upper side surface of the stack is imaged to a camera

(see sample image in Fig. 2.4(c)) providing an energy selective projection of the angular

distribution for each individual layer. Design and characterization of this novel detector

system is treated in Ref. [57].

To detect proton spectra with higher spectral resolution and to distinguish different ion

species a Thomson parabola spectrometer consisting of parallel magnetic (560 mT) and elec-

tric fields (3.7 · 105 V/m) is used. The parabolic ion traces are recorded using a multi-channel

plate (MCP) with phosphor anode imaged to a 12 bit CCD camera in order to provide online

analysis of the obtained ion spectra in the energy range of 1-30 MeV (details are given in

Ref. [59]). A sample spectrum recorded with the spectrometer for a well performing shot

onto a 2 µm titanium foil target is depicted in Fig. 2.4(b). As expected for the TNSA

process it shows an exponential proton spectrum, here with a cut-off energy of 17 MeV.

For the detection of electrons co-propagating with the analyzed proton beam, the Thomson

parabola possesses a second MCP with CCD read-out that allows to record electron traces

in the energy range of 10 keV to 20 MeV [60]. The separation of electrons, protons and ions

can also be realized by the different time-of-flight of the particles. A dedicated time-of-flight

detector based on an MCP exhibiting a fast signal rise time of less 200 ps was developed [59]

and can be used complementary to the Thomson parabola for a small solid angle.
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2.2.2. Long-term performance of the laser-driven proton beam

cell irradiation
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Fig. 2.5.: Stability of the laser-proton radiation source. The reference pulse dose was evaluated
for 28 days within 5 months, including the cell irradiation experiment marked in grey.
As the relevant parameter of the exponential spectrum the dose in a reference depth of
about one millimeter water (this range requires an initial proton energy > 10MeV) is
plotted (bottom), where all reference data collected on one experiment day is averaged.
Additionally, the characteristic proton cut-off energy (Emax) is coded into the colour
of the data points. Its correlation with the dose is expected for an exponential energy
spectrum. For better illustration, the maximum proton energy of each reference shot is
plotted separately again and shown on the top.

In order to compare the performance of different experiment days within one experimental

campaign as well as from other campaigns, a dedicated robust reference laser-target config-

uration was defined. Reliably reproducible laser parameters namely a pulse energy of about

2.3 J on target and a pulse duration of 30 fs (FWHM) are applied. The contrast conditions

and focusing (about 3 µm FWHM focal spot diameter) are maintained as discussed in the

previous section. The laser pulse illuminates a 2 µm thick titanium foil at δ = 45◦ incidence

and p-polarization. By using the Thomson parabola the daily proton beam performance,

here the cut-off energy of the exponential spectrum is optimized and fluctuations during

operation can be tracked. Afterwards, dose and spectrum of reference pulses are measured

with an RCF stack recording the complete proton energy distribution for single reference

shots (Fig. 2.5). The pulse dose measured on the fifth film layer, corresponding to a ref-

erence depth of about one millimeter in water, and the characteristic cut-off value of the

exponential proton energy spectrum (Emax) as depicted in Fig. 2.5, were used to character-

ize the proton beam. The overall average pulse dose of (5±0.8) Gy and the overall average
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Fig. 2.6.: (a) Schematic overview of the experimental setup, the laser-proton acceleration, the pro-
ton energy filter and the air-filled integrated dosimetry and cell irradiation system (IDO-
CIS). Between the energy filter and the IDOCIS entrance aperture the stacked scintillator
can be introduced to monitor the transmitted proton spectrum [56]. (b) For further illus-
tration a picture showing the experimental irradiation setup for the generation of LDPR
at the instant of a single laser shot is presented on the right. The laser pulse is focused
by the off-axis parabolic mirror in the background onto the thin target foil, where protons
are accelerated in the generated plasma flash and then propagate towards the IDOCIS
module. (c) The normalized proton energy spectrum at the cell location is shown. For
the representative energies 7, 8.5 and 12 MeV the normalized energy deposition as func-
tion of the depth in water is depicted. As illustrated, the cell monolayer is irradiated in
the plateau of the corresponding Bragg curves. Contrarily, volumetric irradiation will be
performed in the range of the Bragg peaks.

maximum proton energy (13.3±0.6) MeV confirm reproducible system performance at the

level required for radiobiological experiments over a period of five months.

2.2.3. Cell irradiation setup

For the in vitro cell irradiation study carried out at the Draco laser the experimental setup

(c.f. Fig. 2.3) was modified as sketched in Fig. 2.6. In a short distance of 2 cm behind the

target the energetic protons pass a magnetic dipole filter [56] applied to clean the pulse of all

protons with energies below 8 MeV as it is illustrated by the red shaded area in the sample

spectrum of Fig. 2.4(b). The energy filter consists of three dipole magnet segments providing

high magnetic field strength between 0.8 and 1 T with increasing gap size to account for the

beam divergence in the non-dispersive plane and a squared entrance pinhole of 2×2 mm2.
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The segmentation of the dipole magnet structure allows to reduce the iron yoke sizes so that

the dipole filter can be positioned close to the proton source at a distance of only 18.5 mm

maximizing the acceptance angle of the filter.

The configuration and the positioning of the filter system was optimized for the measured

angular emission distribution (see RCF trace in Fig. 2.4(a)) that exhibits a small deflection

from the target-normal into the incoming laser direction. Making use of this deflection the

transport efficiency with respect to the isotropically emitted secondary radiation background

was optimized as described in Ref. [56]. Furthermore, the dispersion of the magnet and the

position of the aperture in front of the irradiation site shifted next to the target-normal axis

(see Fig. 2.6(a)) intrinsically blocks the direct line-of-sight between the interaction point and

the irradiation site and thus suppresses secondary radiation generated in the laser-plasma.

Directly following the magnetic filter the integrated dosimetry and cell irradiation sys-

tem (IDOCIS) is located [49]. It was developed according to the challenges regarding the

dosimetry of laser-accelerated polyenergetic proton beams. As listed in the beginning of this

chapter, an online dosimetry and cell irradiation device integrating different detectors that in

combination and after calibration provide absolute dose information is required. The interior

components of the IDOCIS module for dosimetry and cell irradiation are separated from the

vacuum of the target chamber by a thin plastic window. In addition to the inset for the cell

sample, the IDOCIS module features an inset for a Faraday cup (FC, design adopted from

Ref. [61]) and further insets for RCF stacks (GafChromic EBT and EBT2) and CR39 nuclear

track detectors. The FC and RCF dosimetric systems were used to determine the absolute

dose delivered to the cell sample. For that purpose an absolute calibration for both detectors

was carried out before performing the irradiation experiments with laser-accelerated protons

for proton energies of 5 - 60 MeV at the eye tumor therapy center at the Helmholtz Zentrum

Berlin (HZB), Germany [49]. Directly behind the entrance window the IDOCIS module

integrates a thin transmission ionization chamber (IC) optimized for lowest ion energies and

thus consisting of 3 metalized kapton foils (each only 7.5 µm thick). The IC is permanently

placed in front of the different insets and is used to establish the relationship between FC

and RCF to the real-time control of the dose delivery. It is therefore cross-calibrated to

FC and RCF before and after each cell irradiation taking saturation effects due to different

collection efficiencies into consideration [54].

During the irradiation dose homogenization on the sample is ensured by multiple rotation

of the cell sample. The optimization and control of the homogeneous 2D dose distribution

in the plane of the cell monolayer (2×6 mm2 in size) and the estimation of the contribution

of the inhomogeneity (less than 5%) to the dose error was performed with RCF and CR39

nuclear track detectors. An important prerequisite for the control of the dose deposited

into the thin cell monolayer is the precise knowledge of the proton energy spectrum. The

normalized proton energy spectrum at the cell location is shown in Fig. 2.6(c). It was

calculated on the basis of a spectrum measured with the Thomson parabola spectrometer

(c.f. Fig. 2.4) before the irradiation campaign. Here, the use of sufficiently high proton
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energy at cell layer position (>6.5 MeV) ensured a constant linear energy transfer (LET),

and therefore significantly less uncertainty than if the Bragg peak would be attempted to be

positioned at the depth of the cell monolayer. This is illustrated by the normalized energy

deposition as function of the depth in water for representative energies 7, 8.5 and 12 MeV

depicted below the energy spectrum in Fig. 2.6(c). As illustrated, the cell monolayer is

irradiated in the plateau of the corresponding Bragg curves. Additionally, stacks of RCF

and CR39 were used to cross-check the applied energy spectrum in the plane of the cell

monolayer.

During the irradiation experiments, the stability of the spectral filtering was monitored

with the stacked scintillator detector introduced in the previous section [57] positioned

between the dipole filter and the IDOCIS entrance aperture. Imaging of the upper side of

the scintillator layers provides an energy selective projection of the horizontal beam profile

behind the dispersive dipole filter.

2.3. Results of the in vitro cell irradiation study

Following the demonstration of the biological efficacy of LDPR in proof-of-principle experi-

ments by others and our group [62, 46] and further investigations of possible non-linear RBE

effects due to the extreme pulse dose [43, 44, 45] the presented work focuses on the demon-

stration of a full scale systematic cell irradiation campaign meeting all the requirements

listed in the beginning of this chapter and in particular reaching the order of the clinical

precision standard [47]. The successful direct and dose controlled comparison of the radio-

biological effectiveness of LDPR and conventionally accelerated continuous proton beams

from a tandem Van-de-Graaf accelerator shows the maturity of the developed laser-driven

dose delivery system for relevant radiobiological in vitro studies. The presentation of the

results in this section only comprises the most important details for the treatment of the cell

samples and the biological endpoint. For an exact description of the methods and protocols,

in particular the analysis of the obtained radiobiological results and their interpretation refer

to Ref. [50].

For the presented in vitro irradiation experiment, the radiosensitive human squamous cell

carcinoma cell line SKX was used [63]. Cells were seeded one day before irradiation on a

thin biofilm as bottom of a chamber slide. Before irradiation 1 ml of cell culture medium

was added, the well was closed with sterile parafilm and the sample was positioned in the

horizontal LDPR beam (see Ref. [64, 65] for further details). The cells were irradiated with

a mean dose of 81 mGy per shot (0.43 Gy/min) in the dose range between 0.5 and 4.3 Gy

while the applied dose was controlled by means of the ionization chamber in front of the

cells.

The biological effectiveness of LDPR and conventionally accelerated protons was charac-

terized by determination of the yield of residual DNA double-strand breaks remaining 24 h
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Fig. 2.7.: Results of cell irradiation. (Left) Fluorescence microscopy pictures (1000 fold magnifi-
cation) of SKX tumor cell nuclei irradiated with different doses delivered by the laser-
accelerated protons. Each formation of co-localized γ-H2AX plus 53BP1 foci (colored
yellow-pink) indicate a DNA double strand break used to quantify radiation induced bi-
ological damage. (Right) The averaged number of DNA DSB plotted and linearly fitted
as function of the applied dose for each cell sample irradiated with LDPR (red) in com-
parison with a continuous proton reference beam (blue). The red and blue shaded areas
correspond to the confidence intervals (2σ) of the fits. The inset shows the relative dose
uncertainty for each sample irradiated with LDPR.

after irradiation, that has been previously shown for this cell line to correlate closely with

cell survival [66]. The biological endpoint of residual DNA double-strand breaks (DSB)

was analyzed by the immunofluorescence γ-H2AX/53BP1 staining technique [67, 68]. The

average number of radiation induced DNA DSB per cell nucleus was counted for each ir-

radiated cell sample and evaluated as a function of the applied dose. An in-house tandem

Van-de-Graaf accelerator served as reference radiation source providing 7.2 MeV protons

delivered as a continuous beam with a dose rate of 1.1 Gy/min in a homogeneous beam spot

of 35 mm2. The equipment and the dosimetry methods, e.g. including IDOCIS module and

detectors, cell vessel geometry, horizontal beam application etc., were absolutely identical

for both radiation sources (c.f. [49]). As the irradiation setup was initially developed for

the polychromatic beam of the laser-plasma accelerator, no additional filtering was applied

in case of the mono-energetic tandem beam. For the dosimetry the spectrum has no fur-

ther implications because the cell sample is positioned ahead of the Bragg Peak. Moreover,

the location of both radiation sources and a cell laboratory on one site guarantees the di-

rect comparability of radiobiological outcome for laser-driven and conventionally accelerated

proton beams. In order to connect the temporally different experiment campaigns (LDPR

and conventionally accelerated protons), and to identify deviations in the biological response

arising from the application of variable cell sample geometries, reference irradiations with

standard 200 kV X-rays (filtered with 7 mm Be and 0.5 mm Cu) were performed in parallel



Laser-driven proton beam delivery for radio-biological studies 25

to each proton experiment.

The dose effect curves of the laser-driven proton pulses (red dots) and the conventionally

accelerated continuous proton beam (blue squares) are compared in Fig. 2.7. This direct

comparison reveals no significant difference in the radiobiological effectiveness as indicated by

the substantially overlapping confidence intervals (2σ) of the almost identical linearly fitted

curves. This radiobiological result is in good agreement with an experiment performed with

conventionally accelerated proton beams at the Munich Tandem Van-de-Graaf accelerator

[42, 69]. Making use of different pulse modes, that study focused on the dependence of the

RBE on the proton pulse dose rate by comparing the effect of short-pulses (few ns) and

continuous beams of 20 MeV proton energy without the need to qualify LDPR. Consistently,

other groups predominantly focusing their attention on the investigation of possibly non-

linear effects of the biological efficacy when using extreme high doses (up to 5 Gy) per pulse

[43, 44, 45] and retrospective dose evaluation found no significant biological effects when

applying ultra-short bursts of laser-driven protons with high dose rate, neither. It thus

seems that all studies performed for different cell-lines and making use of different sources

confirm that in the therapeutically relevant dose range of a few Gy, even if applied in a single

pulse of only few nanoseconds duration, non-linear radiobiological effects due to simultaneous

multiple damages in cells and thus below any time-scale of repair mechanisms are unlikely

to arise.

Furthermore, as an even more important result of the experiment presented here, a similar

level of the relative dose error ∆D/D could be reached experimentally for both techniques

and for each irradiated cell sample. This level remains below 10 % as depicted in the inset

of Fig. 2.7 and reaches the order of the clinical precision standard of 3-5%. The key to this,

for laser based acceleration unprecedented level of precision is the synergetic combination

of first, the reduction of the uncertainty in the dose delivery caused by beam fluctuations

and detector responses using two independent absolute dose formalisms, and second, the

reliable operation of the laser-driven proton source based on well-controlled laser conditions

on target.

The measurement of the precise dose applied to the cell monolayer is based on the im-

plementation of RCF and a Faraday cup into the irradiation site as two distinct, dose rate

independent, and absolutely calibrated dosimetry systems, as mentioned in the previous sec-

tion. Using these systems the absolute dose value and the relative dose uncertainty were

determined for each irradiated cell sample individually, by repeated cross-calibration of the

real-time monitor signal of the transmission ionization chamber to RCF and FC directly be-

fore and after each irradiation. Performing a weighted average of the RCF and FC signals,

in combination with the use of sufficiently high proton energies at the cell monolayer posi-

tion (>6.5 MeV, see Fig. 2.6(c)), allowed for this significant reduction of the measurement

uncertainty.

Sufficiently high shot-to-shot reproducibility measured with the IC as an online dose mon-

itor of the proton pulses for the irradiation of single cell samples was already demonstrated
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Fig. 2.8.: Shot-to-shot dose variations over all EBT film stack and cell irradiations measured during
the proof-of-principle experiment published in Ref. [46]. The mean obtained dose rate
of 0.137 Gy for all irradiation is shown as a black solid line, whereas the 2σ confidence
band is indicated with dashed lines.

in a first proof-of-principle [46] and is plotted in Fig. 2.8. There the mean dose per shot

of (0.137± 0.039) Gy during cell and EBT stack irradiation exhibits shot-to-shot variations

of about ±28% for a 95% confidence level. As the IC provides the online dose information

for every applied pulse, the delivery of the prescribed doses to the cell samples is possible

with a maximum uncertainty in units of the dose of one pulse. Further automation of the

laser start-up protocol, monitoring, and the implementation of the target alignment proce-

dure extended this stability over a total operation period of three weeks comprising several

thousands of shots. Long term reliability of the proton beam generation at the level required

for radiobiological experiments was confirmed by monitoring dedicated proton test pulses on

28 days out of 5 months as was already shown in Fig. 2.5.

2.4. Summary and future perspectives

In summary, the results of the presented experiment demonstrate for the first time that a

complete dose delivery system, consisting of a laser-plasma accelerator, beam delivery, and

dedicated dosimetry can meet the standards established for conventional experiments on the

radiobiological effectiveness of ionizing radiation not only in proof-of-principle, but in a full

scale campaign running for several weeks. As the test case, the direct comparison of the

biological effectiveness of pulsed laser-accelerated protons and conventionally accelerated

continuous proton beams making use of cell monolayers matching the currently available

particle energies of ∼10 MeV was used. The biological effect was found to be independent

from the temporal pulse structure. But the key result is that for the laser-driven proton dose

delivery system a level of uncertainty reaching the order of the clinical precision standard



Laser-driven proton beam delivery for radio-biological studies 27

IDOCIS

pulsed solenoid lens

in-ear
tumour

laser

target E1< <E2 E3

o
n

-a
x
is

 B
-f

ie
ld

arrival of
laser pulse

time [ms]

B2 ~ 10 T

B1

0.60.30 0.9 1.2

dipole chicane

B

B

IC

Fig. 2.9.: Setup of an in vivo experiment to apply a homogeneous depth dose distribution to a tumor
growing in the ear of a mouse (∝ 1mm3). The cell irradiation setup presented in Fig.
2.6 is extended by a pulsed solenoid to increase the transport efficiency and to ensure a
homogeneous proton depth dose distribution in the tumor. The generated polyenergetic
divergent proton beam drifts through a pulsed magnetic solenoid lens [11]. By tuning the
temporal delay of the laser pulse arrival relative to the current pulse driving the solenoid
the proton energy spectrum can be actively shaped on a shot-to-shot basis as illustrated in
the box on the top. The transmission of a certain proton energy ensemble (E1 <E2 <E3)
through the dipole chicane into the IDOCIS module is optimized according to the on-axis
magnetic field (B2 or B1) at the moment the pulse passes the coil.

could be achieved. Thereby, the methods and components of the presented approach such

as real-time transmission dose monitoring can be directly scaled to higher proton energies,

later required for proton cancer therapy. However further comprehensive radiobiological

investigations have to be performed, thus the work presented here has to be extended to

several tumor and normal tissue cell lines as well as to different biological endpoints.

The next step in translational research will be the extension of the experiments to the

irradiation of three-dimensional tissues and tumors in animals. In comparison to the studies

on biological effects in two-dimensional cell monolayers, these experiments are far more

complex and require not only higher, but also tunable proton energies in order to provide a

homogeneous spread-out Bragg peak (SOBP). As an outlook a setup of an in vivo experiment

to apply a homogeneous depth dose distribution to small tumors growing in the ear of mice

close to the surface (∝ 1 mm3) is shown in Fig. 2.9. The cell irradiation setup presented

in Fig. 2.6 is extended by a pulsed solenoid providing a high transport efficiency of up to

20 − 25% [11]. By tuning the delay between laser pulse and solenoid trigger in a multi-

shot approach, the energy dependent beam collimation allows to actively shape the spectral

intensity of the proton energy spectrum given for the cell location in Fig. 2.6(c). Thus, a

homogeneous proton depth dose distribution can be applied to the tumor without the need

to shape the energy distribution in the plasma acceleration process.

Independently from the dose delivery system, a further increase in the proton energy

of up to 200-250 MeV is required for future proton radiation therapy. In the laser-plasma

acceleration community this is presently addressed by exploring novel acceleration schemes

[39, 29, 70, 71], target development as well as laser development.
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On the basis of the here presented and well characterized proton beam as a reference, but

independent of the collaboration within the medical application program, this thesis will

now focus on the underlying physical mechanisms of the laser-proton acceleration process

in the next chapters. For ultra-short laser pulses, in the next chapter the scaling of the

proton energy as function of the laser intensity and acceleration time-scales will be addressed.

Afterwards, chapter 4 deals with the investigation of laterally confined targets (reduced mass

targets) and their potential ability to increase the proton cut-off energy and to enhance the

proton yield per single laser shot.
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3. Efficient proton acceleration with

ultra-short laser pulses

With the invention of the CPA technique [1] laser pulse durations in the sub-picoseconds

range and therefore laser intensities in the relativistic regime (> 1018W/cm2) became ac-

cessible for experiments of relativistic laser-matter interaction. Only about fifteen years

ago, laser-driven plasmas were discovered to act as an efficient source of high energy (range

of few megaelectronvolts per nucleon) ion, and mainly proton beams and first dedicated

proof-of-principle experiments have been realized. Since around the year 2000, the target-

normal-sheath-acceleration (TNSA) [2, 72] has been established as a robust source of intense

multi 10 MeV proton pulses for a wide range of laser and target parameters [73, 74, 19, 75].

Mainly originating from hydrogenated contaminants on the target surfaces, the ions gain

initial energy in the electric field that arises when electrons laser-heated to megaelectron-

volts temperatures are driven out of the solid target volume (see Fig. 1.1 in chapter 1).

For sufficiently long pulses (typically exceeding 100 fs) this mechanism is known to lead to

exponential ion energy spectra with a characteristic maximum cut-off energy.

In particular, the achievable ultra-high peak current makes laser-driven ion beams suitable

for applications such as inertial confinement fusion or as alternative compact accelerator

source for radiation therapy (c.f. chapter 2). Focusing on laser-driven proton pulses, at

present, maximum proton energies achieved with high-energy high-power lasers operating

in single pulse mode range up to around 70 MeV [18] (for very few particles possibly even

100 MeV [76]). Radiation therapy, however, requires proton energies of up to 250 MeV in

order to reach deep seated tumors. Besides the further development of high power laser

facilities, the goal of reaching this energy level requires the investigation of the underlying

physics and the optimization of the laser-plasma acceleration processes as well as the ex-

ploration of novel acceleration mechanisms (refer also to a recent review article by Daido

et al. [77]). The following list briefly summarizes the most important topics in the field of

laser-driven proton acceleration (TNSA related as well as others) addressed in the last few

years, all in principle with the same goal, namely, to achieve an increase of the kinetic energy

and the yield of the proton beams, to actively control or shape the particle spectrum and to

increase the conversion efficiency of laser energy into proton energy:

• Within the TNSA regime, the possibility to accelerate quasi-monoenergetic ion bunches

was demonstrated by restriction of the ion source to a small volume where the sheath

field is homogeneous, transversely [78, 79] or by thickness reduction [80].
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• Recent experiments have shown that a restriction of the target area may confine the

dilution of the electron sheath and allow for more efficient re-heating and thus increased

proton energies [40, 81] (c.f. chapter 4).

• The TNSA mechanism strongly depends on efficient electron heating at the critical

density surface of the target front side, potentially modified by preplasma formation.

Therefore the proton acceleration performance as function of the preplasma conditions

was investigated by many groups using plasma mirrors or tailored prepulse contrast

[82, 83, 84, 37] as well as conical target designs [85, 18, 86]. In particular for ultra-

relativistic pulses, the laser light can be absorbed throughout the target volume when

relativistic transparency sets in [21, 22, 23, 24].

• As alternative mechanism, radiation pressure acceleration was proposed theoretically

[25, 26, 27, 28, 87] (and many others) and investigated experimentally (e.g. [29, 30, 31]).

Here, the particles gain energy directly from the radiation pressure of the laser beam.

In order to obtain radiation pressure dominated acceleration in experiments, the elec-

tron heating has to be strongly reduced by applying circularly polarized light in order

to suppress the v × B force. Furthermore, extreme laser pulse contrast is required

to enable the use of ultra-thin targets in order to provide a thin layer of particles to

be accelerated. Such contrast conditions are commonly achieved by implementation

of plasma mirrors. When the laser interacts with the target the light pressure com-

presses electrons to a dense layer that is pushed into the target. This gives raise to

huge charge separation fields that in turn accelerate the complete ion layer. Although,

this mechanism inherently leads to monoenergetic ion spectra and linear energy scaling

with laser intensity, unfortunately, it is still a severe challenge to reach radiation pres-

sure dominated conditions in experiments with present laser systems. Thus neither a

significant increase in ion energy nor the promising scaling with laser energy could be

demonstrated in experiments so far.

• Very recently, laser shock acceleration was proposed and observed in experiments us-

ing near-critical-density gas targets and long wavelength CO2 lasers [70, 39]. Yet, the

yield of the observed quasi-monoenergetic proton bunches is significantly smaller when

compared to common TNSA results, by several orders of magnitude. However, recent

multidimensional particle in cell simulations suggest that injection of the laser-driven

shock into a tailored plasma gradient leads to monoenergetic proton beams with ther-

apy relevant energies when state-of-the-art 100 TW class laser pulses are applied [71].

Yet, TNSA remains the most simple and robust approach yielding highest proton energy

for given laser parameters and stable operation, as already demonstrated in chapter 2 for

the Draco laser by a systematic radiobiological study [46, 47]. Exploring feasible routes

toward high proton energies at reasonable pulse repetition rates, the work in this chapter

aims for the investigation of the scaling of the TNSA acceleration regime in particular when
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operated with an ultra-short pulse high-intensity Ti:sapphire based laser system as Draco.

Generally, the field strength in TNSA increases with electron density and the electron

temperature of a thermal plasma sheath around the target surfaces, that is generated by

the high power laser as will be discussed in the next section. TNSA is described as an

expansion of this plasma sheath, that drives the proton acceleration but is limited due to

the dilution of the plasma in the longitudinal and transverse directions with time, leading

to a continuous decrease in electron density and temperature, while energy is transferred to

the proton ensemble. There are possibilities to circumvent this problem, e.g., by confining

the target surface, as mentioned above (refer to chapter 4).

For sufficiently long pulses (typically exceeding 100 fs) and high pulse energy (multiple

tens of joules), the TNSA mechanism is known to generally lead to exponential proton

energy spectra, with a cut-off energy around 70 MeV [18] that scales with the square-root

of the laser intensity. In particular the long pulse duration ensures that the accelerating

fields are maintained for a sufficiently long time. However, potential applications require

high repetition rate proton pulses such comparably large high energy laser systems cannot

provide with. In contrast to that, the use of ultra-short pulse lasers, with high repetition rate

but comparably low pulse energies of only a few joules, for reaching energies above 100 MeV

seemed to be discouraging at the time when the Draco laser was installed and when the

proton acceleration setup was implemented (see chapter 2). However, first promising proton

acceleration experiments conducted at Draco in the TNSA regime yielded proton energies of

up to 17 MeV, at that time unprecedented for high intensity laser pulses of less than 100 fs

duration [19].

The reason for this result is that the application of ultra-short pulses shifts the interest to

time-scales where the early phase of the plasma expansion process has to be revisited. Within

typical laser pulse durations of 30 fs, the motion of relativistic electrons is restricted to only

several micrometer, and thus longitudinal recirculation, a significant transverse expansion

or cooling can be neglected during the initial acceleration phase. The original hot electron

distribution, depending strongly on the governing laser absorption mechanism and likely to

be anisotropic and thus non-thermal in a three dimensional picture, will directly feed the

accelerating field. In the second section of this chapter, it will be demonstrated that protons

efficiently gain energy during this ultra-short initial period, the intra-pulse phase. The

identification of this prethermal intra-pulse phase of the acceleration process furthermore

helps to understand the change of the quasi-static proton energy scaling model by Schreiber

et al. [75] from square-root to near-linear dependence on the laser power when ultra-short

pulses are applied as presented in section 3.1.3. The experimental observation of the intra-

pulse phase by prominent non-target-normal proton beam emission and its correlation to

the effective acceleration time-scale by the help of PIC simulations and further experimental

aspects, represents a major result obtained within the frame of this thesis (published in Ref.

[20]).
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Fig. 3.1.: Physical picture of the TNSA process from (a) to (c). The laser with incidence angle δ
is reflected at the critical density (nc) surface at the target front side. The extreme field
strength of the laser generates a plasma and in the vicinity of the critical density of the
exponentially decreasing plasma profile laser energy is absorbed by the plasma and hot
electrons are accelerated into the target. Those electrons travel through the foil and exit at
the rear side, forming an electron cloud with an extension of about a Debye length λD,0.
As a result a large quasi-static electric field is set up (∼TV/m) that leads to ionization
of light ions of the contaminant layer and acceleration of those ions to megaelectronvolt
energy in the quasi-neutral plasma cloud escaping from the target. In the bottom part
of the figure the evolution of the electron and ion density (ne, ni) with time is shown
(further description in the main text). At t > 0, Lp denotes the plasma scale length and
is given by Lp = λD,0(ne,0/ne)

1/2 (3.16).

3.1. Ion acceleration from thin foils in the TNSA regime

First introduced by Hatchett et al. [72] and Wilks et al. [2], TNSA has proven to be a

potent process for the generation of intense multi 10 MeV proton and ion pulses from laser

plasmas at a large number of laser systems. As necessary to interpret the experimental

data obtained in this work, this section is dedicated to a revision of the physical picture of

the TNSA mechanism displayed in Fig. 3.1. This includes detailed discussion of the three

essential phases of the TNSA scheme in Fig. 3.1: (a) laser absorption and hot electron

generation, (b) generation of the hot electron Debye sheath and (c) the expansion of the

electron-proton plasma into vacuum. Starting with Sec. 3.1.3, experimental data obtained

with the Draco laser and novel theoretical considerations building on the established

Schreiber model [75] are discussed.

As discussed in chapter 1 and the introduction of this chapter laser-driven ion acceleration
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is a secondary process, because ions, due to their high inert mass can only be accelerated in

a strong quasi-static charge separation field generated by laser-accelerated electrons in the

first place. This can most easily be shown by considering the motion of an electron with mass

me experiencing the electric EL = EL,0 cosΘ and magnetic BL = BL,0 cosΘ field of a plane

wave, with Θ = ωLt−kLz and kL = 2π/λL. For linear polarization of the wave in x-direction

and propagation in z-direction, the electron motion is described by the relativistic Lorentz

equation

F =
dp

dt
= −e (EL + v ×BL) . (3.1)

Here p = γmev, with γ = (1 − v2/c2)−1/2 being the relativistic factor and v the electron

velocity. For a laser with frequency ωL (and wavelength λL), the electron quiver velocity

given by

v⊥ =
eEL,0
γmeωL

sinΘ, (3.2)

and induced by the electrical component of the Lorentz force

F⊥ = eEL,0 cosΘ (3.3)

approaches the speed of light for EL,0 → ∞ and the magnetic component of the Lorentz force

cannot be neglected anymore. The parameter describing this transition is the dimensionless

electric field strength a0 = pmax
⊥

/cme defined as the maximum electron quiver momentum

pmax
⊥

= γmev
max
⊥

(c.f. 3.2) normalized to cme. In practical units the expression

a0 =

√

ILλ2

L

1.37× 1018Wcm−2µm2
, (3.4)

can be derived where IL = 1

2
ε0cE2

L,0 denotes the laser intensity. This means that for an

optical wavelength λL ≈ 1µm, intensities above 1018W/cm2 are called relativistic intensities.

The direct acceleration of ions to velocities approaching the speed of light vi . c implies

Zme

Mi

a0 ∼ 1, (3.5)

with Mi denoting the ion mass and Z the ion charge number and thus would require a0 ∼
2000, or intensities in the region of IL > 1024W/cm2, respectively. Using currently available

laser intensities in the range of IL = 1020−1022W/cm2 (c.f. [88]), laser-driven ion acceleration

is therefore only feasible as a secondary process. The ions rest more or less immobile and

the electrons can oscillate in the laser field. While for a0 ≪ 1 only transverse oscillations

with ωL are possible, in the relativistic case (a0 ≫ 1) the magnetic component of the field

causes an additional oscillatory motion in z-direction with 2ωL and an average drift velocity

of [89]

vD =
a2
0

4 + a2
0

c. (3.6)
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However, up to now only plane waves were treated, whereas in reality this assumption is

immediately violated by the ultra-short laser pulses, exhibiting an intensity envelope strongly

varying in time and space through tight focusing, necessary for achieving such high intensities

in the experiments. As a result, strong radial intensity gradients are created. While for the

case of plane waves, electrons initially at rest return to that state whenever the external field

is turned off, and therefore any gain of energy is inhibited, the introduction of the spatially

confined intensity envelope leads to net acceleration of electrons. The laser field amplitude

and therefore a0 depends on the spatial coordinate and as soon as an electron reaches a point

with less field during a laser cycle, it experiences less restoring force and cannot return to

its initial position anymore. The electron is therefore pushed to regions of less intensity or,

in other words, of less electric field pressure. Effectively, the so called ponderomotive force

F p = −mc2∇γp(r) with γp(r) =

√

1 +
a2
0
(r)

2
(3.7)

experienced by the electrons can be introduced [90]. In the non-relativistic limit (e.g. [91,

89]), the instructive expression

F p = − e2

4meω2

L

∇E
2

L,0(r). (3.8)

can be derived, where the ponderomotive force is proportional to the gradient of the cycle-

averaged quiver energy of an electron oscillating in the laser field.

Similarly, electrons can gain energy when the laser interacts with a plasma. At high laser

intensities the electrical laser field is large enough to field-ionize target atoms and create a

plasma. Already short prepulses, pedestals preceding the main pulse (IL > 1012W/cm2) or,

ultimately, the rising edge of the main laser pulse (e.g. temporal pulse contrast in Fig. 2.2)

create a preformed plasma, such that the major part of the pulse, in fact, is always interacting

with a plasma. In a simple model a plasma is characterized by an electron population of

density ne, which when pushed by the laser, is pulled back by the background of the quasi

immobile ions and thus oscillates with the plasma frequency

ωp =

√

nee2

ε0γme

. (3.9)

Together with the frequency ωL of the laser and neglecting collisions, the refractive index of

the plasma is given by

n(ωL) =

√

1−
ω2
p

ω2

L

=

√

1− ne

nc

, (3.10)

where nc denotes the critical density, which in practical units (for γ = 1) reads

nc =
ε0γmeω

2

L

e2
= 1.1× 1021(1µm/λ)2cm−3. (3.11)
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For ωp < ωL or ne < nc, respectively, the plasma is called underdense and the laser propagates

through the transparent medium. Just for the sake of completeness, it shall be mentioned

that a laser modulated plasma wave, which can be generated by focusing a high intensity

ultra-short pulse laser onto a gas target, allows for acceleration of electron bunches with

narrow bandwidth, gigaelectronvolt energies and high bunch charge (refer to laser wakefield

acceleration [92, 93, 94, 95]).

The other case, ωp > ωL or ne > nc refers to a dense or overcritical plasma as it is the

prevalent scenario of the laser solid interaction in TNSA. Since the refractive index (3.10)

of the plasma is purely imaginary, the plasma is opaque for the incident laser beam. Only

an evanescent component of the laser field can penetrate into the overdense region up to

a characteristic skin depth ls ≃ c/ωp assuming an exponential plasma density profile and

p-polarized light. The laser pulse is then reflected at the surface, where the electron density

equals the critical density (3.11) which for the case of oblique laser incidence is a function

of the angle of incidence ne = nc cos
2 δ [89] (see Fig. 3.1(a)).

Similar to the case of the ponderomotive potential, electrons can gain net energy when

pushed behind the critical density surface by the laser field, because there is less restoring

force. This is the case, when the oscillation amplitude of the electrons, due to the electric

field (Brunel heating [96]) or due to the v × B force (v × B heating [97, 98]) exceeds the

skin depth ls. Another physical effect that enables effective absorption is resonance. When

propagating to its turning point the laser light wave resonantly excites a plasma wave at

the critical density surface. The resonantly-driven field can become sufficiently intense that

wave-breaking occurs and electrons entering the oscillation field are efficiently accelerated

into the target bulk (resonance absorption [91]). Only recently, Mulser et al. [99] discovered

that anharmonic resonance excitation of single electrons is able to accelerate fast electrons

to energies well beyond the simple quiver energy.

For the most cases of the interaction of the laser with an overdense plasma, electrons

are accelerated into the target and can be assumed to be exponentially distributed with

an average kinetic energy of kBTe in the range of few megaelectronvolts. As in plasma

physics this acceleration process is commonly called electron heating, the population of

the accelerated electrons is referred to as hot electrons with Te denoting its hot electron

temperature. Inside the target the hot electrons are shielded by cold electrons of the bulk

material. In the case of a thin target foil the electrons leave the target but are immediately

re-attracted by the huge positive charge of the remaining target ions. Thus the electrons

start to oscillate through the target by exiting the target at the front and the rear surfaces.

In a quasi-static picture a hot electron sheath with an average extension of a Debye length

λD =

√

ε0kBTe

nee2
(3.12)

is generated around the target, where ne again denotes the hot electron density. The Debye

length expresses the characteristic distance a discrete charge is shielded or screened in the
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plasma [91]. The charge separation field of this initial stationary state t = 0 between

sheath electrons with density ne,0 and the cold quasi-immobile target ions with density

ni,0(z > 0) = 0 (for definition of coordinates see bottom part of Fig. 3.1(b)) can be estimated

by assuming an electron density which follows a Boltzmann distribution, with a constant

electron temperature (isothermal)

ne = ne,0 exp(eΦ/kBTe) (3.13)

where ne,0 = Zni,0 is the density of the unperturbed plasma, with Z being the ion charge

number. Integration of the corresponding one-dimensional Poisson equation for the electro-

static potential Φ [100] yields the electric field at the ion front (z = 0)

Efront,0 =

√

2ne,0kBTe

eNε0
∝ kBTe

eλD

, (3.14)

where eN denotes Euler’s number. With megaelectronvolt temperatures kBTe and the Debye

length (3.12) being in the micrometer range one obtains a field strength of TV/m. This

is large enough to field-ionize atoms at the target surfaces, under usual vacuum conditions

stemming from a contaminant layer of hydrogen, oxygen and carbon or, if intended, from

the target itself [78, 80], and to accelerate them in target-normal direction to final energies

of up to several 10 MeV per nucleon, as schematically shown in Fig. 3.1.

The maximum energy the ions can gain is a function of their charge to mass ratio as well

as of the strength of the accelerating fields and of the duration for which those fields are

maintained. Having the smallest ion mass and the largest charge to mass ratio, protons

reach the highest final energy. Otherwise, the final energy of a single ion strongly depends

on the time it starts to be accelerated and its original position with respect to the laser axis

as the field strength decreases with the distance to the focal region with axial symmetry. It

is evident, that the initial field strength depends on the initial kinetic energy and density of

the hot electron distribution, and therefore their optimization represents the main goal in

order to achieve highest proton energies.

The exact mechanism how ions gain their energy during the interaction process is still

a matter of discussion. Two established models, widely used in the community to predict

maximum ion energy as well as ion spectrum are discussed in the following sections. Both

basically start with the same initial state of a formed Debye sheath as described above.

However, while the plasma expansion model by Mora et al. [101] evaluates the quasi-self-

similar time evolution of an expanding plasma based on a hydrodynamic concept, in the

model by Schreiber et al. [75] the maximum achievable ion energy is derived by integrating

the equation of motion applying a static electric field potential. In both models, the pulse

duration is a characteristic criteria to truncate the acceleration after a certain time. Another

approach, basically evaluating the strong charge-separation field induced by a negatively

charged cloud of electrons at the rear target-vacuum interface may be consulted in Ref. [102,
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103, 104]. Furthermore, it has to be mentioned, that many groups in the community develop

particle in cell codes in order to numerically treat the same mechanisms and to explore the

underlying physics.

3.1.1. Plasma expansion model

Inspired by the pioneering theoretical work by Gurevich et al. [105], the concept of plasma

expansion into vacuum has been studied over the last decades, both experimentally and

theoretically. The strength of the concept for the description of laser ion acceleration relies

on its capability to explain a variety of effects observed in experiments. In order to provide

the basic ideas of the plasma expansion model, the work by Mora et al. [101] predicting

maximum ion energy and spectrum is reviewed in the following.

Starting with the step like ion density profile in half space (one-dimensional) as described

in the previous section, the laser induced ion plasma expanding into the vacuum can be

described as an isothermal and free plasma expansion by use of the equations of continuity

and motion [91, 89]. Assuming quasi-neutrality ne = Zni leads to the self-similar solution

for density and ion front velocity

ne = ne,0 exp

(

− x

cst
− 1

)

(3.15)

vfront,i = cs + x/t

where cs = (ZkbTe/Mi)
1/2 denotes the ion sound speed. The index 0 refers to the initial

condition t = 0.

For the system evolving in time (t → ∞), the self-similar solution has no physical meaning,

as long as the density scale length Lp = cst of the expanding ion plasma is smaller than the

local Debye length [101]

λD(t) =

√

ε0kBTe

ne(t)e2
= λD,0

√

ne,0

ne(t)
(3.16)

= λD,0 exp

(

1 + x/cst

2

)

,

because all charge separation fields to drive any expansion are completely shielded. There-

fore, it is reasonable to estimate the position of the ion front by truncating the density profile

at the point where local Debye length λD equals the density scale length Lp = cst which

yields

1 + x/cst = 2 ln(ωp,it) andwith (3.15) vfront,i = 2cs ln(ωp,it) (3.17)

where ωp,i =
√

ne,0Ze2/Miε0 denotes the ion plasma frequency (c.f. (3.9)). The resulting
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front velocity implies an electric field at the ion front of

Efront =
2csMi

Zet
. (3.18)

Mora et al. [101] introduced a simple interpolation formula between (3.14) and (3.18)

Efront ≈
√

4ne,0kBTe

ε0
(

2eN + ω2

p,it
2
) . (3.19)

that is valid at any time. By integration of vfront(t) =
∫ t

0
ZeEfront(t

′)/Midt
′, the ion front

velocity can be calculated at any time and one finally obtains expressions for the final cut-off

ion energy as function of the time

Emax ≃ 2ZkBTe

[

ln
(

τ(t) +
√

τ 2(t) + 1
)]2

(3.20)

with τ = ωp,it/
√
2eN and the ion spectrum per surface unit

dN

dE
(E, t) =

ni,0cst√
2ZkBTeE

exp

[

−
√

2E

ZkBTe

]

(3.21)

commonly referred to as the popular isothermal plasma expansion model by Mora.

Note, that so far the model only treats the plasma rarefaction applying an infinite reservoir

of energy that maintains a constant electron temperature (isothermal) during the expansion,

while in reality the electrons cool down with time by transferring their thermal energy

to the plasma ions. Addressing this issue, several studies [3, 106, 107] investigated the

time evolution of the electron distribution function as well as the role of the cold electron

population, in order to take into account the finite amount of laser energy for the hot

electron generation and to provide an intrinsic limitation for the diverging maximum ion

energy in (3.20). Therefore the effective acceleration time tacc in τ = ωp,itacc/
√
2eN not only

limits the expansion process from a more heuristic point of view, but as a pulse duration

dependent quantity its physical meaning is closely related to the cooling of the hot electron

distribution. Using an empirical approach for the acceleration time by estimating tacc =

1.3×τL with τL denoting the pulse duration of the laser, Fuchs et al. [73] successfully applied

the plasma expansion model to relate the maximum proton energy obtained at different laser

systems, predominantly long pulse systems providing pulse durations of several hundreds

of femtoseconds. For ultra-short pulses τL < 100 fs, the same group [108] introduced the

empirical expression tacc = 1.3 × (τL + tmin) (for intensities of ≥ 3 × 1019 W/cm2) taking a

minimal time tmin = 60 fs for the energy transfer from electrons to the ions into account.

Moreover, the ion spectra measured in various experiments typically exhibit an exponentially

decaying behavior which is in good agreement with the prediction of the model (3.21).

The plasma expansion model has been widely used in the last decade not only to predict
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ion energies but also to describe different experimental signatures. Just to mention a few

examples, the laminar kind of the plasma sheath expansion explains the ultra-low emittance

of the accelerated proton beam, that has been observed by Cowan et al. [4]. Spectral

modulations of the ion spectra due to screening effects between multiple ion species were

identified [109, 110] and finally, the sheath expansion concept helped to explain the results

of proton radiography [6] or proton beam steering [111, 112].

However, it has to be pointed out again that the model represents a treatment in one

dimension only. Multi-dimensional scenarios are usually investigated using numerical mod-

eling with hydrodynamic or particle in cell simulation codes. Moreover, the time evolution of

the initial conditions of the semi-finite plasma slab, namely a time-dependent development

of the initial electron density distribution and a possibly effective ion acceleration during

this phase (later referred to as prethermal phase see Sec. 3.2) has never been considered

so far, but would be important to be included into the model as will be demonstrated by

the experimental results discussed later in this chapter. Finally, for the prediction of the

maximum ion energy as well as the ion spectrum using equations (3.20) and (3.21), the

exact knowledge of the hot electron temperature Te and its scaling with the laser intensity

is mandatory. This in fact requires a detailed understanding of the laser to plasma energy

conversion mechanisms, that will be briefly addressed in the next section.

3.1.2. Hot electron generation

The issue of the laser-plasma interaction physics is still a controversial topic, because it

consists of many competing effects caused by laser intensity, target material, temporal laser

contrast ratio, and so on. Therefore a detailed picture is very demanding, because all external

parameters have to be considered, but often are unknown in the experiments. Since the 1980s,

a variety of different absorption mechanisms have been proposed to describe the interaction

of ultra-short intense laser pulse interaction with dense matter. However, due to the huge

challenge to determine the experimental conditions, but also due to the complex interplay of

the underlying physical principles in the large laser intensity range of more than ten orders

of magnitude during a single interaction event, it is very difficult to isolate an absorption

mechanism, either experimentally or even in a simulation.

For low intensities up to about 1015W/cm2 [89], collisional absorption processes dominate,

where electrons oscillate in the incident laser field and dissipate their energy by collisions

with ions and other electrons in the plasma. Although the laser intensities of present laser

systems exceed this intensity range by orders of magnitude, the intensity level of a preceding

ASE pedestal or short pulse prepulses may in fact lead to significant collisional heating of a

preplasma and can therefore significantly contribute to a change of the interaction conditions,

and thus of the absorption physics for the intense main pulse.

For the absorption of the intense main pulse several collisionless absorption mechanisms

were proposed, whereas for the Draco laser parameters, namely highly relativistic intensities



40 Efficient proton acceleration with ultra-short laser pulses

(1021W/cm2) and small but significant preplasma (scale length Lp . λ), the v × B force

[97] dominates the electron acceleration process. This will be confirmed by experimental

observations as well as PIC simulation results, both obtained for the Draco laser parameters,

and discussed in Sec. 3.2.3. Therefore, the following considerations on the scaling of the

hot electron temperature kBTe will be predominantly based on the v × B force. Detailed

treatment of further important absorption mechanisms such as resonance absorption playing

a role for a preplasma scale length of Lp & λ as well as the well-known Brunel heating

[96] occurring for weakly relativistic laser intensities (a0 ∼ 1 where the E field component

of Lorentz force dominates) and very sharp plasma gradients (Lp ≪ λL) requiring extreme

laser pulse contrast (c.f. [113]), may be consulted in Ref. [91, 89, 90, 114].

For v ×B dominated absorption, the hot electron temperature is assumed to correspond

to the average energy of an exponential electron distribution, given by the cycle-averaged

kinetic energy W of an electron oscillating in the electromagnetic field of a laser [2, 72]

W = mec
2(γ̄ − 1) = kBTe, (3.22)

where γ̄ is the relativistic factor averaged over a laser-cycle. This kinetic energy W is

equivalent to the transverse electron quiver energy in x-direction, parallel to plasma surface

(see Fig. 3.1). Analyzing the simple time-average [89, 90, 115] of the γ factor in (3.22)

(defined by the relativistic energy-momentum relation γ = (1 + p2/m2

ec
2)1/2) one finds

γ̄ = 〈γ〉t =

〈
√

1 +
p2x

m2
ec

2

〉

t

≈
√

1 +
a2
0

2
. (3.23)

where a0 denotes the normalized electric field amplitude defined in (3.4). This yields the

popular ponderomotive scaling of the hot electron temperature [2, 72]

kBTe = mec
2

(
√

1 +
a2
0

2
− 1

)

≃ 1MeV

√

Iλ2

1019W/cm2µm2
. (3.24)

Note, that strictly speaking, this scaling is based on a non-relativistic treatment, because

the longitudinal v ×B force in z-direction is ignored by the calculation of the simple time-

average of the transverse electron quiver energy, which in fact only holds true for a0 ≪ 1.

However, from momentum conservation using the relativistic Lorentz equation it can be

deduced that in a first approximation, the ponderomotive force is balanced by the electric

force arising from charge separation fields in the plasma [90, 116] as soon as electrons are

shifted with respect to the ion background. In particular for the case of relativistic intensities

a0 ≫ 1 this is important, because independent of the laser incidence angle transverse electron

motion is always transformed into longitudinal energy that is absorbed by the plasma [115].

Therefore, it is reasonable to maintain the assumption, that at the critical density surface,

where the relativistic pulse is basically absorbed any longitudinal forces can be neglected and
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experiments
PIC simulations

ponderomotive scaling
relativistic scaling
relativistic scaling + preplasma

Fig. 3.2.: Comparison of various temperature scalings with selected experimental values from liter-
ature (all values correspond to setups using normal laser incidence on target) and PIC
simulations. For further details, the reader may refer to the publication by Kluge et al.
[117], where this figure is extracted from. The different scaling curves are explained in
the main text: black solid line corresponds to the ponderomotive scaling eq. (3.24), the
black dashed line to the relativistic scaling eq. (3.25) and the red solid line to an im-
plicit solution of the relativistic scaling when a long preplasma is taken into account (see
Ref. [117]).

to deduce the electron temperature by calculating the energy of the relativistic transverse

electron quiver motion.

A rigorous relativistic treatment, however, excludes the simple cycle-average method [90],

because the laboratory time is no Lorentz invariant anymore, but transforms as t′ = t/γ,

called the proper time τ of the electron in the co-moving system. This implies that the

distribution of electrons with regard to the laboratory time is not uniform anymore. In a

recent publication, Kluge et al. [117] demonstrated, that this problem can be circumvented

by switching to the Lorentz invariant phase coordinate for calculating the ensemble average

of the transverse electron energy distribution of mec
2(γ̄ − 1) in equation (3.23). The basic

concept is that, unlike the case of the time coordinate, the electron distribution with respect

to the invariant proper time can easily be calculated (dN/dτ = const).

Furthermore, presuming a negligible preplasma scale length, a novel hot electron temper-

ature scaling

kBTe =mec
2
a0
4

(a0 ≪ 1) (3.25)

kBTe =mec
2

{

πa0
ln 16 + 2 ln a0

− 1

}

(a0 ≫ 1)

can be derived. The first line of this equation represents a direct approximation of the

ponderomotive scaling (3.24) whereas the a0 ≫ 1 case predicts much weaker scaling with

the laser field amplitude.

As shown in Fig. 3.2, the model predictions (black dashed line) compare very well with PIC
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simulation as well as experimental measurements of the hot electron temperature available

in literature (for more details see Ref. [117]). In the regime of a0 ≪ 1, the simple pondero-

motive scaling (black solid line) is still accurate. But for relativistic intensities a0 ≫ 1, the

ponderomotive scaling overestimates the hot electron temperature increase. The analysis

of a case including a large amount of preplasma to be present in front of the foil surface,

e.g. due to laser prepulses or ASE, yields an expression for the average kinetic energy that

has to be integrated numerically [115, 117]. An according solution is overlaid in Fig. 3.2

as red solid line showing perfect agreement with the PIC simulations when considering a

near-critical density plasma.

3.1.3. Quasi-static description and the novel case of ultra-short

laser pulses of Draco

As mentioned above, the model by Schreiber et al. [75] represents another approach to model

the achievable ion (here mainly protons are considered) energy from laser-driven plasma

acceleration. In that particular concept, the proton energy is estimated by integrating the

equation of motion in a static electric field generated by a positive surface charge at the

target rear side that is created when the hot electron cloud leaves the target. Thus, without

consideration of the time-dependent plasma expansion, the quasi-static character TNSA

exhibits, is emphasized. As it turns out, the maximum achievable proton energy scales

similarly with the laser intensity as predicted by the plasma expansion model (c.f. equation

(3.24)) but it has no explicit dependence on the hot electron temperature [75], that was

given attention to in the previous section. Here the physical problem of the laser energy

conversion into plasma energy is shifted to the absorption efficiency, as the quantity that

contains the complex physics.

But before reviewing the theoretical concept of Schreiber’s model, the compilation of

important experimental measurements of the maximum proton energy values as function of

the laser power shown in Fig. 3.3 is discussed. The data was obtained for a large variety of

laser parameters in the last years. In particular recent data obtained throughout this thesis

with ultra-short pulses of Draco triggered novel aspects of the proton energy scaling with

laser power that were interpreted by re-consideration of the model in the limit of ultra-short

pulse durations (refer also to Ref. [19]).

When the Draco system at the HZDR came online (in 2009), laser-driven proton acceler-

ation with maximum proton energies well above 10 MeV could only be observed when high

power high energy glass lasers were applied for the irradiation of thin foils as summarized by

the open circles in Fig. 3.3. At that time, maximum energies reached with short pulse lasers

were generally limited to only a few MeV as illustrated by the coloured diamonds where

the colour represents the typical ranges of pulse durations of such lasers of τL = 30...100 fs.

While for the aforementioned long pulse high power lasers with τL ≫ 100 fs a clear scaling of

the maximum proton energies with the square-root of the laser power could be established
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Fig. 3.3.: Scaling of the maximum proton energy with laser power. Red squares represent experi-
mental results obtained with the Draco laser varying the laser energy between 0.3 and 3 J
(small squares: d = 5µm target thickness, big square: d = 2µm). Filled diamonds stand
for experiments performed with Ti:sapphire lasers of around 1 J energy (1: Lund [118], 2:
J-Karen [119, 9], 3: MBI [75, 120], 4: LOA [121], 5: Saclay [113], 6: Astra [122], 7: Jeti
[123], 8: Atlas [82]), partially (3,7) operated at longer pulse length than usual. (15,16)
correspond to very recent results (2012) at J-Karen (7 J, 40 fs) [124] and Astra Gemini
(∼8 J, 40 fs) [125]. The open diamond (9) represents a 5 J experiment at Janusp [126],
the dotted diamonds (10) show results of an energy scan applying up to 10 J on target at
LULI [73]. Open circles (11,12,13,14) stand for single shot experiments at the glass laser
facilities LLNL NovaPW [127], RAL Vulcan [128], Los Alamos Trident [129, 130] and
Phelix GSI [131]. Marked circles represent energy scans ranging up to 300 J performed at
Vulcan and Trident [74, 129]. The colour code of the experimental points corresponds to
the different pulse duration regimes given in the legend for the curves following eq. 3.28.
Representative sets of parameters are chosen for (rL [µm],d [µm],ϑ [◦]), i.e. (1.7-2.3,2,10)
for τL = 30 − 65 fs with the exception of the dashed red line where d = 5µm, (3,15,15)
for τL = 300 fs, and (5,15,30) for τL > 500 fs. The efficiency η = 0.2 is chosen for the
short-pulse case as described in the text.

experimentally [73] no obvious dependence could be obtained from the short pulse laser data,

having been partly due to the fact that these sub 10 TW lasers were operating close to the

MeV proton energy threshold. As reported in the following, this situation has changed with

the implementation of 100 TW class ultra-short pulse lasers (τL ∼ 30 fs) not only at the

HZDR but also in other laboratories worldwide.

The red squares in Fig. 3.3 represent results from systematic studies at Draco (for setup

refer to Sec. 2.2) where the laser energy has been varied while keeping its pulse duration

and focusing parameters constant. Maximum proton energies of up to 17 MeV, and even up

to 20 MeV using normal laser incidence on target, have been reached within this work and
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have thus considerably extended the energy range accessible with compact ultra-short pulse

laser systems.

In the last couple of years this range of achievable maximum proton energy of 10−15MeV

from TNSA using 100 TW class ultra-short pulsed lasers (τL ≤ 50 fs) has been confirmed in

several experiments by different groups, such as LOA (14 MeV, private communication by

A. Flacco), MBI [132](about 8 MeV), INRS [133] and Hercules [37]. In particular, recent

results of the achieved maximum proton energy exceeding 20 MeV, with high proton yield

measured with RCF stacks at the Astra Gemini laser with ∼ 8 J on target and 40 fs pulses

[125] and, most recently, CR39 measurements using foils of aluminum (0.8 µm) and stainless

steel (2 µm) irradiated at the J-Karen laser [124] using 7 J and 40 fs pulses (I ∼ 1021W/cm2)

at oblique incidence showing protons with energies exceeding 40 MeV (see also Fig. 3.3) are

very encouraging.

Yet another important result shown in Fig. 3.3, is that for the ultra-short pulse durations

the scaling of the maximum proton energy with laser power has been found to significantly

deviate from the well-established square root scaling. To emphasize this finding, the Draco

data is re-plotted in Fig. 3.4 using a linear energy scale instead of the log scale. In the same

figure a very similar data set recently measured at the MBI [132] and showing excellent

agreement is included. This faster near-linear proton energy scaling with laser power for

ultra-short laser pulses can basically be understood as a consequence of the three-dimensional

field distribution in the vicinity of the target rear surface. As mentioned above, the analytical

model by Schreiber et al. [75] will be used in a novel interpretation to illustrate the transition

between the two scaling regimes.

Proton energy scaling for ultra-short pulses

Schreiber’s model is based on the assumption that a relativistic laser pulse of pulse duration

τL accelerates Ne electrons from the target front side to an average energy Ee. The total

number of electrons is determined by the efficiency η of the conversion of laser energy EL

into electron energy NeEe = ηEL. The electron bunch of length τLc leaves the target rear

side spread to a circular area of radius R = rL + d tanϑ, where rL denotes the radius of

the laser focal spot, d the thickness of the irradiated thin foil and ϑ the half-angle of the

propagation cone. As a consequence a positive surface charge Qe/(πR2) is induced at the

rear side of the target. It leads to the on-axis potential distribution

Φ(r = 0, ζ) = − Qe

2πε0R
·
(

1 + ζ −
√

1 + ζ2
)

(3.26)

where ζ = z/R stands for the normalized propagation direction normal to the foil. Electrons

of average energy Ee are forced to turn around at a distance ζt = Ee/E∞ assuming ζt ≪ 1.

The equation of the equilibrium number of electrons outside of the foil with the induced

surface charge Q = 2Ne(ζtR)/(τLc) allows for the rewriting of the potential barrier E∞ =
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Fig. 3.4.: Selection of maximum proton energy sets with laser power using a linear energy scale to
further illustrate the transition in scaling with the laser pulse duration applied. Again
the data points obtained at the Draco laser as in Fig. 3.3 (filled squares for d = 5µm
in red and for d = 2µm in orange) are plotted and directly compared with a very similar
data (empty red squares) set obtained at the MBI facility (45 fs pulses with up to 1.2 J on
target, focal spot size about 4-5µm) and published in Schnuerer et al. [132]. The latter
were obtained with normal laser incidence on target and therefore the power was scaled
to match the intensity at oblique incidence (45◦).

Qe2/(2πε0R) in eq. 3.26 as a function of the laser power PL = EL/τL

E∞ = 2mec
2

√

ηPL

Pe

(3.27)

using the relativistic power unit Pe = mec
3/re = 8.7GW. Up to this point, no assumption

has been required about the energy distribution of the hot electrons. Nevertheless, when

applying an exponential distribution with Ee = kBTe, the turning point of electrons with Ee

running up the potential corresponds to the hot electron Debye length λD and the surface

field is consistent with the one resulting from solving Poisson equation (3.14) and used as

the initial condition for the plasma expansion model in Sec. 3.1.1.

The energy of a laser-accelerated proton is now deduced from the potential caused by the

induced surface charge at the actual position of the proton ζ to Ep(ζ) = −eΦ(r = 0, ζ) =

−E∞ · (1 + ζ −
√

1 + ζ2). The size of the surface charge thus influences the energy gain of

protons close to the surface (ζ = z/R < 1). For a quantitative analysis of the maximum

energy Emax a proton can reach, the integration of the equation of motion up to the duration
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of the laser pulse leads to an implicit function [75] that can be approximated by

Emax = E∞ · tanh2

(

τL
2τ0

)

(3.28)

→ E∞ ·
(

τL
2τ0

)2

∝ ηPL for τL ≪ 2τ0

→ E∞ ∝
√

ηPL for τL ≫ 2τ0 .

The reference time τ0 = R/v∞ = R/(2E∞/mp)
1/2 is used to emphasize the time the proton

remains in the vicinity of the accelerating surface charge. It directly follows that for accel-

eration times and thus pulse durations shorter than twice the reference time τ0 the scaling

of the maximum proton energy with laser power is near-linear. This situation applies for

the Draco data presented in Fig. 3.3, where for PL ∼ 100TW the reference time amounts

to τ0 ∼ 20 fs and the pulse duration to τL = 30 fs. Using the measured focal radius of

rL = 1.7µm, a well established propagation angle of ϑ = 10◦ and assuming a conversion

efficiency of η = 20% (adapted to match the plotted data) our experimental data is well

described by eq. (3.28), where the red solid line in Fig. 3.3 corresponds to a target thickness

of d = 2µm and the dashed line to d = 5µm. As it is not the intention here to discuss the

absolute proton energies achievable with long pulse lasers but only the scaling behavior in

relation to the short pulse case, the increase of the absorption efficiency to up to 50 % [73],

being well established for the long pulse laser class, has been ignored in all the curves in

Fig. 3.3.

The transition of the two scaling regimes (3.28) is qualitatively illustrated in Fig. 3.5. As

introduced above, the accelerating fields can be regarded as originating from the potential

(3.26) of the circular positive surface charge Q (radius R) which is built up by hot electrons

accelerated by the laser and ejected at the target rear. Thus, the on-axis electric field

distribution in a first order approximation is given by E(z) ∝ 1− z/
√
z2 +R2 with z being

the propagation distance of the proton. As long as protons stay in the vicinity of the target

(distance from target R) they experience the field of the laterally confined charge distribution,

whereas at larger distance a point like source can be approximated. In conclusion the

accelerating field E(z) a proton experiences in the vicinity of the target (z1, z2 < R for

τL ≪ 2τ0) scales stronger with the laser power than far away from the target (z1 < R < z2

for τL ≫ 2τ0).

Limits of the scaling at increased laser power

For higher powers of ultra-short pulses the influence of the source size diminishes, as the

reference time τ0 decreases and the same holds true for longer laser pulses and thus increasing

acceleration times. For all cases the scaling converges to the square-root scaling for τL ≫ 2τ0,

leading to the curvature of, e.g., the red solid line in Fig. 3.3. The corresponding black

dotted line in Fig. 3.3 therefore represents an upper limit of the proton energy for a given
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Fig. 3.5.: Illustration of the discussed change in the scaling behavior with pulse duration. The
normalized electrical field E(z) ∝ 1 − z/

√
z2 +R2, induced by different laser powers

PLaser1 (blue) and PLaser2 (green), is plotted as function of the distance of the proton to
the target z for short (top) and long (bottom) pulse durations.

laser power, provided the conversion efficiency is assumed to be constant. However, for a

constant laser pulse duration, τ0 only weakly decreases with increasing laser pulse energy

τ0 ∝ E
−1/4
L , which in principle means, that the near-linear scaling of (3.28) can be applied

for ultra-short pulse (τL = 20− 30 fs) lasers up to the petawatt level, where the ratio τL/2τ0

remains below one. This is illustrated in Fig. 3.6(a) by plotting τL/2τ0 as function of the

laser pulse energy for different values of the laser pulse duration.

Note, that apart from the transition between the different intensity scaling regimes, in-

trinsically the model favors short laser pulse durations in terms of optimal acceleration

conditions. While keeping all other parameters constant, for a certain laser energy, the

maximum proton energy

Emax ∝
√

EL

τL
tanh2

(

const.× 4

√

ELτ 3L

)

(3.29)

is optimized either by a long effective acceleration time, represented by the tanh2-term

and favoring high values of τL, or by a large laser power and therefore short laser pulse

durations. The latter leads to a large potential barrier E∞ and thus contributes to a higher

amplitude of the accelerating field. While the tanh2-term saturates for large arguments, the

preceding factor in (3.29) becomes dominant when the laser energy is increased and thus

the maximum proton energy is optimized for shorter laser pulses. Applying laser and target

parameters according to the Draco experiments, Fig. 3.6(b) shows the curve of the optimal
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Fig. 3.6.: (a) Ratio τL/2τ0 plotted as function of the laser energy and different laser pulse durations.
Once the laser energy yields a power larger one petawatt the curves continue as dashed
lines. The curves were calculated using Draco parameters rL = 1.7µm, d = 5µm,
ϑ = 10◦ and η = 0.2. (b) For the same parameters the trend of the optimal pulse
duration τ optL with increasing laser energy is shown.

laser pulse duration τ optL as function of the laser pulse energy, calculated by differentiating

(3.29) with respect to τL and setting dEmax/dτL = 0. A more detailed analysis presented in

Ref. [134] reveals that the τ optL decreases with increasing laser energy by τ optL ∝ E
−1/3
L . In a

physical picture, this simply means that with increasing laser energy, a short acceleration

duration with initially high electrical fields becomes more efficient than a longer effective

acceleration duration with lower accelerating fields.

Yet, one has to be aware of the fact, that the model strongly simplifies the acceleration

dynamics. However, as shown in Fig. 3.3 it can successfully be used to describe maxi-

mum energies and pulse duration dependencies and well describes the principle behavior of

recent experimental findings. The demonstrated high proton acceleration performance of

modern ultra-short pulse laser systems therefore justifies the quasi-static assumptions of the

model. Investigating the time-scale of the acceleration process, this argumentation will be

even further supported by the novel experimental findings on prominent non-normal proton

beam emission induced by prompt prethermal electron acceleration along the oblique laser

incidence direction, presented in the next section.
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3.2. Prominent non-normal proton emission as

diagnostic for an efficient intra-pulse acceleration

phase

The ongoing development of ultra-short pulse high-intensity Ti:Sapphire based laser systems

into the multi-PW range shifts the interest to the ultra-short time-scales of the acceleration

process. The asymptotic behavior of the Schreiber model for ultra-short laser pulses chang-

ing into a near-linear scaling of the maximum proton energy with laser power for ultra-short

acceleration times is a result of the picture that the particles never leave the vicinity of the

finite source area. This immediately raises the question, whether the expansion of a thermal-

ized hot electron Debye sheath during the laser pulse duration can lead to an efficient proton

acceleration (refer to Sec. 3.1.1). Within typical ultra-short laser pulse durations of 30 fs

the motion of relativistic electrons is restricted to only several micrometers and thus longi-

tudinal recirculation, a significant transverse expansion or cooling can be neglected during

the initial acceleration phase. The original hot electron distribution, strongly depending on

the governing laser absorption mechanism and likely to be anisotropic and thus non-thermal

in a three dimensional picture, will directly feed the accelerating field. In this section, it

will be demonstrated for the ultra-short (pulse duration ∼ 30 fs) highly relativistic (inten-

sity ∼ 1021 W/cm2) laser pulses of Draco, that the ultra-short initial period, here called the

intra-pulse phase, of the proton acceleration process becomes relevant. The experimental

finding that an important part of the acceleration takes place before the plasma has time to

evolve not only justifies the application of the theoretical models in the limit of quasi-static

conditions in the first place, but also may explain the underlying physics leading to the sur-

prisingly high proton acceleration performance achieved with ultra-short pulse laser systems

in the recent years (around 20 MeV at Draco, or 40 MeV from J-Karen [124]). The core idea

of the presented experiments and simulations to identify this prethermal intra-pulse phase

of the acceleration is the observation of prominent non-target-normal emission of energetic

protons reflecting an engineered asymmetry in the field distribution of promptly accelerated

electrons by using oblique laser incidence on target and even more explicit by altering the

spatio-temporal intensity envelope of the focused laser beam (see Sec. 3.2.2).

3.2.1. Non-target-normal proton beam emission using oblique laser

incidence

In the proton acceleration experiment presented in Fig. 3.7 the ultra-short laser pulse (30 fs

duration, peak intensity of about 8 · 1020W/cm2) impinges under an angle of δ=45◦ onto a

micrometer thick solid target. A detailed description of laser parameters, laser diagnostics,

target preparation and diagnostics is given in Sec. 2.1 and Sec. 2.2. The energetic protons

are recorded a few centimeters behind the foil using a radiochromic film (RCF) stack, from
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Fig. 3.7.: Spatial energy distribution of laser-accelerated proton beams. The accelerating laser pulse
is tightly focused by an off-axis parabolic mirror (OAP) under oblique incidence (δ =45◦,
p-polarization) onto a 2µm thick titanium foil target and proton emission is recorded with
stacks (about 15 layers) of radiochromic film (RCF). The reconstruction of the particle
number per energy for horizontal slices yields the angularly resolved proton spectrum,
where the dashed line represents the centroid of the angular distribution. Scaled trajecto-
ries for protons reaching 70% of the maximum energy at different final emission angles
are added.

which the spatial energy distribution can be reconstructed with large angle acceptance. To

allow for online measurements of the proton deflection angle the scintillator stack detector

(see Fig. 2.3) was used and a Thomson parabola was routinely applied as well to complement

the maximum proton energy measurements. As shown by the spatial energy distribution of

laser-accelerated proton beams shown right in Fig. 3.7, a deflection of the most energetic

protons of about 5◦ from target-normal into the direction of the initial laser propagation axis

is observed while lower energy protons exhibit a symmetric pattern with a larger divergence

angle. In the following, this directed deflection of energetic protons will be correlated with

the directed acceleration of hot electrons in the presence and thus on the time-scale of the

ultra-short laser pulse.

For a time-resolved analysis of the interaction process the 2D3V particle in cell code PICLS

[135, 136] was applied. Similar to the experimental conditions, the code was employed to

simulate the interaction of a Gaussian shaped laser pulse with 30 fs duration and linear p-

polarization with a solid target at an angle of incidence of 45◦, as illustrated in Fig. 3.8.

The target, a 1µm thick titanium foil covered on both sides with a 30 nm thick layer of

hydrogen and carbon atoms is located 35µm from the starting edge of the simulation box.

The focal spot size of 5µm FWHM yields a peak intensity of 1021W/cm2. The simulation

box consists of 19440×8330 cells with 55 cells per λ=800 nm and 2 ions per species and

cell. The resulting electron density in the bulk is 122nc when fully ionized. Ionization and

collisions are included in the simulation. For the realistic simulation of prepulse induced

effects like the expansion of surface layers of the foil the measured temporal profile of the

laser pulse was used starting at t = −3.5 ps where the ionization threshold is reached.

Fig. 3.9 shows snapshots of simulated spatial energy distributions for electrons (upper
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Fig. 3.8.: Setup of the 2D PICLS simulation of the experiment presented in Fig. 3.7. Laser and tar-
get configurations are illustrated. For the realistic simulation of prepulse induced effects
the temporal pulse profile measured by third order autocorrelation is taken into account.
Adapted to the trace of Fig. 2.2 the shoulder of the pulse contrast starting from 3 ps until
the arrival of the main laser pulse at a level of 10−4 is included in the simulation. Thus,
all intensity contributions above the ionization threshold are included in the simulation.

row) and protons (lower row) plotted as a function of the emission angle for consecutive

time steps. At t = 0 fs the peak of the laser pulse reaches the target front surface. Electrons

are ejected from the target rear along the direction of the incident laser beam (45◦). The

strong correlation of the electron distribution with the direction of the incoming laser light

(45◦) at this early (the intra-pulse) phase of the interaction is additionally visualized by the

electric field component parallel to the surface (Ey) exhibiting a strong asymmetry (bottom

of Fig. 3.9). Already at t = 44 fs (∼ 1.5τL) the initial asymmetry of spatial electron emission

distribution and accordingly the asymmetry of Ey have almost vanished. In contrast to

that, protons, starting immediately (refer to t = 22 fs, laser is almost turned off) to gain

energy by following the highest field gradients, conserve the initial deflection angle during

the subsequent laminar and self-similar expansion of the sheath [4] that further drives the

proton front (visible also in the Ex field map). In the corresponding field maps the proton

momentum gain in non-target-normal direction is also indicated by inclusion of trajectories

(black solid lines) of those protons that finally reach highest energies (above 90% of the

maximum energy E>0.9).

This simulation illustrates how the intra-pulse dynamic of the promptly accelerated elec-

trons translates into a signature that can be experimentally detected at any later time, the

deflection of the angular proton spectrum. For the most energetic protons E>0.9 the green

dashed line in Fig. 3.10 shows the increase of the deflection angle with time during the

intra-pulse phase and its stagnation during the expansion phase. For a quantitative dis-

tinction of both phases, the increase of the maximum energy of protons propagating under

sample angles of 6◦ (blue), −1◦ (black) and −5◦ (red), being related to the maximum field

integral, is shown additionally. More precisely, sample angle means, that at each time step

in the simulation the maximum proton energy of all protons being emitted at that particular

angle, is determined. According to the resulting time evolution, in the intra-pulse phase and
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Fig. 3.9.: Modelling of the intra-pulse acceleration dynamics. (Top) False colour coded images of
simulated spatial energy distributions for electrons (upper row) and protons (lower row)
plotted as a function of the emission angle α for consecutive time steps. At t=0 fs the
peak of the laser pulse reaches the target front surface. The intensity of the images,
corresponding to the number of particles, is logarithmically scaled and normalized to the
individual maximum. The energy scale included in the first proton distribution is valid for
all electron and proton images. The spectral modulations visible in the proton distribution
can be attributed to multi-species effects. (Bottom row) The components of the spatial
distribution of the electric field amplitude in target-normal direction (Ex), and parallel to
the target surfaces (Ey) are plotted for t = 0 and t = 44 fs, respectively, with maximum
field values of Ex = 4 × 1013 V/m and Ey = 2 × 1012 V/m. Trajectories of protons
reaching more than 90% of the maximum energy (E>0.9) are overlaid in black.

along the optimum angle of 6◦ the proton energy grows significantly faster than along other

angles and than in the post-pulse phase. The initial angle-dependent disparity in energy is

maintained throughout the later quasi-neutral expansion phase of the sheath. The major

finding is that already at t ∼ 2τL about half of the final energy can be reached. It is likely

that this fraction constitutes only a lower limit for the intra-pulse energy gain, as 2D PIC

simulations at reduced density tend to underestimate the dilution of the sheath which is

responsible for the post-pulse acceleration phase.

In order to further emphasize the relevance of the directed intra-pulse acceleration, av-

eraged trajectories of protons reaching (0.6 − 0.8)Emax are overlaid with the experimental

spectrum in Fig. 3.7. It turns out that these sample protons, finally observed under an-

gles deviating from the optimum, gained significant energy under initially optimum angles
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Fig. 3.10.: For protons reaching more than 90% of the maximum energy (E>0.9), the increase of
the deflection angle αcent with time is shown in green together with the evolution of the
maximum energy of protons emitted under sample angles α of 6◦ (blue), -1◦ (black)
and -5◦ (red). For illustration of the time-scale, the laser pulse profile is given by the
red shaded region and the black gaussian shaped curve. For the duration of the laser
pulse τL, the asymmetry of the electron distribution translates into a non-target-normal
emission of energetic protons that can be detected experimentally.

(α > 0) and only later got deflected due to variations in the lateral position in the expanding

plasma sheath. Summarizing so far, the detection of prominent non-target-normal emission

of energetic protons may serve as a diagnostic for an efficient intra-pulse acceleration. In

the following this phase of the acceleration process is called prethermal as it precedes the

thermal expansion of the plasma sheath.

It has to be mentioned here, that the main conclusion of the observed non-normal emis-

sion of the energetic protons being a clear signature of the intra-pulse acceleration dynamics

has so far only been drawn by the study of the time and space resolved dynamics of the

interaction process on the scale of the pulse parameters in a PIC simulation. A direct mea-

surement of the electron dynamics would clearly be beneficial. Different methods such as

the measurement of coherent transition radiation or X-ray emission in principle could help

to monitor aspects of the hot electron population. However, the actual task requires an

intra-pulse time resolution of only tens of femtoseconds and micrometer spatial resolution

for the megaelectronvolt electron population at the target surfaces during the interaction.

Such measurements are technically very challenging and have never been established before.

In order to give more detailed insights into the intra-pulse acceleration process and to fur-

ther support the link between experiment and simulation, several independent but indirect

experiments were performed and related to the intra-pulse acceleration phase, as presented

in the next sections.
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Fig. 3.11.: Setup of the test experiment based on a change of sign in the designed pulse front tilt.
Bottom left: Grating compressor with gratings G1 and G2 (slightly tilted by angle ε) and
folding mirror FM . The tilted intensity envelope is focused by the OAP under normal
incidence onto a 2µm thick Ti foil target. Bottom right: Horizontally enlarged focal
spots showing spatial chirp in the focal plane, see also Fig. 3.15. Top: Two samples
of reconstructed angular proton spectra are shown for ε > 0 and ε < 0. Black squares
represent the scattering of the deflection angle of the most energetic protons for the full
series of shots. The dashed line follows the centroid of the angular distribution.

3.2.2. Proton beam steering by an engineered laser pulse front tilt

An expanding sheath can inherit geometrical properties of the target rear surface such as,

e.g., deformations caused by nanosecond prepulse driven hydrodynamic shocks [112, 137, 19]

(see also Sec. 3.2.4). Thus, in order to unambiguously demonstrate the relevance of the intra-

pulse acceleration phase, a test experiment only relying on properties of the ultra-short laser

pulse itself has been designed. The basic idea of this test experiment is the introduction of

a small angular chirp (AC), immediately yielding a pulse front tilt (PFT) of the ultra-short

laser pulse [138]. It has recently been shown [139] that a small PFT directly influences

the pointing of electrons accelerated in an underdense plasma. Here, the PFT is used to

generate a spatio-temporal asymmetry in the laser-plasma interaction that is restricted to

the coherent ultra-short pulse. It does not apply to the incoherent nanosecond prepulse level

originating from amplified spontaneous emission (for discussion of the influence of coherent

prepulses, see Sec. 3.2.4).
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Fig. 3.12.: Temporal contrast curves for corresponding configuration of ε.

In the test experiment, sketched in Fig. 3.11, the foil is irradiated under normal incidence.

The small angular chirp (AC) is introduced by a slight rotation of one of the compressor

gratings around the axis parallel to its grooves by ε = ±0.03◦. Pointing is corrected by

turning the folding mirror accordingly. Potential changes in the group delay dispersion are

compensated for by the usual optimization procedures for grating distance and spectral phase

control loops (c.f. chapter 2). Changes in the pulse contrast are ruled out by third-order

autocorrelation measurements (see Fig. 3.12). Since various laser wavelength components

exhibit different incident angles on the focusing optics, the AC further causes a spatial chirp

(SC) in the focal plane, which leads to the oval focal spot in Fig. 3.11 confirming the setting.

This is discussed in detail further below.

The energy resolved proton emission pattern was recorded with RCF stacks and stacked

scintillators with CCD online readout for two opposite AC settings. Proton spectra re-

constructed from exemplarily chosen stacks are displayed in Fig. 3.11. As in the previous

experiment at oblique laser incidence, the highest proton energies are observed under an-

gles of up to 10◦. Clearly, the sign of the deflection from target-normal only depends on

the orientation of the PFT, a quantity linked to the main pulse and therefore independent

from prepulse induced target deformations. This observation confirms that protons are sig-

nificantly accelerated in the intra-pulse phase of ultra-short pulse lasers, and, additionally,

provides a novel method for active fine-steering of the energetic proton bunch.

Although the interpretation of the test experiment seems to be straight forward and al-

ready the presence of the spatio-temporal asymmetry initially caused by the AC in the com-

pressor explains the experimental observation, a deeper understanding of the laser-plasma

interaction process when applying phase-distorted pulses is of course desirable. In appendix

A, the formation of the spatio-temporal distortions during pulse propagation and the con-

sequences of the beam focusing will be discussed and illustrated by an analytic wave-optical

treatment based on basic Fourier transformation. Confirming the intuitive assumption, there
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Fig. 3.14.: Influence of residual SC (spectral walk-off) in the beam on pulse duration and PFT in
the focus, calculated for parameters closely resembling the experiment in Fig. 3.7 using
the Kostenbauder matrix formalism [140, 141].

it is analytically shown that an AC in the near field of a laser beam translates into a spatial

chirp (SC) when the laser beam is focused in the focal plane (far field) leading to a reduction

of the focal intensity (see below). Vice versa, the presence of residual spatial chirp in the

unfocused beam (near field), e.g. caused by Brewster windows in the laser chain or long

distance propagation of angularly chirped pulses, leads to an AC and therefore immediately

to a PFT in the focus directly, as sketched in Fig. 3.13(a). The influence of residual spatial

chirp on PFT and pulse duration is depicted in Fig. 3.14 for experimental input parameters.

While spatial chirp can induce a large PFT in the focus, the pulse duration (near field) stays

almost unaffected.

According to exact calculations (c.f. [139]) without spatial chirp, the PFT of the beam

increases when approaching the focus and completely vanishes within the Rayleigh length.

In that case, a PFT in the focus could still be generated by interaction with matter (e.g.

preplasma), due to the group velocity dispersion in the medium (see Fig. 3.13(b)). However,

a significant contribution is only expected for a long propagation length (c.f simulation in

Ref. [139]) and therefore unlikely to occur for short plasma scale lengths as shown in Fig.

3.16 for the experimental parameters at Draco.
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In order to further illustrate the picture of PFT and to derive experimental quantities,

in the following a geometrical analysis is used that was introduced by Pretzler et al. [55].

For convenience, the AC of the pulse propagating in z direction (xz plane, see Fig. 3.15) is

defined as function of the wavelength

ACλ =
∂ϕ

∂λ

∣

∣

∣

λ=λ0

(3.30)

with index 0 standing for the central spectral and spatial component always.

According to the experiments discussed in the previous section, the AC is caused by a

small misalignment of the two compressor gratings from exact parallelism. Hereby, only

a small tilt in the horizontal beam axis (xz-plane) by an angle ε is considered, while an

angular chirp may also be a result of a remaining vertical tilt or a not exactly matching

groove orientation of the gratings. Given the incidence angle γ = 29.2◦ of the laser onto the

first grating, the diffraction angle β0 = 44.12◦ and the groove spacing s = 676 nm (for angle

definition refer to Fig. 3.11) the angular chirp in the horizontal beam axis

ACλ =

∣

∣

∣

∣

2ε
tan β0

s cos γ

∣

∣

∣

∣

(3.31)

can be calculated [55]. In the test experiment presented above, the compressor grating was

tilted by ε = ±0.03◦ yielding an angular chirp of ACλ =1.7 µrad/nm. This value has been

verified using an interferometric field autocorrelator with spatial inversion [55, 143].

Ignoring spatial dispersion and temporal dispersion, the AC can be interpreted as a small

tilt of the virtual phase fronts of the single spectral component of the pulse. A spectral phase
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shift can therefore be introduced ([55, 142], see Fig. 3.15)

∆φ(λ, x) =
2πc

λ

∆z

c
=

2π

λ
∆x tanϕ(λ) ≈ 2π

λ
ϕ(λ)(x− x0) (3.32)

which leads to an x-dependent component of the linear phase chirp

dφ(x)

dλ

∣

∣

∣

λ=λ0

=
2π

λ0

ACλ(x− x0). (3.33)

Using dω/dλ = −2π/λ2, a group delay component ∆τg can be introduced

∆τg =
dφ(x)

dω

∣

∣

∣

ω=ω0

=
λ0

c
ACλ(x0 − x) (3.34)

and consequently the pulse front of the propagating laser pulse is tilted with respect to the

phase fronts by the angle (c.f. (A.2) for the definition of p)

tanαt =
c∆τg
x− x0

⇒ |αt| ≈ λ0ACλ = p. (3.35)

In the near field this has no significant consequences for the local pulse duration which

remains short at any point on the beam cross section. The spatial beam profile and also

the wave fronts and therefore the propagation properties of the beam stay unchanged in a

first approximation. However, the intensity of the pulse can be significantly reduced when

concentrating all spatial parts of the pulse in the focus. This is a consequence of the spectral

decomposition of an angularly chirped pulse being tightly focused. In fact, this yields two

complementary effects as illustrated in Fig. 3.15. First, the spectral components of the pulse

are focused next to each other yielding an enlargement of the focal spot in the according

direction (c.f. (A.17)) and second, this leads to a reduction of the spectral width at each

point and therefore to a local increase of the pulse duration. Following an analytical approach

using Gaussian shaped spectral and spatial intensity profiles [55] the focal spot σ and pulse

duration τ are both increased by the same factor

ξ =
∆τ

∆τ0
=

σ

σ0

⇒ I =
I0
ξ2
. (3.36)

An analysis of the focal spot images in Fig. 3.11 yields an increase of the focal spot size

in x-direction by ξ =1.5 which would yield an intensity reduction by about a factor of 2.

In the test experiments, however, the proton acceleration performance was not influenced

when introducing a small angular chirp being a result of several possible reasons. Follow-

ing the discussion in appendix A concerning the coupling of the different spatio-temporal

distortions, the investigation of the exact spatio-temporal configuration of the laser pulse

at the interaction point is very challenging. A deeper analysis of the interaction dynamics

thus deserves further precise measurements of laser parameters such as the spatial chirp at

the position of the focusing optics, or the spectral phase across the full beam profile (in
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Fig. 3.16.: Snapshot of simulated plasma density distribution (in units of the critical density nc) for
electrons, proton and carbon ions as well as titanium ions, at 80 fs before the intensity
peak of the main pulse reaches the foil (see Fig. 3.8, [20, 115]). Originating from the
surface of a 1µm thick titanium foil protons on the front illuminated side are leaking out
into the vacuum for up to 6µm. Thus, the main pulse interacts with underdense plasma
for several micrometers before reaching the Ti-foil. The back side slope is steeper and
protons can be found up to 2µm behind the foil. The critical density surface has moved
by a few hundred nanometers (both directions).

progress). Furthermore, eq. (3.36) holds only true for Gaussian shaped spectral and spatial

beam profiles and has to be adapted for flat top shaped profiles as were used in the exper-

iment. Finally, the pulse elongation may be beneficial for the TNSA acceleration process

and therefore may partially compensate for the negative effect of the focal spot enlargement.

Especially these issues, the scaling of the proton beam deflection with pulse duration and

the exact characterization of the spatio-temporal distribution of the focused laser pulse have

to be addressed in future experiments.

3.2.3. Effect of laser incidence angle, polarization, pulse energy and

pulse contrast onto the maximum proton energy

The given interpretation of both experiments reported in the previous sections 3.2.1 and 3.2.2

further relies on the assumption that laser energy is converted into hot electrons in a directed

way as introduced in the set of simulated snapshots of spatial electron and proton energy

distributions for the time steps of interest in Fig. 3.9. Complementary, a realistic simulation

of a prepulse induced preplasma density distribution at 80 fs before the peak of the main

pulse reaches the target is shown in Fig. 3.16. As discussed with the simulation parameters

in Fig. 3.8 this simulation included all intensity contributions above the ionization threshold

as deduced from a measured autocorrelator trace (Fig. 2.2). Thus, the main pulse interacts

with underdense plasma for several microns before reaching the surface of the titanium foil.

Directed laser light absorption into promptly accelerated electrons in the presence of a small
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√
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performed with RCF stacks. (b) Thomson parabola measurements of the maximum pro-
ton energy obtained using p-polarization normalized to that obtained with s-polarization
for different laser energies on target. Different length of error bars is due to statistics.

scale length preplasma can be expected for the v×B force dominated absorption mechanism,

and is consistent with observations of earlier experiments measuring the angular electron

distribution directly [144] or detecting Cerenkov or coherent transition radiation at the target

rear side [145, 146, 147]. In particular the use of relativistic laser intensities dramatically

alters the dynamics, because it is voiding the contribution of the Brunel heating mechanism

[96] which only deals with non-relativistic acceleration by transverse electric fields (see Sec.

3.1.2), and therefore would accelerate electrons predominantly in laser normal direction and

not along the laser direction as visible in the PIC simulation results (c.f. Fig. 3.9). The strong

v ×B force contribution is furthermore supported by the occurrence of electron bunches at

twice the laser frequency ωL observed in the PIC simulation as a clear and typical signature

of v ×B heating and simultaneously opposing the Brunel effect.

The v×B absorption as prevalent mechanism further implies that the performance of the

proton acceleration process is mostly independent of the angle of incidence of the laser beam

on the foil and of the orientation of its linear polarization. The opposite configuration, low

laser intensity and extreme pulse contrast where the Brunel heating mechanism is dominant

was already investigated by Ceccotti et al. [113] and accordingly yielded significant differ-

ences of the proton acceleration performance with respect to laser polarization and angle of

incidence.

Relative maximum proton energies are presented in Fig. 3.17(a) for different angles of

incidence as a function of the effective target thickness deff (deff = dfoil for δ=0◦ and deff =√
2dfoil for δ=45◦) for the interaction conditions at Draco. The decrease in intensity by

√
2

for the case of δ=45◦ has been taken into account by the proper choice of the laser energy

for the normalization shots. In conclusion, the target thickness scan reveals no dependence

on the angle of incidence, which compares well with recent results [148]. Independently, the

laser polarization was varied with a thin half-wave plate close to the focusing optics (see

Fig. 3.7). Apart from a slight enhancement of about 10% for p-polarization with respect
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to s-polarization under oblique incidence no dependence of the proton acceleration on laser

polarization orientation was observed as shown in Fig. 3.17(b). Both findings support the

v ×B force dominated laser light absorption and therefore confirmes the assumption that

the laser incidence angle translates into the direction of the promptly accelerated electrons.

Still one can argue, that the realistic preplasma and therefore absorption conditions on tar-

get front and rear side, are not exactly known. Also the assumption that the real preplasma

corresponds to the simulated density profile depicted in Fig. 3.16, and thus is only induced

by the intense pedestal of picoseconds duration, can hardly be validated in the experiment.

Hot electron Debye sheath expansion induced by the intense main pulse was measured with

optical probing [149, 150] and by help of proton radiography [6]. However, a measurement of

the sub-micron plasma expansion near the critical density surface at the front, and especially

at the target rear surface as predicted by the PIC simulations for low intensity prepulses

only a few picoseconds prior to the main pulse, is more challenging. There, measurement

of spectral target reflectivity [151] or of the specularity [152] of the reflected light can pro-

vide indications of the preplasma conditions and therefore allow to qualitatively conclude on

realistic laser pulse contrast conditions on target.

Yet, the most effective technique to study preplasma effects is the investigation of the ion,

mainly proton acceleration performance as function of a tailored preplasma scale length,

by truncation of the ASE pedestal of the laser pulse using pockels cells or plasma mirrors

[82, 113], or by introducing additional prepulses [153, 84, 154, 83, 155, 37]. When an ASE-

pedestal arrives at the target and is sufficiently intense to cause ionization of the illuminated

surface, the target is heated by collisional absorption processes, as mentioned in Sec. 3.1.2.

Provided the target is thin enough, the target rear surface is also affected. Additionally,

the cold ablation plasma at the front surface can launch shock waves that then propagate

through the target and alter the target rear surface [112]. In all cases, optimal proton

acceleration within TNSA requires both, optimal laser absorption on the target front side

and a steep density gradient and therefore optimal charge separation fields at the target

rear [156, 157, 158]. This has been confirmed in many experiments varying laser pulse

contrast and target thickness [82, 113] or by introducing additional prepulses [37, 83, 155]

and studying the influence on the maximum proton energy. Active tailoring of the rear side

preplasma scale length clearly revealed the high sensitivity of the TNSA process on the rear

side condition [153, 84, 154].

ASE forms a pedestal that may extend several nanoseconds before the arrival of the main

pulse, whereas the intensity level as well as the duration of the pedestal are relevant for

the amount of preplasma to be formed (see also next section). Additionally, short pulse

prepulses may occur, stemming from incomplete pulse re-compression namely higher order

phase distortions or spectral clipping. At Draco, pulse compression is accompanied by active

phase precompensation with a DAZZLER in combination with a measurement of the spectral

phase using a SPIDER, refer to Sec. 2.1. Due to the relatively low spectral dynamic range

of the SPIDER diagnostic, the phase contribution corresponding to the edge of the pulse
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Fig. 3.18.: (a) Temporal laser pulse contrast as measured with a 3rd order autocorrelator for the
different configurations of the active spectral phase precompensation. Setting with phase
compensation corresponds to the red curve with additional prepulse, without phase com-
pensation yields the blue curve (see main text). The prepulse artefact at -30 ps corre-
sponds to a postpulse, caused at the second saturable absorber. (b) Maximum proton
energy Ep as function of the laser pulse energy EL for the two prepulse configurations
in (a). Experimental parameters (2 µm Ti foil, 45◦ incidence angle, p-polarization)
are identical to those in Fig. 3.7. The data points obtained without prepulse (blue) are
fitted by exclusion of the data point at EL = 3.4 J (see main text for details).

spectrum cannot be corrected for and even additional errors can be introduced. As shown in

Fig. 3.18(a) this causes the small bump in the red contrast curve at about 2 ps prior to the

main pulse. Removing the DAZZLER correction, the bump disappears but the rest of the

curve remains identical (blue curve in Fig. 3.18(a)). Note that without phase correction the

pulse duration is slightly increased to about 40 fs. The effect of this pulse duration change

on the proton energy had been qualitatively found to be small in another run by varying the

grating distance in the compressor and thus introducing a temporal dispersion. This is also

in good agreement with data obtained on a similar laser system [159]. However, a change

of the grating position normally requires a new phase correction loop with the DAZZLER

making it difficult to clearly separate between effects of pulse duration and pulse contrast.

Systematic investigations on that topic are still ongoing, whereas the dynamic range of the

spectral phase measurement can be significantly improved using a WIZZLER (Fastlite).

For both contrast configurations in Fig. 3.18(a), the maximum proton energy as function

of the laser energy EL was measured and displayed in Fig. 3.18(b). The target and laser

parameters were identical with those used in Fig. 3.7 (2 µm Ti foil, 45◦ incidence angle,

p-polarization). The maximum proton energy was measured with the Thomson parabola,

whereas for each laser energy configuration the target rotation was optimized to compensate

for the proton beam deflection (Sec. 3.2.1) and the optimal focal position was cross-checked

to exclude potential small distortions in the corrected wavefront when pump lasers in the

last amplifier were switched on or off.

As expected from the discussion above, the curves in Fig. 3.18(b) behave differently. Note,

http://fastlite.com/
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that the target thickness was initially optimized for the EL = 2.3 J configuration. Although

only visible as a trend, at lower laser energy the small prepulse is beneficial and corresponds to

better absorption. At higher energy the better contrast configuration yields higher maximum

proton energy (black solid line). The decrease of the proton energy for the highest laser

energy applied in this run remains unclear. Another experimental run, performed a few

month later, revealed a possible explanation based on wave front distortion, and hence

focusing problems due to thermal load in the Brewster windows of the vacuum chamber

used for cryogenic cooling of the amplifier crystal in the last amplifier, once maximum pump

energy is used (as it was the case for EL = 3.4 J). This is also the reason, why this point was

omitted for fitting the maximum proton energy curve with Ep ∝ E0.7±0.07
L . The exponent of

the fitting curve reveals better scaling than scaling with the square root of the laser energy

and is in good agreement with the discussion in Sec. 3.1.3.

In summary, the experimental findings of Fig. 3.18 have two important implications.

First, they confirm the initial conditions of the PIC simulation, because the intense but

short prepulse preceding the main pulse only by a few picoseconds may indeed change the

preplasma conditions on the target front side but, potentially, also on the target rear side.

The achievable proton energy is given by the optimum between optimal absorption conditions

and rear side gradient as suggested by the simulations (c.f. Fig. 3.16). The influence of

ablation shocks induced target rear side expansion and thus worsening of the preplasma

gradient can be neglected, as will be discussed in the next section. Second, these findings

emphasize the challenge to experimentally investigate the proton energy scaling with laser

intensity. As suspected, the proton acceleration performance is sensitive to small changes

in the temporal pulse contrast, essentially in the picosecond rising edge of the main pulse.

Therefore, the optimal conditions (laser pulse contrast or optimal target thickness) for each

intensity configuration have to be ensured, calling not only for extreme pulse contrast but

also for means to adjust it. This becomes certainly even more important when proceeding

with higher laser intensity.

3.2.4. Alternative beam-steering by prepulse induced target

pre-deformations

With regard to the test experiment using angularly chirped pulses to control the proton

beam deflection in Sec. 3.2.2, it shall be mentioned that in addition to the main pulse,

coherent prepulses on the picoseconds time-scale may also be affected by an angular chirp.

Yet, their contribution to a shock-induced potentially asymmetric deformation of the target

rear surface can be safely neglected for the given experimental conditions as will be briefly

discussed in this section.

After the commissioning phase of the Draco laser first proton acceleration experiments

were performed using oblique laser incidence on target, in 2009. The RCF images recorded of

representative shots showed a systematic deviation of the emission angle of the most energetic
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Fig. 3.19.: (a) Principle of the proton acceleration from a foil target after shock wave deforma-
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mation amplitude as defined in (a) describes the deformation of the target rear surface,
hence negative values imply that the shock wave has not even reached this surface. The
black squares also indicated by the green numbers (1)-(4) correspond to the different
configurations of ASE intensity level and duration marked in (b) accordingly.

protons with deflection angles of up to 15◦ from target-normal towards the direction given

by the laser axis [19], very similar to the data presented in Fig. 3.7. However, the temporal

pulse contrast at that time was different when compared to the experiment presented above,

as it is shown in Fig. 3.19(b). Specifically, the intensity of amplified spontaneous emission

(ASE) preceding the main pulse was in the order of 5 × 1012W/cm2, at comparable main

pulse intensity this is almost two orders of magnitude higher than the more recent value.

This level of prepulse intensity suggested an explanation of the proton beam deflection by

prepulse induced target pre-deformation, schematically shown in the left part of Fig. 3.19(a).

This scheme was first identified and discussed by the group at the Lund laser facility in 2005

[160, 112]. The nanosecond ASE pedestal of an ultra-short laser pulse with sufficient intensity

(≈ 1012 W/cm2) can form a preplasma at the front surface of the target. As the preplasma

expands into vacuum it launches a cold and plastic shock wave with a velocity in the order of

µm/ns. The shock front breaks through the rear surface of the foil and results in a significant

deformation (several µm) of this surface. As long as the rear surface remains intact and the
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ion density gradient remains steep, effective proton acceleration in the TNSA scheme occurs

during the time the ultra-short laser pulse is interacting with the target foil. At higher ASE

intensities the maximum proton energy can be reduced due to a longer plasma scale length

[153, 82]. The deformed target geometry finally determines the emission direction of the

energetic proton pulse. When the main laser pulse impinges on the front side of the curved

target, electrons are asymmetrically distributed along the target rear surface (sketched in

the right part of Fig. 3.19(a)). At the position where the laser hits the deformed target the

highest field gradients are created. Hydrogen and heavier ions are completely field ionized

and protons are accelerated to the highest energies. Protons originating from this area

are steered toward the laser axis according to the local deformation. Since lower energetic

protons stem from a larger region they experience on average less deflection.

In order to model the shape of the target deformation Lundh et al. [112] suggested a

simple quasi-two-dimensional analytical model supported by hydrodynamic simulations for

the characterization of the shock wave ballistics. The deformation amplitude depends on the

velocity of the shock front vs driving through the target and the deformation velocity vd of

the target rear surface after shock break through. From mass and momentum conservation,

vs =
cs
2

(√
1 + x+ 1

)

and vd =
cs
κ

(√
1 + x− 1

)

with x = I2/3
(

4κ

ρ0c2s

)

(3.37)

are derived, where I is the ASE intensity of the laser, ρ0 the density, cs the sound speed and κ

a material specific parameter. For the experimental conditions of Draco (I = 5×1012 W/cm2,

Ti foil with ρ0 = 4.53 g/cm3, cs = 5.24 µm/ns, κ = 1.02 and d = 2 µm) vs = 7.8 µm/ns and

vd = 5.7 µm/ns were chosen. For an estimated ASE duration of τASE = 1.8 ns a maximum

displacement of the target rear surface from its initial position of vd(τASE − d/vs) = 9 µm is

obtained.

For a comparison of the results of the different experimental campaigns and to conclude

on the influence of hydrodynamic shocks on the discussion of the intra-pulse acceleration

phase, the different ASE prepulse intensity levels and their corresponding durations (indi-

cated by the green numbers (1)-(4) in Fig. 3.19(b)) extracted from the measured 3rd order

autocorrelation traces are plotted into the contour plot in Fig. 3.19(c) using constant target

parameters (2 µm Ti foils). Obviously, for such an extrapolation of the model by several

orders of magnitude, the dependence between hydrodynamic pressure and the intensity of

the laser pulse has to be roughly constant, as it is confirmed by hydrodynamic simulations

published by Eidmann et al. [161] up to an laser intensity of about 1016W/cm2.

Regarding Fig. 3.19(c), it can be seen that the deformation amplitudes corresponding

to the more recent contrast curves (red and blue line) are significantly smaller than the

amplitude of 9 µm that corresponds to the black trace and that was necessary to explain

the proton beam deflection in Ref. [19]. The deformation amplitudes resulting from the

red and the blue trace are too small as that they could lead to a significant deflection of

the proton beam. Specifically, the very short (picoseconds) but very intense (as compared
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to the very low ASE level) prepulse contributes to only a very small deformation of the

target rear side of the order of a few hundred nanometer, that is also in full agreement with

the 2DPIC simulation presented in Fig. 3.16 which fully considers the pedestal of interest

starting 3 ps before the main pulse. The reason for this is that the expansion of laser induced

hydrodynamic shocks scales stronger with time than with intensity see Fig. 3.19(c).

An effect that was not considered so far, is the influence of very small laser prepulse

intensities even below the ionization threshold. In that parameter range (ASE intensities of

108 − 109 W/cm2) Wharton et al. [162] stated that the target is thermally vaporized and

that the high intensity main pulse subsequently ionizes the expanded vapor plume giving rise

to a preformed plasma. Such effects, however, should not contribute to target deformations

and can be neglected in the presented analysis.

In conclusion, the original assumption to neglect prepulse induced target pre-deformation

for the discussion of the intra-pulse acceleration phase is confirmed. Moreover the experi-

ment with the introduced pulse front tilt in combination with the use of normal laser in-

cidence on target clearly separates the different possible effects and the prepulse induced

pre-deformation of the target may only have a small quantitative influence on the observed

behavior.

3.3. Conclusion and outlook - Achieving proton energies

relevant for therapy

As a main finding of this chapter, prominent non-target-normal emission of energetic protons,

reflecting an engineered asymmetry in the field distribution of promptly accelerated electrons,

was used to identify a prethermal phase of the acceleration of high energetic protons [20].

The strength of this novel diagnostic relies on the separation of prepulse and therefore

preplasma effects from the interaction of the main pulse with the plasma. This allows for

the investigation of the underlying time-scale of the laser-plasma interaction but also of the

proton acceleration process and may trigger future development of even improved diagnostics

schemes for ultra-fast processes in particular by tuning the laser pulse duration.

The experimental identification of the relevance of the intra-pulse acceleration phase for

the energy gain of protons in laser-plasma acceleration provides important new insight into

the understanding of TNSA in the ultra-short pulse regime. Whereas up to only recently,

the quasi-self-similar expansion [3] of the electron sheath has been considered to be the most

relevant process, for ultra-short and ultra-intense pulses the influence of the initial state of

the isothermal expansion phase becomes important. As pointed out in Sec. 3.1.1, proton ac-

celeration in the intra-pulse phase, when the Debye sheath is formed, is completely neglected

by the plasma expansion model so far. Although the intra-pulse acceleration is of course

included in PIC simulations and although the mechanism is in principle intuitively evident,

the relevance of the prethermal phase for the complete acceleration process is demonstrated
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for the first time in an experiment stressing the need to consider this phase in analytical

models as well.

On the other hand, the strength of the quasi-static description of TNSA in predicting

proton cut-off energies for a large variety of laser systems as well as the scaling behavior

of the proton energy with laser power has been shown by measuring new proton energy

values for the 150 TW ultra-short pulsed laser Draco and by collecting recent data from

other groups, and relating them to the model by Schreiber. This in combination with the

developed extrapolation of the approach to ultra-short pulse durations [19] implies, that the

acceleration during the prethermal phase can well be described by quasi-static electric fields,

in particular in the ultra-short pulse regime corresponding to short acceleration times. This

is also the reason, why the consideration of the time limited fluid model by Mora et al. [3] in

the limit of ultra-short laser pulses yields the same characteristic near-linear proton energy

scaling, as demonstrated by Kluge et al. [117]. In fact, this is nothing different than to assume

acceleration in the averaged static field conditions during the Debye sheath formation before

the expansion starts. For increasing laser intensities, when the pulse duration, necessary to

see near-linear behavior, decreases as well as the optimal acceleration time (see Sec. 3.1.3),

a self-consistent time evolution treatment becomes essential and has to be included in the

quasi-static approach.

The remaining question still is, what implications the novel regime has on the practical

use of laser-driven proton accelerators for applications, such as radiation therapy, where

a proton energy of more than 200 MeV is mandatory. It has been shown in Sec. 3.1.3

that the quasi-static near-linear intensity scaling, in principle should hold true for Draco

laser pulse parameters (pulse duration, focusing etc.) up to the Petawatt level and thus

proton energies of >100 MeV could be in reach (see Fig. 3.20). In contrast to the far

more demanding regime of radiation pressure acceleration of protons from ultra-thin linear

density matched foils [29, 87, 39] exhibiting the same favorable near-linear intensity scaling,

intra-pulse acceleration only requires micron thick metal targets and thus is very robust.

Furthermore, prepared composition of source layers on the back of the foil could lead to well

defined starting conditions of the acceleration and thus to monoenergetic features [80, 78].

With the use of two independent laser pulses, a staged approach based on an intra-pulse

injector and a longer plasma post acceleration could improve the achievable energy and the

control over laser-accelerated proton beams in the future. However, all these considerations

are only justified as long as the laser contrast ratio does not become an issue, that means that

the contrast needs to be adaptable to reach optimal conditions on target at any intensity.

Furthermore, one has to be cautious with the robustness of the absorption mechanisms. As

shown in Fig. 3.20 and discussed in Sec. 3.1.1, proton acceleration driven by an expanding

plasma strongly depends on the exact hot electron temperature scaling and it is likely that

the absorption efficiency applied in the quasi-static model and being an intensity dependent

quantity has to be adapted as well, because it represents the same physical processes.

In practice, the question of the achievable proton energy can only be answered taking
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Fig. 3.20.: Comparison of proton energy scaling models discussed throughout this chapter and their
extrapolation applying the interesting pulse durations 30 fs (red lines) and 170 fs (blue
lines). Draco laser parameters rL = 1.7µm, λL = 0.8µm, d = 2µm and ϑ = 10◦

are used for τL = 30 fs (c.f. Fig. 3.3). For τL = 170 fs, apart from λL = 1µm
the same parameters are applied. In the Mora model different temperature scalings (see
Sec. 3.1.2) are included, the ponderomotive scaling shown by the solid line (see equation
(3.24)) and the implicit solution of the relativistic scaling in presence of a significant
preplasma (dashed line) as given by eq. (11) of Ref. [117]. For the Schreiber model
(dotted lines) refer to eq. (3.28). The green line corresponds to the proton energy
relevant for radiation therapy.

also the progress of laser development and the technological feasibility into consideration.

Applications always ask for high repetition rate as it has been shown by the systematic

radiobiological studies [46, 47] in chapter 2. Although the table-top Ti:Sapphire based

laser system cover this demand, the huge power consumption of the flash lamp pumped

laser technology represents an important challenge for the transfer of this technology to

commercial application. This issue is currently being addressed by the development of more

energy efficient diode-pumped solid state lasers, such as the Polaris laser in Jena but also the

Penelope laser at the HZDR. This type of high power laser exhibit longer pulse durations of

about 150 fs. According to the scaling curves in Fig. 3.20 the proton acceleration performance

at the power of a few Petawatt is predicted to be similar for both pulse duration regimes

(30 fs and 170 fs). Which approach will thus be more sustainable, has to be answered in the

near future.
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4. Seeking the right target - The

reduced mass target approach

An implementation of laser-driven proton accelerators for applications requires higher proton

energies, sufficient proton yield, high beam optical quality and reproducible beam parame-

ters. This is, last but not least, a question of applying the right laser target. Acceleration

processes in the relativistic transparency regime [21, 23, 24] or the radiation pressure domi-

nated scheme rely on ultra-thin targets [29, 30, 31]. Concerning the TNSA mechanism using

micrometer thick targets, many different ideas of target manipulation have been proposed

theoretically and tested in experiments. In order to increase the conversion of laser energy

into energy of the plasma and thus to increase the achievable proton energy, special micro-

structured absorption layers at the target front side or foam targets [163, 164] can be applied.

The generation of quasi-monoenergetic proton and ion spectra was demonstrated by restric-

tion of the ion source to a small volume where the sheath field is homogeneous, transversely

[78, 79] or by reduction of the source layer thickness [80]. Furthermore, three-dimensional

shaping of the target geometry was successfully implemented to control the proton beam

direction and divergence [165, 160] with curved foils or to increase the proton cut-off energy

using conical shaped targets [85, 18, 86].

In the previous chapter the TNSA acceleration mechanism using in particular ultra-short

laser pluses was explored with planar foils of titanium, that also yielded a robust reference

target system (see chapter 2). In this chapter of the thesis the promising concept of using

targets with reduced transverse size (so called reduced mass targets (RMT)) in order to

improve the laser-proton acceleration performance is investigated.

As reported in Sec. 3.1, in TNSA protons gain their energy in the electric fields of a hot

electron Debye sheath at the target rear which is generated by energetic electrons heated

at the laser-illuminated target front surface and transported through the target. Thereby

the longitudinal rarefaction of the plasma sheath as analytically described by the model

in Sec. 3.1.1 but also the transverse dilution of the expanding hot electron Debye sheath

with time limit the acceleration process. Ideally, the latter effect could be overcome by

reducing the lateral target surface as illustrated in Fig. 4.1 assuming that the use of RMTs

leads to confinement of the electron spreading and to recirculation of hot electrons in the

sheath. The resulting increase of the hot electron density as well as of the hot electron

temperature averaged over the effective sheath expansion time is supposed to provide higher

accelerating fields for a longer time and thus enhance the final kinetic energy of the ions.
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(a) (b)

Fig. 4.1.: (a) Basic principle of TNSA (c.f. Fig. 1.1), here in particular illustrating the transverse
dilution of the expanding plasma sheath. (b) By reducing the lateral target size (reduced
mass target), sheath forming electrons are reflected at the target edges which yields an
increase of electron density and hot electron temperature and hence of the accelerating
fields. This potentially leads to higher maximum proton energy as well as higher proton
yield.

Following theoretical proposals [110, 81, 166] various experimental studies were conducted

to investigate the predicted increase of maximum ion energy and yield compared to large foil

targets of the same thickness, using isolated spherical targets [167, 168, 169, 170] and metal

foil sections [40, 171, 159] mounted on thin wires.

While spherical targets do not seem to increase the maximum proton energy and even

perform worse than flat foils, the most promising results using RMT were obtained in a joint

campaign at the 100 TW LULI laser facility reported by Buffechoux et al. [40]. As shown in

the right part of Fig. 4.2, 2 µm thick gold foil sections with transverse sizes between 3 mm

and 30 µm mounted on thin stalks of glass or carbon were irradiated with s-polarized pulses

of 400 fs duration and an energy of ∼ 7 J focused onto a spot of ∼ 6µm (FWHM) yielding

an intensity of about 2× 1019W/cm2. By frequency doubling and filtering at λL = 529 nm,

the temporal contrast of the laser pulse was enhanced to reduce preplasma formation. For

the optimum size the achieved maximum proton energy was increased almost by a factor of

three (up to 14 MeV, see left plot in Fig. 4.2) as compared to flat foils. The observed effect

is attributed to transverse hot electron refluxing during and shortly after the laser target

interaction. This refluxing yields a time-averaged, denser, hotter, and more homogeneous

electron sheath and therefore enhanced accelerating fields. However, with the same laser

system (normal laser incidence) but without frequency doubling and therefore higher pulse

intensity but lower contrast ratio, proton energies exceeding 20 MeV were achieved with

large gold foils of 10µm thickness. This implies that the absolute gain in proton energy due

to the RMT effect that is available for potential applications still needs to be evaluated. In

addition, the role of the target thickness remained to be investigated in more detail.

Further enhancement of the initial hot electron temperature and thus the proton kinetic
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energy due to a re-acceleration of electrons being reflected from the target edges and being

re-injected several times into the focal region during the laser pulse duration was suggested

in Ref. [81]. This special case requires the lateral target size to be small enough so that

electrons have sufficient time to return back to the focal region during the pulse duration.

In particular for the use of ultra-short pulses from Ti:Sapphire based systems as Draco (τ ∝
tens of femtoseconds), targets with sizes down to the range of the focal spot size are necessary

to observe these effects. However, the use of such a small target size may trigger further

mechanisms like shock effects [169] or Coulomb explosion [81].

optimal size 65 x 65 µm
2

100 TW LULI

7 J, 400 fs, 2 10 W/cm

=529 nm, s-polarized

oblique incidence (45°)

×

l

19 2

0

300 µm

Fig. 4.2.: (Left) Maximum proton energy as function of target surface size, extracted from Ref. [40].
(Right) List of applied laser parameters and sample of target, 2 µm thick foil section of
gold mounted on a thin stalk. Frequency doubling was applied for contrast enhancement
to reduce the influence of preformed plasma.

However, in all experimental studies so far the decrease of the target size down to the focal

spot size (much smaller than targets used in Ref. [40]) did not result in the highest proton

cut-off energies for given laser parameters. For the case of thin foil targets it is known that

the presence of preplasma at the target rear side worsens the accelerating fields [82, 156, 172,

158, 157, 153, 126]. Considering isolated spherical targets, Sokolik et al. [167] developed a

model based on hydrodynamic simulations estimating the drift of a prepulse-induced cold

plasma corona around the target prior to the main pulse arrival. As a consequence the

observed optimal target size is linked to a complex interplay between proton energy increase

due to electron reflux by lateral target confinement and proton energy decrease, due to

prepulse induced rear side preplasma generation.

In this chapter an experimental study is presented where gold disk targets 20 - 100µm

in diameter and different thicknesses 100 - 1000 nm are irradiated with ultra-short laser

pulses (30 fs) generated by the Draco system (c.f. Sec. 2.1). In particular, the experimental

investigation of the target thickness dependence provides novel insights into the consequences

of the transverse electron refluxing. Additionally, the influence of the microscopic target

mounting is studied using a dedicated target design. The interpretation of the obtained
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Fig. 4.3.: (a) Illustration of the basic experimental setup. The laser (δ = 45◦, p-polarization)
is focused onto reduced mass targets (RMT) that are embedded in a structured wafer.
The targets are small gold disks of different thicknesses and diameters (photograph left
shows an example). The accelerated proton beam is detected using common RCF stacks
and a Thomson parabola spectrometer. Electrons in laser direction are recorded with an
additional magnetic spectrometer. (b) Scanning electron microscope images of a gold disk
with a diameter of 50 µm and a thickness of about 100 nm measured at the edge of a hole
that was drilled with an in-situ focused ion beam.

experimental results is supported by help of two-dimensional PIC simulations on the time-

scale of several picoseconds with the focus on investigation of prepulse induced preplasma

formation as function of the lateral target size.

4.1. Experimental setup

The experiments were performed using the 150 TW Draco laser providing ultra-short laser

pulses (30 fs) as introduced in Sec. 2.1. The experimental setup, focusing the beam with

an F/2.5 off-axis parabolic mirror to a spot size of about 3 µm (FWHM) leading to an

intensity of about 8 · 1020W/cm2, was identical to that used in the experiments presented

in the previous chapters in Sec. 3.2.1 and Sec. 2.2. The shape of the temporal contrast on

the picosecond time-scale is depicted by the representative curve in Fig. 2.2. As prepulses

on the nanosecond time-scale were ruled out with fast photodiode measurements and as the

pedestal of amplified spontaneous emission (ASE) exhibits a low intensity, the ionization

threshold intensity of 1013W/cm2 is exceeded only at t = −3 ps before the main pulse.

The targets were irradiated with p-polarized light at an incident angle of δ = 45◦ (see

sketch in Fig. 4.3). By use of rear side (same diagnostic as for focal spot) as well as front

side imaging between consecutive laser shots the RMTs were positioned in the laser focus.

The pointing stability allowed for a focus fluctuation smaller than the focal spot size and

the alignment of the target in the focal depth was achieved with a precision of about 10 µm

(see Sec. 2.2).

The angularly resolved energy distribution of the proton pulses emitted from the target

rear side under target-normal direction were detected using stacks of radiochromic films
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(RCF), consisting of one GafChromic HD layer followed by several GafChromic EBT layers,

covered with 13µm Al foil and mounted 35 mm behind the target. The used EBT films are

absolutely dose calibrated whereas the usable dose range is extended by cross-calibration

of the scanner signal obtained from the different color channels. For the measurement of

the proton spectra with higher spectral resolution but within a small solid angle (0.25 µsr)

a common Thomson parabola spectrometer with CCD readout was applied. In order to

compare the proton acceleration performance of different experiment days the reference

target system consisting of 2 µm titanium foils irradiated under δ = 45◦ and p-polarization as

introduced in Sec. 2.2 was used. In combination with the Thomson parabola it was used for

daily performance optimization and tracking of fluctuations during operation. As additional

diagnostic, on the axis of the incident laser beam a magnetic spectrometer dedicated to

measure electrons was implemented. The electron signal was read out with a Lanex screen,

absolutely calibrated using electron bunches from the ELBE electron accelerator at the

HZDR [52].

As a further development of foil sections mounted on wires, in this work an approach based

on lithographic technology was introduced to prepare the RMT. This has the advantage,

that a large number of targets can be produced in a single batch with high reproducibility

and the spatial precision of the fabrication in principle allows for simple automation of the

target alignment and thus enables their suitability for high repetition rate laser operation.

Furthermore, the targets can be exactly characterized before shooting, making use of the

broad range of diagnostics available in semiconductor technology and thus facilitating the

study of various target parameters like geometry and composition. In contrast to fully

isolated targets (e.g. [167]), one drawback of this technique is the potential influence of the

mounting on the hot electron dynamics (see below).

The design of the gold disk targets (custom manufactured by GeSiM) is presented in

Fig. 4.3. The disks were produced with different diameters (20, 50, 75 and 100 µm) as

well as thicknesses (100, 300, 400, 500 and 1000 nm) and are supported by a thin ring

structure mounted on a single stalk. During the production, first a thin support layer of Si3N4

(≈ 800 nm thick) was coated onto a blank wafer (gray color) later providing the supporting

ring and stalk structure (marked in blue, width about 6 µm). Within the support ring an

adhesion layer of 5 nm thick titanium (red) followed by the gold layers (orange) of different

thicknesses are deposited by sputtering. Finally, a hole of 1 mm diameter is etched through

the silicon wafer substrate starting from the rear side in such a way that the gold disks

remain free standing (refer to the light micrograph left in Fig. 4.3(a)). The geometry of

the gold disks was verified with a scanning electron microscope (SEM). As shown by the

SEM micrographs in Fig. 4.3(b) the edges of a hole, drilled with an in-situ focused ion

beam device, can be used to measure the thickness of the layers with high accuracy. In the

initial design the disk targets exhibited four supporting stalks for sufficient stability during

the different processing steps. Afterwards three of those stalks were cut manually with a

scalpel. In the experiment the laser impinges onto the front of the wafer structure such that

http://www.gesim.de/
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the adhesion layer is positioned at the non-illuminated target rear side (see Fig. 4.3(a)).

Although mechanically very stable, the single targets do not withstand the laser-induced

shock on the wafer when a neighboring target is irradiated. Consequently, the targets had to

be separated from the wafer, usually comprising dozens of single targets, and hence irradiated

separately. For future application, this problem can be circumvented by dedicated target

holder designs ensuring strict shock isolation.

4.2. Experimental results

Maximum proton energies obtained for gold disk targets of the used diameters and for large

gold foil targets are presented in Fig. 4.4(a) with different colors according to target thick-

nesses. In order to compare different experiment days with slightly different performance,

all values are normalized to the 2 µm Ti foil reference configuration. Multiple shots on the

same target geometry are averaged taking into account the complementary measurements of

both the last irradiated RCF stack layer and the Thomson spectrometer output. For large

gold foils the thickness scan reveals the usual energy decrease below the optimal thickness of

500 nm, which is due to plasma gradient formation on the non-illuminated surface induced

by prepulses or the main pulse itself worsening the accelerating conditions of the TNSA

mechanism (see Sec. 3.2.3).

In the case of laterally limited targets the same trend in the thickness dependency can be

observed, whereas the maximum energy for the diameters 50, 75 and 100 µm is significantly

increased by more than 50% as compared to the large foils. The performance of the smallest

diameter target (20 µm) clearly decreases, although this diameter would favor an energy

enhancement due to recirculation and reacceleration of hot electrons being reflected from

the target edges in the first place. Equally interesting is the fact that the target thickness

dependence is less pronounced for the disk targets than for the extended foils. This implies

that the relative proton energy gain using RMTs as compared to large foils of the same

thickness shows an increase with decreasing target thickness. This observation is emphasized

in the inset of Fig. 4.4(a) for the disk diameter of 75 µm.

Using the angular distribution of the proton fluence recorded with the RCF stacks the pro-

ton spectra were reconstructed taking into account spatial distortions of the proton beam

profile. Since all gold disk targets (diameters >50 µm) yielded similar proton energy spec-

tra (c.f. Fig. 4.4(a)) a representative averaged spectrum comprising all shots on >50 µm

diameter disks of 300 and 1000 nm thickness is plotted in Fig. 4.4(b) and compared to the

spectrum of the best performing large gold foil of 500 nm thickness. The proton yield and

therefore the laser to proton energy conversion is considerably larger for the disk targets.

In Fig. 4.4(c) preliminary results of the hot electron temperature measurement along the

laser incidence axis (see Fig. 4.3(a)) are depicted for the used diameters and thicknesses

of the gold disk targets. For gold disks the measured spectra were fitted according to a

simple exponential ∝ exp(−E/kBTe) where kBTe denotes the hot electron temperature. The
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Fig. 4.4.: (a) Maximum proton energies using gold disk targets plotted as function of the disk di-
ameter and compared to the performance of large gold foils of the corresponding thickness
(color coded). All energy values are normalized to the reference configuration (2 µm Ti
foil). (Inset:) For the best performing diameter of 75 µm the percentaged increase of the
achieved proton energy using RMTs versus that achieved with the large foil of the same
thickness is shown. A slight increase with decreasing target thickness can be observed.
(b) Comparison of proton spectrum of the 500 nm thick gold foil and an average spec-
trum for all shots on gold disks with diameter >50 µm and 300 and 1000 nm thickness
analyzed along the axis of the proton dose maximum on the RCF layers. The solid lines
indicate an exponentially fitted slope of the according proton spectrum.(c) Hot electron
temperature measured in the direction of the laser incident axis (see Fig. 4.3(a)) for the
gold disks of different diameters and thicknesses.

derived electron temperature is much less than that usually predicted in simulations because

in this measurement the low energy component dominates the spectra (insufficient dynamic

range to resolve the high electron energy signal). Therefore, the obtained data only allows

for a qualitative discussion. However, the interesting signature is that in contrast to the

proton energy the electron temperature is not decreasing for the smallest disk diameter of

20µm (Fig. 4.4(c)). This indicates that the absorption of the laser energy into hot electrons,
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protons

electrons

Fig. 4.5.: Schematic drawing of the hot electron sheath and electric field generation at the target
rear side in the presence of a lateral target confinement. The length of the red arrows
indicate the accelerating field strength experienced by the protons. A detailed description
is given in the main text.

that is correlated to the kBTe measurement (see discussion in Sec. 3.2.3 and Ref. [144]), is

not affected by the lateral target size.

The presented experimental results, namely the increase of proton cut-off energy and

proton yield are in good agreement with other studies [40, 171, 159], and are consistent

with the model of hot electron reflux as long as one considers that the ultra-short laser

pulse triggers a plasma sheath expansion of several hundreds of femtoseconds as effective

acceleration time so that electrons being reflected at the target edges can further contribute

to the hot electron sheath formation.

The effect that the target thickness dependence is less pronounced for the laterally confined

gold disks than for the large foils of the same thickness (shown in the inset of Fig. 4.4(a))

can be attributed to the electron reflux induced plasma sheath homogenization. In Fig. 4.5

a sketch of a scenario here proposed to interpret the experimental findings is depicted. It

shows how a more homogeneous sheath along the target surface is formed when electrons

are reflected at the target edges and therefore contribute to a larger sheath density at the

edges as it would be the case for a large foil at the position of the corresponding edge.

The idea is that the region where high accelerating electric fields are available is increased

which likewise enables a larger source size of protons potentially being accelerated to highest

energies. This leads to the observed proton yield increase in the experiment (Fig. 4.4(b))

and potentially to higher measurable maximum proton energies, and is also consistent with

PIC simulations. For thinner targets the plasma gradient generation due to longitudinal

electron refluxing in the focal region worsens the acceleration process at the target rear side.

However, in the transverse direction the highest accelerating fields in the more homogeneous

sheath are available in a larger region. Potentially, this effect can partially compensate for

the field reduction in the focal region as it is illustrated by the longer red arrows next to that

in the center which corresponds to the focal region (see Fig. 4.5). This scenario remains also

consistent with results obtained in previous studies [40, 81] that report on more collimated

proton beams for small targets when comparing to large foils.
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4.3. Investigation of preformed plasma influence and

proton source size using PIC simulations

Target diameters supporting an even further enhancement of the kinetic proton energy to

that observed in Fig. 4.4 due to re-acceleration of hot electrons during the laser pulse

duration were not achieved as seen by the decrease of the maximum proton energy obtained

for targets smaller than 50 µm. As mentioned earlier this behavior was recently attributed

to preplasma leakage from the laser-illuminated target front surface around the target to the

rear surface, resulting in preplasma expansion and thus leading to a reduced formation of

the charge separation fields driving the proton acceleration. However, only a correlation of

the induced preplasma conditions at the target front surface, where the preplasma strongly

affects the absorption mechanisms (c.f. Sec. 3.2.3), and at the rear side with the lateral target

dimension would effectively describe the presented experimental results. In the following,

this issue will be discussed on the basis of numerical results.

For isolated spherical targets Sokolik et al. [167] presented a model based on 2D hydrody-

namic simulations estimating the diffusion of a prepulse induced cold plasma corona around

the target prior to the main pulse arrival. Assuming a prepulse intensity level of 1012W/cm2

with a duration of 0.5 ns, they derived a diffusion length of 20µm for an oxygen surface

plasma. For the experiment presented here the temporal laser pulse contrast curve in Fig.

2.2 shows that an intensity level of 1012W/cm2 is not reached before 50 to 10 ps prior to the

main pulse. If the model predictions hold true for the laser parameters used in this work and

assuming a linear dependence of the diffusion length on the prepulse duration, the influence

of a cold plasma diffusion around the gold disks can very likely be neglected, even for the

smallest disk diameter used (20 µm). This means, the preplasma conditions at the target

rear are predominantly influenced by the direct leakage of electrons through the target. The

surrounding plasma cloud, in any case less dense and hot, will not reach the rear side focal

region before the main pulse arrives at the target.

The contribution of the intense pulse pedestal reaching an intensity level of about

1016 W/cm2 for a few ps ahead of the main pulse was investigated by applying the 2D3V PIC

code PICLS [135, 136]. The simulation parameters were identical to the input in Sec. 3.2.1

and closely resembled the experiment at Draco: laser wavelength 800 nm, laser pulse dura-

tion of 30 fs, linear p-polarization, angle of incidence 45◦ and focal spot size 5µm FWHM

yielding a peak intensity of 1021W/cm2. As depicted in Fig. 3.8 the complete temporal pro-

file of the laser pulse was considered starting at t = −3.5 ps prior to the main pulse where

the intensity ionization threshold is reached. When fully ionized, the resulting electron den-

sity in the bulk was 122nc, where nc denotes the critical density. Ionization and collisions

were included in the simulation. Thick titanium foils (1µm) covered on both sides with a

30 nm thick layer of hydrogen and carbon atoms (edges remained uncovered), and exhibiting

different lateral width d of 20, 40 and 120 µm were implemented as targets.

Emphasizing the most important simulation results, Fig. 4.6(a) shows snapshots of elec-
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Fig. 4.6.: (a) 2D PIC simulation of preplasma conditions at 80 fs before the main pulse (t = −80 fs)
interaction induced by an intense (1016W/cm2) prepulse starting at t = −3.5 ps (c.f. Fig.
3.8). Electron density contour plots for 0.1nc, nc, 10nc, 50nc and different lateral target
dimensions d of 20 (black), 40 (red) and 120 µm (blue). Thereby the z-direction denotes
the target-normal direction just as shown in (a) and the green shaded arrow indicates
the laser propagation direction. The insets show magnifications of the target corners for
d=20µm and d=40µm at symmetric y and z-axis ranges. The thickness of the target
(illustrated by the gray shaded area) amounts to 1µm in (a) and 100 nm in (b). (c) and
(d) show spectra of all electrons in the simulation box at the time the maximum of the
main pulse reaches the target (t = 0) plotted for the different target size and thickness
configurations. The orange shaded area represents a smoothed curve of the spectra in
(c) and is again overlaid in (d) in order to identify the small but significant differences
between both target thicknesses.

tron density contour plots 0.1nc, nc, 10nc and 50nc at 80 fs before the peak of the main pulse

reaches the target front surface. In order to analyze the effect of the lateral target confine-

ment, the density contours are compared for the different target widths. The insets of Fig.

4.6(a) represent magnifications of the target corners using symmetric y and z axis ranges

to illustrate the smooth plasma expansion also at the corners. For all three configurations

(1 µm thickness), a significant preplasma expansion can be observed on either side of the

target leaking out into the vacuum at the target front (up to 1.5 µm for 0.1nc) and at the
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target rear side (up to 0.5 µm for 0.1nc). Clearly, the preplasma development on both sides,

target rear and front side, is seen to be independent of the target transverse dimension as

the different density contours exactly match for the three different target widths. At the

target front the laser pulse (green shaded arrow) interacts always with the same amount of

underdense preplasma for several microns before reaching the critical density surface that

has moved already by a few hundred nanometers. For the large target case of d = 120µm,

the complete density distribution for electrons, protons and carbon ions at the target center

(y = 0, also for t = −80) is given in Fig. 3.16 of the previous chapter.

For the same time step t = −80, Fig. 4.6(b) shows the density contours for 100 nm thick

targets with a width of d = 40µm as well as d = 120µm. The critical density surface has

moved further away from the initial target surface. In particular at the target rear side, the

preplasma expansion is significantly enhanced when comparing to the case of the thicker

target (Fig. 4.6(a)). However, again no influence of the target width on the expansion of

the preformed plasma can be observed.

To no surprise the spectrum of all hot electrons in the simulation box at the time the

peak of the main pulse reaches the target t = 0 is identical for the different target widths as

depicted in Fig. 4.6(c) and 4.6(d) for the 1 µm and 100 nm thick target, respectively. The

reason for this is that the laser interacts with the same preplasma gradient leading to the

same absorption efficiency. Only the difference in target thickness is responsible for a small

change of the electron temperature (slope of exponential spectra, c.f. Sec. 3.1) as indicated

by the orange shaded curve representing the trend of the spectra in Fig. 4.6(c) that is

again overlaid in (d) for direct comparison. The small but significant electron temperature

increase for the 100 nm thick target is due to the different front side preplasma expansion. As

discussed with the plasma expansion model in Sec. 3.1.1, the temperature of the hot electron

spectra describes the initial condition for the starting sheath expansion phase that, according

to the presented simulation results using realistic laser prepulse contrast, is independent of

the lateral target dimension of the order of tens of micrometers.

Only during the expansion phase, hot electron reflux leads to a time-averaged hotter and

denser sheath responsible for an enhancement of the maximum proton energy for reduced

lateral target sizes. This is shown in Fig. 4.7(a)-(e), where simulated spatial proton and

ion density distributions are depicted for the different target widths 20, 40 and 120 µm and

thicknesses 0.1 and 1 µm at t = 500 fs after the peak of the main pulse had reached the

target (end of simulation). As a clear trend, the maximum proton energy, given in the upper

left corner of the images, is increased with reduced transverse target size which supports the

experimental results presented in the previous section. Considering the short pulse duration

of 30 fs and identical absorption conditions as discussed above, this trend can only be due

to the electron reflux effect during the plasma expansion.

Furthermore, the ion density plots, in particular the spatial distributions of protons fi-

nally reaching kinetic energies of E > 0.5Emax (marked in red), reveal the improved sheath

homogeneity for the case of the smaller target size. By comparing Fig. 4.7(a) and (b),
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Fig. 4.7.: (a)-(e) Simulated spatial proton (black), carbon (green) and titanium (blue) ion density
distributions for 0.1 and 1 µm thick targets with different lateral sizes (20, 40, 120 µm) at
t = 500 fs after peak of main pulse had reached target. Maximum proton energy is given
with target configuration (upper left corner). Protons with final energy E > 0.5Emax are
plotted in red, Np corresponds to the number of these protons in the simulation box. For
the same protons, (f) and (g) show histograms of y-coordinate when projected back on
x = 0 taking into account the according direction of propagation.
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an additional contribution of high energy protons initially stemming from the region in the

vicinity of the target edge is visible for the 40 µm target. Simultaneously, the total number

of the energetic protons, denoted by Np, is increased which is in good agreement with the

experiment. This effect is further illustrated by Fig. 4.7(f) presenting histograms of the

y-coordinate of the protons at their initial position on the target surface x = 0. In contrast

to the red curve (120 µm), the blue curve (40 µm) exhibits a bump at y ∼ −17µm, cor-

responding to the position of the target edge. Thereby, the initial values of y were derived

by projecting the proton position for t = 500 fs back to that at t = 0 by taking the final

direction of propagation into account. Considering laminar expansion since the first microns

of propagation, this is an appropriate approximation.

Although the hot electron temperature at t = 0 is higher for the thin than for the thick

targets, which was attributed to the different absorption, the thin targets (100 nm) yield a

smaller maximum proton energy due to the worse rear side preplasma conditions (see Fig.

4.6(b) at t = −80 fs). In the spatial proton distribution Fig. 4.7(d) and (e), and in particular

(g) this is correlated to the dip of the proton number (E > 0.5Emax) around y = 0 initially

corresponding to the focal region. However, for the smaller target, the distribution in (e)

and correspondingly the blue curve in (g) again show significant high energy proton emission

from the vicinity of the target edges leading to about 16% more energetic protons than for

the large target case in (d), and thus reflecting enhanced sheath fields in the edge region

during the plasma expansion.

This analysis therefore provides clear indications of a larger size of the region with high-

est accelerating fields (proton source) when the transverse target size is reduced, because

refluxing of electrons at the edges has a significant influence on the spatial distribution of

the most energetic protons. This is consistent with the discussion of the thickness effect

in Fig. 4.5 as well, where the increased sheath homogenization is suggested to compensate

for the gradient degradation in the focal region, especially in the case of thin targets. A

quantitative confirmation of this effect in the simulation and a determination of the possible

absolute energy gain, however, deserves further parameter scans, such as the investigation

of intermediate thickness values between 0.1 and 1 µm.

It should be emphasized again, that the effects discussed here rely on a time-scale of

hundreds of femtoseconds that is significantly larger than the pulse duration. However, still

the effects are fully consistent with an efficient intra-pulse phase of the proton acceleration

process that was addressed in chapter 3. This is confirmed by the prominent non-normal

emission of the most energetic protons prevalent in the distributions of Fig. 4.7(a)-(c) and

the asymmetric curves in Fig. 4.7(f) and (g) whose center of mass is also shifted towards

the direction of the incoming laser beam.
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Fig. 4.8.: (a) Maximum proton energy measured as function of the distance ∆ to the tip of corner
shaped gold foil sections. The inset shows an image of a target sample to illustrate the
setup. The angle between the two edges typically amounted to 50-60◦. (b)-(d) show the
first RCF layer of stacks detecting the proton emission pattern for different values of
∆ =20, 90 and 500 µm. The yellow lines in (c) are perpendicular to the edges of the
corner shaped target depicted in inset of (a). As the tip of the foil corner was slightly
bent during target preparation, the alignment hole visible on the RCF images did not
necessarily correspond to the target-normal direction. The assumed position of the target-
normal axis is therefore marked with a white cross.

4.4. Influence of target edges and mounting structure

In contrast to the PIC simulation result for the small 20 µm target in Fig. 4.7(c) yielding

higher proton energies than larger targets, in the experiment the gold disk targets with a

diameter of 20 µm lead to significantly reduced maximum proton energies (Fig. 4.4(a)). On

the other hand, for this target diameter the electron temperature measured along the laser

incidence axis behind the target (Fig. 4.4(c)) is comparable to that obtained for the larger

targets. As discussed in the previous section, these results cannot be sufficiently described

by prepulse induced preplasma effects. A possible explanation could provide the fully three

dimensional target mounting structure including the target edges, where the hot electron

refluxing enables the generation of accelerating fields that are in the order of the fields in

the focal region as discussed above with Fig. 4.7. When the focal region approaches target

edges or mounting structure, the dynamics of the Debye sheath could be strongly influenced.

On the other hand, inclusion of the real three-dimensional character of the small targets

into simulations at solid density is challenging. The 2D-approximation applied here, likely

underestimates the edge effects and the complex mounting structure was not considered so

far.

Focusing first on the potential influence of the target edges on the proton acceleration

performance, small sections of 2 µm thick gold foil with a sharp corner as presented in the

inset of Fig. 4.8(a) were prepared and investigated in the experiment. The laser was focused

onto the corner shaped targets at different distances from the position of the corner ∆ and

the maximum proton energy as well as the proton beam pattern were detected using RCF

stacks see Fig. 4.3. As depicted in Fig. 4.8(a), the general trend of the maximum proton
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energy showing an optimum at ∆ = 90µm and then decreasing with smaller values of ∆ is

consistent with the experimental results using the gold disk targets in Fig. 4.4.

The distortion of the angular proton beam emission pattern caused by the enhanced

electric fields at the target edges is shown in Fig. 4.8(b)-(d). For the three configurations

∆ = 20, 90 and 500 µm, the first RCF stack layer (corresponding to a Bragg peak energy

of 1.2 MeV) is presented. While for ∆ = 500µm a typical round proton beam can be

observed that is overlaid by a faint distortion signal, the proton beam profile for ∆ = 20µm

and ∆ = 90µm is dominated by a strong streak-like distortion. As a clear trend, the

round signal in target-normal direction (assumed axis position indicated by white crosses)

disappears when the focal region approaches the target edge. The yellow lines in Fig. 4.8(c)

are perpendicular to the lines defining the edges of the foil section depicted in the inset

of Fig. 4.8(a). Thus the form of the measured proton beam pattern can be attributed to

the special sheath field distribution at the target edges, resembling the radial-symmetrical

structure of the electric field generated by a linear charge density. Similar findings were

recently obtained by Tresca et al. [171] in experiments using a long laser pulse duration of

1 ps.

To investigate the influence of the target mounting, another wafer-based but more simple

and therefore more cost-saving target design was developed. Square-shaped pure silicon

targets were fabricated, all with an edge length of 100 µm, a thickness of 2µm and with

stalks of different width of 2, 5, 10, 20 and 50 µm. An example of the specific RMT

configuration is shown in the corner of Fig. 4.9(a). The advantage of the design lies in the

reduced number of processing steps. The basic idea is to use silicon wafers consisting of

three layers, a thick silicon substrate layer, a buried very thin silicon oxide layer and on top

again a thin (in this case 2 µm) silicon layer. This wafer design allows for structuring of the

substrate and the top layer separately and to etch the top and the substrate silicon layers

down to the silicon oxide layer serving as etching boundary. After finally releasing the oxide

layer, free standing targets remain in the center of a surrounding hole in the substrate (here

0.5 mm edge length). Again, three out of the four supporting stalks of the initial design

were cut manually such that all targets were supported by one single stalk or two stalks for

the case of 2 µm width due to stability constraints. Additionally, with the same technique

2 µm thick large silicon foils were produced for comparison.

The silicon RMTs were irradiated with laser pulses in the same configuration as shown

in Fig. 4.3 and the angularly resolved proton energy distributions were again measured

with RCF stacks. A representative selection of RCF output for each stalk configuration

including the large foil case is depicted in Fig. 4.9(a). Each RCF layer corresponds to a dose

distribution at a certain depth in the RCF material and the Bragg peak energy of protons

stopping in the according layer is marked on the x-axis. Starting with the large foil case, a

smooth proton dose distribution was obtained being very similar to those usually measured

with large metal foils at similar laser parameters as expected for TNSA. By application of the

RMTs, the proton emission distribution is distorted as revealed by the peculiarly disturbed
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Fig. 4.9.: (a) Representative selection of RCF stack data measured for silicon RMTs. All targets
have the same size of 100×100 µm2 but the width of the mounting stalk is varied from
2 to 50 µm. The red curve shows the trend of the achieved maximum proton energy
corresponding to the last RCF layer that detects any dose signal. The relevance of the
distortion of the proton emission characteristic induced by edge field effects is indicated
by the background shaded in green. (b) Maximum proton energy as function of the target
size at the best performing stalk configuration. The colored circles represent the scattering
of the proton energy for the shots on the targets with a size of 100µm as in (a) and varied
stalk width.

proton emission pattern. For the 50 µm stalk width only the first layer exhibits this structure

while for decreasing stalk width the distribution at higher energy layers is affected as well.

In parallel, the maximum proton energy, corresponding to the last irradiated film layer, is

slightly increased for the RMT (50 µm stalk) compared to the large foil but then decreases

with decreasing stalk width. For better comparison the set of achieved maximum proton

energy data is shown again in Fig. 4.9(b). Additionally, the maximum proton energy as

function of the target size is plotted for the best performing stalk configuration for each

specific target size. Comparing to Fig. 4.4 and Fig. 4.8 the same trend can be observed,

namely that a reduced target size yields better proton energies as the large foil, although

not so pronounced as for the gold disks in Fig. 4.4, and then targets with sizes of 50 µm

and below perform significantly worse.

Similar to the experiment using the small foil sections with the sharp corner in Fig. 4.8,

the most evident assumption is that the distortion of the proton emission distributions

is directly linked to strong electric fields at the target edges and here additionally to those

occurring in the vicinity of the stalks. These strong edge fields not only provide for an efficient

proton acceleration at the edges but on the other hand seem to suppress efficient acceleration

conditions in the focal region. The presence of residuals of the disturbed emission pattern at

the 4th RCF layer (5 and 10 µm stalks) corresponding to proton energies exceeding 8 MeV

suggests that hot electrons initially generated in the focal region induce proton acceleration

at the edges, being similarly effective as at the focal region. By shaping the supporting
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stalks more wire-like, i.e. by further reducing their widths, the edge field effect even seems to

increase because the energy of protons stemming from the focal region decreases dramatically

indicating to a significant reduction of the accelerating fields there. Note that the maximum

proton energy is smaller for two stalks of 2 µm thickness than for one stalk of 5 µm. This

complex behavior can be related to results reported on hot electron transport in wires. A

simulation in Kodama et al. [173] shows hot electrons generated at the surface of a laser-

illuminated cone target and being captured in the huge electric fields generated around a

wire structure attached to the tip of that cone. Experiments to identify such an effect for the

silicon targets based on optical probing measurements as well as further numerical studies

are in progress.

For the gold disk targets showing high proton acceleration performance, although stalk

width of only 6 µm were used (see Fig. 4.4), the influences of mounting and edges seem

to be less important, which could be due to the different target material (see appendix

B). However, reducing the disk diameter and thus shifting the focal region closer to the

mounting evidently changes the situation and the edge field effect could therefore serve as

an explanation for the reduced maximum proton energies observed for the disks with 20 µm

diameter.

Since the targets all exhibit the same lateral size and only the stalk width is varied, the

assumption that prepulse induced preformed plasma in particular at the target rear surface

is predominantly generated in the focal region directly is confirmed. An influence of the

surrounding plasma corona on the trend of the proton energy decrease presented in Fig.

4.9(a) can be neglected as this effect should be insensitive to the stalk width. However, a

prepulse induced ionization of the surface atoms before the main pulse arrival (see Fig. 4.6)

could influence the scenario described in this section. A further analysis therefore demands

time resolved measurements of the electric field structure before but also during the main

pulse interaction with high temporal resolution. Numeric modeling is also very challenging

because, clearly, three dimensional effects on the picosecond as well as on the femtoseconds

time-scale have to be considered.

4.5. Summary

Small gold disks exhibiting diameters of tens of micrometers and different thicknesses were

investigated as reduced mass targets for the effective generation of intense proton pulses

using ultra-short laser pulses (30 fs). Similar to previous studies the maximum achievable

proton energy (up to 80%) as well as the proton yield were significantly increased compared

to large foils of the same thickness and material. Likewise, this result was attributed to

hot electron reflux caused by the lateral confinement of electrons and yielding a denser,

hotter and in particular a more homogeneous hot electron sheath during the effective sheath

expansion time of the proton acceleration process. It is important to note, that in particular

for the case of ultra-short laser pulses, this is still fully consistent with an efficient intra-pulse
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phase of the proton acceleration process in which protons can already gain a relevant part

of their final kinetic energy as discussed in the previous chapter (see Sec. 3.2).

As a novel experimental signature a reduced dependence on the target thickness for RMTs

compared to large foils was demonstrated and explained by the homogenization of the elec-

tron sheath giving rise to an enlarged proton source size. This robustness with respect to the

change of the target thickness indicates that RMTs are valuable targets in order to optimally

exploit the available accelerating fields for given laser parameters. A reduced thickness de-

pendence allows for the opposite conclusion that the proton acceleration performance is less

sensitive with respect to fluctuations of the laser pulse contrast. This in combination with

the lithographic technology based target fabrication makes RMT suitable for applications

such as radiobiological studies [47] using lasers with full 10 Hz operation. In order to em-

phasize the positive RMT effect a direct comparison of the proton acceleration performance

obtained with the gold disk RMT and the robust and well established reference configuration

using flat titanium foils is presented in Fig. 4.10. The measured depth dose profiles show an

increase of the accessible dose per pulse by a factor of 6 for the RMT. By choice of another

target material this could potentially be further improved (see appendix B). Therefore the

here developed gold disk targets are a promising tool to increase the proton dose per pulse

when implemented into the setup of the envisaged in vivo irradiation experiments depicted

in Fig. 2.9.

Moreover, it was demonstrated that a further reduction of the target size down to the focal

spot size promising a further improvement of the proton beam parameters by re-acceleration

of hot electrons during the laser pulse duration is difficult and requires the mounting to be

significantly improved. Here this was explained by large electric fields generated at the target

mounting and thus perturbating the expanding hot electron sheath. This important effect,

in particular the question why and how exactly the electric field distribution at the target

edges as well as the mounting structure suppress efficient proton acceleration conditions in

the focal region needs to be further investigated in order to improve the target design and

to increase the achievable proton energy.
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5. Conclusion

This thesis provides detailed understanding of the TNSA mechanism in the ultra-short pulse

regime and demonstrates the feasibility of a laser-driven proton accelerator for radiobiological

studies. An important result of this work is the first demonstration of effective acceleration

of proton pulses to energies around 20 MeV in the established TNSA regime using state-of-

the-art 100 TW class ultra-short pulse lasers such as the Draco system at the HZDR. This

was achieved with plain micron-thick foil targets and non-destructive laser pulse cleaning

techniques (i.e. no plasma mirrors) so that stable and reliable operation making use of the full

repetition rate of the laser can be provided for application. Within this work, an application

of this system has been realized. A laser-driven dose delivery system dedicated for the in

vitro cell irradiation with proton pulses was implemented and operated at a performance level

sufficient for radiobiological studies on a shot-to-shot basis as well as on long time-scales of

several weeks and with a precise delivery of prescribed doses. Methods and components

of the presented approach such as real-time transmission dose monitoring can be directly

scaled to higher proton energies, later required for proton cancer therapy. To validate this

performance level, a dose effect curve was measured with laser-accelerated proton pulses

and compared to a curve measured using a continuous Tandem source. No difference of

the biological effect has been observed and taking further existing studies into account it

seems that in the therapeutically relevant dose range of a few Gy, even if applied in a single

pulse of only few nanoseconds duration, non-linear radiobiological effects due to simultaneous

multiple damages in cells and thus below any time-scale of repair mechanisms are unlikely

to arise. The next step to bring laser-driven proton beams closer to clinical application will

be the extension of the experiments to volume irradiation in animal experiments. However,

in comparison to the studies on biological effects in two-dimensional cell monolayers these

experiments are more complex and require higher and tunable proton energies.

This leads over to the investigation of feasible routes to increase the proton energies to

up to 250 MeV as required for radiation therapy with high power lasers, and that is being

addressed in the second part of this thesis. Measurements of the achievable maximum proton

energy as function of the Draco laser power presented in this work suggest that already with

500 TW class lasers, the present maximum proton energy of about 70 MeV reached with

high-energy long pulse lasers could be realized. This estimation is based on a theoretical

consideration that builds on the established model by Schreiber et al. [75] and that is here

extended to the ultra-short pulse regime (tens of femtoseconds) thereby predicting a near-

linear scaling of the proton energy increase with laser power, rather than the square-root
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scaling previously established for long laser pulse durations > 100 fs. If this faster scaling

holds true for the envisaged increase in intensities by application of the upcoming class of

ultra-compact Petawatt lasers with high pulse repetition rate, the presently achieved proton

energy level suggests that 100 MeV proton pulses could be in reach.

This hypothesis is furthermore supported by the experimental results on investigating

the proton acceleration processes within the target-normal sheath acceleration regime with

respect to their effective time-scale and their contribution to the achievable maximum proton

energy. Using the ultra-short laser pulses (30 fs) from the Draco system at oblique laser

incidence, it was shown that the thermal (or adiabatic) plasma expansion [3], giving TNSA

its name, in fact is preceded by an effective quasi-static component (prethermal) induced

by electrons promptly accelerated by the laser at the target front surface. This implies that

for ultra-short and ultra-intense pulses the time evolution of the initial state (intra-pulse) of

the quasi-self-similar plasma expansion has to be taken into account to predict achievable

maximum proton energies.

The relevance of the intra-pulse phase was shown by measuring angular proton beam

deflection induced by angularly chirped laser pulses as a diagnostic. The next step will

be to investigate the contribution of both phases (prethermal and thermal expansion) to

the acceleration process by, e.g., studying the influence of the laser pulse duration on the

relation of proton beam deflection and chirp parameter. By using two independent laser

pulses, a staged approach based on an efficient intra-pulse injector and a longer plasma

post acceleration could improve energy and control of laser-accelerated proton beams in the

future. In principle, this can be combined with a prepared composition of source layers on

the back of the foil to well define the starting conditions of the acceleration and thus to enable

to monoenergetic features [80, 78]. However, it is evident that efficient proton acceleration,

in particular when increasing the laser intensity, calls for optimal temporal laser contrast

on target implying not only that initially extreme contrast has to be provided but also that

means to control and even adjust certain preplasma conditions are indispensable.

As another promising approach in the last part of this work it was demonstrated that the

choice of an appropriate target geometry improves the proton acceleration efficiency during

the plasma expansion phase. Confinement of the lateral target size leads to a reduction of

the electron spreading being responsible for the dilution of the expanding plasma sheath and

thus limiting the time-averaged strength of the accelerating fields. The results of experiments

conducted with small targets of different diameter and different thickness suggest that the

sheath electrons get reflected at the target edges and contribute to a time-averaged hotter,

denser and in particular more homogeneous expanding sheath. This yields significant higher

proton energies (up to 80 % increase) as when compared with large planar foils of the same

thickness. The increased homogeneity of the expanding plasma sheath leads to an enlarged

proton source size, or in other words increases the number of protons experiencing the largest

accelerating fields. In the experiment this is shown by the significant increase of the yield

of high energy protons by about one order of magnitude when compared with planar foils



Conclusion 89

and being of high interest for the envisaged in vivo irradiation experiments. Moreover the

larger size of the high energy proton source leads to a less sensitive proton acceleration

performance with respect to fluctuations of the laser pulse contrast that will also assist to

exploit the maximum achievable proton energy at increased laser intensities.
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A. Coupling of spatio-temporal

distortions

This section is related to the test experiment using angularly chirped pulses in Sec. 3.2.2.

Here the formation of spatio-temporal distortions and the consequences of focusing will

be discussed and illustrated by an analytic wave-optical treatment based on basic Fourier

transformation. Conceptually, this discussion is mainly based on the publication by Akturk

et al. [138] as well as the book by Goodman [174]. A general theory and derivation of the first-

order spatio-temporal distortions of Gaussian pulses and beams based on the Kostenbauder

matrix formalism [140] can be consulted in Ref. [175].

Usually, the space and time dependencies of the electric field of an ultra-short laser pulse

are assumed to be independent. If coupling between those components occurs, it is referred to

as spatio-temporal distortion. The most important quantities for the presented experiment

in a first-order approximation are angular chirp (AC), pulse front tilt (PFT) and spatial

chirp (SC), and are given by

AC :
∂ϕ

∂ω

∣

∣

∣

ϕ=ϕ0

(A.1)

PFT :
∂t

∂x

∣

∣

∣

t=t0

SC :
∂x

∂ω

∣

∣

∣

x=x0

,

where ϕ denotes the propagation angle, ω the frequency, t the time and x the spatial coordi-

nate (only AC in x-direction is considered). Ideally, the propagating pulse is free from such

distortions, but very small misalignments within the stages of pulse stretching and pulse re-

compression are often impossible to avoid when generating an ultra-short intense laser pulse

in the chirped pulse amplification scheme (CPA), as for example with the Draco system. In

the proton acceleration experiment discussed above, a small AC is intentionally introduced

in order to change the spatio-temporal properties of the focused laser pulse and therefore

the spatio-temporal dynamics of the laser-plasma interaction.

In a simple picture, AC and PFT are regarded to be equivalent, which can be shown using

Fourier transformation. Omitting the y-dependence and assuming no further correlation of

coordinates, the components of the complex field of a beam in the kω-domain including an
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AC can be written as

ˆ̃U(kx, kz, ω) = ˆ̃Ukx,kz(kx − pω, kz)
ˆ̃Uω(ω). (A.2)

Here, the AC ∂ϕ/∂ω = p/k0 is expressed by ∂kx/∂ω = p, with k0 being the nominal wave-

number in vacuum. Applying a standard inverse Fourier transform of the complex field with

respect to its space coordinates

F−1

{

Û(kx, ky)
}

= U(x, y) =

∫

∞

−∞

Û(kx, ky) exp [j2π(kxx+ kyy)] dkxdky (A.3)

in combination with the shift theorem expressed for an arbitrary function G(x, y) by

F {G(x− a, y − b)} = Ĝ(kx, ky) exp [−j2π(kxa+ kyb)] , (A.4)

and simply meaning that a translation in the space domain introduces a linear phase shift

in the frequency domain, (A.2) becomes

Ũ(x, z, ω) = Ũxz(x, z)Ũω(ω) exp [j2πpωx] . (A.5)

Another inverse Fourier transform with respect to ω, and reapplying the shift theorem finally

leads to

U(x, z, t) = Uxz(x, z)Ut(t− px) (A.6)

corresponding to the field of a laser beam with a pulse front tilt ∂t/∂x = p in the xt-domain.

While this transformation seems quite fundamental, Akturk et al. have shown in Ref. [138],

that this equivalence only holds true for fields in the above form and is violated for example

by the presence of a SC in the beam. In that case, (A.5) is not sufficiently general anymore,

because in addition to the phase term another coupling in the xω-domain has to be included

for the SC (c.f. (A.1))

Ũ(x, z, ω) = Ũxz(x− γω, z)Ũω(ω) exp [j2πpωx] . (A.7)

In the following, it will be shown that such a coupling in the xω-domain, can immediately be

generated by transferring a field with a linear phase shift as given by the simple exponential

in (A.5) into the focal plane (far field), as it is in principle done in the experiment. With

other words, an AC in the near field is translated into a SC in the far field because focusing

can be represented by another Fourier transform of the spatial coordinates. Vice versa, the

presence of a SC in the near field will cause an AC in the focus and therefore will contribute

to a PFT in the focal plane of the laser.

But before continuing to demonstrate this relationship, the useful property of a thin

lens being able to perform as a phase transformation and Fourier transformer within the

diffraction theory of light, will be briefly reviewed. The side view of a general lens geometry
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Fig. A.1.: Schematic overview of a lens performing a Fourier transform operation of the input field.

is shown in Fig. A.1. The maximum thickness is d0 and the thickness at coordinates (x, y)

is d(x, y). The total phase delay experienced by a wave when passing through the lens is

given by

Φ(x, y) = knd(x, y) + k[d0 − d(x, y)] (A.8)

where n is the refractive index of the lens material, knd(x, y) is the phase delay caused by

the lens and k[d0 − d(x, y)] the delay corresponding to the remaining free space between the

two planes. Consequently, the complex field in front of the lens U(x, y) (Input 1 in Fig. A.1)

is transformed by a multiplicative phase and the field immediately behind the lens U ′(x, y)

then reads

U ′(x, y) = U(x, y) exp[jkd0] exp[jk(n− 1)d(x, y)]. (A.9)

With the help of the paraxial approximation the thickness function d(x, y) becomes

d(x, y) = d0 −
x2 + y2

2

(

1

R1

− 1

R2

)

(A.10)

with R1 denoting the curvature radius of the right-hand lens surface and R2 for the left-

hand one. Together with the well-known expression of the focal length for a thin lens

f−1 = (n− 1)(1/R1 − 1/R2) and neglecting the constant phase factor, (A.9) finally reads

U ′(x, y) = U(x, y) exp

[

−j
k

2f
(x2 + y2)

]

. (A.11)

In order to determine the field distribution (in (u, v) coordinates) in the back focal plane of

the lens Uz=f (u, v) the Fresnel diffraction formula [174] as an approximation of the Huygens-

Fresnel principle

Uf (u, v) =
exp[jkf ] exp

[

j k
2f
(u2 + v2)

]

jλf
(A.12)

×
∫

∞

−∞

U ′(x, y) exp

[

j
k

2f
(x2 + y2)

]

exp

[

−j
2π

λf
(xu+ yv)

]

dxdy
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has to be applied. Substituting (A.11) into (A.12), the quadratic phase factors within the

integrand exactly cancel, and assuming an input field smaller than the lens aperture, Uf (u, v)

finally reads

Uf (u, v) =
exp[jkf ] exp

[

j k
2f
(u2 + v2)

]

jλf
(A.13)

×
∫

∞

−∞

U(x, y) exp

[

−j
2π

λf
(xu+ yv)

]

dxdy.

Thus the complex field amplitude in the focal plane of a thin lens is proportional to the

Fourier transform of the incident field with

kx =
u

λf
and ky =

v

λf
. (A.14)

For the case the input is placed in front of the lens at a distance L (Input 2 in Fig. A.1) the

field in the focal plane can be rewritten as

Uf (u, v) =
exp[jkf ] exp

[

j k
2f

(

1− L
f

)

(u2 + v2)
]

jλf
F0

(

u

λf
,
v

λf

)

(A.15)

with F0(kx, ky) = F{U(x, y)} where U(x, y) is still the field that incidents normally against

the lens (c.f. (A.9)). Exemplarily, for the special case of a propagation distance L = f the

quadratic phase term cancels, and apart from constant factors this leads to

Uf (u, v) = F0

(

u

λf
,
v

λf

)

(A.16)

illustrating the ability of the lens as a Fourier transformer. Applying the relation of (A.16)

to the field expression in the xω-domain (A.5) yields

Ũf (u, ω) = F
{

Ũ(x, ω)
} ∣

∣

∣

kx=u/fλ
(A.17)

=

∫

∞

−∞

Ũx(x)Ũω(ω) exp [j2πpωx] exp [−j2πxkx] dx
∣

∣

∣

kx=u/fλ

= Ũu

(

1

fλ
(u− pωfλ)

)

Ũω(ω)

corresponding to a field in the focus exhibiting a SC ∂u/∂ω = pfλ as introduced in (A.7).

In conclusion, (A.17) confirms the intuitive assumption that an AC in the near field, being

equivalent to a PFT for fields of the form in (A.2) translates into an SC in the far field. Vice

versa, the presence of SC in the unfocused beam (near field) leads to an AC and therefore

PFT in the focus directly, which can be seen by simply exchanging the role of the spatial

variables u and x.
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B. Influence of the target material
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Fig. B.1.: Maximum proton energy obtained as function of the material of flat foil targets. The
target thickness was always 2 µm. Multiple consecutive shots were averaged and nor-
malized by the performance achieved with the titanium foil as reference. The ion charge
number Z of the materials is given in parenthesis.

As already visible by the comparison of the obtained maximum proton energies using gold

foils and the titanium reference foil in Fig. 4.4(a), the question of the ideal target is of

course also a question of the right target material. However, not only for the achievable

maximum proton energy the target material seems to be important as indicated by the

different target size dependence of silicon and gold RMTs in Fig. 4.4(a) and Fig. 4.9(b).

For the more simple case of flat foils, exhibiting a thickness of 2 µm, the proton acceleration

performance as function of the target material was investigated using the same experimental

setup and laser parameters as described in Fig. 4.3. The results, again normalized to the

titanium reference are plotted in Fig. B.1. For the experimental conditions at Draco, the

titanium foil reveals the best performance. A clear dependence on the ion charge number,

however, cannot be observed. This is in contrast to recent results obtained at the Polaris

laser (Jena, Germany), showing that the maximum proton energy seems to increase with

the ion charge number Z [176]. Yet, a complete understanding of the material influence on

the proton acceleration and the RMT effect demands further extensive experimental and

numerical investigations which are still in progress. The expansion of the target surfaces

induced by the prepulses or the main pulse depends on the ion sound speed (see Sec. 3.1.1)

and is therefore affecting the laser absorption and the quality of the target rear side gradient.

Even for laser intensities below the ionization threshold, prepulses can influence the thermal

properties of the target, that then can be sensitive to the exact material in use [162]. In

addition, the electron transport through the target can be very sensitive to the particular

target material due to resistivity effects as was recently introduced in Ref. [177].
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