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Abstract

Proton sources driven by high-power lasers are a promising addition to the portfolio of
conventional proton accelerators. Regarding particle cancer therapy, where tumours are
irradiated with protons or ions, the novel accelerator technology can be particularly bene-
ficial for translational research - the research branch in which results of basic research are
transferred to new approaches for the prevention, diagnosis and treatment of cancer.
The overarching aim in the thesis at hand was a translational pilot study to irradiate tu-

mours onmice’s ears with laser-accelerated protonswhile achieving the quality level of con-
ventional proton accelerators. This is the only way to compare the radiobiological data of
the novel accelerator technology with those of the established ones. To enable such exper-
iments a predetermined dose distribution according to the radiobiological model’s require-
ments must be delivered to a sample volume. Ergo, the laser-driven protons have to be
transported and shaped after their initial acceleration. Intense laser-driven proton pulses,
inherently broadband and highly divergent, pose a challenge to established beamline con-
cepts on the path to application-adapted irradiation field formation, particularly for 3D. This
work demonstrates the successful implementation of a highly efficient and tuneable pulsed
dual solenoid setup to generate a homogeneous (laterally and in depth) volumetric dose
distribution using only a single dose pulse from the broad laser-driven proton spectrum.
The experiments using the ALBUS-2S1 beamline were conducted at the titanium:sapphire
high-power laser Draco2 PW at the Helmholtz-Zentrum Dresden–Rossendorf. The beam-
line and its model were characterised and verified via independent methods, leading to
first experimental studies providing volumetrically homogeneous dose distributions to de-
tector targets as well as tumour and normal tissue in proof-of-concept studies. To perform
the mouse pilot study, a new solenoid with cooling capacities was designed, characterised
and implemented in the course of this thesis. The combination of the new solenoid and an
overall performance improvement of the laser-proton accelerator, enabled the successful
conduction of the mouse model study. The results show that laser-accelerated protons in-
duce a comparable tumour growth delay as protons from conventional accelerators. This
outcome and the demonstration of the flawless interaction between laser-proton accelera-
tor, beam transport, dosimetry and biology qualify the laser-based accelerator technology
for complex studies in translational cancer research. Looking into the future, their unique
extremely high intensity renders them of particular interest for the investigation into the
ultra-high dose rate regime. There, the so-called FLASH effect shows fewer side effects in
normal tissue while maintaining the same effect in the tumour when the target dose is ad-
ministered inmilliseconds rather thanminutes, as currently common. The ALBUS-2S setup
at Draco PW already provides all necessary conditions to realise irradiation times of around
ten nanoseconds in preclinical studies. This significantly expands the parameter space for
investigating the FLASH effect and is presented as a proof-of-concept in this thesis.
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Zusammenfassung

Protonenquellen, die von Hochleistungslasern getrieben werden, sind eine vielverspre-
chende Ergänzung zu herkömmlichen Protonenbeschleunigern. Im Hinblick auf die Par-
tikeltherapie von Krebserkrankungen, bei der Tumoren mit Protonen oder Ionen bestrahlt
werden, kann die neuartige Beschleunigertechnologie vor allem der translationalen For-
schung von Nutzen sein, in der die Ergebnisse der Grundlagenforschung in neue Ansätze
zur Vorsorge, Diagnose und Behandlung von Krebserkrankungen übertragen werden.
Übergeordnetes Ziel der vorliegenden Arbeit war eine translationale Pilotstudie zur Be-

strahlung von Tumoren an Mäuseohren mit laserbeschleunigten Protonen bei gleichzei-
tiger Erfüllung des Qualitätsniveaus konventioneller Protonenbeschleuniger. Mit den Er-
gebnissen ist ein Vergleich der strahlenbiologischen Daten der neuen und der etablierten
Beschleunigertechnologie möglich. Um dieses Experiment zu realisieren, muss eine vor-
her festgelegte Strahlendosis, die den Anforderungen des radiobiologischen Modells ent-
spricht, an ein Probenvolumen abgegeben werden. Die lasergetriebenen Protonenpulse
müssen dafür nach ihrer Beschleunigung transportiert und geformt werden. Intensive la-
sergetriebene Protonenpulse sind von Natur aus breitbandig und stark divergent. Sie stel-
len eine Herausforderung für etablierte Beamline-Konzepte auf demWeg zu einer anwen-
dungsangepassten Bestrahlungsfeldbildung dar, insbesondere bei einer räumlichen An-
wendung. Diese Arbeit zeigt die erfolgreiche Implementierung eines hocheffizienten und
abstimmbaren gepulsten Zwei-Solenoid-Aufbaus zur Erzeugung einer homogenen (late-
ral und in der Tiefe) volumetrischen Dosisverteilung mit einem einzigen Dosispuls aus dem
breiten lasergetriebenen Protonenspektrum. Die Experimente an der ALBUS-2S3 Beamline
wurden am Titan:Saphir-Hochleistungslaser Draco4 PW am Helmholtz-Zentrum Dresden–
Rossendorf durchgeführt. Die Beamline und ihr Modell wurden experimentell charakteri-
siert und mit unabhängigen Methoden verifiziert. Es konnten erste experimentelle Studien
durchgeführt werden, bei denen volumetrisch homogene Dosisverteilungen auf Detektor-
ziele sowie Tumor- und Normalgewebe in Proof-of-Concept Studien appliziert wurden. Für
die Durchführung der Maus-Pilotstudie wurde im Rahmen dieser Arbeit ein neuer kühl-
barer Solenoid entworfen, charakterisiert und implementiert. Zusammen mit einer allge-
meinen Leistungsverbesserung des Laser-Protonen Beschleunigers wurde die Pilotstudie
erfolgreich abgeschlossen. Sie zeigt, dass laserbeschleunigte Protonen eine vergleichbare
Verzögerung des Tumorwachstums bewirken wie Protonen aus konventionellen Beschleu-
nigern. Dieses Ergebnis und der Nachweis des einwandfreien Zusammenspiels von Laser-
Protonen-Beschleuniger, Strahltransport, Dosimetrie und Biologie qualifizieren die laser-
basierte Beschleunigertechnologie für komplexe Studien in der translationalen Krebsfor-
schung. Mit Blick auf die Zukunft sind sie aufgrund ihrer einzigartigen, extrem hohen Inten-
sität besonders interessant für die Untersuchung im Bereich ultrahoher Dosisleistungen.
Dort zeigt der so genannte FLASH-Effekt weniger Nebenwirkungen im gesundenNormalge-
webe bei gleicher Wirkung im Tumor. Die Zieldosis wird dabei innerhalb von Millisekunden
verabreicht und nicht, wie derzeit üblich, innerhalb vonMinuten. Der ALBUS-2S-Aufbau bei
Draco PW bietet bereits alle notwendigen Voraussetzungen, um in präklinischen Studien
Bestrahlungszeiten von etwa zehn Nanosekunden zu realisieren. Dies erweitert den Pa-
rameterraum für die Untersuchung des FLASH-Effekts erheblich und wird in dieser Arbeit
auch als Proof-of-Concept vorgestellt.
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1 Introduction

In the year 2010 the oncologist Siddhartha Mukherjee published his book "The Emperor
of All Maladies - a Biography of Cancer" [1]. Within one year it was awarded with a Pullitzer
Prize and declared as one of the 100 most influential books of the last century [2] as it is
"an elegant inquiry [..] into the long history of an insidious disease that, despite treatment
breakthroughs, still bedevils medical science." [3]. To date, the "insidious" disease of cancer
is the secondmost common cause of deathworldwide, with an estimated 9.9million deaths
in 2020 [4], and poses one of the great challenges of society. AlthoughMukherjee provides
a history of the disease itself, starting around 2500 B.C. by a description of Imhotep [5], the
biography inevitably shows the associated development of cancer and treatment research.
Embedding physical methods and research into medical procedures has been successfully
performed over centuries, starting with what is now called translational research: translat-
ing basic scientific research to clinical applications [6]. Although recognised only recently
as a dedicated research discipline [7], translational research enabled the progression to
modern day diagnostics and treatment of cancer and other diseases. The discovery of X-
rays by Röntgen in 1895, radioactivity by Bequerel in 1896 and radium by the Curies in
1898 [8] led to the development of X-ray imaging and the first radiation therapy (RT) de-
vices [8] within less than 20 years. Hereafter, positron emission tomography, computer
tomography and magnetic resonance imaging were introduced for improved diagnostics,
while RT was advanced towards the routine treatment of cancer with photons, electrons,
protons or heavier ions.
The physicist Robert Wilson is regarded as the pioneer of proton therapy. In 1946 he

proposed to utilise the finite range and the distinct dose peak of protons, penetrating mat-
ter, for medical purposes [9]. While photons deposit their maximum dose shortly after
entering the tissue, followed by an exponential decay with increasing depth, protons show
an inverse depth dose profile. As protons are passing throughmatter, they deposit a signif-
icantly lower dose per distance at the beginning of their trajectory than at their end. Here,
the dose profile takes the form of a characteristic Bragg peak, followed by a steep decline
(distal edge). The unique dose profile of protons is advantageous for radiotherapy as it
both spares healthy tissue in front of the tumour and avoids undesirable irradiation of the
healthy tissue and organs behind the tumour due to the distal edge. Following what now
is called the translational research chain, Lawrence and his colleagues did first irradiation
experiments on mice using proton and ion radiotherapy, eventually leading to the first pa-
tient treatment in 1954 [10, 11]. For further information on proton/ion RT in comparison to
conventional (photon) RT, please refer to literature such as Schulz, Smith, and Orton [12],
Maughan, Van den Heuvel, and Orton [13], Suit et al. [14], and Goitein and Jermann [15].
With this knowledge, one would naively expect that proton based radiotherapy is the
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1 Introduction

most common among the given alternatives. In reality, less than 1% (in total ≈ 250000
patients as of the year 2020 [16]) of all RT-patients received proton therapy, although it is
estimated that at least 20% could benefit from a proton or light ion therapy [17]. Due to
the complexity and cost of generating and transporting the required∼ 250MeV protons to
the patient, only 115 proton/ion beam therapy (IBT) machines are in operation worldwide
[16]. For comparison, nearly 15 000 photon RT machines [18] are available worldwide with
an investment cost for a new machine in the order of ∼ $5 million [19]. And even though
commercially available IBT has recently been improved from ∼ $150 million for a large in-
frastructure machine to state-of-the-art small, turn-key machines with an initial investment
in the range of ∼ $25 million, infrastructure investment, operation costs and complexity
are limiting factors restricting therapy and research capabilities.

Novel and advanced accelerator technologies are being investigated as a viable alterna-
tive to conventional accelerators. Laser-plasma acceleration (LPA) is explored especially
for supporting radiobiological research [20–23] to overcome the limited access to large-
scale conventional proton/ion accelerators as well as reaching a previously inaccessible
parameter space, e.g. concerning dose rates. In particular, the recent (re)discovery of the
normal-tissue-protective effect of ultra-high-dose-rate (UHDR) radiotherapy, the so-called
FLASH effect [24], sparked the interest in researching the radiobiological consequences of
UHDR irradiation. The FLASH effect describes the simultaneous observation of an unal-
tered tumour response and a reduction of normal tissue side effects in the UHDR regime.
The portfolio of conventional accelerators capable of performing related studies at high
dose rates is very limited, and the explorable parameter space narrow [25–28]. Here, LPA
sources (cf. Sec. 2.4), which inherently produce proton pulses with ultra-high dose rates of
� 108 Gy s–1, offer the possibility of dose rate escalation experiments and allow to close the
gap of research accelerators in the translational research chain. Additionally, LPA offers a
matching average dose rate to IBTmachines at unprecedented compactness of the plasma
accelerator stage. Moreover, it is considered a flexible and versatile technique enabling the
acceleration of protons and various ion species with novel beam qualities [29].

The discovery of chirped pulse amplification (CPA [30], awarded with the Nobel prize for
Strickland and Moreau in 2018) led to the development of Petawatt (PW)-class lasers pro-
viding laser intensities of up to 1022 Wcm–2 in μm-sized focal spots [29]. Laser-driven pro-
ton/ion sources harness the extremely high electromagnetic fields occurring when a tightly
focused high-power laser interacts with matter. These are in the order of TVm–1, exceed-
ing conventional accelerators by six orders of magnitude on a μm scale in contrast to large
conventional accelerating structures. Laser-driven sources deliver intense and energetic
proton bunches of down to ∼ ps duration, high proton number (up to ≈ 1012 particles)
and other unique characteristics [31–37]. In parallel to the ongoing development and im-
provement of high-power laser sources on the PW-level [38, B5, 39], continuous efforts
have been undertaken to study and optimise the laser-matter interaction. Advanced ac-
celeration schemes [40] and sophisticated targetry [41, 42, B4, 43–45] are recognised as
possible routes to improve key features of the laser accelerated proton beams such as
narrowed spectra or enhanced intensity and energy. However, Target Normal Sheath Ac-
celeration (TNSA, cf. Sec. 2.4) from thin solid-density foils remains to this day the best
established and most stable acceleration mechanism. In short-pulse-driven TNSA, protons
originating from the target surface layers gain energy along the target normal direction
due to space charge fields. These are generated by fast electrons [46], which in turn have
been accelerated by the relativistic laser pulses at the front surface plasma [47]. Intrinsi-
cally, TNSA-accelerated proton pulses feature broad exponentially decreasing spectra with
cut-off energies of tens of MeV up to currently around 90MeV [48, 49] and an energy-
dependent half-opening angle of up to 20°. By that they have the potential for a wide range
of multi-disciplinary applications. This includes warm dense matter research [50], probing
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of ultra-fast plasma dynamics [51], material research [52], archaeological surveys [53] and
injector sources for conventional accelerator structures [54–56]. Additionally, radiobiolog-
ical studies using laser-driven proton and ion beams performing translational research are
thriving activities (cf. Sec. 2.3). Especially in the context of ultra-high dose rate experiments
LPA proton sources carry the potential to not only aid but to advance the translational
research process.
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Figure 1.1: a) Laser-driven protons are guided by a beamline onto an irradiation target. This il-
lustration represents the goal pursued in the scope of this thesis - controlled laser-driven proton
irradiation of a superficial tumour on an ear of a mouse. b) shows the prerequisites of the laser-
proton source, with the typical exponentially decaying spectrum. c) shows what was achieved: a
homogeneous dose distribution over the tumour volume (highlighted in a)) by the combination of
the LPA source and beamline. The bar graph shows the depth dose homogeneity detected with ra-
diochromic films (RCFs) and the RCF images at the right demonstrate the lateral dose homogeneity.

This thesis directly ties into the continuous translational research and development at
the Helmholtz-Zentrum Dresden–Rossendorf (HZDR) over the last 15 years, which culmi-
nated in the first in vivo small animal model pilot study with a laser-driven proton source
worldwide [B24]. Fig. 1.1 schematically shows the results achieved in the scope of this
thesis: a) represents the design, implementation and characterisation of an LPA proton
beamline and its individual components. The spectrum in b) illustrates the improvements
of the laser-driven proton source at Draco1 PW which were accomplished and c) shows the
control of the dose distribution at the sample position, fulfilling all strict radiobiological re-
quirements to ultimately irradiate the mice. In this thesis the steps taken towards this goal
are presented. After this introduction, chapter 2 gives an overview of the research field in
which this thesis is embedded. It starts with an explanation of the established infrastruc-
ture at the HZDR and HZDR’s translational research efforts followed by a short history of
radiobiological studies using laser-driven protons worldwide. Sec. 2.4 elucidates on laser-
driven proton acceleration, itsmechanisms and characteristics of the LPA sourceDraco and
its improvement throughout the work on this thesis. In the following, general beam trans-
port system concepts are introduced and existing as well as planned facilities compared.
The chapter about the basics of this thesis ends with an explanation of the radiobiological
models used. Afterwards in Ch. 3 the centrepiece of this thesis is introduced, the beam

1 Dresden Laser Acceleration Source

3



1 Introduction

transport system for a controlled dose application with laser-driven protons. Therein, a
compact laser-driven proton beamline based on two pulsed high-field solenoid lenses en-
abled the generation of volumetrically homogeneous spread-out Bragg peak (SOBP) dose
distributions in a single shot [B17]. The SOBP is produced by mixing multiple proton en-
ergy contributions in a single shot, similar to the concept proposed by Masood et al. [57],
and therefore taking full advantage of the broad energy spectrum inherent to the TNSA
mechanism. After the explanation of the general beamline concept and a short discourse
on pulsed solenoid lenses, the design of the beamline is explained. To best take advan-
tage of the flexible and versatile particle transport concept, a predictive numerical model
of the beamline was established using a particle tracking software (cf. Sec. 3.4) which was
used to optimise the beamline design. The applicability of this model was then verified
via several independent experimental studies. In the following sections the active control
over the proton beam and therefore dose distribution is portrayed, based both on simu-
lations and experimental data. The now established LPA beamline allowed the application
of first volumetric in vitro and in vivo irradiations using laser-driven protons at Draco PW, as
explained in Sec. 3.7.These experiments exposed the limits of source and beamline con-
cerning the envisioned goal of a small animal study, which are adressed throughout the
next parts of this thesis. Chapter 4 shows how the beamline was further improved by in-
troducing a cooled in-vacuum solenoid for beam capturing, a key technology developed
during this work. All aforementioned efforts culminated in the conduction of the first suc-
cessful small animal pilot study on radiation-induced tumour growth delay in mice using
a laser-driven proton source and a clinical reference, presented in Ch. 5. The established
laser-based research platform for ultra-high dose rate radiobiology met all requirements
for user-specific, mm-scale small animal models, including RT-relevant spread-out Bragg-
peak formation, tumour-conform dose delivery at prescribed level, beam monitoring and
dosimetry. For laser-driven ion accelerators, the full application in (ultra-high dose rate) ra-
diotherapy research marks a major breakthrough and is perfectly timed with the emerging
interest on ultra-high dose rate RT due to the FLASH effect. A first radiobiological Proof
of Concept study reaching FLASH-relevant parameters at a laser-driven source was per-
formed following the pilot study and is discussed as well. The thesis is concluded by a sum-
mary of the accomplishments and an outlook on what is still to achieve using the beamline
at the HZDR.
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2 Translational research based on
laser-driven proton acceleration
at Draco PW

This chapter introduces the basic motivation, ideas, infrastructures and models of interest
for this thesis. It starts with an introduction of the topics translational research and ra-
diobology, then gives an overview of the relevant infrastructure of HZDR used for this study
and the translational research achieved with it. It is followed by a short review of radiobio-
logical studies using LPA protons. Afterwards the fundamentals of this thesis’ main result,
a controlled irradiation of in vivo samples with laser-accelerated protons using a beamline
to control the dose deposition, are given. The according experiment can be divided into
three interconnected parts: the particle source, the beamline and the sample. In the fol-
lowing, the individual parts are introduced, starting with the source. At first, laser-driven
proton acceleration is explained in general, then more detailed regarding the most com-
mon acceleration mechanism TNSA, ending with an overview of the experimental source
characteristics and improvements at Draco PW. The following sections introduce beamline
concepts and requirements for radiobiological studies at laser-driven sources. Explanation
on radiobiological models studied in this thesis conclude the chapter.

2.1 Radiobiology and translational research

Radiobiology refers to a branch of science that studies the biological effects of ionising
radiation on living tissue. In general, ionising radiation is harmful and potentially lethal, but
can have health benefits in medicine, for example, in radiation therapy of cancer. All bio-
logical damage effects begin as a result of radiation interactions with the atoms that make
up cells. There are two mechanisms by which radiation ultimately affects the cell. Either
as direct effects, which are caused when radiation interacts directly with the atoms of the
DNA molecule or other cellular component that is critical to the survival of the cell. A DNA
double-strand break is a classic example. Indirect effects, on the other hand, are caused
by interaction of radiation with water molecules. Ionising radiation can break the molecule
bonds and produce radicals such as hydroxyl-OH, superoxide anion O–

2 and others.
Biological effects also depend on how the absorbed dose is distributed along the radia-

tion pathway. Alpha and neutron radiation cause greater biological damage than gamma
radiation at a fixed dose. The biological effects of any radiation have been found to increase
with linear energy transfer (LET). In short, the biological damage caused by radiation with
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high LET (e.g. protons or neutrons) is much greater than that caused by low-LET radiation
(e.g. X-rays). The fact that radiation of different types and energies cause different biolog-
ical effects at the same absorbed dose is described as the relative biological effectiveness
(RBE). Additionally, some cell types are more sensitive to radiation than others. For exam-
ple, normal tissue (healthy tissue) and tumour tissue react differently to ionising radiation.

Dosimetry describes the efforts to characterise the radiation exposure of the tissue,
including following parameters. Regardless of the irradiated sample, the radiation must be
analysed regarding particle type and its kinetic energy EP. The absorbed dose D describes
the energy deposited by ionising radiation in matter per mass of the tissue, measured in
Gray with 1Gy = 1 J kg–1. The equivalent and effective dose are expressed in Sievert (Sv),
implying biological effects have been taken into account and appropriate dose factors and
coefficients are used. Depending on the radiation source, dose can be applied continuously
or in (multiple) individual events. The dose per shot Dshot represents the absorbed dose
per single dose application for such non-continuous irradiations. The sum of all doses per
shot account to the total absorbed dose. The dose rate quantifies the radiation absorbed
or delivered per time, either as bunch dose rate (the dose rate of a dose per shot) or
mean dose rate. For radiobiological studies, a lower mean dose rate limit of 1Gymin–1 is
mandatory as slower dose application results in a reduced dose response [58]. For further
information, the reader is referred to the review of Bolus [59].

Translational research

In literature, the phrases translation, translational research, and translational science all
are being used to describe the systematic effort to convert basic research outputs into
practical applications to enhance human health and well-being. According to the National
Center for Advancing Translational Sciences NCATS translation is "the process of turning
observations in the laboratory, clinic and community into interventions that improve the
health of individuals and the public — from diagnostics and therapeutics to medical pro-
cedures and behavioural changes. This definition is intentionally holistic with regard to
directionality, stage of intervention development and modality" [60]. Whereas translational
research is defined "as the endeavour to traverse a particular step of the translation pro-
cess for a particular target or disease." [60]. Here it emphasises on research, indicating a
process of a never-ending loop of basic research and its translation instead of a straight-
forward, unidirectional endeavour. In medical science, translational research often refers
to harnessing knowledge from basic medical research and bringing it into clinical practice
in so-called bench-to-bedside models [61].

In the framework of this thesis, translational research will mostly be interpreted as a
more or less hierarchical system [6]. This model envisions a proverbial ladder or chain,
starting from two-dimensional to volumetric in vitro cell studies over in vivo studies to an-
imal studies, then allowing clinical trials (Phase I to III successively), leading ultimately to
clinical standard. Within the work at hand, the first steps until a first animal study are
discussed. It shows the progression in a way, that investigations towards clinical applica-
tions are supported by basic research and developments. Here, the fundamental question
whether the unique characteristics of laser-driven protons have an influence on tissue re-
sponse is studied. This research comprises studies of the proton source, beam transport
and the conduction of radiobiological experiments and the implementation of the lessons
learned along the translational research chain.
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2.2 Translational research at HZDR and the Dresden platform

Over the past years, the Helmholtz-Zentrum Dresden–Rossendorf, in cooperation with the
National Center for Radiation Research in Oncology (OncoRay) Dresden, established the
so-called Dresden platform for translational research, especially in view of pulse structure
investigations of irradiations. This research environment benefits from the combination
of conventional and novel accelerators for radiobiological studies. The OncoRay is a re-
search institute specifically for translational research, which is intertwined with the Carl-
Gustav-Carus University Hospital Dresden. There, a commercial cyclotron proton accel-
erator (C235, IBA [62]) at the University Proton Therapy Dresden (UPTD), primarily used
for patient treatment, offers a dedicated research beamline. Additionally, the OncoRay
provides vast experience and infrastructure for radiobiological research, from developing
radiobiological models over animal handling to dosimetry. At HZDR, the Draco laser envi-
ronment (see Sec. 2.4.1) and the electron accelerator ELBE, offering cutting-edge, tuneable
electron beams, enable novel radiobiological experiments [B17, 62–65]. Indispensable for
radiobiological studies, the ELBE building also offers an X-ray reference irradiation site and
a cell laboratory allowing temporary shelter for small animals under suitable conditions.
Looking into the near future, another LPA environment based on the PENELOPE laser [66]
will be accessible, as the main pillar of the ATHENAh project2.
This collaboration and platform has been pioneering translational research using LPA. In

an in vitro cell irradiation campaign with laser accelerated proton pulses, which for the first
time featured local dose control at levels comparable to conventional technology, no signif-
icant effect of the pulse structure on the radiobiological effectiveness was found [63, 64].
After successfully taking the first steps along the translational research chain, the HZDR
and OncoRay prepared for the next and decided to develop a dedicated mouse model for
in vivo irradiation studies using laser-driven particles (cf. 2.7.2). Going from in vitro to in vivo
(small) animal model studies tremendously increases the difficulty of the experiment, an
outline of requirements is given in Sec. 2.6. The first obstacle to clear might not be a sci-
entifically obvious one but is nevertheless important: a successful application to perform
small animal experiments at the local authorities. The HZDR and OncoRay successfully ap-
plied, meaning the planned experiments and animal facilities were approved according to
the European Parliament and Council Directive 2010/63/EU on the protection of animals
used for scientific purposes, German animal welfare regulations and local ethics commit-
tee (Approval DD24-5131/338/35, Saxony State Directorate, Dresden, Germany). A small
animal tumourmodel on amouse ear dedicated for LPA was established [67, 68] and a first
successful proof-of-concept experiment with laser-driven electrons was carried out at HI
Jena [69] with reference irradiations at a clinical linear accelerator. The next steps were to
verify the capability of a laser-driven proton source to conduct such a study and ultimately
perform it. Yet, the complex requirements rendered a safe execution of an animal study
impossible at this time. As a consequence, research on improving the LPA source perfor-
mance and beam transport was performed (cf. Sec. 2.4.1, 3, 4). Following the translational
research notion, volumetric in vitro and in vivo studies as well in the end a radiobiologi-
2 ATHENA, short for Accelerator Technology HElmholtz iNfrAstructure, is a research and development plat-
form for laser plasma-based accelerator technologies, in which in which all six Helmholtz accelerator centers
(DESY, FZ Jülich, Helmholtz Center Berlin, Helmholtz-Zentrum Dresden–Rossendorf HZDR, KIT and GSI with
the Helmholtz Institute Jena) join forces to set up two German lighthouse accelerator research projects: an
electron accelerator facility at DESY in Hamburg (ATHENAe) and a hadron accelerator facility at the HZDR
(ATHENAh). Different areas of societally-relevant application are developed at both systems, ranging from a
compact free-electron laser to novel medical applications and new fields of application in nuclear and parti-
cle physics. ATHENAh is based on the HZDR-developed energy-efficient diode-pumped Petawatt laser system
PENELOPE [66], a prototype driver for ion acceleration for radiobiological and medical applications. The Setup
of a dedicated user facility for radiobiological studies, combining PW-laser driven proton acceleration with a
unique pulsed power beam line and state-of-the-art radiobiology infrastructure, is currently underway.
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cal small animal pilot study were planned and conducted within the scope of this thesis
(see Sec. 3.7.4 and Ch. 5). To further put the endeavours within the Dresden platform into
context, the next section provides an overview of radiobiological studies using laser-driven
protons worldwide.

2.3 Radiobiological studies using laser-driven protons

Shortly after the experimental verification of laser-driven particle acceleration by Hatch-
ett et al. [33] and Snavely et al. [47] (see Sec. 2.4), Bulanov et al. [22] envisioned LPA ra-
diation therapy, which was further extended by Fourkal et al. [20] and Malka et al. [21].
At that time, mostly large single-shot laser facilities reached LPA proton cut-off energies
exceeding several 10MeV. Their repetition rate of usually one pulse per hour rendered
them unfavourable for radiobiological studies. Such studies came in reach with the rise of
smaller scaled 100+ TW Titanium:Sapphire lasers working at pulse repetition rates � 1Hz,
which were able to produce LPA protons with energies � 10MeV [70–72]. Now, working
in a multi-shot dose application scheme, experiments as cell irradiation studies became
accessible.
In accordance to the translational research chain, the first experiments investigating the

radiobiological effects of laser-driven particles were in vitro studies examining DNA damage
in cells. All according studies were applying LPA protons to tumour cell monolayers: Yogo
et al. [73], using the J-KAREN laser, showed the first LPA proton-inducedDNA double-strand
break (DSB) damage inmammalian cells in 2009. One year later, Kraft et al. [63] showed LPA
induced DNA DSB damage by irradiating the samples with variable doses. This study was
performed at the HZDR, using the Draco TW laser. In 2012, Bin et al. [74] published their
results of LPA-driven cell irradiations using the ATLAS laser. These studies spearheaded
the radiobiological resarch using laser-driven particle and had all the same outcome: LPA
protons induced more DNA DSB damage compared to conventional X-rays.
To better understand and compare LPA proton and X-ray reference irradations, the ra-

diobiological effectiveness (RBE) can be assessed. The RBE is defined as the ratio of the
doses required to cause the same biological effect using protons or other ions compared
to reference X-ray radiation [75]. In 2011, Yogo et al. [76] were the first to determine the
RBE to (1.20 ± 0.11) again using tumour cell monolayers. Shortly after, Doria et al. [77]
employed the TARANIS Terawatt laser at Queen’s University Belfast to investigate the RBE
of LPA protons for the first time using only a single shot dose delivery on normal tissue and
reported an RBE of (1.4±0.2). Comparing the data from these publications, the RBE range
of LPA protons is similar to the reported range of conventionally accelerated protons in the
same energy range.
The first comparison for DNA DSB damage of laser-driven protons with conventionally

accelerated protons was again done by the HZDR using the Draco TW laser. Zeil et al. [64]
demonstrated that LPA protons showed no significant differences to a continuous proton
beam froma tandemaccelerator regardingDNADSB in a tumour cellmonolayer. This study
also employed an unprecedented effort and accuracy in dosimetry, which turned out to be
amajor challenge for LPA particle studies as the common dosimetric protocols from clinical
accelerators could not be applied to these sources. The outcome of this study was verified
by Raschke et al. [78] using the ARCTURUS laser system at the University of Düsseldorf
in 2016 and by Hanton et al. [79] at the Gemini Laser facility of the Rutherford Appleton
Laboratory in 2019. For more details on the history of LPA radiobiology, the interested
reader is referred to a review by Chaudhary et al. [80].
The aforementioned publications ignited a great interest in radiobiological studies using

LPA protons, but as one can already see from the time gap between the first and last com-
parisons of LPA to conventional protons, the field and the research stagnated after their
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first successes in the years 2009-2013. This was on one hand due to the complex infras-
tructures which were still being developed for these sources and on the other due to the
limited performance of the laser-driven proton sources. It is crucial to understand, that
radiobiological research in this field can adequately be performed with already available
accelerator technology and, in particular, presently accessible particle energies. The LPA
proton source has to be comparable to a conventional one in terms of precision, reliability
and reproducibility. Already during these years, it became obvious, that the anticipated
future application of radiation therapy was far from being achievable in the nearest fu-
ture, as proton energies above 200MeV are necessary for deep-seated tumours and the
LPA proton cut-off energies did not scale as easily with increasing laser energy as initially
predicted [81]. But even less ambitious goals such as volumetric in vivo studies required
higher energies, stability and control over the source and the proton beamwhich ultimately
deposits the dose in the sample. To accomplish this, LPA sources had to be understood
and improved further, so reliable and controlled dose depositioning systems can be es-
tablished. Therefore the research field had to reassess itself from the hope of being a
quickly achievable, viable alternative for radiobiology or even radiotherapy to a more basic
research based field. Most research groups and laser facilities dug deeper into the under-
standing of the laser-target-interaction, studied source characteristics, novel laser-driven
acceleration schemes as well as the high power lasers including their pulse structure. Over
the past years, collective findings enhanced the maturity of LPA proton sources, enabling
their use for highly complex application experiments [29]. Regarding radiobiological appli-
cations, the source improvements are perfectly timed with the rising interest on ultra-high
dose rate radiobiology due to the FLASH effect (cf. Sec. 5.5.1). To contribute in this field, the
new challenge is the development of a laser-based facility providing the unique properties
of LPA, such as orders of magnitude higher pulse dose and pulse dose rate than at con-
ventional sources, on demand and with all spatial and temporal dose requirements given
by a biological model.

2.4 Laser-driven proton acceleration

In this section, the so far shortly introduced laser-driven proton acceleration is described
further and the capabilities of the LPA source Draco PW at HZDR are shown. Laser-driven
proton acceleration is a laser plasma acceleration process that harnesses the strong elec-
tromagnetic fields that can be supported by plasmas. In LPA, this plasma is generated by
focusing high-power lasers onto usually solid targets. The acceleration process is still under
investigation, including the different resulting proton beam characteristics depending on
the laser and target properties. Over the years, several acceleration schemes have been es-
tablished. Best and longest known is the Target Normal Sheath Acceleration mechanism,
introduced by Hatchett et al. [33] and Wilks et al. [32]. It provides a robust and reliable
scheme for laser-driven ion acceleration experiments.
TNSA requires the interaction of a high-power (peak power from several 10 TW to PW)

short-pulse (pulse lengths from few 10 to some 100 fs) laser with a nm to μm thin solid tar-
get, which can bemetallic (e.g. titanium, gold) or organic (e.g. polyvinyl formal, polystyrene).
The laser pulse has to be guided and focused under vacuum to prevent beamquality degra-
dation due to filamentation as the laser is powerful enough to cause ionisation processes
when propagating in air. Therefore, the laser-target area is typically in high-vacuum in the
range of ≤10–4 mbar. With a focused laser spot size in the range of μm, peak intensities of
1018 Wcm–2 to 1022 Wcm–2 can be achieved. The ascending ramp before the main laser
pulse (e.g. generated by amplified spontaneous emission in the laser) or intense enough
pre-pulses may already ionise the laser-target, as the typical ionisation threshold is around
1012 Wcm–2 to 1013 Wcm–2. The main laser pulse then penetrates the earlier ionised tar-
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2 Translational research based on laser-driven proton acceleration at Draco PW

get (or "pre-plasma"), but can only penetrate the underdense region of the plasma, where
the electron plasma frequency ωP is smaller than the laser frequency ωL. At ωL = ωP the
so-called critical density nC is reached and the laser pulse is getting reflected. While the
direct acceleration of the laser-target ions by the laser field cannot be achieved (yet), the
electrons gain energy in a process called electron heating (see Fig. 2.1a), for further de-
tails see literature given below). These accelerated hot electrons are the main driver of the
ion acceleration as a secondary process of the laser-target interaction. They propagate
through the bulk material of the laser-target, ionising it while the target stays quasi-neutral
due to the shielding effect of the cold bulk electrons. The escaping (now unshielded) elec-
trons are then re-attracted by the positive charge of the remaining target ions and sub-
sequently start to oscillate through the target. As a consequence, a hot electron cloud,
which is quasi-static during the laser pulse duration, emerges at the rear (and front) side
of the target (see Fig.2.1b)). This so-called Debye sheath extends along the target normal
direction to the Debye length λD which is in the order of μm. The mean kinetic energy of
the hot electrons adds up to a few MeV and the according electric field strength ETNSA can
be estimated to TVm–1 or MVμm–1. This results in acceleration gradients of MeVμm–1, six
orders of magnitude higher than in conventional accelerators. Hydrocarbon contaminant
layers of sub-nm thickness, naturally present on the target surface are ionised along with
the bulk material and can subsequently be accelerated to several 10MeV by the Debye
sheath field. Protons (usually from the contaminant layer) are accelerated most efficiently
due to their high charge to mass ratio q/m. Thus, they additionally shield other ion species
during the expansion dynamics. The accelerated multi-species bunch of protons and ions
(e.g. carbon, oxygen, titanium) copropagates with the electrons of the Debye sheath as
a quasi charge-neutral plasma into the vacuum in target normal direction from both front
and rear side of the target with the rear side being dominant in particle number and energy
[82] (see Fig. 2.1c)).

Figure 2.1: Pictorial explanation of the TNSA mechanism, for details see text. Figure from Zeil [83].

These ion pulses are unique to laser driven accelerators, as the high proton number per
bunch of 1011 to 1013 and the temporal structure (ps to ns range) with an an ultra-low emit-
tance [37] is unrivalled by conventional accelerators. Another distinguishing feature is the
broad, exponentially decaying particle spectrumwith a well defined cut-off at high energies
[48, 49, B21]. Representative experimental spectra measured at Draco PW are shown in
Fig. 2.2a). The accelerated particle distribution depends on the temporal and spatial struc-
ture of the accelerating field ETNSA. The laterally Gaussian-shaped sheath density ne [84]
leads to a locally varying cut-off energy of the TNSA bunch and a decrease of the angular
beam divergence (from ca. 40° to 5° [85], see Fig. 2.2b)) and source size (� 100μm [86])
with increasing ion energies [37].
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2.4 Laser-driven proton acceleration

The TNSAmechanism enables laser-driven proton acceleration, providing proton beams
with several ten MeV cut-off energy. Although generally performing stably, especially in
the TNSA regime, this kind of source is exhibiting inherent shot-to-shot fluctuations as no
laser pulse and target is exactly the same as the previous. Highest proton cut-off energies
above 70MeV were at first shown at facilities with ∼ ps laser pulses using Nd:glass-based
lasers, effectively limiting their repetition rate to around one shot per hour [48, 49]. In 2021
Ziegler et al. [B21] fromHZDR showed that this performance is now also reliably achievable
with high repetition rate fs-pulse lasers (cf. Sec. 2.4.1). This path to higher energies is of
course driven by scientific curiosity, but just as much by the strive to enable more com-
plex applications. For achieving higher proton energies, increased particle numbers and
other favourable characteristics of the laser-driven source, different LPA mechanisms are
under investigation. In the following some alternative acceleration mechanisms and their
basic features are summarized: For radiation pressure acceleration (RPA), laser absorption
has to be minimized (e.g. by using circularly polarized light), so light pressure of the laser
can push an entire ultra-thin foil like a piston. Directed Coulomb explosion (DCE) can be
achieved with sufficiently small targets, where the laser pushes away all electrons and the
remaining protons are accelerated by repulsion forces. By using low density targets, large
magnetic fields can be generated which maintain the electrostatic fields in magnetic vor-
tices to accelerate protons (MVA). Furthermore, near critical plasma density profiles can be
shaped, so that collisionless shocks are formedbywhich protons of the background plasma
can be reflected to velocities twice as large as the shock velocity (CSA). More in-depth expla-
nations of the complex acceleration schemes and corresponding plasma physics as well as
further references are presented in several books [35, 87–89] or review articles [31, 40, 90]
or the most recent roadmap of plasma accelerators by Albert et al. [29]. It may be noted,
that all of these mechanisms can coexist in laser plasma interaction, they may overlap and
transitions between them can even enhance the acceleration efficiency [29, 31]. Therefore
the groundlaying research of laser plasma acceleration is highly relevant and as the knowl-
edge increases, the conditions to reach these novel acceleration mechanisms in a stable
manner might emerge. Thereof, applications of LPA proton sources immediately benefit,
so it can be said, that LPA source development and their application go hand in hand.
As of now, especially for radiobiological applications where source reliability is key, the

TNSA mechanism is believed to be best suited. Hence, TNSA is the dominant acceleration
scheme in all presented experiments throughout this thesis. In the following section the
parameters of the TNSA source at Draco PW are presented as well as the development of
the LPA source over the course of this thesis.

2.4.1 Laser-driven proton acceleration using Draco PW

The experimental LPA results presented in this thesis were acquired at the high-power ti-
tanium:sapphire laser system Draco (Dresden laser acceleration source) at HZDR. It is a
double CPA system based on a commercial system by Amplitude Technologies with two in-
dividual final amplification and compression stages, providing either 150 TW or PW pulses
of 30 fs pulse length with a maximum repetition rate of 10Hz or 1Hz, respectively. Both
laser beams can be operated independently and in parallel. The 150 TW beam is used in
two experimental areas, one dedicated to laser-driven electron acceleration, and the other
to laser-driven ion acceleration. The PW beam is currently used for ion acceleration and
the experimental data in this thesis was acquired with this beam. Over the course of this
thesis and since first results on laser proton acceleration at Draco PW were published by
Schramm et al. [B5] in 2017 (comparable data in Fig. 2.2a), light blue, and b)), the laser
acceleration performance has been continuously improved: A re-collimating single plasma
mirror (PM) has been installed in the Draco PW target chamber to improve temporal con-
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Figure 2.2: Representative proton source characteristics frommeasurements at Draco PW. a) TNSA
spectra, the dots represent data points retrieved from radiochromic films (RCF), the line represents
a parametrisation to the shown RCF data. Plotted in darker blue and orange aremore recent results
(Set 2, 2020 and later, cf. Ch. 5), while the brighter were measured at the beginning of this thesis
(Set 1, until 2019, cf. Ch. 3). b, c) According angular distribution of the source spectra, retrieved
from RCF measurements. d) Temporal laser pulse shapes retrieved from SPIDER measurements
for different spectral phase configurations to optimise the proton acceleration. e) Continuous im-
provement on generating proton beams of high energy over the course of 18 months: Plotted are
the maximum proton energies from Thomson parabola spectrometer (TPS) measurement for indi-
vidual experiment days. The TPS data (orange bars) was verified by RCF stack measurement (blue
diamonds) on selected days.

trast (better than 10–12 up to –100ps and 10–5 at –1 ps prior to main pulse) and enable
proton acceleration from thinner targets. Simultaneously, an in-house target lab to fabri-
cate and characterize plastic (Formvar) foil targets of only several tens to hundreds of nm
thickness was established.
The optimisation of the acceleration performance at Draco PW is a tremendous group ef-

fort and is content of several PhD theses and publications [B21, 91–93]. The main reasons
for the improved performance are the already mentioned ultra-thin targets, but more im-
portantly the detailed attention to the incoming laser pulse. The temporal pulse structure
of Draco PW was characterized with rigorous care employing a broad variety of scanning
and single-shot diagnostics. This includes second and third order autocorrelators, field
auto-correlation methods like self-referenced spectral interferometry and spectral phase
interferometry for direct electric-field reconstruction (SPIDER) at different positions within
the laser chain, for details see Ziegler et al. [B21]. It was found, that highest proton cut-off
energies were achieved for temporal pulse parameters that varied significantly from those
of an ideally Fourier transform limited pulse (green curve in Fig. 2.2d)). By controlling the
spectral phase modulation of Draco with an acousto-optic programmable dispersive filter
the temporal pulse shape can be adjusted to significantly enhance the maximum proton
energy compared to ideally compressed pulses. In detail, the spectral phase term third or-
der dispersion (TOD) was varied (blue curve in Fig. 2.2d)) and accordingly the group veloc-
ity dispersion (GVD) was adjusted so that the pulse duration with the new TOD conditions
was minimized (orange curve in Fig. 2.2d)). After the finding of this performance-enhancing
routine, it was established as a daily preparation routine during proton acceleration exper-
iments at Draco PW. By doing so, the achieved proton cut-off energies of around 40MeV
could be improved to around 60MeV, with the extremely beneficial side effect, that the
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2.5 Applying and controlling laser-driven protons - current beamline concepts

acceleration performance had a reduced shot-to-shot fluctuation [B21]. Here, the main
measure was the proton cut-off energy determined online by Thomson parabola spec-
trometer (TPS) and verified offline by radiochromic film (RCF) stacks. Fig. 2.2a), dark blue,
and c) show the now reached source performance. In comparison to 2017 the cut-off en-
ergy was doubled and the particle number increased by more than a factor of 10, giving
a comfortable margin with respect to energy and dose requirements of the small animal
irradiation study, cf. Sec. 2.7.2. Fig. 2.2e) summarizes the improvements and illustrates the
unprecedented high level of stability of the laser-driven source.
All experiments throughout this thesis were conducted using the highest source perfor-

mance available at the time, yet this changed tremendously as visible in Fig. 2.2a). For the
sake of distinctiveness the Draco source parameter are distinguished in Set 1 and Set 2.
Set 1 refers to the performance at the beginning of this thesis’ work, shown in light blue in
Fig. 2.2a), Set 2 refers to the source performance taking the improvements by Ziegler et al.
[B21] into account. They are summarised in Table 2.1.

Set 1 Set 2 HE Set 2 LE
Laser energy on target 18 J 18 J 10 J
Pulse length 30 fs 30 fs 30 fs
focal spot size (FWHM) 3μm 3μm 3μm
Proton cut-off energy ∼ 30MeV ∼ 70MeV ∼ 50MeV

Table 2.1: Different LPA source parameter at Draco PW throughout the thesis. Due to different
experimental demands Set 2 is divided in high energy (HE) and low energy (LE). Going for a lower
cut-off energy by using less laser energy on target enabled a higher spectral stability of the source.

2.5 Applying and controlling laser-driven protons - current
beamline concepts

The above explained LPA beam properties open up a variety of application possibilities
but are accompanied by several challenges. Depending on the laser-target a laser-driven
source emits not only the desired particle species, but a composition of protons, electrons,
ions, neutrons, gamma- and X-rays from a hot plasma, which makes application studies
close to the harsh source environment very difficult. To overcome this, a particle-specific
beam transport system can be installed close to the source. The demand for such a trans-
port system is an ideally lossless transport of the particles of interest to benefit from the
very intense source while suppressing undesired particle species. The spatial and spectral
properties of TNSA protons pose the main problem here, as one needs to not only capture
the spatially wide-spread particles close to the source but also provide the transport of the
broad energy range to maintain all source characteristics. Unfortunately there is no all-in-
one device, but there are several different approaches, more or less well fitting for specific
applications, as explained in the following section. In view of the context of the thesis, all
generated particles except for the protons will usually be neglected further on, although
most considerations on protons will also be valid for other accelerated ion species.
In general, specific applications require specific beam qualities, such as controlled spec-

tral and spatial shapes, particle number as well as sufficient reproducibility and stability.
Ideally, innovative laser-plasma-based concepts [B10, 94, 95] would be applied to adapt
the source characteristics to the application. Limited quality and high complexity still limit
the applicability of such approaches, therefore tailored transport and beam shaping tech-
niques have to be used to reach application-specific beam parameters. This is usually
achieved by means of a dedicated beam transport system close to the LPA source, in the

13



2 Translational research based on laser-driven proton acceleration at Draco PW

following called beamline. Capture, collimation, and focusing of the strongly divergent pro-
ton beams represent themost challenging tasks for a beamline, which preferably also does
not impact the repetition rate of the whole system. Ideally, an LPA-based beamline takes
advantage of the unique source characteristics and preserves them. As a result, beam
transport systems of conventional accelerators, designed formonoenergetic pencil beams,
require adaptation or fitting new approaches should be sought.
One approach is the use of permanent magnets. As their magnetic field and there-

fore the effect on the charged particles is always present, they are well-suited for high-
repetition-rate sources. Yet, the field strength of permanent magnets is limited and to
achieve a significant effect with the given field, long particle flight distances in the magnetic
field are necessary, leading to large structures. This can be partially overcome by using di-
rect current (DC) electromagnets, basically adapted from conventional accelerators, whose
magnetic field strength is adjustable. Permanent and DC dipole and quadrupole magnets
were already successfully tested and implemented at several facilities worldwide [96–103]
and allowed novel translational research in radiobiology [63, 64, 73, 74, 79, 104–106]. While
the dipole magnets are commonly used for energy selection, quadrupole magnets trans-
port and focus the beam. They provide a focusing effect in one dimension and therefore
have to be used at least in pairs to generate a homogeneous spot after transport. Due
to their limited open aperture size permanent magnet quadrupoles (PMQ) usually suffer
from low transmission efficiency of the highly divergent broad TNSA source spectrum. The
fixed field strength of permanentmagnet systems also prevents an adaptation of the trans-
ported beam without geometrical changes of the beamline. To overcome this, altering the
position and distances of the dipoles and quadrupole set(s) allows control of the trans-
ported proton energy band.
Besides permanent or DC magnets, confined plasmas close to the proton source can be

exploited in order to capture and guide the beam. While the so-called Gabor-Lens [107]
still has to prove its feasibility for LPA, an active plasma lens (APL, a repeatedly pulsed gas-
filled discharge capillary [108]) was already successfully implemented at laser-driven proton
sources [109]. But even more than (permanent or DC) quadrupoles, an APL suffers from
the very low acceptance of the divergent protons, having only a bore size of ∼ 1mm.
While field strengths of compact permanent magnets or DC electromagnets are typi-

cally below two Tesla due to the magnetisation limit of magnet and core materials, non-
destructive air-core pulsed high-field magnets can provide up to several tens of Tesla. This
tremendously reduces the size and weight of the beamline structures [57]. Moreover,
driven by pulsed power supplies the magnetic field can be tuned independently per pulse.
Therefore, the Advanced Laser-driven Beamlines for User-specific Studies (ALBUS) plat-
form has been developed at HZDR. It features prototypes of pulsed high-field quadrupoles
(Bmax ∼ 250 Tm–1), dipoles (Bmax ∼ 10 T) and well characterised solenoids (Bmax ∼ 20 T)
[110]. The implementation of the large aperture (40mm) high-field pulsed solenoids can
potentially solve the angular acceptance problem as demonstrated by high transport effi-
ciencies over 50% [B17, 111, 112, B8]. ALBUS-2S, a beamline based on two pulsed sole-
noids is implemented at the Draco PW. The development, characterisation and successful
(radiobiological) experiments with this beamline are the foundation of this thesis.
While not the sole purpose, radiobiological studies using laser-driven particles are amain

driver for the ALBUS-2S beamline. With the rediscovery of the healthy tissue sparing FLASH
effect, the field of laser-driven particles for radiobiological irradiation studies is currently
gaining a lot of momentum. Several facilities worldwide start to build up and establish ra-
diobiological infrastructure as well as experimental campaigns. In the following, a short
overview of facilities and their beamline concepts is given. For details refer to the corre-
sponding references:
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• ALBUS-2S (Advanced Laser-driven Beamlines for User-specific Studies - 2 Solenoids)
at HZDR: up to two pulsed solenoid magnets for initial capture, energy selection and
final focussing. Main topic of this thesis, details given in later chapters, in Brack et
al. [B17] and Kroll, Brack et al. [B24].

• A-SAIL (Advanced Strategies for Accelerating Ions with Lasers) - a collaboration of
Queen’s University Belfast, Imperial College London, theUniversity of Strathclyde, and
the Rutherford Appleton Laboratory: no dedicated beamline yet [113].

• BELLA-i (Berkeley Lab Laser Accelerator) at the Lawrence Berkeley National Labora-
tory: active plasma lens for initial capture + a permanent dipole magnet for energy
selection. This setup allowed for a successful radiobiological study with high dose
rates on cell monolayers [109].

• CLAPA at the Peking University: DC quadrupoles for initial beam capture + DC dipole
for energy selection + DC quadrupoles for final focusing. First experimental beam
parameters were published [103].

• LION at the Laboratory for Extreme Photonics (LEX-Photonics) in Munich: PMQ dou-
blet for initial capture and final focussing. This setup allowed for a feasibility study of
zebrafish embryo irradiation with laser-accelerated protons [114].

• ELIMED at ELI-Beamlines in Prague: PMQ for initial beam capture +DC dipole chicanes
for energy selection +DC quadrupoles for final focusing. An ELIMED radiobiology pilot
study is scheduled for 2022 [115].

• LhARA (Laser-hybrid Accelerator for Radiobiological Applications) - a consortium of
physics and medicine departments in the UK: still in planning phase. Its pre-design
include Gabor lenses for initial capture, RF cavities, DC dipole, quadrupole, and oc-
tupole electromagnets for beam transport, energy selection and final focusing [116].

2.6 Requirements for radiobiological studies at laser-driven
sources

To conduct radiobiological studies, stringent demands regarding infrastructure, beam pa-
rameters, dosimetry system and experimental planning have to be fulfilled. Especially for
a novel acceleration technology such as LPA, this poses a major hurdle as not only the
proton source itself but also the beam transport and surrounding infrastructure is part
of the research. The following list shows an overview of requests for such studies. These
points have arisen from previous work, demands and requirements. They are not univer-
sally mandatory, but rather describe the terms our group of physicists and radiobiologists
have set for ourselves and would recommend.

• Lab-infrastructure: Radiobiological sample preparation and analysis necessitates a
biological laboratory in proximity to the laser-driven source laboratory. In vivo small
animal studies may require additionally animal care facilities. For the irradiation, a
dedicated in-air setup for the sample has to exist, coupled to the in-vacuum source
and beam transport. To properly conduct full radiobiological studies a conventional
radiation source is necessary as a reference to the laser-driven one. This source,
a calibrated X-ray source or a (clinically used) particle accelerator should be in the
vicinity of the biological laboratory or animal housing.

• Experimental planning: According to the investigated radiobiological effect, a spe-
cific radiobiogical assay and endpoint(s) have to be specified and a suitable sample
determined. Possible samples can be either in vitro, e.g. normal/tumourous tissue,
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monolayered/volumetric cell samples, or in vivo, e.g. zebrafish embryos, (small) an-
imals. Study specific regulatory requirements in accordance with the respective re-
gional laws have to be fulfilled, such as a "Tierversuchsantrag" (TVA) in Germany. As
biological samples, their growth and the dose dependency of radiobiological effects
are not precisely predictable due to the biological diversity, several independent repli-
cations of the experiments have to be performed to generate a statistical certainty
of the results. Parallel to the irradiated samples, control and reference samples have
to be part of the study. Sham irradiation groups are treated identically to the irradi-
ation groups except irradiation. In combination with the control groups that remain
in the housing facility without any treatment, they are used to uncover influences of
the experimental procedures that are not radiation induced. The same applies to
samples irradiated with the reference source, e.g. an X-ray source. If a comparison of
radiation induced effects at different (particle) sources is envisioned, these reference
irradiation can be used to normalise the influences of the individual facilities, given
sufficient sample statistics.

• Particle source and dose application: Sample irradiation requires a certain pene-
tration capability of the laser-driven particles, i.e. their kinetic energy has to be suffi-
ciently high to penetrate or pass through the sample. Commonly, a margin for devia-
tions in sample size and shape aswell as dosimetric controlmeasurements is planned
for. The particle beam then has to be transported and shaped according to the ra-
diobiological requirements to allow a controlled dose application. The required total
dose is dependent on the sample and endpoint, therefore has to be met precisely
and the relative dose uncertaintiesmust not exceed given limits. If a dose-effect curve
is of interest, the total dose has to be adjustable e.g. by shot numbers or different
dose shaping. The shot-to-shot fluctuations observed for laser-accelerated proton
beams may hinder the delivery of a prescribed dose by a single pulse. This leads
to the application of several pulses in combination with online dose monitoring for
each individual dose application. And lastly, LPA generates a multitude of particles
and background radiation, hence, all types of unintended radiation causing cell dam-
age have to be suppressed or filtered on the way to the target.

• Dosimetry: The applied absolute dose to the sample has to be precisely evaluated
with a dosimetry system. In contrast to monoenergetic particle beams common in
medical applications, no absolute dosimetry protocol exists for the laser-accelerated
particle pulses, yet. Clinical accelerators deliver a highly constant proton beam and
the applied dose is measured with calibrated transmissive detectors, allowing a reli-
able online conclusion on the delivered dose distribution to the sample. This is not
possible at an LPA source, due to its inherent shot-to-shot fluctuations. To get a vol-
umetric dose information during an irradiation, a combination of transmissive off-
and online detectors can be set up, measuring the particle energy spectrum of each
bunch, the dose per shot on target and the totally applied absolute dose. Together
with reference measurements, the joined detector signals allow an online prediction
and offline verification of the applied dose distribution.

2.7 Radiobiological models

The Principles of Humane Experimental Technique [117] call for possible replacement, reduc-
tion and refinement of animal experiments, across all scientific disciplines. Especially in
translational research, this has led to an increased interest in vitro 3D models. Due to their
biological structure, they are more realistic and informative than 2D cell monolayers [118].
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Following this approach and the translational notion, prior to volumetric small animal in
vivo studies, experiments using LPA protons on volumetric in vitro tissue were conducted
as part of the presented work. In the following, these models are introduced. The choices
of these models are in accordance with the translational research chain, as more complex
samples are examined after the successful experimental studies on 2D cell monolayers by
Kraft et al. [63], Yogo et al. [105] and Zeil et al. [64]. Regardless of the model, all studies
have to follow a radiobiological protocol in which the samples have to be divided into dif-
ferent treatment groups: proton irradiated, proton sham, X-ray irradiated, X-ray sham and
growth control. The study by Oppelt et al. [69] underlines the importance and necessity of
these groups. The spatially and temporally different campaigns with laser-accelerated and
clinical electrons resulted in a measurable difference in radiation induced tumour growth
delay. This difference could be corrected by normalisation of the X-ray control groups.
Suitable controls will therefore be an essential part of any upcoming radiobiological study
using laser-driven beams at Draco PW and beyond.

2.7.1 Tumour spheroids and Zebrafish embryos

As a volumetric in vitromodel, SAS cell line tumour spheroidswere used (human squamous
cell carcinoma of the tongue, RRID: CVCL_1675). Complex 3D structured models, such as
multicellular spheroids, better resemble the in vivo situation than 2D cell monolayers as
they can develop therapeutically-relevant hypoxic regions and a secondary necrotic core
[118]. Unlike complex in vivo studies, there is no need for governmental approvement and
therefore both sample and experiment can be quickly adapted to each other. The tumour
spheroids in the experiments for this thesis were grown in liquid overlay according to the
protocol by Friedrich et al. [119]. Here, 7000 cells per well were seeded into agarose-coated
96-well plates. The spheroids were used at day 6 in culture with a diameter of 600μm to
650μm. This spheroid size is generally associatedwith proliferation gradients and the pres-
ence of hypoxia and central secondary necrosis reflecting the pathophysiology in tumour
microregions. For the treatment, single spheroids were transferred into a cuvette filled with
50μL agarose and a nutrient solution (DMEM, penicillin/streptomycin (1%), fetal calf serum
(20%)) and then irradiated. Post irradiation, the spheroids were transferred into primed 96
well plates containing spheroid medium and 20μgmL–1 Pimonidazole (as hypoxia marker),
and maintained under standard conditions (37 °C, 8% CO2) for two hours. Subsequently,
they were fixed in 4% paraformaldehyde for 24 hours to be embedded in paraffin for sec-
tioning and further analysis. The paraffin embedded spheroids were cut in 5μm thick slices
and placed on SuperFrost slides for further staining (standard, see Friedrich et al. [119]).
The fixed and sectioned samples were imaged using an Axiovert S100 with a magnification
of 100. Resulting images are shown in Fig. 3.20b). Cell nuclei (in detail the DNA) and hy-
poxic areas were stainedwith DAPI (4-6-Diamidino-2-phenylindole) and an antibody against
pimonidazole according to manufacturer’s instructions. DNA double-strand breaks (DSB)
were marked by γ-H2AX staining according to Beyreuther et al. [120]. γ-H2AX requires a
living cell that is able to start the radiation damage repair process by activating the histone
H2AX via phosphorylation. Hence, the staining did not only show the DNA DSBs, but also
the vital part of the spheroid delimiting it from the dead, necrotic central area.
In contrast to tumour tissue, Zebrafish embryos (ZFE) exhibit characteristics suitable to

study the radiation response of normal tissue [121]. ZFE feature a high number of progeny
and high genetic similarity of 70% to humans, e.g. genes of the DNA repair machinery
[122]. Their rapid development and optical transparency facilitate continuous observation
of organ perturbations. Szabó et al. [123] established ZFE as a small vertebrate model
for comparative radiobiological studies with protons. The ZFE model was applied in ex-
periments at Draco [B17] and OncoRay [26, 65]. In addition to that, ZFE have a total size
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2 Translational research based on laser-driven proton acceleration at Draco PW

smaller than 5mm, which is favourable for experiments with the Draco proton beamline.
The experimental protocol using the ZFE was planned according to the European Par-

liament and Council Directive 2010/63/EU on the protection of animals used for scientific
purposes, which states that the early life-stage of zebrafish are not protected and thus no
ethical approval is required until the stage of being capable of independent feeding (five
days post fertilisation). All procedures were performed with respect to this directive and
in accordance with German legislation on the care and use of laboratory animals. To put
this in a more accessible way, ZFE until 5 days post fertilisation do not fall into the cate-
gory of vertebrate which require an accepted animal experiment application with the local
authorities. This enables smaller and more flexible in vivo studies of normal tissue without
the at least year-long authorisation process of a fixed proposed small animal experiment.
For this reason, the ZFE model is also becoming increasingly popular for FLASH irradiation
studies, which do not aim for comparative investigations of tissue damage of normal and
tumour tissue in a single sample, i.e. animal or human [26, 65, 124].
The experiments in this thesis were implemented using laboratory bred wild type (AB)

strain of zebrafish (Dario rerio) embryos. They were kindly provided by the Center for Re-
generative Therapies (CRTD) at TU Dresden. Embryos were washed and sorted into E3
medium (5mmol NaCl, 0.17mmol KCl, 0.33mmol CaCl2, 0.33mmol MgSO4, 0.1% methy-
lene blue [125]), afterwards transported for irradiation with care of the necessary temper-
ature maintenance (standard conditions at 28 °C). Shortly before irradiation, 25 embryos
at around 72 hour post fertilization (hpf) period were put in one well of a 96 well plate
which was filled with E3 medium and enclosed with a suitable stamp, following the model
of Szabó et al. [123]. At this point the ZFE had a length of around 2mm to 3mm. Post
irradiation, the embryos were transported back into the cell laboratory, where they were
manually separated and one hour after irradiation the ZFE were sacrificed and fixed in 4%
paraformaldehyde for subsequent histological analysis. The immunofluorescence staining
of the DSB signallingmolecule (γ-H2AX) was adapted fromBeyreuther et al. [120] as already
explained above for the spheroid staining. Whole zebrafish embryos were imaged by an
Axiovert S100, the resulting images are shown in Fig. 3.20c).
The experiments performing LPA proton irradiation on tumour spheroids and ZFE are

explained in detail in Sec. 3.7.

2.7.2 The mouse model

Based on previous work of Suit, Shalek, and Wette [126], a dedicated small animal tumour
model on mouse ear was established by Brüchner et al. [68] and further developed by
Beyreuther et al. [67]. It was specifically designed to match the capabilities of a laser-
driven proton beamline and facilitate the investigation of radiation effects of low energy
LPA protons compared to conventional accelerators. The optimized mouse ear tumour
model from Beyreuther et al. [67] was applied for the study in this thesis, using the de-
scribed procedures for whole body irradiation, tumour cell preparation and injection as
well as anaesthesia with the exception of introducing Bepanthen eyecream for eye protec-
tion during irradiation.
Experiments were performed using 7-to-14-week-old female and male NMRI (nu/nu)

mice purchased from Charles River Laboratories two weeks prior tumour injection. An-
imals were kept grouped with maximal 8 mice per Euro Standard Type III cage at 12:12
hour light-dark cycle, constant temperature of about 26 °C and relative humidity of 45% to
60%. The mice were fed with commercial laboratory animal diet for nude mice and water
ad libitum. In preparation of the irradiation experiments, human head and neck squamous
cell carcinoma (HNSCC) tumour cells (∼ 105) are injected into the mouse ears to induce tu-
mour growth. Animals bearing tumours were allocated for treatment when a single, nearly
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spherical tumour with a diameter of about 3mm had developed. The tumour growth is
monitored three times a week using a calliper. The corresponding tumour volumes are
calculated by π

6 ·a ·b2 with a being the longest and b the shorter tumour axis perpendicular
to a. Tumour origin is routinely controlled by micro-satellite analysis and standard hema-
toxylin and eosin staining. Tumour bearing animals fulfilling the allocation criteria [67] are
allocated to the different treatment groups necessary to delineate temporal variances of
the tumour model and non-radiation effects from treatment outcome [69].
A minimum proton range of 4mm in water was deemed necessary to account for tu-

mour penetration including size and shape deviations as well as dosimetric control mea-
surements in front of and behind the mouse ear, e.g. with self-developing radiochromic
films. This penetration depth requires protons with a kinetic energy of at least 25MeV.
Similarly, the diameter of the irradiation field was set to 5mm. Approaching the irradia-
tion experiment at Draco, pre-study irradiations were performed at a conventional X-ray
reference source which showed, that an integrated dose of 4Gy is sufficient for the desig-
nated endpoint tumour growth delay and has to be aimed for. This dose has to be applied
via multiple proton pulses within 4min to reach the necessary minimal net dose rate of
1Gymin–1 [127]. The radiobiological model requires that every part of the volumetric tu-
mour absorbs the identical proton dose. Hence, the lateral as well as the depth dose distri-
bution have to be uniform, with an acceptable deviation of 10% (2σ). The acceptable dose
deviation for mean absorbed dose values throughout the pool of irradiated specimens is
given with ±10%. In order to fulfil the radiobiological requirements the dose distribution
of the transported beam has to be homogenized laterally and in depth, i.e. from the typical
proton inherent inverse depth dose profile with a Bragg peak to a uniform distribution like
a spread-out Bragg peak.
Following irradiation, tumour diameters were measured three times a week for up to

120 days. The health status was assessed in parallel. Animals were sacrificed by cervical
dislocation when the tumour reached the model-prescribed diameter of 7mm to 8mm,
when necessitated by declining animal health status, or at the end of the follow-up period.
Animals with ulcerated tumours were also excluded. Tumour growth curves are derived by
relating the measured tumour volumes to tumour volume at allocation day and treatment
start, respectively.
The mouse model pilot study represents the main motivation of this thesis - facilitat-

ing dose-controlled applications using a laser-driven accelerator for translational research.
The requirements will be the ones usually aimed for in this thesis. If not further specified,
the laser and/or beamline settings and simulations are adapted to achieve the following
beam parameters: absolute dose of (4.0 ± 0.4) Gy with a net dose rate � 1Gymin–1, a
lateral beam diameter size of 5mm and a depth dose range of 4mm with a maximum
inhomogeneity threshold = 10% (2σ) for both lateral and depth dose homogeneity.
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3 The ALBUS-2S beamline at
Draco PW

Particle based radiobiological studies, and ultimately particle therapy, rely on conventional
accelerator and beamline technology, usually associated with large-scale infrastructure.
With the discovery of laser-driven ion acceleration, the novel particle source was quickly
proposed to aid or even replace conventional structures. The extremely reduced source
size was named as one of the advantages, next to benefits with respect to the beam trans-
port, radiation shielding and building construction in terms of complexity, size and cost.
Therefore, more than ten years ago the HZDR and OncoRay started to collaborate on in-
vestigating a holistic concept for a laser-driven ion beam facility, comprising research and
development on laser technology [B5, 66, 128], laser-plasma interaction [45, B21, 129,
130], dosimetry and detectors [131–134], radiobiology [26, 46, B24, 63, 67–69, 135, 136]
as well as beam transport [B17, 57, 110, 137].
For the latter, pulsed high-field magnets with dedicated current pulse generators as

drivers were developed at HZDR3 with the goal to explore the possibility of a pulsed LPA
beamline for radiobiological studies and other multidisciplinary research. The results and
efforts are combined in the ALBUS platform. Herein, several types of magnets were de-
vised and if necessary new magnets and designs are possible. Additionally, instead of
large capacitor bank infrastructure, the current pulse generator technology was down-
sized to portable devices. Therefore, the ALBUS platform is applicable at different LPA
sources or experimental setups. Specifically designed pulsed magnets proved to be valu-
able in multiple fields of laser-plasma research, ranging from accelerator research within
the LIGHT collaboration4 investigating the coupling of an LPA source with a conventional
accelerator structures to provide tunable beams for beam injection or application [55,
56, 112, B8, B15], to laboratory astrophysics at LULI5 or PALS6 [B19, 138, B6, B18, 139,
B20, B16]. At HZDR, studies at a conventional Tandem accelerator as well as at the laser-
acceleratorDracowere conducted, marking the first experiments towards pulsed high-field
beam transport for radiobiological purposes [B17, 110]. The unique LPA source character-
istics of a highly intense particle flux at comparatively low pulse repetition rate and the
broad energy spectrum with its wide angular distribution pose challenges in contrast to
the well-defined conventional accelerator source characteristics. To overcome these po-
tential drawbacks and even benefit from them, a specifically adapted beam transport tech-

3 a collaboration of the Institute of radiation physics and the Dresden High Magnetic Field Laboratory (HLD)
4 Laser Ion Generation, Handling and Transport at GSI Helmholtzzentrum für Schwerionenforschung GmbH
5 Laboratoire pour l’Utilisation des Lasers Intenses at the École Polytechnique
6 Prague Asterix Laser System
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3 The ALBUS-2S beamline at Draco PW

nology for laser-driven particle sources was developed in previous works at HZDR [110,
111] and improved throughout the work of this thesis resulting in the ALBUS-2S beamline.
It is a pulsed high-field solenoid beamline operating at similar pulse rates as the laser-
driven source, enabling the provision of individually tailored single-shot (depth) dose pro-
files. Looking beyond, in sight of a potential (pre)clinical use and for translation to conformal
irradiation of extended tumour volumes, established approaches such as 3D pencil beam
scanning have to be fundamentally redesigned in order to make efficient use of the uncon-
ventional LPA beam characteristics. In a detailed design and feasibility study by Masood et
al. [57], a proton gantry design based on pulsed high-field air-coil magnets was investigated,
supporting the efficient capture, bunch-to-bunch energy selection, transport, and shaping
of divergent, broad-band laser driven proton bunches. This theoretical concept evidently
shows the strength of the overall ALBUS platform, making use of pulsed magnets, such as
solenoids, quadrupoles and sector magnets to provide a potential small-footprint particle
therapy complement or even alternative.
In the upcoming chapter an insight on the working principle solenoid magnets and cur-

rent pulse generators is given, followed by an explanation of the overall concept of the
pulsed beamline and the implementation of the ALBUS-2S beamline at Draco PW. A devel-
oped predictive simulation model based on the beamline is introduced, including the ex-
perimental verification of the specifically adapted simulation model. Thereafter, the shap-
ing of the proton beam spatially and spectrally using the ALBUS-2S beamline is explained,
using both experimental and simulation data. In the following, performed proof-of concept
experiments and their results are shown. The chapter closes with a section on the limits
of said beamline and its individual parts and reveals the missing steps and parameters for
a possible and successful mouse model irradiation campaign.
Overall, this chapter serves as an introduction to studies using the pulsed high-field so-

lenoid beamline at Draco. As all concepts are introduced in a general manner it can also
be seen - to a certain amount - as a guide on how to implement an application-oriented
pulsed magnet laser-driven beamline. Some results, explanations and figures of these ex-
periments have already been published by the author [B17] and were part of a Master’s
thesis [140], which both represent the basis of the upcoming Chapter.

3.1 A pulsed high-field solenoid beamline

In the next section the focussing properties of a solenoid on charged particles are pre-
sented, following the more graphically description of the beam dynamics by Kumar [141].
Although not perfectly modelling the real life particle transport due to necessary approx-
imations for simplification, this approach allows estimations on the necessary magnetic
field strengths or focal distances for a scenario of choice. These starting values can further
be used in sophisticated particle tracking simulations, as in Section 3.4. For a more de-
tailed and formal explanation further literature as Wiedemann [142] and Reiser [143] are
recommended. After this section, the pulsed aspect of the beamline is looked into.

3.1.1 The solenoid lens

The magnetic field of an ideal, axially symmetrical solenoid can be depicted by its separate
components in longitudinal (Bz(r, z)) and radial (Br(r, z)) direction. They can be described by
following series representations:

Bz(r, z) = ∞∑
n=0

(–1)n

(n!)2
B(2n)

( r
2

)2n = B(z) –
r2

4
B′′(z) + ... (3.1)
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Figure 3.1: Schematic explanation of themovement of examplary particles inside a solenoid (B-field
into the drawing plane; adapted from Kumar [141]). A proton beam with the radius r0,A enters the
solenoid, its bore size is represented by the outer solid line. Two examplary protons A1 and A2 of
that beam (depicted in orange) start with their largest radial offset r0,A. As the protons progress
through the solenoid field, they move from PA,1 and PA,2 to P′A,1 and P

′
A,2, respectively. By doing so,

the beams periphery decreases in size from the solid line to the dashed line with the new beam
radius of rz,A. The relationship of Lamor to cyclotron frequency is shown for particle A1 - it passes an
angle of 2θ with respect to OA1 in contrast to only θ with respect to O. Thus, the cyclotron frequency
is two times the Lamor frequency. For comparison, a different exemplary proton B is shown in blue,
with a smaller radial offset. As for A1 and A2, the dotted line depicts the particles’ individual planar
helix radius. After moving through the solenoid, at P′B, the composition of the transverse velocity in
azimuthal (vθ) and radial (vr) components is depicted.

Br(r, z) = ∞∑
n=1

(–1)n

n!(n – 1!)
B(2n–1)

( r
2

)2n–1 = –
r
2
B′(z) +

r4

16
B′′′(z) + ... (3.2)

with B′(z) denoting the partial derivative with respect to z. Both Bz(r, z) and Br(r, z) are
thus obtained via the axial solenoid field B(z). In the following the particle dynamics under
the paraxial approximation and the so-called hard edge approximation will be discussed.
This approximation represents simplifications in comparison to real life experiments. The
paraxial case assumes that the protons initially only have the axial velocity component vz
and enter the solenoid with small radial distances r from the magnet’s main axis. In com-
parison to the aperture radius of the solenoid rsolenoid, r is considered small (r � rsolenoid).
With this approximation, only terms up to the linear order in r are considered in equations
3.1 and 3.2 which are then simplified to

Bz(r, z) = B(z) (3.3)

Br(r, z) = –
r
2
B′(z) (3.4)

The axial solenoid field, with the hard edge approximation, assumes that only a constant
axial magnetic field component and no radial component exists within the solenoid. For
a solenoid of a length S (i.e. in the range 0 < z < S) the field can be described with the
Heaviside step function θ (θ(z) = 1 for z > 0 and θ(z) = 0 else) as:

Bz = B0 [θ(z) – θ(z – S)] . (3.5)
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3 The ALBUS-2S beamline at Draco PW

Thus, there is no longitudinal field outside of the solenoid. Yet, on the outside at the very
edge of the solenoid radially deflecting, so-called fringe fields, are present. To account for
these, the radial component follows

Br = –
r
2
B0 [δ(z) – δ(z – S)] , (3.6)

with the Dirac delta function δ.
To describe the beam dynamics, a parallel proton beam travelling in z-direction is consid-

ered, with a proton rest mass of mp, particle charge q = e and velocity vz. In the field-free
region outside the solenoid, the protons move in a uniform linear motion. Upon enter-
ing the solenoid with a radial distance r0 �= 0, the particle interacts with the magnetic field
components and gains transverse velocity v⊥ via a kick by the Lorentz-force in the boundary
field of the entrance plane of the solenoid

v⊥ = r0
eB0
2γmp

(3.7)

with the Lorentz-factor γ. Note, that due to energy conservation a rise of v⊥ implies a de-
crease in vz, but in the paraxial approximation this is negligible [141]. Travelling further
inside the solenoid, the transverse velocity component interacts with the axial magnetic
field, forcing the proton on a helical trajectory with the cyclotron radius rc = γmpv⊥

eB0 . Com-
bined with Eq. 3.7, this leads to rc = r0

2 , i.e. the radius of helical trajectory of a proton is half
its initial radial offset. As a result all particle trajectories have an intersection point with the
solenoid main axis. In doing so the individual protons rotate with the cyclotron frequency
ωc = eB0

γmp
around their corresponding helix axis and with the Larmor frequency ωL = eB0

2γmp

around the solenoid axis. This is pictorially explained in Fig. 3.1. As a result of these helical
movements, the proton beam undergoes periodic focusing in the region of the uniform
magnetic field within the solenoid. The travelling particles’ radial and azimuthal coordinate
throughout the solenoid is then given by

r(z) = r0 cos
(
ωLz
vz

)
and (3.8)

θ(z) = θ0 +
ωLz
vz

(3.9)

with θ0 as initial angle when entering the solenoid and t = z
vz . Eq. 3.9 shows an inher-

ent rotation of the beam, when being focused by a solenoid. Depending on the solenoid
length, field strength and the energy of the incoming proton beam, it can be focused in-
side the magnet, even multiple times. Yet, in the scope of this work, the combination of
high energetic protons and the spatially limited solenoid usually lead to a focal spot further
downstream. Therefore, the particles interact a second time with the fringe field Br of the
solenoid, this time at its exit. The impact on the beam becomes clearer, when decompos-
ing the transverse velocity v⊥ into a radial (vr) and azimuthal (vθ) component, as shown in
Fig. 3.1. Derived from Equations 3.8 and 3.9 follows

vr(z) = –rωL tan
(
ωLz
vz

)
and (3.10)

vθ(z) = rωL (3.11)

with r also being a function of z. In general, yet depending on particle energy, field strength
and solenoid length S the protons exit the uniform field region with a different radial offset
rS = r(z = S) �= r0. The interaction of the fringe field Br via the Lorentz-force leads to a
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3.1 A pulsed high-field solenoid beamline

second "kick" azimuthally. Similar to Eq. 3.7 the protons’ velocity changes by Δvθ = –rωL,
thus cancelling the azimuthal velocity component, while the radial component is preserved
as

vr = –rSωL tan
(
ωLS
vz

)
. (3.12)

After periodic focusing within the solenoid, the proton now has a radial velocity in the
direction of the solenoid axis, which is linked to its radial coordinate at the exit rS. As a
consequence, particles with a larger rS gain higher velocities, allowing the focusing of a
spatially broad particle beam. Using the paraxial approximation and the thin-lens approxi-
mation (S� vz

ωL ) it can be derived that a complete (monoenergetic) beam is focused in one
point on the axis. Here it is additionally assumed that the solenoid gives the proton pre-
dominantly a radial impulse in the direction of the solenoid axis and the radial coordinate
r stays constant (r0 ≈ r ≈ rS). Combined with the small angle approximation (tan ωLS

vz ≈
ωLS
vz )

Eq. 3.12 becomes

vr = –r
e2

4γ2m2
pvz

B20S. (3.13)

In the field-free area behind the solenoid the particle trajectory slope can be derived by

dr
dz

dz
dt

= –r
e2

4γ2m2
pvz

B20S ⇒ dr
dz

= –r
e2

4γ2m2
pv2z

B20S. (3.14)

Following this, the focal length f can be derived as

1
f

=
(
dr
dz

)
r

= e2

4γ2m2
pv2z

B20S. (3.15)

This confirms the above given statement, that protons of the same momentum are fo-
cused into the same focal spot, regardless of their initial radial offset. Equation 3.15 can be
generalised by introducing an arbitrary spatial variation in the B-field along the z-direction,
becoming

1
f

=
(
dr
dz

)
r

= e2

4γ2m2
pv2z

∫
B2dz with p = γmv

1
f

= e2

4p2

∫
B2dz (3.16)

which is the common equation for the focal length of a thin solenoid in reference literature.
In the course of the derivation of the focal length, several assumptions were made which

in a real laser acceleration experiment are violated. The initial assumption of ideal field dis-
tributions in Equations 3.1 and 3.2 and the hard edge approximation are not met by real
solenoids. Field perturbations due to the winding geometry, e.g. the pitch, the transition
between layers, imperfections in rotation symmetry and/or in- and outgoing supply cables
are common. As a consequence geometrical aberrations such as astigmatism appear. Fur-
thermore, although not wrong for all particles, the thin lens approximation is violated (es-
pecially by low energy protons). Another aberration to be discussed is the chromatic aber-
ration - the dependency of the focal strength on the incoming particles’ energies/momenta
- shown in Equation 3.16 and visualised in Fig. 3.3b). This inherent "imperfection" can be
used in a beamline for a first energy selection, given the incoming beam is polychromatic
or has a broad energy spectrum as in TNSA. By doing so, an aperture installed at the fo-
cal position of the desired energy can replace an additional energy selection structure in
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3 The ALBUS-2S beamline at Draco PW

a beamline. When considering a beam with the momentum bandwidth of p + Δp, the en-
largement rC can be derived using the small angle approximation as

rc = α
∂f
∂pΔp = αf

(
p
f
∂f
∂p

)
Δp
p

= 2αf
Δp
p

(3.17)

The last step in Equation 3.17 used Equation 3.15 for the focal length of a thin lens. Knowing
this, the previously discussed energy selecting aperture is not a perfect energy selection
system, but always allows a certain bandwidth. Yet, by altering the aperture radius, one
can define a bandwidth, which can be transported efficiently.
As explained in Section 2.4, the TNSA mechanism leads to a wide angular distribution

in the source emission. Using a solenoid for beam transport demands high transmission
efficiency and thus, the full opening bore of the solenoid is usually filled by protons. The
field strength increases closer to windings, violating the paraxial approximation for the out-
ermost particles. This leads to an error comparable to spherical aberration in the optical
regime. Although monoenergetic, the beam then has not a single but several focal planes
from the particles close to the windings (closer to the solenoid) and the paraxial ones (far-
ther from the solenoid, fp). Shown in Fig. 3.3c) are particle trajectories, which start from
one object (L1) and pass through the magnet lens at the height rl. An ideal lens focuses
the particle in the paraxial section at fp. Due to the spherical aberration, the real beam is
refracted more strongly, with the convergence angle αi. Thus, the focus gets lengthed in
z-direction by Δzi and a lateral offset of the trajectories of Δri at fp occurs. Considering the
envelope of the entire trajectory ensemble, the smallest circle of dispersion with the radius
rs can be found at Δzs < Δzi, depicted red in Fig. 3.3c). According to Reiser [143] the radius
of smallest dispersion for a thin lens can be estimated as

rs = 1
4
Cs(L1)

f
L2
α3i . (3.18)

Cs is the spherical aberration coefficient, depending on L1 and the overall lens geometry.
Both spherical and chromatic aberration cause an increase in focal "spot" size to a disc of
smallest dispersion. Yet, for readers’ convenience, when speaking of such a disc usually
the word focus will be used throughout this thesis.
In summary, solenoid magnets are well suitable beam transport devices for TNSA pro-

tons. They enable control of the beam divergence and offer a high transmission efficiency
due to their large possible bore. The combination of a TNSA source and a solenoid beam-
line will always suffer from geometric aberrations, which have to be accounted for in ex-
periments and simulation. Yet, this can also be used as an advantage. Although particles
transported via solenoids cannot be considered monoenergetic in the sense of conven-
tional accelerators, a solenoid beamline allows to control the transported spectrum by
the inherent feasibility to select certain energy bands, due to the chromatic, thus energy-
dependent focusing properties.

3.1.2 The pulsed beamline aspect

The previous section explained the solenoid lens and its usability for beam transport after
a laser-driven source. This combination reaches the full potential when the magnetic field
strength B itself is adjustable, so the beamline is not limited to one fixed energy (band)
but can transport basically any - technically possible - energy and is therefore suited for
many applications. In the following, the pulsed magnet approach is explained, with a main
emphasis on the pulsed beamline at the Draco laser facility. Using an electromagnet in-
stead of a permanent magnet offers two main benefits: it is adjustable in field strength
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3.1 A pulsed high-field solenoid beamline

and its achievable field strength surpasses permanent ones [144]. High-field electromag-
nets are developed and researched by high-field laboratories - such as the Dresden High
Magnetic Field Laboratory (HLD) at HZDR. There are several types of electromagnets in use
for different applications, each with its own advantages and difficulties. They established
DC air-core normal conducting electromagnets, which demand a sophisticated cooling and
large power-supply infrastructure to provide up to several 10 T [145]. Around 20 T can be
provided by DC superconducting magnets, which usually are embedded in cryogenic ves-
sels and cooled to liquid helium temperatures [146]. The highest fields can be gained by
destructive pulsed high-field magnets, where MA-level current pulses are applied on wind-
ing(s) or conductor blocks which in the process will be destroyed (ripped apart, evaporated
or turned into plasma) [147]. Complex solutions allowmagnetic fields even in the kT regime.
Themagnet type of interest in this thesis is the non-destructive pulsed high-fieldmagnet.

It is typically cylindrically wire wound (a solenoid) and embedded in a Dewar vessel to be
cooled to liquid Nitrogen temperatures. By applying one current pulse it can be heated
to room temperature and above. These are provided by capacitor-based pulse generator
banks with MW peak power, operated usually at low repetition rates in the order of one
pulse per hour. With this setup, the highest fields achieved as of now are 100.75 T by the
National Magnetic Field Laboratory, Tallahassee, USA [148] and 94.2 T by the HLD [149].
As used in high-field laboratories, this technology would be impractical and exaggerated

in a beamline for laser-driven proton acceleration. But down-scaled and properly adapted
to its application, pulsed high-field solenoids are a versatile and fitting instrument. The
customisation on the solenoids’ side involve the neglect of the liquid nitrogen environment
and a stable, air-tight housing which allows the solenoid to be in ambient air while the
whole structure is implemented in vacuum. Another adaptation regards the power supply.
Instead of hall-filling capacitor banks, a downsized pulse generator based on the same
technologywith only a few capacitors can be used. The combination allowsmagnetic pulses
at comparably high repetition rates in the order of several pulses perminute instead of one
per hour. This matches well with the also single shot TNSA source, having the same overall
pulsed time structure (cf. Fig. 3.2). A detailed description of the down-scaling and adoption
of the high-field magnet platform can be found in Kroll [110], where also different magnet
types are discussed and the use of pulsed solenoids for the beamline at Draco is justified.
The following paragraphs describe shortly the underlying mechanisms of the conceptual
design of a pulsed solenoid beamline.
To design the magnet and its pulsed power source, the magnetic field strength and dis-

tribution is of interest. Eqs. 3.1 and 3.2 show the description of the B-field components as
functions of the radial coordinate r and the on-axis field B(z) and its derivatives. The latter
is depending on the magnets geometry and for a thin-walled solenoid with N windings, a
finite length S and the mean radius rm it can be described by

B(z) = μ0Ni
2S

(
z – z1√

(z – z1)2 + r2m
–

z – z2√
(z – z2)2 + r2m

)
. (3.19)

z1 and z2 are the solenoids entrance and exit coordinates (z2 > z1⇒ z2–z1 = S), μ0 the vac-
uum permeability and i represents the coil current. The magnets in the scope of this thesis
cannot be described by above equation, as they have multiple winding layers leading to a
rectangular cross section, therefore violating the thin-walled assumption. Consequently,
eq. 3.19 has to be integrated from the inner radius ri to the outer radius ro leading to

B(z) = μ0Ni
2S

⎛⎝(z – z1)ln
√
r2o + (z – z1)2 + ro√
r2i + (z – z1)2 + ri

– (z – z2)ln
√
r2o + (z – z2)2 + ro√
r2i + (z – z2)2 + ri

⎞⎠ , (3.20)
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Figure 3.2: a) Simplified circuit diagram of a capacitor based pulse generator with a crowbar
diode. b) Generalised temporal evolution of voltages and currents gained from a SPICE simulation
(matched to realistic PG and solenoid properties). The black curve represents the proton pulse,
indicating the well-fitting combination of a pulsed magnet with a laser-driven proton source. c)
Photograph of two pulse generators used in the scope of this thesis.

with z = z1+z2
2 . For the center of the solenoid the magnetic field B0 can be described as

B0 = μ0Ni
2S(ro – ri)

ln

√
r2o +

(
S
2

)2
+ ro√

r2i +
(
S
2

)2
+ ri

. (3.21)

Generally for a cylindrical solenoid, the maximum of the on-axis field is at the centre of
the solenoid, i.e. B0 = Bz,max. If mentioned in this thesis without further information, the
magnetic field of a solenoid describes the field at the center of the solenoid B0.
According to the desired application the required magnetic field strength and shape can

be estimated. In the following, the generation of this field is of question, at first the neces-
sary energy. The magnetic energy can be derived from the magnetic field’s amplitude and
volume via

Emag = ∮
ρmd�r = ∮

B2

2μ0
d�r. (3.22)

ρm denotes the magnetic energy density and μ0 the vacuum permeability. This energy has
to be provided by the current source, i.e. pulse generator, which itself of course has limita-
tions. The more common approach in electrical engineering is using the (self) inductance
L to describe the energy of a conductor structure that carries the current i:

Emag = 1
2
Li2. (3.23)

Now, an estimation for L has to be found. For complex geometries the handboook of
Grover [150] is recommended. Taken from Wheeler [151] and adapted by Kroll [110], L
for a short, radially thick (multi-layered with inner and outer radii ri and ro) solenoid mag-
net can be described as

L ≈ 0.31r2mN2

6rm + 9S + 10t
in μH (3.24)

for spatial measures in cm. rm = ri+ro
2 denotes the mean winding radius and t = ro – ri is

the radial thickness of the rectangular cross section of the cylindrical magnet.
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3.2 General beamline concept

With these equations, the magnetic and electric energy necessities can be estimated
and designed towards specific applications, such as beam transport for laser-driven pro-
ton sources. Further, mostly technical, considerations for beamlinemagnet design are only
mentioned in this section and properly described later throughout this thesis (cf. Ch. 3 and
4). One is the problem of mechanical stress during a magnetic pulse. The solenoid can
experience extremely high forces at already moderate magnetic field strengths potentially
leading to plastic deformation of the solenoid structure or even ripping of thewirewindings.
The necessary mechanical reinforcement of the wires (e.g. by using more rigid alloys) and
the individual layers (e.g. by introducing tear-resistant fiber layers) has to be in accordance
with electrical and thermal properties of the magnet. Speaking of thermal properties, the
complex heating of the solenoid has to be taken into account when using the magnet in
a repetitive manner, a more detailed discussion of that can be found in Sec. 4.2.2. Specif-
ically for the magnet design for a laser-driven proton beamline, a sophisticated housing
and connection to the pulse generator is required. Due to the vacuum non-compatibility
of the solenoid’s reinforcement, wiring to the pulse generator and thermal issues the so-
lenoid has to be operated in ambient air while being close to the source. But, the TNSA
source requires a high-vacuum environment of around 1× 10–5 mbar and emits a variety
of very high energetic particles and radiation. So the housing has to be in the best case
mechanically stable, radiation proof, non-reflective and to be connected to air outside of
the vacuum chamber. In contrast to all these demands is the required small weight of the
magnet structure, as it has to be (remotely) moveable in all directions for beam alignment.

3.2 General beamline concept
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Figure 3.3: a) Sketch of the basic principle of the beamline used at the Draco facility. Protons are
accelerated by the laser hitting a thin target, their dose profile is shaped while being guided onto
a (e.g. radiobiological) target via two pulsed solenoid magnets. Below: Pictorial explanation of the
geometric aberrations of the solenoid lens. b) Chromatic focusing effect: The proton beams of
different energies (E1 < E2 < E3) are focused by the solenoid (yellow box) at different positions,
according to their energies. The inlet highlights the effect of the spherical aberration, exemplary for
E1, but occurring for all energies. The image was generated using a GPT simulation, cf. Sec. 3.4. c)
Spherical aberration effect (exaggerated sketch for better visibility): The solenoid lens generates a
multitude of focal planes, depending on the position Δrl of the incoming particles into the solenoid.
The thick grey lines represent the two beam paths, creating a thinnest beam waist with the radius
(red) of rs, for simplicity further called focus. For details refer to main text.
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3 The ALBUS-2S beamline at Draco PW

The beamline concept is adapted and optimised for a laser-driven proton source, the
Draco PW [B5], which always acts as the starting point of the particles to be transported.
The most common, and therefore here considered, acceleration mechanism is TNSA (see
Sec. 2.4), where the particles are distributed over energy-depended large angles. The goal
of the beamline is to provide a defined spectral and spatial (proton) dose distribution at
a distinct position further downstream. As the beamline is designed to be applicable for
radiobiological studies, a broadband particle beam transport resulting in a homogeneous
depth dose distribution is aimed for. The irradiation site is located at the end of the beam-
line, where for example radiobiological samples or particle diagnostics can be installed
and tested. Along the beam’s path beam-monitoring or -manipulating elements are imple-
mented.
The main components for particle transport in this beamline setup are two pulsed high-

field solenoids matching the pulsed nature of the laser-driven source. To enable a high
transmission efficiency and to counteract the large source divergence angles, the first so-
lenoid with a large open aperture is positioned close to the source, mostly referred to as
"capturing solenoid" or "S1" in this thesis. The second magnet ("focusing solenoid" or "S2")
is positioned outside of the laser-target vacuum chamber to further transport, guide and
focus the particles.
As explained in Sec. 3.1, solenoid magnets are chromatic focusing devices with the focal

length f being proportional to the particle momentum squared f ∝ p(E)2. By using only the
first solenoid, protons of a selected energy band can be efficiently captured, transported
and focused at a distant irradiation site for quasi mono-energetic dose delivery. To gener-
ate homogeneous dose distributions or for other polychromatic transport scenarios, one
has to make use of two solenoids. In Fig. 3.3a) a specific energy class E1 < E2 (blue beam)
is presented, that - for a given setting of S1 and S2 - is focused between S1 and S2 in a
way that this fraction of the beam is efficiently recaptured by S2 and finally focused by S2
to the irradiation site. Up to an energy class E2 (orange beam), defined by the variable so-
lenoid setting (or rather the magnetic field of the solenoid), protons can be focused to a
real focus downstream. For energies larger than E2 the initial divergence is only reduced.
To conveniently distinguish, from now on the beam of energy E2 is referred to a collimated
beam, ignoring the influence of finite emittance and energy spread.
This collimated beam propagates in vacuum towards solenoid S2. S2 is set to focus

protons of energy E2 at the irradiation site as well. This leads to two individual and thus
tuneable fractions of the broad TNSA spectrum being superimposed at the plane of in-
terest. Instead of a monoenergetic beam with one distinct Bragg peak, two energy bands
are transported, allowing the lower dose plateau region of E2 before the Bragg peak to be
filled up by dose induced by protons of E1 and thereby approaching an inherent spread-out
Bragg peak. This resembles the basic radiotherapy concept using SOBPs, but in a single
shot as proposed by Masood et al. [137]. Higher energetic proton beams with E3 > E2
(green beam) are neither collimated nor focused, but experience only a decrease in di-
vergence. As a result, those particles will not be transported to the plane of interest as
efficiently as protons of E1 and E2. Nevertheless, they reach said plane and usually have to
be blocked by an aperture to protect the surroundings of the intended irradiation target.
Due to the flexibility of the beamline with its different setups, it is suited for a broad range

of applications. Notable is the interaction of the TNSA source and both solenoids, which
enables the transport of two separate spectral components on a single-shot basis.

3.3 Design and implementation of the ALBUS-2S beamline

The upcoming section discusses the implementation of a dual pulsed solenoid beamline
at the Draco PW facility in the year 2017, its characterisation and experimental results
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3.3 Design and implementation of the ALBUS-2S beamline

achieved with the laser performance and the technological status of the pulsed solenoids
at that time (cf. Set 1 in Sec. 2.4.1). It was designed with the aim to meet the requirements
for the mouse model irradiation (cf. Sec. 2.7.2).
The presented beamline is installed at the ion target area area of the Draco laser facility

at Helmholtz-Zentrum Dresden–Rossendorf [B5]. Its main design features are presented
in Fig. 3.4 a). Using the Petawatt beam of Draco [B5, 70, 129] (E1 = 18 J on target after rec-
ollimating single-pass plasma mirror, τ = 30 fs, 3 μm FWHM spot size) on 80nm to 200nm
plastic targets, protons were accelerated via TNSA (cf. Set 1 in Fig. 2.2 and Table 2.1). The
protons are then transported and guided by beamline solenoids (S1 in vacuum, S2 out-
side the chamber) to the irradiation site. Further downstream is an in-vacuum diagnostic
chamber with a 25μm Kapton window acting as the vacuum-air boundary followed by op-
tional in-air diagnostics equipped with a thin transmission ionisation chamber for online
dose monitoring. The irradiation site is located at the end of the beamline, where either
radiobiological samples or other in-air diagnostics can be installed and tested [B9, B14].
On several positions along the beampath (P1 - P5) one can introduce beam-manipulating
elements (apertures, scatter foils) or beam-analysing elements (stacks of self developing
radiochromic films (RCF), scintillators, ultra-fast diamond detector [B9]).
To transport the particles two identically constructed solenoid coils were installed 8 cm

(first winding of the capturing solenoid S1) and 111 cm (first winding of the focusing so-
lenoid S2) behind the laser target. Due to their large spatial separation, an influence of
the magnetic field of S1 to S2 and vice versa can be neglected. The distance between the
two solenoid lenses are chosen to roughly resemble the optical scenario of a bi-telecentric
lens system. This particle "imaging system" leads to a magnification by the ratio of the fo-
cal distances of the two magnetic lenses. For an ideal match, where the focal length f2 of
S2 has to fulfill the condition f1 + f2 = 1034mm, which is the distance between the sole-
noids. With a fixed f1 ≈ 99.5mm (according to the design energy of 25MeV), this leads to
f2 = 934.5mm resulting in a magnification factor of roughly 9. The focal spot location lies
then 2121mm downstream of the laser target, where the in-air diagnostics or radiobiolog-
ical samples can be installed. As shown in later sections this analogy works sufficiently well
for the particle beam. With the overall scheme now explained, the following paragraphs
will deal with the individual parts of the beamline, i.e. the solenoids with their periphery
and the pulse generators.
The solenoids consist of 112 evenly distributedwindings in four layers, each reinforced by

at least 1.5mmZylon. A strong copper alloy (Wieland K88) wire of 4.3×2.8mmcross section
is wound on a cylindrical fibre-reinforced plastic (FRP) body with 54mmouter diameter and
48mm inner bore size. Compared to other beamline magnets with comparable objectives
the pulsed solenoids are extraordinary small and lightweight, with an outer diameter of
10 cm and a mass of less than 10 kg [99, 110, 152]. As explained in Sec. 2.4, laser-driven
proton irradiation requires a high-vacuum surrounding, which unfortunately contradicts
with the properties of used materials in the solenoid. Hence, the capturing solenoid S1 is
enclosed by a cylindrical stainless steel housing with a PEEK lid. The housing is connected
via bellows to the outside of the target chamber to operate the coil in ambient air, see
Fig. 3.4b) and c) for sketch and photograph. This measure has to be taken to prevent
the reinforcement and FRP from outgassing, which would deteriorate the vacuum quality
and lower the electrical insulation of the coil. The housing also shields the coil from direct
exposure to the high flux ionising radiation. More details can be found in the PhD thesis by
Kroll [110], where a detailed description of the design and manufacturing process as well
as further details on the solenoid and its usage can be found.
To precisely align S1, the capturing solenoid is mounted on a remote controlled hexapod

(Newport HXP100-MECA), allowing translations in all dimensions as well as rotation around
a specifiable pivot point. Yet, the freedom of movement is limited by the travel range of the
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Figure 3.4: a) Schematic of the proton beamline at the Draco laser facility. At positions P1–5 de-
tectors can be installed. b) Cutaway view of the capturing solenoid with stainless steal housing and
typical application scenario, important design features and components marked. The laser-driven
ion beam is depicted and the broad energy distribution illustrated by themanifold coloured arrows.
Figure from Kroll [110]. c) Photograph of the installed capturing solenoid in the Draco PW target
chamber.

hexapod and the sturdiness of the wire and bellow connection to the chamber. Solenoid
S2 ismounted on a table with height adjustable screws, which itself is reproduciblymovable
with the same degrees of freedom as S1, but not motorised. This measure could be taken,
as solenoid 2 is not in vacuum and accessible during experimental runs.
To provide the coils with high current pulses, two capacitor-based pulse generators

(Ctotal = 326μF and Ctotal = 200μF) were developed which can provide maximum charging
voltages of UC = –24 kV and UC = –16 kV resulting in stored energies of 94 kJ and 25.6 kJ
respectively [110].
The maximum repetition rate of the pulse generators is around three pulses per minute,

but applying the high current pulses to the solenoids over a time of about more than
ten minutes leads to a temperature increase due to Ohmic heating in the solenoid (cf.
Sec. 4.2.1), which endangers the compound of the reinforcement and adhesive. This could
lead to outgassing and lowering of the insulation, enabling a possible spark between the
windings and therefore has to be avoided. This repetition rate in combination with the
repetition rate of the laser-proton source (mostly limited by target alignment) results in an
effective repetition rate of two pulses per minute.
Using the beamline for proton beam transport, the ns long proton pulse is sent through

the solenoid, when the pulsed B-field is at the maximum of its ms long pulse and appears
therefore stationary for the protons, visualised in Fig. 3.2b). In addition to this temporal
aspect of the magnetic field, the spatial components have to be investigated. Solenoids
have a complicated field structure including the fringe fields. Field distortions due to hous-
ing and mounts, additional fields induced by eddy currents or other asymmetric field in-
fluences induced by the current pulse, can still be high enough to strongly influence the
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3.4 Modelling the ALBUS-2S beamline

beam optical properties, which in the end also reduces the focal spot quality. To overcome
this, a semi-empiric approach of the beamline characterisation via proton transport was
developed, with as many field measurements as possible and beam shaping experiments
to fit a numerical model, as presented in Sec. 3.5.
In order to do controlled irradiation of samples at the end of the beamline an online

supervision as well as accurate post irradiation analysis of the applied dose is necessary. A
complex detector suite complementing each other has been established at the Draco PW
beamline. One online detector system is a scintillator block which is imaged from the side.
Two were implemented both in the diagnostics chamber and at the irradiation site and
could be installed on demand. These scintillators are not used as absolute dosimeters, they
just offer online information on penetration depth (therefore proton energy) and lateral
position/shape of the beam(s) and are thus essential for performing online optimization of
the beamline. They are used only for the beamline setup, before doing actual irradiations.
With the information on the proton beam’s spatial and cut-off energy, the dose per shot is
of interest, including possible variations from shot to shot. To detect this, a transmission
ionisation chamber (IC, PTW X-Ray TherapyMonitor Chamber 7862) was installed right after
the vacuum exit window. This transmission IC is used as a tool to predict the dose delivered
to the sample, which was already proven to be reliable for radiobiological studies with laser-
driven protons [132]. The employed IC was cross calibrated using RCF stacks at sample
position P5. As a result, changing the beamline transport setting requires a new calibration.
For all presented setups these calibration procedures were thoroughly conducted.
Formore precise energy and dose resolvingmeasurements, stacks of self-devel-oping ra-

diochromic films of type Gafchromic EBT3 are implemented at the irradiation site. With an
appropriate calibration, a single film provides two-dimensional (lateral) dose information.
When used as a stack of several films, they allow to map three-dimensional dose distribu-
tions and, via deconvolution, to reconstruct the kinetic energy spectrum of the impinging
proton beam [85]. Using these RCF stacks enables to generate the depth dose profiles as
shown in Fig. 3.20a). To retrieve the applied dose on radiobiological samples, a single RCF
film can be placed in front and after sample, which are then analysed in analogue to the
stacks, providing quantitative lateral dose information. By comparing these films with the
according films of a similarly irradiated RCF stack, one can estimate the applied dose of a
sample post irradiation. This procedure is dependent on a stable proton source over all
samples, generating similar dose distributions for both RCF and sample irradiation.

3.4 Modelling the ALBUS-2S beamline

This section covers the simulation model of the proton beamline developed in this the-
sis. Having a predictive model of your beamline allows the experimentalist to optimise the
setup and assess the possibility of certain goals. As usual in this thesis, the mouse model
requirements (cf. Sec. 2.7.2) represent the goals for the beamline and consequently its
model’s simulation cases, i.e. the design energy of the beamline will be 25MeV, the envis-
aged dose 4Gywith a dose rate of� 1Gymin–1. These parameters are experimentally hard
to reach. It is therefore essential to investigate the particle transport efficiency achieved
through the final aperture in front of the irradiation target.
Due to the large parameter space of the solenoid currents, experimental optimisation

based on single shots is inefficient. Simulating the beamline can give a good estimate on
particle transport properties, serving as solution to this practical issue. The beamline sim-
ulation concept is based on experimental and numerical input. The simulation’s particle
source takes as input experimental data and comprehensively varies the simulation param-
eters of the solenoids to produce a fitted model. Having this model verified (cf. Sec. 3.5), it
then act as a predictive simulation again. For the simulations the particle tracing software
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"General Particle Tracer" (GPT) by Pulsar Physics7 was used. GPT offers numerous pre-
defined beamline components that can be adapted and positioned by the user according
to the experiment. The aim of the simulations is to uncover basic intrinsic properties of the
beamline, which serve the experimental optimisation, for example solenoid positions and
solenoid currents. Since this requires numerous computationally intensive simulations,
they were performed at the high performance computing clusters HYPNOS and HEMERA
at the HZDR.
The following section explains the way to find the best configuration of the beamline to

apply a high dose at the end of it, based on experimentally given geometrical constraints,
as the distances of the solenoids to each other, to the LPA source or irradiation site. With
this beamline implemented in GPT, the solenoid parameters for the highest transmission
efficiency of a 25MeV beam were found. This model was expanded to a broader energy
band width confirming its resulting parameters for a more realistic source. Coming back
to the initial question, an estimation on the applicable dose with the beamline is given.

3.4.1 Setting up the numerical ALBUS-2S model

A beamline simulation model has to be customised for the according specific experimen-
tal beamline, which requires three basic input parameter sets: the particles to transport
(i.e. particle source), the transport system (i.e. the magnets) and the overall geometry
(i.e. position and design of the magnets). For better accessibility, the following sections
explain one specific beamline model, which will be the beamline used for the experiments
presented in Chapter 3.
The proton source in the presented case resembles a simplified TNSA source. It is im-

plemented as a quasi point source, the energy dependent proton number and the energy
dependent divergence follow the spectral and spatial shape according to actual experimen-
tal data (see Fig. 2.2). The simulated source is located at the start of the beamline and has
a lateral extension of 100μm. To simplify matters, a homogeneous source emission within
a solid angle cone is assumed, which is determined by the energy-dependent maximum
divergence angle θmax. The maximum divergence angles were extracted from the refer-
ence measurement. Here, an RCF stack was irradiated close to the source. First, the radii
ri of the irradiation areas on individual films of the RCF stack were measured. These diam-
eters were assigned to the Bragg Peak energies Ei of the respective films in the stack. The
energy dependent, maximum divergence angles θmax,i(Ei) were determined via the simple
trigonometric relationship θmax,i(Ei) = arctan

(
ri
zi

)
, with zi as the distance from the source

to the corresponding film. From the beamline geometry and the measurements shown in
Fig. 2.2b) follows

θmax(E) = 26.51° – 0.64° · E. (3.25)

This parametrisation is used in all following simulations as input for the source divergence.
One simulation is typically not done with a complete TNSA-like source, but split into smaller
fractions. For each individual simulation only monoenergetic proton beams are simulated,
which all have the same proton number. The spectral source properties are taken into
account in the post-processing of the simulations. This is explained in Section 3.4.2.
The solenoids magnets are reproduced in the model in a simplified way. In real life

each solenoid is handcrafted leading to small deviations in the complex winding geome-
7 "GPT is based on full 3D particle tracking techniques, providing a solid basis for the study of 3D and non-linear
effects of charged particles dynamics in electromagnetic fields. All built-in beam line components and external
2D/3D field-maps can be arbitrarily positioned and oriented to simulate a complicated setup-up and study the
effects of misalignments. An embedded fifth order Runge-Kutta driver with adaptive stepsize control ensures
accuracy while computation time is kept to aminimum. GPT provides various 2D and 3D space-chargemodels,
including a sophisticated 3D particle-mesh method [..]." [153]
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3.4 Modelling the ALBUS-2S beamline

try (winding steepness, exact distances between winding layers, in- and outlet of the wire,
etc.) unknown after completion. A fully measured three-dimensional field map is also not
available (cf. Sec. 3.3) and finite-element simulation software like COMSOL or CST require
precise information on the winding geometry. Therefore, a reproduction of the solenoids’
complex internal structure in simulations is always of limited precision. Hence, the simula-
tions use GPT in-built current loops arranged in layers according to the actual used winding
and layer numbers for predicting the solenoid field maps, i.e. by modelling 112 single cur-
rent loops in 4 layers with distances matching to the actual manufactured solenoids. Due
to being manufactured, the exact geometry of the solenoids is unknown and might slightly
differ from the stated values. In the model the winding dimensions are 4.3 × 2.7mm, the
first layer has a radius of 28.85mm, their radial distance is 5.55mm and the longitudinal
distance between the windings is 5.1mm. The B-field is then computed by GPT via the
input current specified by the user.
The general model is adaptable for various solenoid setups and overall geometries, de-

pending on the intended beamline use, and allows the prediction of an optimised setup.
The presented model in the following paragraphs is based on the experimental setup
shown in Fig. 3.4a). Ideal cylindrical symmetry around the z-axis and rejection of particles
with a radial distance larger than the solenoid apertures are further assumptions made to
the model.

3.4.2 Transmission efficiency

For the most intended applications of a beamline, a high particle number is demanded at
the sample position. This goes hand in hand with a maximised transport of source par-
ticles by the beamline, either of the full source spectrum or only certain parts of it. To
quantitatively describe it, the transmission efficiency T shall be defined as the quotient of
the transported by the initially available particles. A rough estimation of the transmission
efficiency T of a single solenoid magnet that is used in this experiment was presented by
Kroll [110]. There, T was estimated from the solenoids acceptance angle and themaximum
divergence angle of the source protons, valid for specific solenoid currents in a fixed setup.
In the following a large set of simulations is used to determine the transmission efficiency
of the complete beamline to find the optimal parameter set. T can then be determined
from the number of particles successfully propagating through the final aperture (nT ) and
the initial total number of simulated particles (nsim) for a specific energy E:

T = T (I1,sim, I2,sim, E) = nT (I1,sim, I2,sim, E)
nsim

, (3.26)

I1,sim and I2,sim are the solenoid currents used in the simulation, therefore determining the
B-fields. The proton source spectrum is given in green in Fig. 3.6 with TNSA-like divergence.
To simplify the simulations, the protons are homogeneously distributed over a solid an-
gle in accordance to the maximum divergence extracted from Fig. 2.2a) and b), instead of
the experimentally seen Gaussian-like source area distribution. Therefore, the simulations
provide a lower limit of the transmission efficiency under optimised conditions.

Transmission efficiency of a monoenergetic beam

Fig. 3.5a) shows the transmission efficiency for protons of 25MeV, as this energy is fitting
to the mouse model. The simulation set’s boundary conditions are the already explained
source parameters and the beamline geometry. The step size for scanning the parameter
space is I1,sim = I2,sim = 125A and nsim = 5000particles per data point were simulated.
The parameter scan reveals two hyperbolic stripes of significant transmission efficiency.
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Figure 3.5: a) Transmission efficiency (T) heat map for a monoenergetic proton beam of 25MeV
as a function of solenoid currents I1,sim and I2,sim. The three highlighted points mark the highest
transmission efficiencies. For details see text. b) Transmission efficiency (T) heat map for protons
with (25±1)MeV as a function of solenoid currents I1,sim and I2,sim. The lower indicated point marks
themaximum transport efficiency for using only S1, the upper one themost efficient setting for dual
solenoid transport. c)-e) Associated proton trajectories from GPT simulations shown in a), matched
as c)-(III), d)-(II), e)-(I). The light yellow areasmark the solenoids. As guides for the eye, highly divergent
incoming protons are marked in blue. They are focused closer to the source than protons with low
initial divergence (orange). Dark grey boxes sketch the final aperture defining the irradiation area;
only particles propagating through count as transmitted by the beamline.
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The three highlighted current sets (I), (II) and (III) are to be emphasised as they represent
the transport settings in which efficient beam guidance can be achieved. For these working
points, the trajectories from the corresponding GPT simulations are presented in Fig. 3.5c)-
e). They serve as a graphical description for the interpretation of the hyperbolic branches
of the heat map.
Case (I) shows the highest transmission efficiency T = 42% when using only the first so-

lenoid. Note the afore mentioned spherical aberration of the focused beam, leading to a
longitudinally stretched "focus" and hence particle loss at the final aperture (see Fig. 3.5e)).
Continuing the parameter sweep by ramping up the current of solenoid 2, the current of
S1 has to be reduced accordingly, thus decreasing its refractive power - which is compen-
sated by S2. At (II) the highest T = 54% through the final aperture is achieved. Here the
beam is "collimated" by S1 and then focused by S2 (see Fig. 3.5c)). Further reducing the
current of S1 and therefore the initial collimation of the beam leads to particle loss due
to geometrical restraints, as the beam is cropped by S2. This leads to the evanescent hy-
perbola at the bottom. The second hyperbola branch results just when I1,sim is increased
starting from working point (I) and the magnetic field is sufficient to focus the proton beam
between the two solenoids, as shown in Fig. 3.5d). To transport the focused beam effi-
ciently through the final aperture, a high current I2,sim is necessary. Decreasing the current
of S2 from the maximum while increasing I1,sim from (I), raises T , until the highest case of
T = 52% at (III). Increasing I1,sim further, again leads to particle loss due to the aperture of
S2. If smaller proton energies are considered, the hyperbolic branches for the transmis-
sion efficiency result in an analogous way. They shift to smaller simulation currents due to
the energy/momentum dependence of the focal length. Another result of considering dif-
ferent energies is the different source divergence (given in the simulations by Eq. 3.25). The
maximum overall transmission efficiency increases for higher energetic proton beams, as
their initial divergence angle decreases. Additional simulation showed a lossless transport
T = 100% for protons with kinetic energies of 35MeV for this setup. In contrast to that,
under optimised conditions maximum 11% of the protons with a kinetic energy of 5MeV
pass through the final aperture.
Now to evaluate which solenoid currents are most suitable for the beamline for the irra-

diation experiment: The parameter sweep shows a clear advantage in using two solenoids,
where protons of 25MeV have around 50% transmission efficiency at two possible oper-
ating points. Using case (III), however, requires comparatively high solenoid currents and
thus larger heat generation in the solenoids. Since high repetition rates are aimed for in
the context of small animal irradiation and the cooling capabilities of the coils is limited,
this setting proves to be disadvantageous for particle transport in experiment from the
technical side. Operating at (II) has another outstanding advantage, which was mentioned
already earlier: due to the chromaticity of the solenoid and the polychromatic source spec-
trum not only one designated energy band (in this case 25MeV) will be (most) efficiently
transported, but another, lower energetic one as well. These lower energetic protons will
be focused between the two solenoids and then focused again by S2 onto the same spot
as the higher energetic 25MeV particles. This results in two peaks in the transmitted spec-
tra which is essential for the dose profile shaping as will be explained later in this thesis.
Whenever the "two solenoid setup" or "2S setup" is mentioned in this thesis, this operation
mode of the beamline is referred to.

Transmission efficiency of a beam with a finite energy band width

The above explained simulation model takes only monoenergetic proton beams into ac-
count. But a TNSA source provides an exponential spectrum. To get an estimation of the
transmission efficiency closer to the real experiment, a spectral band of (25±1)MeV instead
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3 The ALBUS-2S beamline at Draco PW

of the monoenergetic beam is now under investigation. For this purpose, parameter scans
of T were carried out in analogy to Fig. 3.5a) for the energy range 24MeV < E < 26MeV
with an energy step size of E = 0.1MeV. The transmission efficiency TBW for this energy
bandwidth is obtained by averaging the individual monoenergetic transmission efficiencies
T (Ei), which are defined according to Eq. 3.26

TBW (I1,sim, I2,sim, E) = nscan∑
i=1

T (I1,sim, I2,sim, Ei)
nscan

, (3.27)

nscan is the number of monoenergetic parameter sweeps. One might note, that every T (Ei)
adds equally to TBW , although the energies follow an exponential decay. While this is true,
it is neglected for the small bandwidth under consideration. TBW is therefore a conserva-
tive estimate on the actual transmission efficiency. Its heatmap is shown in Fig. 3.5b). This
parameter scan shows the maximum value TBW = 37%, smaller than the maximum trans-
mission efficiencies for a monoenergetic proton beam (cf. Fig. 3.5a)). Also the parameter
range for I1,sim and I2,sim within the hyperbolic branch in Fig. 3.5b) for the highest TBW for
the proton beam with the spectral width is wider than the parameter range with maximum
values for the monoenergetic transmission efficiency. Both effects are mainly due to the
chromatic focusing properties of the solenoids. Because of this, the focal lengths of the
solenoids can only be optimised for one proton energy at a time leading to a longitudinal
dispersion of the focus for an energy band compared to a single energy. Combined with
the spherical aberration, which is more or less the same for the monoenergetic beam and
the energy band, the aberrations cause an enlargement of the beam spot at the aperture
position. A larger beam spot at the fixed aperture immediately leads to fewer transported
particles after it. Depending on the application, this can pose either as a drawback or an
advantage. For example, if the combination of a solenoid and an aperture is the sole en-
ergy selection system in beamline, this leads to a less monoenergetic beam. But if the
monochromaticity is not of importance, but a high particle number is, this means, that
more particles around the designated energy will be transported.

Influence of the source distance

The simulations, regardless whether monoenergetic or not, revealed the capture accep-
tance of solenoid 1, i.e. the bore size and source distance, as the dominant reason for
decreased particle transmission. As TNSA protons inherently have a large divergence an-
gle, the solenoid has to be placed close to the source. But this directly leads to a violation
of the paraxial case, causing spherical aberrations and thus, an imperfect focal spot. In
the following paragraph the initially fixed beamline’s geometry is altered to investigate the
influence of the source distance to the transmission efficiency.
Axial translations by ±2 cm along the z-axis with respect to the initial position of sole-

noid 1 were simulated. To reduce further influence by energy spread, a similar parameter
sweep as in Fig. 3.5a) was performed while the other simulation parameter remained un-
changed. Subsequently, the transmission losses on the apertures of Solenoid 1 and on the
final aperture for the optimised operating points in the 2S setup are evaluated. Reducing
the distance between target and solenoid 1 can increase the capture acceptance of sole-
noid 1 by 14%. The translation of 2 cm reduces the capture acceptance by 11%. These
percentage differences are transferred to the transmission efficiencies in the 2S setup at
the irradiation site leading to T–2cm = 68% and T+2cm = 43% respectively, since no further
transmission losses occur at the second solenoid or final aperture. A shift of the solenoid
towards to the LPA source, although very profitable in contrast to the before evaluated
T0cm = 54%, it is experimentally very challenging, as sufficient space for source diagnostics
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3.4 Modelling the ALBUS-2S beamline

is needed and the harsh laser-plasma environment might damage the housing of the sole-
noid, leading to unwanted debris. Additionally, the reflected light from the housing might
damage the laser targets. Nevertheless, the shortest possible source to beamline magnet
disance should be considered when developing an LPA beamline.

Simulated spectra and dose information

In the last sections the basic principle of the beamline and the underlying mechanism of
the spectral shaping of a TNSA proton beam was described. Fig. 3.5b) shows the working
point for the most efficient transport of protons with a kinetic energy of E = (25± 1)MeV.
Within the framework of an irradiation experiment, the spectrum of the transmitted parti-
cles through the final aperture

(
dN
dE

)
sim

are of interest and are generated via simulations.
Again, monoenergetic simulations with a constant particle number are conducted to de-
rive the according transmission efficiencies t(Ei). The energy parameter space in this case
is 1MeV ≤ E ≤ 35.5MeV with a step size of ΔE = 0.1MeV. The individual transmission effi-
ciencies are then weighted by the experimental reference source spectrum

(
dN
dE

)
ref
, shown

in Fig. 3.6, in green, leading to: (
dN
dE

)
sim

= (
dN
dE

)
ref
· t(E) (3.28)

with
(
dN
dE

)
ref

= 1.45 · 1011 · 1
E
· exp

(
–E

23.59MeV

)
. (3.29)

The advantage of the spectral weighting in the post-processing of the simulation results
is that the number of simulated particles can be constant for each energy bin and the
otherwise extremely high particle number can be simply upscaled. Yet, for each individual
simulation of one proton energy bin, a minimum number of particles has to be simulated
to reach sufficient statistics.
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Figure 3.6: Energy dependent simulated spectra at the irradiation site behind the final aperture
with the simulation parameter: nsim = 100000, 1MeV ≤ E ≤ 35.5MeV with ΔE = 0.1MeV. The
transported spectrum (orange solid line) is obtained by weighting the transmission efficiency t(E)
(blue dashed line) with the reference source spectrum (green line, cf. Eq. 3.28 and 3.29).

The solid orange line in Fig. 3.6 shows the absolute proton spectrum passing through
the final aperture obtained from t(E) (blue dashed line) and the reference source spec-
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3 The ALBUS-2S beamline at Draco PW

trum (green). A maximum in transmitted particles is visible around the design energy
E2 = 25MeV with a band width (FWHM) of 1.4MeV. A second peak at around E1 = 12MeV
is also present, as explained in Fig. 3.5. This spectrum represents the particles that would
apply dose in the tumour volume at the irradiation site. In the following, the average dose
D is quantified, which, according to the reference source spectrum, would be available be-
fore transport for the irradiation of a volume circa the size of the intended mouse model
(cylindrical with 5mm depth and diameter) VT ≈ 98mm3. The density of the tumour is
assumed to be water equivalent with ρ = 1.0 g cm–3. As a result, protons with an average
kinetic energy of E1 = 25MeV are stopped at a depth of about 5mm, i.e. they deposit their
entire kinetic energy in the volume under consideration. To estimate the average dose
following equation is used:

D = E
mT

= N · E
ρT · VT

= ∫ Emax

Emin

(
dN
dE

)
sim

dE · 25MeV · 1.602× 10–19 J eV–1

0.001 kg cm–3 · (π · 2.52 · 5)mm3 (3.30)

with the upper and lower energy limits of Emin = 24MeV and Emax = 26MeV. This results in
a simulated average dose of D25 = 82.1Gy with a distinct Bragg-Peak at ca. 5mm tumour
depth. The second transported energy bin around E1 = 12MeV can inherently be used to
"fill up" the dose in the plateau region of the higher energetic Bragg-Peak up until around
1.5mm depth. The same estimation as in Eq. 3.30 for the energy band from Emin = 11MeV
to Emax = 13MeV for a tumour volume of VT = (π · 2.52 · 1.5)mm3 is used and shows an
available Dose of D12 ≈ 991.8Gy pre-transport. Taking the transmission efficiency t(E) into
account, the dose values decrease to D25 ≈ 30.4Gy and D12 ≈ 6.7Gy.
In conclusion, this section shows a theoretically applicable dose in a single-shot which

is higher than the required 4Gy for the irradiation experiments, but there are several ex-
perimental limitations which put these results into perspective. To fulfil the radiobiological
requirements for the irradiation campaign, the depth dose profile as well as the lateral
dose profile must be homogenised. If spectral filters and scattering foils are used, a strong
reduction of the applicable dose can be expected in the experiment. Moreover, the appli-
cable dose in the experiment is lower than in the simulation, because the foci in the ex-
periment are deformed due to geometric aberrations, which will be shown and discussed
in the section Sec. 3.6. The experimentally used homogenisation strategies for irradiation
experiments are discussed there.

3.5 Experimental verification of the beamline model

To predict solenoid parameters for optimised beam transport, a simulation model of the
beamline and its components was developed using General Particle Tracer. The next chap-
ter discusses the agreement between simulation and experiment by finding a translation
factor α. This factor is supposed to predict optimal experiment parameters from simulation
studies by translating an optimisation parameter, here the solenoid current IS,sim, found in
simulation to the according peak solenoid current IS,exp, measured during experiment, fol-
lowing IS,exp = α · IS,sim. To proof the validity of the numerical model experimentally, at first
only one solenoid and its particle transport properties are under investigation. Afterwards,
the combination of the two solenoids as a whole beamline is verified.

α0: Magnetic field strength B

An initial translation factor α0 was determined by comparing the simulated and measured
magnetic field strength. A difficulty lies within the measurement itself: a magnetic field
strength in the order of 10 T and above over a relatively short time (∼ ms) around the
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3.5 Experimental verification of the beamline model

center of the solenoid is expected. A special Hall-probe, suitable for such measurements
in pulsed high magnetic fields [154], was provided by the colleagues of the HLD. It also
allows to a certain degree the detection of fringe fields in the order of mT. Fig. 3.7a) shows
the B-field measurements of the solenoid without the housing (blue spots) and with the
housing (grey squares). Each measurement involved more than 50 pulses and represents
only the field line along the main axis of the solenoid. A measurement of a complete 3D
field map with high resolution, including all fringe fields, standard for permanent magnets
or DC devices, is not practical for pulsed high-field solenoids at relatively low repetition
rate. Both solenoid and pulse generator could deteriorate over the course of a full scale
field measurement due to the mechanical and electrical stress. Comparing the two graphs,
a suppression of themagnetic field strength by the housing is recognisable. This behaviour
is expected and accounted for, as the coil’s inductance is reduced by eddy currents in the
steel housing. Shown in orange is the simulated B-field on axis, adjusted to minimise the
difference of the peak field strengths (for the blue dots), resulting in a translation factor of

α0 = 1.06. (3.31)

The quantified comparison of the experimental and simulated field strengths is depicted
in green. Not only the amplitude, but also the simulated field distribution is in particularly
good agreement with the measurement, allowing us to perform further particle tracing
studies using GPT. As explained above, this derivation of α0 only takes a small fraction of
the B-field map into account. Yet, charged particle motion inside a solenoid is also strongly
affected by fringe field shape and amplitude (cf. Sec. 3.1).
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Figure 3.7: Experimental verification of the solenoid model and determination of translation factor
α0: a) Comparison of measured (with and without housing) and GPT-simulated B-field along the
solenoid main axis resulting in α0 = 1.06. The zero position corresponds to the solenoid centre.
Figure adapted from Brack et al. [B17].

To overcome this and to improve the applicability of α0 for predictive simulation, three
independent, application orientedmethods were studied at the Draco laser facility, yielding
three independent factors α1,2,3. All three employ single-shot diagnostics in consideration
of the pulsed operation of the solenoids and TNSA source, thus minimising possible errors
due to shot-to-shot deviations.

α1: Ep – Isol scaling behaviour

The first method makes use of the correlation between solenoid focal length and magnetic
field strength. Using again the thin lens approximation for the solenoid and Eq. 3.16, the
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3 The ALBUS-2S beamline at Draco PW

focal length f can be described as

f = 4 · p2
LS · q2 · B20

∝ 1
B20
. (3.32)

B0 denotes the magnetic field strength along the solenoids main axis over its length LS, p
is the particle’s momentum and q its charge. From experimental data, following relation
between B0 and the applied current Iexp could be found [110]

B0,max = 0.84 T kA–1 · Iexp ∝ Iexp. (3.33)

Combining now Eqs. 3.32 and 3.33, the relationship between the focal length f and the
solenoid current Iexp emerges as:

f ∝ 1
I2exp

(3.34)

Knowing this and using the solenoid current Iexp as the optimisation parameter to find
the translation factor α1, experimental and according simulation studies were performed.
Keeping the detector plane, thus f , fixed at P4 (cf. Fig. 3.4), the solenoid current Iexp was
varied, to focus protons of different energies onto a scintillator block. This position was
chosen, as the proton’s flight path is long enough to have a detectable separation of en-
ergies. Additionally, to minimise external influences of the beam like scattering (in air or at
the vacuum exit window), an in-vacuum detector in direct sight to the source was chosen.
A camera imaged the scintillator in the diagnostics chamber from the side. From these
images the maximum penetration depth of the focused protons could be determined (as
seen in Fig. 3.12 top left), which corresponds to their kinetic energy. The depth distance
is then converted to the kinetic energy of the protons via the energy-range relationship
for protons in the material of the scintillation detector (Saint-Gobain Crystals, BC-408) via
SRIM [155] simulations. The focused energy’s uncertainty results from the inaccuracy of
the determination of the penetration depth in the scintillation detector.
For a range of applied currents Iexp, protons of different kinetic energy EP were focused.

The comparison data of the simulations replicating the measurements were generated by
determining the kinetic energy of the protons with the highest transmission efficiency at
the position P4 for various given simulation currents Isim. The choice of the in-vacuum de-
tector at P4 proves again to be advantageous, as the GPT simulation do not take otherwise
occurring scattering effects into account. The maxima of the transmitted energy bands
correspond to one focused energy, which is used in further evaluation.
Assuming, that only non-relativistic particles are considered, one can substitute p =√
2mEP in Eq. 3.32. With a fixed focal length f follows for both experiment and simulation

a calibration curve

Iexp = Kexp ·
√
EP and Isim = Ksim ·

√
EP, (3.35)

with Kexp and Ksim as constants according to the scaling behaviour of Iexp/sim and EP. Fig. 3.8
b) shows the calibration curves for the experimental case (data as blue squares, the curve
is depicted as blue line) and the simulated (orange line). Both data sets follow the expected
square root functional form as in Eq. 3.35 and the constants result in

Kexp = (3.03± 0.02) kA/
√
MeV Ksim = (2.79± 0.01) kA/

√
MeV. (3.36)

Using these results yields a translation factor α1 of

α1 = Iexp
Isim

= Kexp
Ksim

= (1.08± 0.02) (3.37)
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Figure 3.8: a) Exemplary depth dose distributions in a scintillator block. The high peaks at the be-
ginning are due to light at the beginning of the scintillator, either due to very low energetic protons
or stray light hitting the scintillator edge. For higher B-fields, i.e. higher transported proton energy,
the transported particle number decreases, just as the source particle number of the exponentially
decaying TNSA spectrum. b) Relation between focused proton energy (at P4) and applied solenoid
current for simulations (orange) and experiment (blue). The dashed orange line shows the simu-
lated valuesmultiplied with the translation factor α1 = 1.08. The experimentally focused energy was
determined from the penetration depth of the protons in a scintillator block at P4. Figure adapted
from Brack et al. [B17].

α2: Collimation study

Fig. 3.9 summarises experimental results, where the kinetic energy of protons, which are
collimated by S1 at a certain fixed peak B-field, was determined. With regard to the mouse
model, the intended proton energy was 25MeV. The best results were achieved by a so-
lenoid peak current at Iexp = 14 kA. To determine which energy is collimated between the
two solenoids, an RCF stack at P2 covered half of the solenoid aperture and simultaneously
a second RCF stack at P3 covered the full aperture. In this arrangement, 6 shots were ap-
plied to generate enough dose to be validly detected as depicted in Fig. 3.9c). The Bragg
peak energies of the films in the RCF stacks can be assigned to diameters of the irradiation
areas. It is assumed that the collimation of the energy Ecoll exists when the beam diameters
at P2 and P3 coincide. The graphs in fig. 3.9a) show the energy dependent beam size for-
mation at both positions for freely propagating protons downstream of S1. The slopes of
the proton beam diameters as a function of their kinetic energy are different for positions
P2 and P3, because of the different propagation lengths in combination with the energy
dependent focal lengths. The beam diameters dP2 at P2 grow only slowly with increasing
energy, as the propagation length between the exit plane of solenoid 1 and P2 is only 3 cm.
Therefore, dP2(E) was fitted with a linear fit. Since the propagation length between the two
stacks at P2 and P3 is large (45 cm), the beam diameters dP3 at P3 have a larger discrepancy
between the diameters of different energies, since the influence of the energy-dependent
divergence angles is larger. For this case, dP3(E) was fitted with a second-degree polynomial
fit:

dP2(E) = 23.56mm + 0.6mmMeV–1 · EP (3.38)

dP3(E) = –333.52mm + 25.35mmMeV–1 · EP – 0.42mmMeV–2 · E2P (3.39)

The intersection of the drawn fit functions marks the collimated energy, i.e.
Ecoll = (25.1± 0.4)MeV. The uncertainty is determined by the intersections of the 95%
confidence bands.
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Figure 3.9: a) Energy resolved beam size formation for free propagation to P2 (orange) and P3 (blue)
leading to α2 = 1.05. Coloured areas represent 95% confidence band of the fit functions. Of the two
shown RCFs (corresponding Bragg peak energy 25.5MeV) in the inset, the left RCF (placed at P2) has
half the size of the right RCF (at P3) andwas blocking/detecting half of the beam. b)Mean divergence
angle θ as a function of the translation factor α2 for the collimated energy EP = (25.1± 0.4)MeV.
c) Determination of the energy-dependent beam diameter. The lateral dose profiles of two films of
the RCF stack irradiated at P3 are shown as examples. With the help of the orange circles, the beam
diameters were determined, whichwere assigned to the Bragg peak energies of the respective films.
The size of the orange circle was adjusted as best as possible to the size of the circular area with the
highest dose input in the film. In the upper film, a larger circle is also visible, it is assigned to protons
of higher energies , depositing only their plateau dose in this film. The evaluation methodology
contains non-negligible errors, since it is not exactly clear which beam diameter should be selected
in the respective films.

Now GPT-simulations were performed, using a TNSA adapted divergent proton source
with Ecoll = 25.1MeV as well as the uncertainty limits Ecoll±0.4MeV. By altering the model
current Isim = 14 kA/α2, themean divergence angle θ behind S1 was examined. The simula-
tion set involved 50 simulations with a particle number of N = 500 and a step size of 0.001
for α. Due to the spherical aberration of the solenoid lens (cf. Sec. 3.1), no perfect collima-
tion, i.e. no divergence angle of θ = 0, can be achieved. Thus, a pragmatic estimation with
the minimum of θ is of interest and can be calculated as

θ = nsim∑
i=1

θi

nsim
with θi = arctan

(
|riP2 – r

i
P3|

ziP2 – z
i
P3

)
. (3.40)

Here, θi, riP2 and riP3 represent the divergence angle the radial distance of the simulated
particle i at the axial detector positions ziP2 and ziP3, respectively. The results are shown
in Fig. 3.9b), where the mean divergence angle depending on α2 is depicted for the above
mentioned proton energies. According to this method the translation factor α2 was derived
as

α2 = (1.05± 0.02). (3.41)

α3: Time of flight using one solenoid

The third complementary method to determine the translation factor is the analysis of
the spectral distribution of the proton beam via the time-of-flight (TOF) method. A fast
diamond detector was placed at P3 and the laser-driven proton bunch was focused onto
it. The diamond detector signal was recorded by a fast oscilloscope and then deconvoluted
to derive the spectrum of the transported beam [156]. The higher the proton energies, the
sooner the particles reach the detector, leading to a lower energy resolution, as protons
of different energies cannot be separated. Therefore, a long particle flight path length is
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Figure 3.10: a) Normalised proton energy spectrum from time-of-flight measurements (blue) in
comparison to simulation (orange) for α3 = 1.14. b) Comparison of a normalised experimental
transmission spectrum (blue dots, experimental data originating from RCF stack measurement at
P4) for dual solenoid transport with equivalent simulation using α = β = 1.09 (orange line). The
shown simulations in green (α = β = 1.14) and red (α = β = 1.05) indicate the sensitivity of our
model. Both graphs are normalised with respect to the transmitted proton number for α = β =
1.09. Figures adapted from Brack et al. [B17].

preferred, enabling a temporal separation of particles of different energies. Due to the
then experimentally fixed position of the diamond detector at P3, a flight path length of
only 78 cm is given. To nevertheless detect a clear signal, the solenoid was tuned to a
relatively lower magnetic field strength, leading to a transported proton energy of about
13.65MeV. Depicted as a blue line in Fig. 3.10a) is the normalised experimental spectrum
derived from the TOF diamond detector signal. To retrieve the translation factor α3, similar
to the previous methods, according simulations were performed with GPT. Using a TNSA
adapted proton source of 13.65MeV with n = 5000 particles, simulations with a step size
of Δα3 = 0.05 were performed. The translation factor was then found by minimising the
deviations of the two datasets in accordance to cut-off energy and spectral shape as

α3 = (1.14± 0.05). (3.42)

The uncertainty of this factor is estimated due to the uncertainty of the t = 0measurement
of the TOF detector, in particular the uncertainty of the response function, rise time and
signal shape of the photodiode. Analysing TOF data is very complex and its details are
beyond the scope of this thesis. The interested reader is referred to literature as Milluzzo
et al. [157].

β: Spectra comparison using two solenoids

The translation factor α0–4 was now determined via 4 independent methods, investigating
solely the solenoid itself as well as the complete interaction of proton source and magnets
for beam transport. With that, the claim that predictive simulations can be done with the
beamline model are valid, at least simulations using only the capturing solenoid S1. Unfor-
tunately, the methods above can not be directly used for S2, as an already heavily altered
particle spectrum with an unknown spatial distribution acts as the source for the second
solenoid. But as both solenoids are identical in construction, the same translation factor
β = α can be used for S2 within the simulation model as a first estimate. To verify this
assumption experimentally, in analogue to the TOF method for α3, a comparison of an RCF
stack measurement with simulated energy distributions of approximately 25MeV protons
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3 The ALBUS-2S beamline at Draco PW

focused by the coupled system (S1 and S2) at position P4 (see Fig. 3.10b)) was performed.
To do so, an RCF stack was irradiated at P4 with an experimentally elaborated setting of the
solenoid currents to maximise the transport of protons with Ekin ≈ 25MeV. The spectrum
shown in blue in Fig. 3.10b) is derived from the stack by calculating the particle number
from the detected dose on the films. This complex process includes step by step calcu-
lations for every slice, starting from the last, as this one shows no impact from particles
of higher energies passing through the film. Details on this procedure can be found in
reference [85].
To put the beamline model to the test and to verify the translation factors, said exper-

iment was re-enacted by simulations. A full TNSA source from 0.1MeV to 35MeV with in
total n = 3.5× 106 particles, emulating the experimental source spectrum of Set 1 as given
in Fig. 2.2a) and b) was simulated in GPT. The solenoid settings were converted from the
experimental currents IS1,exp and IS2,exp by I1,sim = I1,exp/α and I2,sim = I2,exp/β with the first
estimate of α = β = 1.09. The results are shown as the orange line in Fig. 3.10b). The com-
parison of experimental and simulation data validates the claim of the beamline model
as a predictive model for the actual implemented experimental beamline as the two data
sets show great agreement. The higher discrepancy for lower energetic protons is due
to their larger divergence angle and the fact that simulation particles are distributed ho-
mogeneously over the corresponding angle whereas TNSA protons exhibit a Gaussian-like
angular distribution. This automatically means, the beamline model always shows a lower
estimate of the transported proton number. Several simulation sets with different values
for α and β were performed and by scanning the translation factors, the best agreement
between model and measured spectrum (within 10%) was actually achieved for

β = α = 1.09. (3.43)

This value is perfectly consistent with the range provided by the α0 –α3 measurements and
therefore used as translation factor in all following simulations.

Validating the values of α and β

To justify the value of α = 1.09 further, simulations using the smallest (α2 = 1.05) and
largest (α3 = 1.14) value are shown in Fig. 3.10b) in red and green, respectively. As the
benchmark simulation the transport simulation with two solenoids shown in Fig. 3.10b) is
chosen, because this simulation is highly sensitive to changes in the transported spectrum
of Solenoid 1. An agreement with this spectrum has therefore the highest accuracy, as it
shows the behaviour of both solenoids. So it is the closest case to the actual use of the
proton transport beamline. As usual, the initially setup is α = β, as the solenoids S1 and
S2 are identical in construction. The curves are scaled to the maximum of the curve of α =
β = 1.09. One clearly sees that a change in translation value does not only causes a change
in transported proton number, but also in transported main proton energy. The great
difference in accordance between experiment and simulation for other values justifies an
α and β around 1.09. Further comparisons using the same basic principle for comparing
simulation model to the experiment were done with values closer to α = β = 1.09, to
further verify them.
Keeping β = 1.09 constant and changing only the α values, leads to results shown in

Fig. 3.11a). The α value is changed to values around the initial 1.09 (i.e. 1.07 and 1.11) and
again a less good agreement between experiment and simulation occurs. As in the first
simulation set, one can see changes both in transported proton number, main transported
energy and energy band width when changing α. A simulation set for β around 1.09 (with
β = 1.07 and 1.11 as done for α) was also performed, keeping α = 1.09 constant. In
Fig. 3.11b) one sees, that a change in β is less influential for the transported proton number,
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energy and band width. This is expected, since solenoid 1 determines the input spectrum
for solenoid 2. Comparing all curves, β = 1.09 was decided to be the best fitting curve.
Concluding from these simulation sets, the translation factor α = β = 1.09 is validated
within a certain uncertainty range. This uncertainty range has to be kept in mind, but the
final value of the translation is an actual input and single value into the simulation model.
Still, a confidence interval is of interest and to follow up on this, Fig. 3.11c) shows that
changing α and β by 10% already shows less agreement with the RCF data.
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Figure 3.11: Simulation sets to further validate the translation factor α = β = 1.09. The experimen-
tal data shown in all subfigures is identical to the one shown in Fig. 3.10b). This also applies for the
general concept of the simulations, the plots represent a compilation of alternative simulation in-
put settings by varying the translation factors α and β. a) Comparison of α = 1.07/1.09/1.11 (green,
orange, red) with a fixed β = 1.09. b) Comparison of β = 1.07/1.09/1.11 (green, orange, red) with a
fixed α = 1.09. c) Comparison of α = β = 1.08/1.09/1.10 (green, orange, red). Further details in the
text.

3.6 Spatial and spectral shaping of the proton beam

In the last sections, the general concept of the beamline, its underlying physics, technical
aspects and a simulation model with transmission predictions were explained. In this sec-
tion, a combination of simulated and experimental data will be shown to describe how to
shape the dose distribution at the end of the beamline. Like Sec. 3.1.2 this can be con-
sidered as a guideline how to make use of a pulsed solenoid beamline and in this case,
as usual, the data is mostly adapted to the mouse model, cf. Sec. 2.7.2. First, the experi-
mentally necessary lateral shaping and its influence on the depth dose distribution will be
discussed. The next paragraph describes the use of the beamline’s different transport set-
tings via the solenoids’ input currents leading to different depth dose distributions. The last
subsection deals with the spectral shaping of the transported beam via spatial filtering by
placing apertures at different positions along the beamline. Be aware, that each explained
feature is valid for a fixed geometry, although the exemplary data over the course of this
section might be derived from slightly varied beamline geometries.
Fig. 3.12 shows a typical experimental dose distribution at the end of the beamline at

Draco PW when using one (top) or two (bottom) solenoids for beam transport. In the bulk
scintillator picture one can clearly see the difference in depth dose distribution, where only
one energy band is transported in the 1S setup and two are transported using the 2S setup.
The guide for the eye diagram of the intensity shows the Bragg peak characteristics of a
proton beam. This is supported by images of lateral dose distribution detected with RCFs.
Here, a lower dose can be seen for a detection layer of lower energy than the efficiently
transported energy band. Additionally, a clear distortion of the ideally round focal spot is
visible as a star shape instead of a circle occurs. This focal spot shape occured so far on
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every pulsed solenoid laser-driven proton beamline [56, B17, 110, 111] and its origin is still
under investigation. The white circles serve as visual guides for a typical irradiation area for
radiobiological studies. It is clearly apparent, that the focal distortion requires an additional
lateral shaping to suffice the strict homogeneity specifications for irradiation campaigns.
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Figure 3.12: Penetration depth (bulk scintillator, left) and lateral dose distributions of proton beams
of main energy ∼ 19MeV focused via single solenoid transport (top) or dual solenoid transport
(bottom). The white dotted lines represent a visual aid for the two transported energy bands by
the beamline. On the right, the lateral dose distributions recorded on RCF (corresponding Bragg
peak energies 7.9MeV and 18.6MeV) are shown, the white circles represent a typical aperture size
(5mm diameter) for proposed irradiation experiments.

3.6.1 Lateral shaping by using scatter foils

To fulfil the requirement of an homogeneous lateral dose distribution over basically any
irradiation area larger than 1mm the distorted focal shape shown in Fig. 3.12 needs to
be tackled. The aberrations have been attributed to an astigmatism caused by unwanted
small magnetic fields. Current conclusions lead to unintended occurrence of quadrupole
fields due to imperfections of the solenoid windings (e.g. the pitch of the layers or the
transition between them), dipole fields of the supply wires and/or induced eddy currents
and are researched by the HZDR [110, 158] and also within the LIGHT collaboration [B25].
As the manufactured magnets will always have imperfections, this known issue has to be
overcome by spatially shaping the transported beam during or after transport. An effective
solution is the use of particle scattering and subsequent particle propagation. The principle
is rather simple: when passing through a thin scatterer, the particles’ divergence increases
and as they travel further along the beamline, their initial directions are spread out leading
to a more homogeneous output. As a downside, it also leads to more particles getting
scattered outside of the targeted irradiation volume, so one has to find a compromise
between scattering and particle loss at the irradiation site.
Scattering processes can be estimated by theMolière theory [159], which considersmul-

tiple scattering of a charged particle by many small-scattering angles as it passes through
matter. The main reason for this is the deflection of the protons due to their interaction
with the Coulomb field of the atomic nuclei. The resulting net scattering and distributions
are Gaussian via the central limit theorem [160]. By defining θrmsplane as the projection of the
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three-dimensional θrmsspace scattering angle with

θ0 = θrmsplane = 1√
2
θrmsspace, (3.44)

it is sufficient to use a Gaussian approximation for the central 98% of θ0 with a root mean
square (rms) given by Lynch and Dahl [161]

θ0 = 13.6MeV
βcp

z

√
d
X0

[
1 + 0.038 · ln

(
d
X0

)]
. (3.45)

The incident particle’s velocity βc, momentum p and charge number z (z = 1 for protons)
are considered as well as the thickness (in radiation lengths) of the scattering medium d

X0
.

For scatteringmedia with an atomic number Z > 4, the radiation length [162] can bewritten
as

1
X0

= 4αr2e
NA
A

{
Z2

[
ln

(
184.5 · Z 1

3

)
– f (Z)

]
+ Z · ln

(
1194 · Z– 23

)}
(3.46)

Here α, NA, and A are the fine-structure constant, Avogadro’s number and the molar mass
of the scatter medium. f (Z) is an infinite sum, for elements up to uranium [163] and with
a = αZ, it can be represented by

f (Z) = a2
[
(1 + a2)–1 + 0.20206 – 0.0369a2 + 0.0083a4 – 0.002a6

]
. (3.47)

For composites it is recommended to calculate the thickness in radiation length. Onewould
systematically underestimate the result by simply adding the individual θ0 contributions in
quadrature, as a fit to a Molière distribution [160]. As apparent from Eqs. 3.45 and 3.46,
higher atomic numbers lead typically to larger scatter angles. In the scope of this thesis,
protons are considered to be the incident particles, their kinetic energy is Ekin = 1

2βcp.
Combining this with Eq. 3.45, leads to a dependency for the scattering angle of θ0 ∝ 1

2Ekin
for

a thin foil of fixed thickness d smaller than the penetration depth of the protons. Fig. 3.13
shows as an example the scattering angle of protons depending on the kinetic energy and a
brass scatterer’s thickness. These graphs can be used for first estimations of the necessary
scatterer for the desired application.
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Figure 3.13: a Scattering angle for protons with a kinetic energy of 15MeV and 25MeV as a function
of the thickness of a brass scatter foil. b Scattering angle as a function of the kinetic energy of
the protons for different thicknesses of a brass scatter foil. Energy and thickness values partially
correspond to the data shown in Fig. 3.14.

The experimental consequences of a scatter foil is shown in Fig. 3.14with the comparison
of a scattered beam to an undisturbed one, as well as the influence of different positions
along the beamline and drift through vacuum or air. On the far left an unscattered beam
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Figure 3.14: Lateral dose shaping via scatter foil. Top: shows a sketch of the beamline with possible
positions for a scatter foil (purple) and detectors (yellow RCF stacks). Middle: shows the effect of
the scatter foil in vacuum and in air (left and right of color bar, respectively). For the in-vacuum
scatter data, only S1 was used, the beam was scattered in front of S2 and detected with RCFs at
the in-vacuum diagnostics chamber, the data on the left is without scatterer, on the middle left with
scatterer. One can clearly see an improvement of lateral homogeneity but also a loss in total dose,
quantified by the according graphs below the dose pictures, where dose lineouts of 1mm width
are shown. The data on the right was gathered using both solenoids, a scatter foil at the in-vacuum
diagnostics chamber and were detected by RCFs at the irradiation site in air. Again the unscattered
(middle right) and scattered (right) beams are shown with their respective dose lineouts. The white
circles represent an intended sample area of 5mm.

detected at the in-vacuum diagnostic chamber is shown with the characteristic star shaped
focus. The image shows the detector plane of the most efficiently transported energy and
for transport only one solenoid is in use. The image right next to it shows the transported
beam with the same source and beamline settings but with an additional brass scatter foil
of 75μm shortly after the capturing solenoid. One can clearly see the star shape being
transformed into a more circular spot, but with a much lower integrated dose over the
sample area (white circle). Please note, that while a decrease in dose over a for instance
5mm irradiation area is expected, these exemplary shots suffer as well under the dose
variation of the proton source. The two images on the right show a beamdetected at the in-
air irradiation site after being transported by two solenoids. On the left two clear signatures
of two energies are visible, one being more intense, as the RCF shown is positioned at
the Bragg peak of the lower energetic efficiently transported energy band. In this picture
the distorted focal shape is already smeared out because of the scattering in air along
its roughly 40 cm drift distance. The right image shows the same experiment but with an
additional 25μm scatter foil at the in-vacuum diagnostic chamber after solenoid 2. Here a
decrease in dose is visible as well, but the previously distinct two dose features are merged
to one homogeneous area.
To conclude, scatter foils of different material or thickness can laterally homogenise the

initially distorted proton beam, but unfortunately, this effect goes hand in hand with a de-
crease in total dose. Depending on the application, different positions and/or thicknesses
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of the scatterer can be chosen. The closer the scatterer is to the source the higher the par-
ticle loss, as the increase of divergence gains influence over a longer flight path. This spatial
shaping of the dose distribution has only a minor influence on the spectral distribution, as
the passing particles are just slightly slowed down.
Another key to a higher lateral homogenisation is to focus the beam slightly in front of

the irradiation sample. The divergent propagation after the focus and possible combination
with a higher beam divergence due to the scattering immediately lead to a wider and more
homogeneous distribution of the single particles at the irradiation site. As the focal spot of
the "ideal" beamline is below 1mm in size, this combination of the two methods for lateral
homogenisation is usually used in the irradiation experiments throughout this thesis.

3.6.2 Spectral shaping by tuning the solenoids’ magnetic field

The active spectral shaping by tuning the solenoids currents and therefore their magnetic
field strengths with regard to its specific application is the key principle of the pulsed mag-
net beamline. The control and tuneability of the B-field allows a multitude of transported
spectra and thus, depth dose profiles. This process is highly dependent on the proton
source, both spatially and spectrally or as in the case of a TNSA source, the combination
of both. In the following, the transport of different spectra by changing the solenoids’ cur-
rents is discussed.

Shaping the spectrum using only Solenoid 1

Eq. 3.16 shows the dependencies of focal length, kinetic energy of the particles and B-field
strength. If two are set or known, an estimation for the missing parameter can be done. As
discussed before, protons of one designated energy band get transported most efficiently
and as expected, the higher the current and therefore B-field, the higher the designated
energy. For details see Sec. 3.5 and Fig. 3.8.

Shaping the spectra using both solenoids

As alreadymentioned in Sec. 3.2, themost beneficial concept of this beamline for the scope
of this thesis is the proton beam transport using both solenoids. This enables the efficient
transport of two energy bands instead of one, directly translating into two dose peaks in
depth of the sample, cf. Fig 3.3. Aiming for the highest transmission of the magnet lenses,
the classical optics lens system of a bi-telecentric lens system can serve as an inspiration
for the setup of the two solenoids. In theory, such a system has the advantage of imaging
distortion free and without parallax error [164]. The solenoid setup then can be designed
in a way, that the image-sided focal plane of the capturing solenoid S1 and the object-sided
focal plane of focusing solenoid S2 co-align. Consequently, the ideal match can be gener-
ated by tuning the focal length f2 of solenoid 2 to fulfil f1 + f2 = distance between solenoids.
Knowing the B-field of S1, due to the collimation of the intended energy E2 and the fixed
source distance, using Eq. 3.16 enables a prediction on the focal lengths of the solenoids.
Estimating this allows now the positioning of the sample along the beam path. Note, due
to chromatic focusing characteristic of solenoids, this allows not only one single "correct"
setup, but leads to different possible setups, which can be chosen according to the in-
tended application, technical properties of the solenoids or the given spatial restrictions of
the experiment.
Next to an optimisation of the solenoid and sample position, an optimisation of the B-

field strength of the solenoids can be done. Fig. 3.11 shows the influence of the solenoids’
currents on the transported spectra with a fixed geometry. With deliberate changes of
either solenoid current, the gap of the two transported energy bands can be widened or
reduced.
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3 The ALBUS-2S beamline at Draco PW

3.6.3 Spectral shaping by spatial filtering

Complementary to the active beam/spectral shaping by tuning themagnetic field strengths
of the beamline magnets is the passive spectral shaping by introducing spatial filters. Here,
the transported beam envelope or even inner parts of the beam are blocked at specific
positions along the beamline, matching the beam transport setting to effectively block par-
ticles of chosen energies. To do so, the beam blocking element (e.g. an aperture) has to be
able to actually stop the designated particles, so that their penetration depth is lower than
the block’s thickness. The following section discusses the influence of filtering at different
positions to the transported beam at a designated target volume.
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Figure 3.15: Dose shaping via an energy selecting aperture in front of the irradiation target. The
top graph shows GPT-simulated spectra at the irradiation site behind an energy selection aperture
of various radii. For the highlighted energies (I) - (IV), the according particle trajectories are plotted
below, radius of the energy-selecting aperture rESA = 2mm.

Fig. 3.15 shows the impact of an aperture shortly before the target for a beamline in the
two solenoid setup. It is used to incise the transported spectrum to produce two evenmore
distinct dose peaks by protons of the most efficiently transported energies. To investigate
how the different, energy dependent transported spectra appear, experiment-reenacting
GPT simulations were performed. Fig. 3.15 shows different transported spectra and for
one aperture size exemplary particle trajectories of protons with different kinetic energies,
which are highlighted with by (I) to (IV) in the spectrum. The simulated spectrum shows
two spectral peaks at energies 14.8MeV and 26.5MeV, with the trajectory plots (I) and (III),
respectively. From these, it can be seen that protons of these kinetic energies are transmit-
ted through the energy-selecting aperture, have a focus ahead of the final aperture, and
are expanded to approximately aperture size at the irradiation site. Trajectories (II) and (IV)
show the respective higher proton energies 15MeV and 29MeV. Protons with the kinetic
energy of 15MeV are directly transferred to the target with only small losses at the aperture
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and are focused directly at the irradiation target position, see (II). The proton beam with
a kinetic energy of 29MeV is cut at the energy-selecting aperture and only the inner part
reaches the irradiation site as a nearly collimated, small beam. These simulations suggest
strongly localized dose features (II) and (IV) at the irradiation site produced by protons of
energies which were not intended to be transported most efficiently to the focus in front
of the target. With the additional use of a scattering foils in the final experimental setup,
the lateral homogeneity of the dose can be tremendously improved by dispersing these
spectral components, as shown in Fig. 3.19.
For a two solenoid beamline an aperture close to the irradiation target leads to a narrow-

ing of the two efficiently transported energy bands. Therefore, one might call this aperture
an energy-selecting aperture (ESA) and if mentioned later in this thesis, an aperture in a
setting described as above is meant. Looking at the spectra in Fig. 3.15, it is apparent that
reducing the aperture radius decreases both the maximum number of transmitted pro-
tons and the bandwidth. As an advantageous effect, the higher energy parts of the two
spectral peaks can be filtered more efficiently by reducing the aperture radius. By doing
so, a better suppression of higher-energetic particles can be achieved, recognisable by the
steeper falling edge of the higher spectral peak. Setting the focus of the desired energy
bands E1 and E2 to the ESA’s position directly leads to a larger beam spot at the irradiation
site (beneficial for lateral homogenisation), but has some undesired consequence for the
dose distribution at the sample. Due to the chromatic focusing property of the solenoids
protons of an energy between the two intendedly transported (E1 < E < E2) has an intense
focal spot at the sample position. Furthermore, higher energies will still be transported
and cannot be blocked completely, leading to a dose contribution throughout the whole
volume. Both of these unintended beam features are inherent to the solenoid beamline,
which means that the spatial filtering cannot completely suppress them. Yet, the spatial
filtering with an energy selecting aperture close to the sample position enables additional
spectral shaping complementary to the inherent shaping by tuning the beamline.
Another suitable position for an aperture for a two solenoid beamline is between the

magnets. The general principle is the same as the energy-selecting aperture further back
in the beamline. Only particles along a beampath hitting the open aperture pass through.
Now at this position, this leads to a different effect than the aperture explained above. As
shown in Fig. 3.15, the lower desired energy E1 is focused between the two solenoids and
putting an aperture at this spot leads to the same high transmission efficiency for these
particles. Higher energetic particles, even those of second well transported energy E2, will
now be immensely reduced. Only the more or less collimated part which fits through the
aperture is being transported further. Keep in mind, that all considerations here are for a
TNSA source, which has a lower divergence for higher energetic particles. Combining the
aperture position and the TNSA properties can lead to transported spectrum with a high
peak for E1, a lower one for E2, both of narrow bandwidth, and a third region of transported
protons with very high energies, still detectable but less than the peaks. With an aperture
of limited thickness, one is also able to transport the protons of E1 efficiently, but stopping
lower energetic ones while higher energetic particles only get slowed down. This then leads
to a shift of the second peak closer to the first, which can be translated to a more homoge-
neous depth dose distribution. Yet, the very high energetic particles with low divergence
will still pass through. As a countermeasure to these, a beam block instead of an aperture
between the two solenoid is imaginable. This would lead to decrease of the plateau region
in the spectrum towards the cut-off energy, but also the energy being focused by solenoid
1 will be blocked, which consequently leads to a dip between E1 and E2. The particle beam
of E2 is mostly unaffected, as they are collimated over nearly the whole solenoid bore, so
only the small fraction of the beamblock’s size will be stopped.
If one decides for a different transport setting, namely the one shown in Fig. 3.5d), where
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E2 is focused between solenoid 1 and 2, an aperture at this position would lead to a very
narrow transported spectral peak at this energy. Nevertheless, a second, much lower en-
ergy would also be transported, as this will be focused once inside the first solenoid and the
second time at the same position as E2, but also with a very narrow peak. This low energy
could afterwards be blocked by a second aperture later on or a beam block thin enough
for E2. Protons with energies close to the cut-off pose the problem as above. In summary,
an aperture or beam block between the solenoids is also a veritable option, depending on
the intended application.

3.7 Experimental volumetric dose formation with the proton
acceleration performance of Set 1

4.7 MeV 13.4 MeV 14.6 MeV

24.4 MeV 25.3 MeV 27.1 MeV 29.0 MeV

12.0 MeV
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Figure 3.16: Experimentally gathered lateral dose profiles on radiochromic films. For highest spec-
tral resolution, 25 films were stacked. The dose was applied at the irradiation site in air, using the
experimental setup shown in Fig. 3.4 without any scatter foil. For a discussion, see text.

With the above mentioned possibilities of lateral and spectral shaping by spatial filtering,
the theoretical dose shaping explanations are concluded. Typically not a single shaping
method leads to a desired result but the interaction of them. The lessons learned by sim-
ulating the beamline were experimentally confirmed by re-enacting the simulated beam-
line setup shown in Fig. 3.15 with the experimental beamline shown in Fig. 3.4, using the
Set 1 laser performance (cf. Sec. 2.4.1) with the mouse model requirements in mind (cf.
Sec. 2.7.2).
As shown in Fig. 3.14, the generated focal spots are currently too small and inhomoge-

neous to apply the dose to the sample, therefore the focal spot position of the desired
energy E2 = 25MeV was shifted closer to S2, letting the protons diverge after the focus to
diffuse laterally, illustratively explained in Fig. 3.4a) in blue and green for the two focused
energies. As a consequence of the different focal length, higher energy protons are now
transported more efficiently to the sample position. Since they are undesired for our irra-
diation studies, these protons were suppressed by an energy selecting aperture of 4mm
diameter and 12mm thickness at P4.
The experimental results using the aforementioned considerations are presented in

Fig. 3.16. Here, the dose pictures can be seen as a superposition of the protons focused
at the ESA position with the desired kinetic energies E2 = 25MeV and the correspond-
ing E1 ≈ 13MeV, which should reach the irradiation site as an expanded beam for lateral
homogenisation. In the lateral dose profiles throughout the RCF stack, a constant dose dis-
tribution is visible for energies E � 25.3MeV, having the highest dose at the corresponding
film. This feature (III) can be assigned to the laterally expanded intended proton energy E2.
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The lateral position of this feature throughout the individual films of the stack is highlighted
with the drawn red circle. However, the area of dose applied by protons of E2 overlaps with
a strongly localized dose profile (IV), which can be assigned to protons with a kinetic ener-
gies higher than the intended E2. This dose features represent the focus of a higher energy
at the irradiation site, due to the focusing of the energies E2 and E1 in front of the actual
irradiation target. Looking to lower energies, the higher dose area marked by (I) represents
the dose applied by protons of E1. The lateral offset of the proton energy bands (I) and (III)
is due to the not exactly superimposed solenoid axes in the experiment. (cf. Fig. 3.17). In
addition, again another strongly localized dose contribution (II) with a lateral offset is visi-
ble, whose signal also stops. Via the energy-range relation this feature can be assigned to
protons of the energy range 13.4MeV < E < 14.6MeV, being again a focus at the irradiation
site. The highlighted features by roman numerals in the experimental data represent the
highlighted features by the same numerals in the simulation data in Fig. 3.15, further con-
firming the beamline model and the expected influence of the spectral and spatial shaping
of the transported beam.

Figure 3.17: Scintillator images of the combination (left) or separation (right) of the focal spots gen-
erated by a misalignment of the solenoid during the beam transport. A deliberate spatial misalign-
ment of the solenoids’ axes still lead to expected transported spectra, but now the two foci are
spatially separated. Combining this "active" misalignment with a "passive" aperture, one can still
make use of the narrow bandwidth of two solenoid transport compared to using only one and
block the unwanted particles. With a well-adjusted scatterer one can even scatter only a fraction of
one of the focal spots into the desired target volume.

The successful implementation and characterisation of the proton beamline transport
system combined with a stably working particle source opened the field for irradiation ex-
periments with dedicatedly shaped dose distributions using a laser-driven proton source
at the Draco PW. In the following, an experimental study on the optimisation of the beam-
line setup in particular for radiobiological irradiation studies at the Draco laser facility is
presented. The previously verified beamline simulation model provided valuable input to
achieve the goal of the generation of complex dose distributions tailored to match a mul-
titude of samples and applications by tuning the beamline parameters.
Taking into account the spectrum of Set 1 shown in Fig. 2.2a) and the required energy

of 25MeV with a bandwidth of ±1MeV, approximately 5.7 × 108 protons are generated
and available for dose delivery. If all deposit their kinetic energy fully inside the tumour, the
theoretically available dose can be estimated similarly as in Sec. 3.4.2 to:

D = ∫ 26MeV

24MeV

(
dN
dE

)
sim

dE · E
ρT · VT

≈ 5.7× 108 · 25MeV · 1.602× 10–19 J eV–1

1.0 g cm–3 · 0.098 cm3

D ≈ 23.3Gy.
(3.48)

The applicable dose of 23.3Gy would exceed the total dose requirement by a factor of
more than five in a single pulse. Yet, the energy is not high enough to enable an irradiation
in the plateau region of the dose in front of the Bragg peak of the particles. A spread-out
Bragg peak results as themethod of choice requiring a high proton number. Consequently,
with a perfect particle transport system, this laser-driven source performance would be
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3 The ALBUS-2S beamline at Draco PW

sufficient for a mouse model irradiation. Unfortunately, there is no perfect beamline in the
experiment, but with the above characterised beamline an estimate on the applicable dose
after transport can be given. This is explained in the following paragraph accompanied with
an experimental investigation on the transmission efficiency of the beamline, both in the
intended dual solenoid setup as well with solely using the first solenoid for beam transport.

3.7.1 Experimental transmission efficiency

To study the beamline’s transmission efficiency, comparative experimental studies on sin-
gle and dual solenoid transport were carried out at slightly reduced kinetic energy levels
with the solenoid peak currents scaled accordingly. Optimised transmission conditions
from GPT simulations were transferred to experiment via the translation factors α and β.
The beamline transmission has then been empirically optimised beyond simulation model
predictions by applying slight changes to the currents.
Fig. 3.18 shows associated lateral dose distributions from RCFs at focal position, i.e. P4

in Fig. 3.4, using both solenoids (b) and only the capturing solenoid S1 (c). To compare the
number of transported protons at 18.6MeV at P4 with respective source characteristics (a),
data from three consecutive shots on RCF stacks were analysed. The first one detecting
the source spectrum at P1 and the following two detecting the transported beam at P4.
Using consecutive laser shots on the same laser target foil, keeping the proton acceleration
source configuration as stable as possible, allows for a quantitative analysis of the beam
transport. Transmission efficiencies of 50.6% for dual solenoid and 28.6% for single sole-
noid transport were derived for protons of E2, thus above theoretical prediction. This can
be attributed to the Gaussian angular distribution of TNSA protons that was not featured in
the simulation model. Examining the numbers of transported protons for the consecutive
measurements in Fig. 3.18, an enhancement in transmitted particles by a factor of 1.77 for
the dual solenoid case over single solenoid is measured. Comparing this to the respec-
tive ratio calculated from the simulation prediction which is 1.61, a very good agreement
between simulation and experiment is found.
With a source providing in principal a dose of at least around 20Gy and a beamline

with a transmission efficiency of around 50% for the intended energy band around E2, the
intended goal of 4Gy on target is met. But looking at the focal spot shape in Fig. 3.18b)
and c), a distorted non-circular area with less than 5mm diameter is seen. The next step
is therefore the homogenisation of the dose distribution, both laterally and in depth.
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Figure 3.18: Lateral dose distribution for two chosen energies from one RCF stack at P1 (a) and
P4 (b,c). a) Dose available before transport. b) Dual solenoid transport yields two separate focal
spot features of different kinetic energies, i.e around 8MeV and 19MeV. c) These focal spots were
formed operating only solenoid S1. All images are color coded to the same dose values and impli-
cate a higher transmission efficiency for the dual solenoid setup.
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3.7 Experimental volumetric dose formation with the proton acceleration performance of Set 1

3.7.2 Experimental dose homogenisation

Fig. 3.19 summarises the results of a dual solenoid irradiation scheme, where high reso-
lution (absorber-free) RCF stacks were placed at the actual irradiation site P5, mimicking a
radiobiological sample. Following all preparation and optimisation, the beamline settings
were chosen to generate a depth dose distribution targeting the requirements of the in-
tended mouse model. The beamline setup with its individual components and general
concept of the beam transport is shown in Fig. 3.4a), where also the distances from the
source are given.

RCF #2 RCF #5 RCF #14 RCF #17

0 1 2 3 4 5 6
0

1

2

3

4

D
os

e 
pe

r s
ho

t [
G

y]

0 2 4 6 8 10 12 14 16 18 20
RCF film #

Depth in water [mm]

a) b)6.3 MeV 11.6 MeV 21.3 MeV 23.8 MeV

wi
th

ou
t

sc
at

te
r f

oi
l

wi
th

sc
at

te
r f

oi
l

0.5 cm0.5 cm 0.5 cm0.5 cm 0.5 cm

c)

0.5 cm0.5 cm 0.5 cm0.5 cm 0.5 cm0.5 cm 0.5 cm0.5 cm

Figure 3.19:Generation of homogeneous dose distributions via pulsed high-field beamline. a) Com-
pilation of RCF dose pictures (colour scale in Gy). Films at the top were irradiated at P5 without scat-
ter foil and final aperture (5mm aperture size depicted in yellow). Two dose features corresponding
to the two transported energy components can be distinguished due to an experimentally difficult
to perfectly inhibit slight misalignment of the solenoid axes. Films at the bottom show homogenised
lateral dose distributions at P5 when a 25μm brass scatter foil is introduced at P4, a 5mm aperture
is depicted in black. The RCF data was acquired via cumulative irradiations with five consecutive
proton pulses. b) Associated depth dose profiles. The mean dose values were evaluated over the
area of the final aperture with 5mm diameter and are presented as mean dose per shot. Inset:
Exemplary dose stability with indicated 10% variation interval shown as dose per shot (DPS) for 23
consecutive shots. c) Comparison of the lateral dose distribution of lineouts of 1mm width across
the 5mm aperture diameter. The RCF numbers and pictures correspond to the RCFs shown in a).
The top row shows the case without scatter foil, bottom row shows the scattered case. The coloured
area represents 10% peak to valley deviation in dose homogeneity. The ripples in the profiles orig-
inate from the limited spatial resolution of RCFs in combination with digitisation and are common
in RCF data analysis. Figure adapted from Brack et al. [B17].

In the top row of Fig. 3.19a) RCF films are depicted, which were irradiated at P5 with
five consecutive proton pulses, showing the integrated dose distributions. The focus of
E2 was set to the ESA position, to diverge the beam diameter large enough to cover the
experimentally required 5mm irradiation field size. Although more uniform than the focal
spots detected at P4, the top row shows a very inhomogeneous dose distribution. The
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3 The ALBUS-2S beamline at Draco PW

already visible improvement of the lateral homogeneity from P4 (Fig. 3.18) to P5 (Fig. 3.19)
is due to the scattering at the exit window, ionisation chamber and air after leaving the
vacuum environment. The lateral homogeneity was further enhanced by introducing a
scatter foil at P4 behind the energy selecting aperture. Supported by calculations on the
scattering angle of protons at brass using the approximations shown in Sec. 3.6.1 and the
TRIMmodule of SRIM, 25μmbrass was found to be best suited in the experiment. Themain
transported spectral component centred around 25MeV exhibits a mean scatter angle of
0.6°, matching the geometrical half angle of 0.5°, which the final aperture spans between
P4 and P5. The second spectral component around 13MeV is scattered more strongly by
1°. Another RCF stack was irradiated with five consecutive transported proton pulses in
this beamline configuration. Corresponding colour-coded dose pictures are presented in
Fig. 3.19a), bottom row, where the black circle represents the aperture size of 5mm. A clear
and strong improvement of homogeneity over the intended target area of 5mm is visible.
Note, that the former separated two focal spot features are now indistinguishable and
unified to one homogeneous area. A quantitative comparison of the different scenarios
is shown in Fig. 3.19c), giving lineouts of the lateral dose homogeneity along the aperture
diameter averaged over 1mm. Indicated by the shaded area is the envisaged peak to valley
deviation of 10%, starting from the highest peak dose along the lateral distribution within
the intended 5mm circle sketched on the RCF images. The distance between the dashed
lines represents the diameter of the dose distributions area in which the goal of maximum
10% deviation is met. Comparing the lateral homogeneity between unscattered (orange
dashed lines) and scattered case (blue dashed lines), significant improvement is visible for
all depths, leading to a at least 10 times larger uniform area for each film/proton energy.
Using a scatter foil enabled a homogeneous dose distribution over a circle of 3mm which
already corresponds to the envisaged tumour size in the dedicated mouse model, but not
yet includes the safety margin for positioning and tumour size variations.
For the presented RCF stacks the mean dose value of each film within the 5mm irradi-

ation area divided by the number of shots was calculated. It is shown in form of a depth
dose distribution to demonstrate themean dose per shot in Fig. 3.19b). Depicted in orange
is the depth dose distribution for dual solenoid transport without scatter foil. As expected
and intended, a penetration depth of at least 5mm is achieved. There are also remaining
inhomogeneities throughout the depth of the stack, specifically a high dose peak penetrat-
ing the stack to film 5. This is due to the intense low-energy component of the transported
protons in accordance to TNSA source characteristics and was predicted in Sec. 3.2. In-
troducing the scatter foil allowed the generation of a homogeneous dose distribution in
depth, depicted in blue. Here, the dose in shallow depths is decreased above average,
because of the stronger scattering that the low energy protons undergo when passing the
brass scatter foil. Therefore they are spread over a larger area at the sample position and
have less intensity over the 5mm circle of interest.
While aiming to fulfil all mouse-model required dose characteristics, the beamline en-

abled single shot mean dose values of around 2.3Gy, for proton source characteristics as
in Set 1, shown in Fig. 2.2a) and b). Upon introducing the scatter foil the mean dose per
shot was determined to be around 0.7Gy. This trade-off, however, allows a homogeneous
dose delivery to a cylindrical volume of 5mm diameter and 5mm depth with a mean depth
dose homogeneity of ±8.5% and the lateral dose homogeneity depicted in Fig. 3.19c).

3.7.3 Status quo of the ALBUS-2S dose application using Set 1 with regard to
the mouse model

In the previous sections the setup and experimental optimisation of the pulsed high-field
magnet beamline for laser-driven protons ALBUS-2S at the Draco PW laser was explained.
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3.7 Experimental volumetric dose formation with the proton acceleration performance of Set 1

The beamline uses two solenoid lenses to transport broader parts of the TNSA source
spectrum relative to the quasi-monoenergetic transport via a single solenoid lens. As a
result, a single-shot spread-out Bragg-Peak can be generated, otherwise only accomplished
by introducing complicated ridge filters [165] or by applying the dose via multiple shots. In
this manner, the beamline delivers a homogeneous depth dose distribution, required for
radiobiological irradiation studies.
Optimising for a dedicated mouse tumour model, which demands a homogeneous dose

distribution with 10% deviation over a cylindrical volume of 5mm depth and diameter, an
adapted beamline setup was established to apply the required 4Gy with a dose rate higher
than 1Gymin–1. These strict demands were partly met and experimentally demonstrated.
As shown in Fig. 2.2a), Draco PW delivers proton energies of Ekin > 25MeV, which is

sufficient for a penetration depth of 5mm and above in tumour tissue. As estimated in
Eq. 3.48 also the proton number of one laser shot leads to an applicable absolute dose
of around 23Gy, more than five times the required dose. Due to beam transport and
homogenisation, this number is significantly reduced to 0.7Gy per shot.
The generation of a homogeneous depth dose distribution using the dual solenoid ap-

proach combined with scatter foils and beam apertures has been successfully demon-
strated (cf. Fig. 3.20a), orange bars). The deviations in homogeneity over 5mm in water
was quantified to ±8.5%, so ±3.5% too high for the radiobiologically required maximum
dose deviation of ±5% over the whole volume. The lateral dose homogeneity of ±5%
has been accomplished for a circle of at least 3mm diameter throughout the entire tar-
get volume. The graphs shown in Fig. 3.19c) show the improvement by introducing scatter
foils, but also reveal the shortcoming of the homogeneous area in comparison to the de-
sired 5mm circle. Thus, the dose distribution results are not meeting the mouse model
requirements, but they are putting less restrictive radiobiological models in reach.
The deviation in the dose per shot was measured via all particles passing through the

transmission ionisation chamber. Accumulating more than 20 consecutive shots with the
beamline, a variation of more than ±10% was shown. The combination of this shot-to-
shot variation and their resulting spectra, leading inherently to slightly different depth dose
distributions, results in a uncertainty in applied dose, which is too high for mouse model
irradiations. Additionally, more information on the particles actually reaching the sample
and their spectrum is necessary.
As a consequence of the experimental results, the presented performance of Draco PW

(Set 1) with the according ALBUS-2S beamline was deemed insufficient. The laser-driven
source performance had to be improved to allow a higher margin between transported
and cut-off energy of the spectrum. Using protons of energies very close to the spectrum’s
cut-off energy of around 30MeV means a proneness to the LPA inherent shot-to-shot fluc-
tuation. On one hand a steep particle number decrease in the desired energy range occurs
and on the other hand, the whole spectrum is more susceptible for variations in acceler-
ation performance. So in the worst case the necessary particle number and/or energy
cannot be reached. A better source performance is also necessary regarding the mouse
model’s homogeneity requirements. To enable a higher lateral homogenisation by scatter-
ing or beam divergence, a higher proton number is needed. The depth dose distribution
would benefit from higher cut-off energies, allowing different transported energy bands
and delivery schemes, while providingmore protons in total. The improvement ofDraco PW
is discussed in Sec. 2.4.1.
Next to the improvements of the laser-driven source, the transport beamline has to be

upgraded as well. To precisely apply 4Gy to a sample, multiple shots of ∼ 0.5Gy to 1Gy
have to be applied. In combination with the required 1Gymin–1, at least two pulses per
minutes have to be applied to the solenoids for several minutes. For the pilot study more
than one sample is expected to be irradiated per day, so this procedure has to be repeated
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for every sample within a time of less than half to an hour. Although this is technically fea-
sible, it endangers the structural integrity of the first in-vacuum solenoid. Due to ohmic
heating of the solenoid, a temperature rise of up to 10 °C inside the solenoid can be ex-
pected with every pulse (cf. Sec. 4.2.1). As the solenoid’s temperature should not exceed
85 °C, the pulses per irradiation are limited. Additionally, the solenoid is basically a thick
block of copper and epoxy resin, which allows only a very slow cool-down of the struc-
ture. The improvements of the solenoid tackling the thermal problems are discussed in
Chapter 4.

3.7.4 First volumetric biological tissue irradiations using ALBUS-2S at Draco

Although not sufficient for the mouse model pilot study, but in order to experimentally
demonstrate the general applicability of the beamline , volumetric biological tissue irradia-
tions were performed. While still of interest, the main aspect of these experiments was not
the generation of a radiobiologically relevant outcome but the successful interplay between
all procedures and experimental challenges necessary for future radiobiology campaigns,
in particular biological sample handling and beamline implementation, laser-driven proton
acceleration, beam shaping according to the radiobiological specifications, online and of-
fline dosimetry, and analysis of radiation induced effects. The experiments were scheduled
and performed as proof-of-principle of beamline performance under realistic conditions
and not as full-scale experiments.
Fig. 3.20a) shows three different transported depth dose distributions adjusted with the

proton beamline. Recognisably, the dose per shot increases, when decreasing the trans-
ported energy to adapt for smaller sample sizes, while keeping all other conditions un-
changed. This can be attributed to the exponentially decaying laser-driven proton source
spectrum. Consequently, studies with smaller irradiation targets e.g. tumour spheroids or
zebrafish embryos schematically shown in Fig. 3.20a) may be conducted with larger pulse
dose rates if required. The following paragraphs cover the first irradiation experiments of
volumetric biological tissue, both in vivo and in vitro, using the pulsed high-field solenoid
beamline at the Draco PW laser.

Figure 3.20: a) Depth dose distributions (RCF measurement) for different irradiation setups (sole-
noid currents) while keeping the input spectrum constant. b) Median sections (10μm thickness)
through an unirradiated (left) and a 15.3Gy irradiated tumour spheroid (right) both labelled for
DNA double strand breaks (bright spots). After irradiation, a ring of laser-driven proton induced
DNA DSBs is clearly visible. The spheroid centre does not show DNA DSBs because of a necrotic
area, common to spheroids of this size (see methods section for details). c) Representative images
of an unirradiated zebrafish embryo (top) and of a zebrafish embryo laser-driven proton irradiated
with a dose of 7.5Gy (bottom).
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In vitro irradiation of volumetric tumour tissue (SAS cell spheroids)

As a first radiobiological scenario for the ALBUS-2S beamline, dose-controlled irradiations
of in vitro tumour spheroids (cf. Sec. 2.7.1) were performed. The spheroids were volumet-
ric cluster of human squamous cell carcinoma of the tongue (SAS cell line) with roughly
∼ 650μm diameter, a scaled sketch is shown in Fig. 3.20a). As a proof-of-principle ex-
periment, three runs of SAS irradiation, each including one irradiated spheroid and three
controls treated similarly except irradiation, were performed over 2 days at the Draco PW.
For comparison, a full study would include a dose effect study with irradiation of several 10
spheroids per dose.
The setup of the experiment is the one shown in Fig. 3.4. For the irradiation one spheroid

in a cuvette was placed at the irradiation site. Irradiation samples are positioned behind
a stainless steel aperture of 5mm diameter to precisely control the irradiated area. As
control sample three other spheroids were stored next to beamline, but protected from
radiation background. In addition to the controls, that move along the treated samples,
some spheroids remained in the lab under standard conditions in order to reveal poten-
tial influences from the laser environment. The control sample was treated similarly except
irradiation. After treatment, all cuvettes were transported back into the radiobiology labo-
ratory for further analysis, see Sec. 2.7.1.
Preparatory studies at the OncoRay showed, that for the applied radiobiological assay,

absorbed dose values well above 15Gy should be delivered. Based on this observation
and taking into account that SAS spheroids are known to be quite resistant to photon ir-
radiation [166] an integrated laser-accelerated proton dose of over 15Gy was the goal. To
apply these high dose values, the Draco PW was optimised towards the best available per-
formance (Set 1, Table 2.1). As for the spatial proton distribution the beamline parameters
were adapted to match the size of the spheroids with a safety margin of 1mm while also
accounting for dosimetric verification. The irradiations were performed using a 4mm cir-
cular steel energy selecting aperture at P4 with an attached 50μm brass scatter foil, again
resulting in a laterally and in depth homogenised dose distribution with maximum devia-
tions of ±8.5% over the sample volume. The applied depth dose profile per shot is shown
in Fig. 3.20a) in red. Up to 20 consecutive shots within up to 19min were applied on target,
being in reach of the requirement of a dose rate of 1Gymin–1. To retrieve the applied dose
on the spheroids, a single RCF filmwas placed in front and after the spheroid sample, which
were then analysed in analogue to the stacks, providing quantitative lateral dose informa-
tion in front and after the spheroid. By comparing these films with the according films of
the similarly irradiated RCF stack, one can estimate the applied dose of a spheroid sample.
This procedure shows the importance of a proper preparation of the laser-driven source,
as it has to be stable over all samples and therefore generate similar protons for both RCF
and sample irradiation.
Using a complex suite of detectors comprising imaged scintillators for online beam align-

ment and range verification, a transmission ionisation chamber for online dose measure-
ment, and radiochromic films for lateral and absolute dose detection, dose verification of
the spheroid irradiation was possible. The samples were irradiated with 15.3Gy±15%.
The uncertainty is due to inhomogeneity (ca. 7%) and dosimetry with the combination of
RCF and IC (ca. 8%). The image in Fig. 3.20b), right shows an tumour spheroid, irradiated
with 15.3Gy with the above explained dose distribution. The bright spots represent laser-
driven proton induced DNA double-strand breaks, while the blue dots are marker for un-
affected DNA strands. For comparison, an exemplary control spheroid is shown on the left
exhibiting just a few background DSB. The larger black area/hole in the middle could be at-
tributed to necrotic tissue or an artefact of the cutting of the paraffin-embedded spheroid,
cf. Sec. 2.7.1.
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In vivo irradiation of volumetric normal tissue (Zebrafish embryos)

Going further in complexity of the radiobiologicalmodel, volumetric in vivo irradiationswere
performed using the ALBUS-2S beamline at the Draco PW. In contrast to the above ex-
plained tumour spheroid irradiations, normal tissue - specifically zebrafish embryos (ZFE)
(cf. Sec. 2.7.1) - were used as samples. The basic principle of this experiment is similar to
the one described above, just with a different sample. Hence, this section will concentrate
on the difference of the studies and their results.
Shortly before irradiation, 25 ZFE (around 72 hour post fertilization) were put in one well

of a 96 well plate which was filled with E3 medium and enclosed with a suitable stamp.
At this point the ZFE had a length of around 2mm to 3mm, a scaled sketch is shown
in Fig. 3.20a). The samples were irradiated with the same beamline setup as the SAS
spheroids, using both solenoids, a 4mm circular aperture at P4 with an attached 50μm
brass scatter foil and are implemented at P5 behind the 5mm final aperture directly in
front of the ZFE-filled well of the 96 well plate. The irradiation preparation and process as
well as the particle diagnostics were done similarly to the spheroid irradiation, allowing for
an equally precise dose analysis for the ZFE. In total 22 irradiations (with 25 ZFE in one well
each) were performed as a dose effect study aiming for total integrated dose values from
around 4Gy to 10Gy, while keeping the necessary dose rate of 1Gymin–1. The beamline
settings were defined in a way, that the same exemplary depth dose distribution as for the
spheroids (cf. Fig. 3.20a), red) should have been achieved. While this was approximately
true for the shape of the depth dose (in terms of homogeneity), a lower dose per shot was
detected. This was attributed to worse performance on the laser-driven proton accelera-
tion and lead to the dedicated laser studies explained in Sec. 2.4.1. Nevertheless, irradia-
tions could be performed yet only 7.5Gy could be achieved within the required parameter
range. The results are shown in Fig. 3.20c). The top picture shows an unirradiated control
ZFE sample, the bottom one a sample irradiated with 7.5Gy. Unfortunately, laser-proton ir-
radiated and control samples were indistinguishable. This behaviour was attributed to the
rather low applied absolute dose. Follow-up studies at a conventional proton accelerator
at the OncoRay, which were not available ahead of the experiments at the laser, suggest,
that for the applied radiobiological assay, absorbed dose values well above 15Gy should
be delivered.

Although not rewarding with a radiobiological outcome, the performed experiments us-
ing the laser performance at set 1 can be rated as a success. The whole complex process
of an irradiation of in vitro and in vivo samples could be performed satisfactory, marking an
important step towards full scale irradiation studies in the future. It has to be stressed, that
the experiments had to be planned carefully and performed on a tight schedule, especially
for the Zebrafish embryos. The time window for irradiation of the ZFE is short and cannot
be shifted, otherwise the irradiations would not be comparable in the 72 hpf period. The
results of these studies are the demonstration of the working interplay of laser-driven pro-
ton acceleration on demand, beam transport with pulsed high-field solenoids and handling
of radiobiological samples in vicinity of a laser environment. The complete experimental
schedule workflow was dictated by the radiobiological studies, uncommon in the LPA re-
search field. The whole process served as a training for the facility with respect to future
radiobiological studies. Experimental hands-on lessons, such as sample handling, position-
ing, etc., were learned for the specific models, which are also interesting in the future, e.g.
the ZFE for FLASH studies.
To summarise, although several requirements were met and first radiobiological sample

irradiations were performed, the beamline in the described setup is not suitable for a pos-
sible mouse model pilot study. Still, the results show the feasibility in principle. Yet, further
improvements on dose distribution have to be done, but the workflow of radiobiological
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samples at the Draco laser have been demonstrated. On a more fundamental side, the
proton acceleration performance has to be enhanced, improving the source spectra to
provide more protons of desired energy to the beamline, for details on this the reader is
referred to Sec. 2.4.1. In parallel to the source development, the beam transport had to be
upgraded, allowing higher pulse rates over longer time periods without endangering the
solenoid itself. To overcome this, a new kind of capturing solenoid was developed and will
be discussed in detail in the next Chapter 4. Having achieved the above results, but also
revealing the limits of the current system, the beamline was completely disassembled after
the ZFE experiments for the detailed studies and improvements of the laser-driven source
performance and the Draco PW itself.
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4 Concepts to enable higher
repetition rates at ALBUS

In chapter 3 the proton beamline at Draco PW was introduced, the achieved results were
shown and its limitations revealed. Concerning the beam transport system, the repetition
rate posed as the largest limitation factor and motivated further developments. The fol-
lowing chapter covers new concepts for higher repetition rates of the beamline. It starts
with a brief discussion of a new kind of current pulse generator allowing a 1Hz operation
mode, which was the topic of a dedicated PhD thesis by Wettengel [167]. In the following,
the improvement of the capturing solenoid is described, starting with a thermodynamic
simulation study carried out with colleagues from the TU Dresden [168]. Based on that, a
cooled in-vacuum solenoid concept was designed, built, characterised and implemented
within the framework of this thesis as will be explained at the end of this chapter.

4.1 A repetition rate pulse current generator

Currently, the pulse current generators described in Sec. 3.1.2 enable repetition rates
around maximum 3 pulses per minute. While this is compatible with the used "manual"
laser operation mode of the Draco PW, it is not a viable concept looking further towards
high-power laser systems operating at 1Hz, such as the PENELOPE laser. With the ATHENAh
project in sight, a pulse current generator offering such a high repetition rate was started
to be developed by the Institute of electrical power engineering, TU Dresden in collabora-
tion with the HZDR. The results are summarised in publications and a dedicated PhD thesis
[167, B12, 169].
To briefly summarize the device, a topological concept was selected based on the two

most promising concepts, an LC resonant circuit with bridge circuit and a modular Marx
generator with full bridges. From the results of simulations with the considered topology,
findings for the switch selection followed, leading to the choice of semi-conductor switches,
specifically thyristors. Together, the LC resonant circuit with the thyristor bridge, represent
a unique switch-unit for the application of pulsed current generations with an inductive
load. This unit is complemented by specifically designed capacitor banks and a tailored
charger. To enable the high repetition rates, the pulse current generator is designed to
recuperate. Instead of completely discharging the capacitors after one pulse, the residual
charge is used for the immediately following pulse together with a recharge of the capac-
itors to the specified amount by the charger. By that, the next pulse can be done again
with the same parameters as the previous one and the pulse train is very energy efficient.
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Figure 4.1: Photograph of the demonstrator at HZDR. The switch unit is shown with the voltage
cables attached, surrounded by the modular capacitor banks.

A demonstrator was built at the HZDR, cf. Fig. 4.1 and first experimental data gathered.
In the future, this setup is supposed to be used in combination with the PENELOPE laser
to enable high repetition rate radiobiological studies employing laser-driven protons. But
as discussed in the last chapter, the currently used capturing solenoid does not withstand
repeated pulses over time. Hence, a new solenoid had to be designed as explained in the
following sections.

4.2 A cooled in-vacuum capturing solenoid

The capturing solenoid as used in chapter 3 has proven to work reliably with no measur-
able deterioration over a long time with more than a thousand pulses applied. Its design
is optimised for longevity and mechanical strength. This comes at a price regarding the
heating of the whole structure and therefore the applicable repetition rate. With conserva-
tive approximations a sensible repetition rate of one full-energy pulse per minute for less
than ten pulses or minutes can be estimated before structurally endangering the solenoid
[110]. Additionally, this design has a very long cool down time. This is in disagreement with
the requirements for the proposed radiobiological studies. Particularly the mouse model
irradiations are out of reach, as several pulses have to be applied in a few minutes with
short cool-down intervals between the specimen. To enable these required higher repeti-
tion rates with the possibility of repeating intervals a new, revised capturing solenoid was
designed. To do so, the thermodynamics of the well known capturing solenoids was stud-
ied by colleagues of the Institute of electrical power systems and high voltage engineering,
TU Dresden on behalf of the HZDR. The results, which are shown in the following section,
were the basics for the new design of a cooled solenoid, explained in the section after-
wards. This chapter ends with experimental results of the commissioning of the solenoid
to prove its viability as the new capturing solenoids for radiobiological studies at Draco as
well as the implementation of the new solenoid setup to the already established numerical
beamline model.
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4.2 A cooled in-vacuum capturing solenoid

4.2.1 Thermodynamic study of the capturing solenoid

Following Kroll [110], the heat input of first generation capturing solenoid can be conser-
vatively approximated by

Q = Rsoli2maxtrise = 34.5 kJ, (4.1)

considering a typical pulse rise time of trise = 420μs and a peak current of imax = 23.4 kA.
The temperature of the wire is then spontaneously increased by ΔT = 39K. To determine
this, a wire mass of 3 kg and the specific heat capacity of copper at room temperature
0.381 kJ kg–1 K–1 was used. The conclusion was, that the whole magnet structure experi-
ences a temperature rise of approximately 10K. In order to find out how to improve the
magnet’s design, extensive thermodynamic simulations were carried out. For this purpose,
thermal models for the heat transport at the connections, for the heat transport by radi-
ation and for the entire heat transport were developed by Heger, Adam, and Großmann
[168]. The full model was divided into separate smaller models: the adiabatic heating and
the transient heating with heat transfer to the environment, both depending on the pulse
frequency, the pulse duration and the amplitude of the pulse current.
In adiabatic heating, the current heat losses are completely stored in the coil wire and

in the connectors. Their temperature then rises due to the stored heat. The adiabatic
heating approach is suitable if the coil is loaded with a short-time pulse sequence. The
thermal model of adiabatic heating can be set up from the power balance with a power
loss source and a heat capacity. The heat capacity completely absorbs the power loss
emitted by the heat source. The coil and the connecting conductor heat up depending on
the pulse current and the total pulse duration. The higher the current i and the total pulse
duration n · tpulse, the higher the conductor temperature. At an ambient temperature of
T = 20 °C, approximately n ≈ 6 pulses can be applied to the coil with a pulse current of
i = 11.77 kA at a pulse time of tpulse = 2ms until the permissible limit excess temperature
of Tmax = 85 °C of the epoxy resin is reached. If the pulse current is halved, approximately
n ≈ 25pulses can be applied to the coil at the same pulse time.
For the transient heating calculation, the focusing magnet is divided into several areas.

A separate thermal model is created for each area, which are then coupled with thermal
conductivity coefficients. The current heat losses of the connection wires are fed into seg-
ments with current heat sources depending on the conductor temperature. Part of the
heat is stored in the conductor. Heat capacities reproduce this heat storage for each seg-
ment. The heat conduction along the conductor is taken into account with heat conduction
resistances between the segments. A thermal model of the heat transfer between the coil
and the environment is constructed as well. The heat is transferred from the coil surface
with temperature T by convection in the gap and by radiation to the coil housing. In the
area of the bottom surface, the coil face is screwed to the housing base. There, the heat is
transferred from the coil to the coil housing. Due to the large connection surface, the heat
conduction resistance is comparatively low and is therefore neglected. In the front area,
the coil is hardly connected to the coil housing in a heat-conducting manner. Therefore,
the transferred heat output is low there. From the surface of the coil housing, the heat is
transferred exclusively by heat radiation to the stainless steel enclosure with the ambient
temperature Tamb. According to the Stefan-Boltzmann law, the thermal power transferred
by thermal radiation is proportional to the resulting emissivity of the surfaces involved in
the radiation exchange. Since the emissivity of bare stainless steel surfaces is comparatively
low at ε = 0.1 to 0.2, the heat output transferred through the vacuum is also low. The third
model describes the coil windings and surrounding isolation materials. The heat losses
generated by the current pulses are conducted along the wire of the coil winding and into
the insulation and heat the coil. The largest part of the heat is stored in the coil wire and
the insulation. The remaining part is released into the environment. The most interesting
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4 Concepts to enable higher repetition rates at ALBUS

result for the development of a new solenoid is shown in Fig. 4.2a). Here, the temperature
is evaluated at different points of the coil and one can see, that the most heated part is at
the middle of the coil in the second winding layer, followed by the surrounding layers 1 and
3. It is also apparent, that the heat flow from the wires through the insulation to the next
layer or surface is very low, leading to a large heat storage in the center of the windings.
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Figure 4.2: a) The calculated temperatures of the coil windings are highest at the measuring points
indicated by the arrows in the different layers and are therefore used for the presentation of the
results. b) Temperature curve of the coil winding and of the of the connecting conductor at a pulse
frequency of f = 0.1Hz and a pulse current of i = 11.77 kA. c) Temperature curve of the coil winding
and of the Coil insulation after 0.1Hz pulsed operation. d) Temperature curve of the coil winding
when cooling the coil with air with v = 7ms–1.

The combination of the adiabatic and transient heat models allows for comprehensive
thermal simulations predicting the heating up and cool-downof the solenoid for given pulse
frequencies and surrounding environment. Fig. 4.2b) shows the temperature development
of the solenoid in a continuous 0.1Hz operation mode with an applied pulse current of i =
11.77 kA. It is apparent, that only approximately 9 pulses are sufficient for a temperature
rise to the critical temperature of the epoxy resin. The cool-down of the solenoid starting
from 100 °C is depicted in Fig. 4.2c), showing a complete cool-down would require up to 18
hours. While the 9pulses in 90 secondsmight be sufficient for themousemodel irradiation,
the cool-down time is unacceptable, as only one specimen could be irradiated in one day.
One improvement already used in the experiments using the first generation beamline was
to force an air current through one connector bellow, cooling the surface of the solenoid
inside the housing and exiting through the other bellow. A simulation of an airflow of 20 °C
with v = 7ms–1 is shown in Fig. 4.2d). Although the cool-down time is immensely reduced
to 3h, it is insufficient for the irradiation experiments as they require shorter intervals.
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4.2 A cooled in-vacuum capturing solenoid

4.2.2 Design of the in-vacuum cooled solenoid

Based on the already well working design of the capturing solenoid [110, 111] and the
corresponding thermodynamic simulation model, an upgraded version of the capturing
solenoid was designed, allowing for the necessary cooling of the windings and surrounding
materials. As visible in Fig. 4.2a), the highest temperatures in the solenoid occur in the
center of the second winding layer, followed by the first and third layer. With the old design
the only possibility to cool down themagnet was to let a cooling gas flow through the bellow
of one of the supply wires, which then flows through the vacuum vessel and exits through
the other bellow. In this case there is only contact between the cooling medium and the
outermost layer of the heated solenoid, which is the coolest part of the solenoid. As shown
in section 4.2.1 there is too little heat transport from inside the layers to the outer layer,
which means the effect of this kind of cooling is highly inefficient. To efficiently lower the
temperature of the inner layers they need to be cooled directly, with agreement to the
other prerequisites of a pulsed electromagnet as proper insulation, mechanical strength
and in this case vacuum compatibility. In Fig. 4.3 the general concept of the cooled solenoid
is shown: introduced "cooling vents" between the first and second, the second and third
layer and one cooling volume between the outer layer of the coil and the housing allow
direct cooling. For structural strength introduced rods made of reinforced plastics (FRP)
are arranged equally distributed along the circumference of the cooling layers leading to
ventilation channels in which the cooling medium gets as close as possible to the wires of
the solenoid, which are the hottest part of the magnet.
The fundamental solenoid design was adopted for this solenoid, featuring 116 evenly

distributed windings in four layers. Instead of using the strong copper alloy (Wieland K88)
wire, pure copper wire of 4.3 × 2.8mm2 cross section was used. To prevent the solenoid
from arcing, a proper insulation layer and reinforcement around the wires and layers is
necessary. In this design it consists of silicon based fibers instead of zylon and a for heat
transport optimised epoxy resin which overall improves the heat transport in the solenoid.
All winding layers are enclosed by a impermeable layer of this braiding, which in theory
allows even a conducting cooling medium, i.e. a liquid.
The overall magnet geometry remained similar to the non-cooled design. The wire is

wound on a cylindrical PEEK coil body with 50mm outer diameter and a large bore size of
40mm, the same diameter as the capturing solenoid - chosen specifically for the capture
of divergent laser-accelerated ions in order to facilitate high transport efficiencies. The so-
lenoid has a length of 15 cm and a total diameter of 10 cm keeping it remarkably small and
practical. In contrast to the old design, where the magnet had to be housed in a separate
airtight stainless steel housing to be vacuum compatible, the cooled solenoid’s body and its
housing are entirely made of PEEK, a vacuum compatible and mechanically resilient plastic
compound. This allowed for an even more compact and lightweight housing with a total
length of 24.25 cm, diameter of 17.5 cm leading to a total mass of less than 15 kg.
Flexible plastic tubing made of the vacuum-compatible fluorinated ethylene propylene

(FEP) is used to guide the wires to the outside of the vacuum chamber. The same tubing
is used to connect the cooling volume of the solenoid to the cooling medium circuit out-
side of the chamber. The prerequisite to be airtight, but to enable a cooling medium in-
and outlet separated from the wire in- and outlet lead to a very complex blueprint of the
base of the coil body and the front and back caps of the housing, as shown in Fig. 4.3. The
cooling medium has to be provided from outside of the vacuum chamber. While the so-
lenoid (and tubing) can be a fixed installation inside the vacuum chamber, it is possible to
connect different cooling media. After passing the tubing, the cooling medium enters the
solenoid into a small volume between the cap and the body to diffuse chaotically, achieved
by directing the end of the tube to a solid part of the PEEK body without a hole towards the
cooling vents. Due to a continuous flow of cooling medium, it is pushed between the wind-
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4 Concepts to enable higher repetition rates at ALBUS

ing layers through the guiding holes in the cap, ending up at the other side of the solenoid,
where the outlet tubing leads the medium outside of the chamber.

Figure 4.3: a) Side view cross section sketch of the cooled solenoid design (without the FRP rods be-
tween layers one, two and three). For illustratic purposes are all individual parts differently coloured
or transparent. The space between thewinding layers is connected to the volume between the body
and the caps via small bores (in this sketch only the bore for the space between layer two and three
is visible). b) Front view of the cooled solenoid without end cap. The windings are depicted in or-
ange, the FRP rods in pink.

4.2.3 Commissioning of the cooled solenoid

Before using the cooled solenoid in its designated environment as a capturing and guid-
ing magnet for laser-accelerated protons, it was tested and commissioned. Regardless of
airtightness and cooling capacity, the solenoid was driven by a pulse generator carefully
ascending up to a charging voltage of UC = 22 kV, resulting in a current of i = 20.8 kA. With
a suitable Hall probe the magnetic field strength along the cylinder axis was measured in
the center of the solenoid up to UC = 18 kV as shown in Fig. 4.4 a). This graph shows a
linear fit and with an appropriate extrapolation the maximum achievable magnetic field
can be determined to Bz,max = 19.6 T. The limit is due to the maximum charging voltage
of the pulse generator with UC = 24 kV. This is nearly exactly the same magnetic field the
capturing solenoid can achieve Bz,max,CaptSol = 19.7 T [110]. Knowing this, it is fair to state,
that the cooled solenoid is well applicable as a replacement for the capturing solenoid, at
least regarding the B-field.
After verifying the functionality as a pulsedmagnet and the structural strength up to very

high field strengths, the applicability in vacuum and the cooling capacity was tested. To do
so, the solenoid was installed in a test vacuum chamber. Cooled compressed air (T ≈ 5 °C,
up to pair,input ≈ 6bar) was used as cooling medium and the magnet has proven to be tight
in an ambient vacuumpressure of up to pvac ≈ 1× 10–6 mbar. This qualified the solenoid to
be installed into the target vacuum chamber at the Draco laser system. To test the cooling
capacity of the solenoid, so far only cooled compressed air was used, as just two cooled so-
lenoids have beenmanufactured and the risk of losing one prior to important experiments
was too high. As the temperature of the inside of the solenoid is inaccessible while pulsing
the magnet, a thermocouple was fixed on the inner bore of the housing and the gas outlet
temperature was measured. Several different operating modes of the solenoid and the
cooling were tested and are presented in Fig. 4.4. All tests were conducted with the sole-
noid installed in vacuum to prevent the heat transfer to ambient air and to mimic its future
application environment. Being designed for the mouse model irradiation experiments,
the magnet’s temperature must not exceed the critical temperature of its components. To
test this, an operating mode was defined: two pulses per minute at UC = 16 kV, a reason-
able estimation for a mouse irradiation at the time of the commissioning. Fig. 4.4a) shows
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Figure 4.4: a) Temperature behaviour of the solenoid depending on the air-flow pressure pulsing
15 times with 2pulses/min followed by cool-down. Thick lines are detected at the middle of the in-
ner bore of the solenoid housing, thin lines at the air outlet. b) Temperature behaviour depending
on the pulse frequency. Operation mode was mimicking an extremely rapid irradiation of two spec-
imen: pulsing 10 times followed by 5 minutes break and again 10 pulses, afterwards cool-down.
c) Determined "equilibrium" mode of the pulsed solenoid: Doing one pulse every two minutes al-
lows a continuous operation of the cooled solenoid without endangering the material by reaching
critical temperatures. All measurements were performed with air circulating to the air-liquid heat
exchanger, which itself is flowed through by a liquid at 2 °C.

the dependency of the inlet air pressure by applying 15 pulses in this mode, showing a
higher inlet pressure is preferable and also showing that after being close to critical tem-
peratures (around T = 70 °C) only one hour (or even less) is needed to cool down the coil
to a reasonable temperature to start the next series of pulses. This is a huge improvement
compared to the non-cooled solenoid, where according to simulationsmore than 12 hours
are needed. In Fig. 4.4b) two "mice irradiations" (ten shots in five minutes) in quick succes-
sion were enacted, showing that the critical temperatures are not reached in such a case.
For comparison, the same experiment with half of the frequency was conducted, expect-
edly leading to a lower maximum temperature. With this reliably working cooling system
it is even possible to use the solenoid in a "continuous pulse" mode at UC = 16 kV with a
reasonable repetition rate of one pulse every two minutes, where the solenoid reaches an
equilibrium temperature well below the critical temperature, as depicted in Fig. 4.4b).
The cooled in-vacuum solenoid was also implemented in the numerical beamline sim-

ulations in GPT (cf. Sec. 3.4). As the overall principle of this solenoid is the same as the
capturing solenoid described in Ch. 3, only the geometry of the first solenoid was adjusted
according to the specifics of the cooled solenoid. Similar to the experimental verification
of the beamline model shown in Sec. 3.5, the translation factor for the improved magnet
was determined and validated experimentally. The beamline setup is similar to the one
explained in Fig. 3.4 and shown as photograph in Fig. 5.1. Three independent translation
factors were determined. As shown in Fig. 4.5a), the magnetic field strength B was mea-
sured in the center of the solenoid at different driving currents. Using a linear fit of these
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4 Concepts to enable higher repetition rates at ALBUS

data points and replicating it in the numerical beamline model, the translational factor α0
could be determined to α0 = 0.98. Depicted in Fig. 4.5c), a second factor was determined
via the before established Ep – Isol scaling behaviour, resulting to a translation factor of
α1 = (0.95± 0.03). Following the method of comparing simulated to experimental spec-
tra, using an RCF stack, a third translational factor of α2 = (0.98± 0.04) was derived, see
Fig. 4.5b). Similar to the verified simulations of the beamline using the same capturing
solenoid close to the proton source (S1) and an equivalent one close to the irradiation
target (S2), simulations using the cooled in-vacuum solenoid parameters for S1 and the
usual capturing solenoid parameters for S2 were performed and the best agreement to
experimental data was achieved using:

αCS = 0.98 and β = 1.09. (4.2)
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Figure 4.5: a)Hall-probemeasurement to determine the B-field at the center of the cooled solenoid,
depending on the driving current ISol. b) Comparison of a normalised experimental transmission
spectrum (blue dots, experimental data originating from RCF stack measurement) using α2 = 0.98
(orange line). c) Relation between the focused proton energy (at P4) and applied solenoid current
for simulations (orange) and experiment (blue). The dashed orange line shows the simulated values
multiplied with the translation factor α1 = 0.95. The experimentally focused energy was determined
from the penetration depth of the protons in a scintillator block.
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5 High dose-rate in vivo irradiation
experiments using ALBUS-2S

The last two chapters introduced the laser-driven beamline at Draco PW, its improvements
as well as first experimental radiobiological studies. Following the translational research
chain, two- and three-dimensional in vitro and in vivo studies were performed and the re-
sults of the research and development of the LPA source and beamline enabled the reali-
sation of themousemodel pilot study. This study is presented in Kroll et al. [B24], for which
the author of this thesis served as the second author and the publication forms the basis
of the following chapter. It starts with an overview of the mouse model pilot study, dis-
cusses how the previously introduced model requirements were achieved and further de-
scribes the conducted pilot study with an emphasis on the laser-driven proton irradiations
at Draco PW. The results demonstrate a complete laser-driven proton research platform
for diverse user-specific small animal models, able to deliver tunable single-shot doses up
to around 20Gy to mm-scale volumes on ns timescales, equivalent to around 109 Gy s–1,
spatially homogenized and tailored to the sample. The platform provides a unique infras-
tructure for translational researchwith protons at ultra-high dose rates, whichwill be briefly
discussed at the end in sight of the recently emerged and much-discussed FLASH effect.

in-vacuum
diagnostics

Irradiation
site

Laser
target

Solenoid 2 Solenoid 1

Figure 5.1: Photograph of the beamline setup at Draco PW with the new cooled solenoid in place.
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5 High dose-rate in vivo irradiation experiments using ALBUS-2S

5.1 Motivation and outline of the mouse model pilot study

As radiobiological research in the LPA community successfully advances along the transla-
tional research chain, a volumetric in vivo small animal study poses as the next step. The
requirements for animal studies, e.g., sufficient particle energy, stable and reliable dose
delivery over large volumes, are quite strict and hard to fulfill at laser-driven accelerators,
for what reason most radiobiological experiments have been performed with human cell
lines so far (cf. Sec. 2.3). Exceptional cases are the irradiation of 3D spheroid cultures and
zebrafish embryos using laser-driven protons (cf. Sec. 2.7.1 and Rösch et al. [114]).
Within a collaboration of the HZDR and OncoRay a small animal study employing laser-

driven particles was envisioned, leading to the development of a mouse model dedicated
for LPA irradiations (see Sec. 2.7.2) and the first laser-driven particle irradiations with elec-
trons in 2014 [69]. The experiences acquired in these studies, but also the further develop-
ment of theDraco PW laser system and its radiobiology beamline as well as the optimization
of the mouse ear tumour model finally allowed to perform an animal pilot study. Small hu-
man tumours on nudemice earwere irradiatedwith laser-driven protons and conventional,
clinical protons as reference. This requires comparable experiment settings and beam pa-
rameters, e.g., delivered absolute dose and proton depth dose distribution, but also neces-
sitates infrastructure for animal care. The experimentation at two locations, the Draco PW
laser system and the University Proton Therapy Dresden (UPTD), doubles the experimental
effort but might point to an altered tumour response by laser-driven proton treatment at
ultra-high dose rates. This excellently displays the advantage of the Dresden platform, pro-
viding several independent experimental sites employing different source characteristics.
The respective beamline setups are explained in Fig. 5.2a) and Fig. 5.5.
Taken all together, this pilot study demonstrates the feasibility of in vivo studies at laser-

driven sources and paves the way for upcoming experiments investigating the radiobiolog-
ical effects of laser-driven particle beams. It has to be stressed, that by planning the study
in this comparative manner, a probably easier achievable intermediate step of a volumetric
in vivo small animal irradiation study with an arbitrary dose distribution was skipped. This
was done in view of animal welfare as such a study would have very little scientific outcome
radiobiological-wise, but is only proving the source and infrastructure readiness. It is due
to this fact, that the first small animal irradiation study using laser-driven protons already
had such ambitious requirements. The following sections explain how the individual tasks
leading to the small animal study were achieved.

5.2 Model-compliant dose delivery at Draco PW

One of the requirements to declare the Draco PW facility suitable for small animal stud-
ies was to achieve variable prescribed homogeneous volumetric dose distributions within
the percent-level margins determined by radiobiological protocols, mitigating LPA-inherent
spectral intensity fluctuations correlated with variations of laser or target parameters. To
verify this, the specific case of the pilot study model is presented in the following.
As described in detail in Sec. 2.7.2 the pilot study model used in this work is based on

spherical tumours with diameters of ∼ 3mm grown superficially on a mouse ear. A cylin-
drical planning target volume (PTV) was defined for dose application with 5mm diameter
and 4mm depth (water-equivalent) to account for tumour shape variation and positioning
inaccuracy while the thinness of the mouse ear (∼ 250μm) keeps the irradiated healthy
tissue volume small. To induce an observable tumour growth delay in accordance with the
radiobiological model, a PTV dose of DPTV = (4.0± 0.4) Gy was prescribed. This value was
predetermined in a separate study using clinical accelerators by Beyreuther et al. [67]. A
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a)
mouse bedding unit

solenoid 2solenoid 1
laser target

energy selecting 
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 chamber (IC)
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b)
c) light source

QQAA RRCCFFs

Figure 5.2: a) Experimental beamline setup for the mouse model study at Draco PW. A selected
spectral part of the broadband LPA protons is transported to the planning target volume behind
the final beam aperture using the pulsed two-solenoid beamline ALBUS-2S. The energy selecting
aperture is inserted for spectral shaping, scatterers mainly for lateral homogenization. Beam mon-
itors and dosimeters are installed downstream in air. The dose at the PTV can be applied either
to detectors (e.g. for quality assurance) or the mouse tumour. The bedding unit can be moved
motorised to a position where the PTV is imaged and the tumour position is verified before and
after irradiation. Adapted from Kroll, Brack et al. [B24]. b) Photograph of an anaesthetised mouse
fixed in the pre-heated mouse bedding unit. c) Image of the tumour for position verification using
transmitted light. The red circle marks the 5mm diameter of the PTV.

lower limit of 1Gy/min is radiobiologically mandated for themean dose rate, effectively lim-
iting the overall irradiation time to 4min. An inhomogeneity threshold of 10% (2σ) applies
to lateral and depth dose homogeneity over the entire PTV.
Following the concept proposed by Masood et al. [137], the generation of the prescribed

homogeneous depth dose requires a proton distribution that has the spectral shape of a
broad, asymmetric triangle. Peaked at around 25MeV, it provides the necessary pene-
tration depth while its flatter slope towards lower energies contributes dose to shallower
depths, transforming the otherwise pristine to a homogeneous spread-out Bragg peak. In
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Figure 5.3: a, LPA source spectra measured by stacked radiochromic films (RCF) for two laser ener-
gies on target. The blue curve represents the fraction of the orange source spectrum required for
dose delivery. b, TOF proton spectra at PTV position with (solid, ×2) and without (dashed) energy
selecting aperture of 15mm. c, Integral depth dose distribution measured via RCF stack compared
to TOF prediction. Pseudocolor images show lateral dose distributions at selected RCF stack layers
within the PTV. Adapted from Kroll, Brack et al. [B24]

total, ∼ 108 particles are needed to meet the prescribed dose over the 80mm3 PTV con-
sidering a mean proton energy of 20MeV, cf. Eq. 3.48. As shown in Fig. 5.3a) (black curve)
an exponentially decaying LPA energy spectrum with a well-defined cut-off energy of up to
∼ 70MeV was achieved at Draco PW. The spectrum yields enough particles within the cru-
cial energy window between 15MeV and 40MeV allowing theoretically even a single-shot
dose delivery. The laser operation mode was chosen in accordance to Ziegler et al. [B21],
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with Draco PW delivering contrast-cleaned laser pulses of∼ 10 J (low-energy shot) to∼ 18 J
(full-energy shot) to the target under oblique incidence (50°), leading to intensities on tar-
get of 3×1021 Wcm–2 to 5.4×1021 Wcm–2, respectively. The target alignment with respect
to laser focal plane was performed manually, resulting in a practical repetition rate of 3 to
4 shots per minute. Formvar plastic target foils were fabricated in-house and measured
for constant thickness to around 220nm. LPA source optimization for maximum proton
cut-off energy comprised focal scan and spectral phase modulation employing full-energy
shots (cf. Sec. 2.4.1). In doing so, proton spectrum and geometrical emission characteris-
tics were measured online via a Thomson Parabola Spectrometer and a scintillator-based
proton beam profiler, respectively.

5.2.1 Forming the SOBP-like depth dose distribution

The adaption of the source spectrum to the PTV specifications was realized using the
ALBUS-2S beamline8 with apertures and scatterers allowing for active shaping of various
three-dimensional dose profiles in a single shot as explained in Sec. 3.2, the setup is shown
in Fig. 5.2a). To monitor the proton beam in the irradiation volume and guide the beam
transport tailoring process, a transmissive scintillator-based time-of-flight (TOF) spectrom-
eter was developed within a dedicated PhD thesis for LPA dosimetry. It provides the proton
spectrum for the entire PTV and hence a calibrated on-shot depth dose profile prediction
(see Fig. 5.3a), b) and [B26]).
To reach the requested dose distribution the beamline was optimised to transport a

broad-energetic proton bunch and subsequently fine-tune its spectral shape via the en-
ergy selection aperture (ESA) between the solenoids to enable single-shot depth dose ho-
mogenisation. This technique exploits the energy-dependent beam size at the ESA posi-
tion, where protons of higher energies have larger beam diameters because of the rising
focal length of the solenoid lens with increasing particle energy as explained in Sec. 3.6.3.
The spectral shaping is visualised in Fig. 5.3b). The dashed blue line shows the initially
most efficiently transported part of the source spectrum (orange curve in Fig. 5.3a), having
an approximate shape of a Bragg peak. Introducing the ESA decreases the transport effi-
ciency on the high-energy side of the spectrum, which leads to a relative elevation of the
low-energy pedestal, thus approaching the required triangular spectral shape (cf. Fig. 5.3b)
solid blue line). For the dose distribution applied for mouse irradiations the gap between
the transported spectral components was deliberately widened and the lower-energetic
part stopped in the scatterers. Together with the spectral manipulation via the energy se-
lecting aperture, this measure aided the adjustment of the dose per shot, complementary
to applying low energy laser shots, and made the depth dose homogeneity more robust
with respect to LPA source fluctuations. The spectral distribution of the transported pro-
ton bunch was measured via the TOF spectrometer and compared to reference spectra.
If necessary, beam transport was readjusted by tuning the magnetic field strength (typical
changes < 4%) of the solenoids. Alignment of the (motorized) final beam aperture with
respect to the beam axis was performed via online scintillator measurements at the PTV.
Lateral beam confinement and homogeneity are achieved with the final beam aperture
(FBA) and scatterers downstream of the second solenoid. The accumulated depth dose

8 The overall setup follows the concept presented in Sec. 3.3 with the following key components and respective
distances to the laser target: (cf. Fig 5.2): solenoid 1 (B1 ≈ 13.6 T at solenoid center, 40mm bore, first winding
at 77mm), energy selection aperture ESA (aluminum, 15mm diameter, at 745mm), solenoid 2 (B2 = 3.5 T at
solenoid center, 42mm bore, first winding at 1108mm), first scatter foil (nickel, 220μm, at 1820mm), Kapton
window (75μm thickness, 30mmdiameter, at 2005mm), second scatter foil (nickel, 110μm, at 2010mm), time-
of-flight detector and transmission ionization chamber (14mm diameter, at 2082mm), final beam aperture
FBA (lead and aluminum, 7mm diameter, at 2135mm). Solenoid 1 was replaced with the cooled Solenoid
introduced in Sec. 4.2.2.
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profile (cf. Fig. 5.3c)) demonstrates the procedure’s capability of depth dose homogeniza-
tion, concluding the first requirement of providing a prescribed dose shape.

5.2.2 Tuning the absolute dose value

The next step is delivering the prescribed absolute dose precisely. Although theoretically
possible, a single-shot irradiation is impractical due to the LPA-source-inherent fluctua-
tions. To counteract this source characteristic, the prescribed absolute dose value within
the model-defined percent-level margins was applied via a multi-shot irradiation scheme
with a defined single-shot dose range of 330mGy to 800mGy. The lower dose limit is given
by the applicable repetition rate of the pulsed solenoids (up to three pulses per minute) to-
gether with the mandatory mean dose rate of 1Gy/min (preventing an otherwise reduced
dose response [58]). The upper limit is set by the specified accuracy of the prescribed dose
value of 4Gy, demanding the accumulation of at least five shots accounting for shot-to-shot
dose fluctuations up to ±20%. The adjustment of the single-shot dose was realized by re-
ducing the laser input energy that tailors the proton yield at negligible spectral changes
within the relevant energy bandwidth (cf. orange and black spectra in Fig. 5.3a)).
A calibrated transmission ionization chamber IC, installed behind the TOF spectrometer,

is used to monitor the single-shot dose and to terminate the irradiation when the pre-
scribed dose window is reached. Before and after each sample irradiation it was cross-
calibrated against two independent absolute dosimeters: stacks of radiochromic films and
a Markus ionization chamber mounted exactly at the irradiation position. Their absolute
calibrationwas carried out using the cyclotron at the UPTD before the irradiation campaign.
The depth dose homogeneity is monitored with the TOF spectrometer for every shot.

5.2.3 Achieving the prescribed dose distribution

Fig. 5.3c) exemplary shows the depth dose (orange histogram) and selected images of the
lateral dose distribution (false color) of one RCF stack irradiated for quality assurance (QA).
During a sample ormouse irradiation, a single dosimetry RCF (dRCF) is placed in front PTV to
verify the accumulated dose value and lateral dose profile. The prediction of the TOF spec-
trometer combined with dRCF agrees very well with the RCF-stack-measured depth dose
profile. Themeasured dose value ofDPTV = 4.0Gy accumulated over six shots (in 105 s) at a
mean dose per shot of 660mGymeets themodel specifications. Both relative lateral (ΔHlat)
and depth dose inhomogeneity (ΔHdepth), evaluated as 2σ standard deviation of the mean
dose within the depicted 5mm ROIs of RCF layers 2-12 (striped histogram section) corre-
sponding to the PTV, are well within the 10% boundary with ΔHlat = 5% and ΔHdepth = 4%.
With the successful combination of spectral beam shaping and dose value adjusting, the
prescribed dose distribution for the small animal pilot study could be achieved. In view of
radiobiological experiments, contaminations of the transported proton beam at irradiation
site with other ionizing radiation generated in the LPA process or via secondary interaction
also need to be considered due to the direct line of sight between source and sample.
Yet, heavier ion species, e.g. oxygen or carbon, are transported like protons considering
identical magnetic rigidity, but, owing to their low penetration depth, are stopped by the
scatterers and do not contribute to the delivered dose. Electrons are deflected and dis-
persed in the solenoid fringe fields. The flux of neutral particles at the irradiation site, such
as gamma radiation or (secondary) neutrons, is strongly supressed by the ∼ 2m distance
to the source following the inverse-square law. Measurements via radiochromic films at
the irradiation site verified the negligible dose contribution of background radiation.
In short, the established beamline enables the delivery of three-dimensional tumour-

conform dose distributions in agreement with all specifications for quantitative in vivo ra-
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diobiological experiments bymaking use of the broadband proton spectrumuniquely avail-
able at an LPA source. The effective utilization of the spectrally broad LPA source is illus-
trated by the comparison of the input and a single-shot TOF spectrum (orange and blue
line in Fig. 5.3a), respectively). This TOF spectrum represents all protons required at source
level for dose delivery to PTV, therefore was scaled accounting for particle loss (apertures)
and energy shifts (scatterers) during transport. It shows that nearly half of all accelerated
particles at the triangle peak are being facilitated for the final dose distributions, a higher
transport efficiency than for most LPA beamlines (cf. Sec. 2.5).

5.3 Laser Plasma Accelerator readiness and stability

Before an animal can be allocated to the experiment, the irradiation setup, as well as
beam formation and monitoring methods, needed to be developed and their functionality
demonstrated. Having shown this in the last section, now a long-term stable daily acceler-
ator performance, benchmarked via machine parameters defined by the intended appli-
cation is necessary. This was performed by verifying the model-defined beam readiness
parameters for daily beam availability, long-term reliability (over weeks to months), and
shot-to-shot stability, thereby going beyond and setting new standards for quality control
in the proton LPA field. These parameters and their comparison with the corresponding
acceptance window are given in Fig. 5.4 for the different time scales of interest.
The long-term source reliability is shown in Fig. 5.4a). As introduced in Sec. 2.4.1, the

daily available cut-off energy Ep,max, as the most common parameter benchmarking laser-
driven proton beams, is plotted over the period of two years. After the dedicated source
optimisation studies, Ep,max is mostly in the range of ∼ 60MeV, meaning the primary LPA
source reliably provides a comfortable safety margin with respect to the required 40MeV.
The beam readiness parameters for daily beam availability have been achieved over a

half-year period on selected days dedicated for campaign preparation or mouse irradi-
ation itself, depicted as green and blue bars in Fig. 5.4a). All procedures from start-up,
beam shaping and dose verification to irradiation (on QA RCF stacks or scintillators) were
performed to confirm the daily availability of the model-specific dose delivery parameters.
These parameters were defined prior as the dose per shot D̄shot, the relative lateral dose
inhomogeneity ΔH̄lat, and the relative depth dose inhomogeneity ΔH̄depth. Fig. 5.4b) depicts
daily average values, denoted by the bar. The shown data in Fig. 5.4b) corresponds to the
days indicated by the same colours in Fig. 5.4a). The grey area marks the acceptable range
of these parameters. It can be seen, that the obtained data was within the given bound-
aries on each day. Fig. 5.4c) summarizes the shot-to-shot stability during a selected day
of the irradiation campaign (associated to the blue-marked data in Fig. 5.4a), b)). The two
graphs on top show the considerably high spectral stability of the transported bunches,
depicted by the normalized spectral bunch composition determined via TOF, and corre-
sponding relative fluctuation of the transported mean bunch energy ΔEmean, indicated in
green in Fig. 5.3b). The fluctuation in the IC-measured dose per shot Dshot depicted be-
low again accentuates the importance of the multi-shot dose delivery scheme. Although
spectrally stable within ±5% the absolute dose per shot varies around ±20% due to the
source fluctuations. The plot is completed by the depth dose inhomogeneity score ΔHdepth
deduced from the TOF spectrum. Similar to the averaged data, it can be seen that every
single shot lies within the set boundaries for the pilot study model.
Meeting all prescribed parameter ranges at the same time represents a breakthrough

in every aspect: demonstration of laser-driven proton beam generation at this high energy
level over two years, dose delivery at radiobiologically relevant quality and high-precision
dosimetry over many weeks and for every shot of each required day. To conclude, the
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Figure 5.4: Accelerator readiness and beam delivery stability. a) Daily LPA source performance over
two-year period demonstrated via highest recorded proton cut-off energy Ep,max from Thomson
parabola spectrometer (bars) and RCF stack (diamonds), horizontal line at Ep,max = 60MeV as guide
for the eye. Green bars correspond to the data in b, the blue bar to c. The small animal irradiation
days are highlighted by dashed bars. b) Daily average of dose delivery parameters (mean dose
per shot D̄shot with 2σ standard deviation, mean depth and lateral dose inhomogeneity ΔH̄depth and
ΔH̄lat) and targeted parameter ranges (gray). The blue data points correspond to c). c) Verification of
the stability of all (consecutive) shots during a representative day of mouse irradiation measured by
transported kinetic energy spectrum Ekin, relative mean bunch energy fluctuation ΔEmean and dose
delivery parameters (dose per shot Dshot and depth dose inhomogeneity per shot ΔHdepth), all lying
within the targeted parameter ranges (gray). From Kroll, Brack et al. [B24].

ALBUS-2S beamline at Draco PW proved to be applicable for complex radiobiological stud-
ies, in particular the proposed small animal pilot study.

5.4 Mouse model pilot study

With the LPA proton source and beam transport ready, the mouse pilot study could be
finally conducted in July 2020. In preparation of the irradiation experiments, human HN-
SCC tumour cells (∼ 105) were injected into mouse ears to induce tumour growth [67].
Animals bearing tumours were allocated for treatment when a single tumour with a diam-
eter of about 3mm had developed. The tumour on the ear of the anesthetized mouse
was then precisely aligned at irradiation position (Fig. 5.2c)) for the application of the pre-
scribed single dose point of (4.0±0.4) Gy. After irradiation, the tumour growth was followed
over a period of up to 120 days to reveal treatment-dependent differences. As the refer-
ence to the experiment at the LPA source, a subsequent experiment on a second cohort
of mice was conducted at the University Proton Therapy Dresden (UPTD) at the campus
of the University Hospital Carl Gustav Carus, Dresden, three weeks later. Animals were ir-
radiated at same dose level as at Draco PW by the continuous proton beam of the fixed
horizontal research beamline employing a clinically used isochronous cyclotron (C235, IBA)
[26]. Irradiation procedure, dosimetry protocol and animal preparation were identical at
both facilities. Irradiation of dedicated treatment groups with standard 200 kV X-rays was
performed in parallel to each proton experiment to allow the comparison of the radiobi-
ological outcome of the consecutive campaigns at the two sites and to identify possible
deviations in the biological response arising from biological diversity [69]. A total of 61 out
of 92 animals were allocated to the experiment. They were divided into two cohorts for
the different irradiation sites whereas each cohort was divided into 5 treatment groups
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5 High dose-rate in vivo irradiation experiments using ALBUS-2S

(Draco PW/UPTD): proton irradiated (8/7), proton sham (6/5), X-ray irradiated (5/7), X-ray
sham (4/6) and growth control (6/7).

5.4.1 Preparation and irradiation routines

For the experiment at the Draco PW, an experimental and dosimetric workflow was es-
tablished and in use for every irradiation day. After LPA source optimization in vacuum,
knowing the geometrical and spectral source characteristics in beam transport direction,
the in-air irradiation setup is assembled and the beamline prepared within 10min. Fur-
ther on, the beam transport is applied as explained in the previous sections and quality
assurance (QA) measurements before sample irradiation were routinely performed. The
QA protocol included the verification of the transmission ionization chamber calibration
and the irradiation of an RCF stack mimicking the radiobiological sample irradiation, in-
cluding time-critical dose application. This stack was immediately evaluated for delivered
dose value and dose homogeneity. When radiobiological target parameters were not met,
readjustments at the source level (i.e. laser energy) or transport system (B-field strengths,
aperture size, etc.) would be performed. Once within specification, the preparation of
the radiobiological sample irradiation continued, during which two independent absolute-
calibrated dosimeters are employed: The transmission IC monitors the single-shot dose
online to terminate the irradiation after reaching the targeted dose window. A single RCF
(dRCF), directly in front of the sample, is used for lateral dose homogeneity measurement,
evaluated offline two days after irradiation. Data of both dosimeters (dRCF and IC), each
complemented by TOF measurements, are used to extrapolate their measured dose at
the respective detector plane to the averaged dose over the whole sample depth, provid-
ing two independent PTV dose values (light blue data in Fig. 5.6b)). Each sample irradiation
was followed by QA RCF stack measurement. The RCFs were digitized in accordance to
the calibration protocol. This specifically developed dosimetric concept is highly complex
and is a dedicated topic of research resulting in several future publications as well as a
PhD thesis [B26]. It enables the characterization and online monitoring of small mm-sized
3D dose distributions allowing a precise dose application despite challenging LPA proton
characteristics like spectral fluctuations and high dose rates, which are usually not present
at conventional proton accelerators. Especially the TOF measurements make a difference,
as they enable non-disturbing online spectral beam monitoring and Monte-Carlo based
depth dose distribution prediction to quantify spectral fluctuations and resulting depth
dose shape changes present for LPA protons. The individual parts of the dosimetry system
are briefly explained in the Methods section.
The irradiation studies with conventional, continuous proton beams were performed

at the horizontal fixed-beam beamline in the experimental area of the UPTD. An existing
double-scattering setup [170] was modified to enable irradiation of the cylindrical target
volume with a homogeneous proton field, a sketch of the setup is given in Fig. 5.5. Proton
beam energy and range compensator thickness were adjusted using a Giraffe multilayer
ionization chamber detector (IBA Dosimetry). Irradiation of QA RCF stacks allowed for retro-
spective validation of the depth dose distribution. The proton range and with it the position
of the SOBPwas shifted by 90mmPMMA (Stopping power ratio, SPR = 1.18) and 122.4mm
polycarbonate slabs (SPR = 1.15 [26]). The beam was shaped laterally by two 33mm thick
brass collimators with apertures of 77.5× 77.0mm2 and 20mm diameter, respectively, in
front of and an 11mm thick aluminum collimator (7mm opening) before the range com-
pensator. Additionally, the final beamaperture of 7mmwas included in themouse bedding
unit to protect the mouse head from scattered radiation, whilst allowing tumour irradia-
tion. For online control of dose delivery the transmission ionization chamber integrated
in the beam exit was cross calibrated to an Advanced Markus ionization chamber at PTV
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Figure 5.5: Experimental beamline setup for the mouse model study at the UPTD. The mono-
energetic protons from the cyclotron exit their beamline through an ionisation chamber. The ridge
filter enables spectral shaping. Collimators narrow the beam and PMMA blocks serve as energy de-
grader before the final beam aperture. QA RCFs and tumour position verification are used similar
to the setup at Draco PW.

position. Comparable to radiation therapy, the IC converts dose in monitor units (MU) and
switches off the proton beam after reaching a requested number of monitor units. The
correlation of MU to dose in tumour volume was regularly checked by means of Markus
chamber and RCF measurements. Every irradiation day, a QA RCF stack was irradiated at
PTV position and the beam stability of the clinical accelerator at the UPTD enables to de-
duce absolute volumetric dose information from the calibrated transmission IC, rendering
complementary dosimeters unnecessary.
Similar to the preparational routines for the proton beamlines an actual irradiation and

mouse handling routine was established. This commonworkflow formouse irradiation was
applied to minimize external influences: Once allocated to the experiment, the animals
were transported from their housing facilities to the respective treatment site and anaes-
thetised shortly before their respective irradiation or allocation as sham sample. The ani-
mals were prone positioned in the pre-warmed bedding unit with the tumour-bearing ear
fixed on a transparent PMMA block attached on the side of the bedding unit (see Fig. 5.2b)).
At both proton sources the bedding unit was set in a holder, whereby it was tilted by –90° to
position the tumour within the radiation field. Camera-based tumour positioning control
assures congruence of tumour volume and PTV. The final beam aperture assures radia-
tion protection of the mouse. For irradiation with 200 kV X-rays, the bedding units were
positioned horizontally superimposing the tumour bearing ears on PMMA block with the
collimator openings. Independent of radiation source, the bedding units were heated dur-
ing irradiation to circumvent a drop of the body temperature of the anaesthetised mice.

5.4.2 Results

Fig. 5.6a) illustrates the temporal dose application at both facilities with comparable mean
dose rates of 1.2Gy/min to 2.2Gy/min for themulti-shot delivery scheme at the LPA source
and 3.6Gy/min for the continuous beam of the cyclotron. The inset shows the rapid dose
application on the ns-scale for the laser-driven bunches, resulting in peak dose rates of up
to 108 Gy/s. Although interesting for radiobiology, such high dose rates can be a challeng-
ing for beam monitoring and dosimetry [171]. The applied ionization chamber saturation
corrections in accordance to Gotz, Karsch, and Pawelke [172] and Gotz et al. [173] allowed
to precisely measure the applied dose per shot. The radiation dose applied cumulatively
to the tumours matched the prescribed target dose range of 3.6Gy to 4.4Gy for every irra-
diation that could be finished. This marks a significant improvement in comparison to the
previous study with laser-driven electrons, where a high fraction of > 40% of the irradiated
specimens at the laser-driven electron accelerator had to be excluded from analysis due
to under- or overdosage [174]. In summary, the precise online dose control at Draco PW
prevented exclusion of animals due to under- or overdosage in future full-scale radiobiol-
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Figure 5.6: Radiobiological pilot study and follow-up; reference proton data (cyclotron at UPTD) in
green; LPA proton data (Draco PW) in blue. a) Exemplary irradiation time scales. Inset shows rapid
dose application by LPA proton bunch. b) Proton tumour doses of all mice including 2σ uncer-
tainties; final dose values at Draco PW as weighted mean of two independent absolute dosimetry
methods (IC and dRCF, lighter blue); mean throughout animals given by dashed lines. c), d) Individ-
ual tumour growth curves as relative tumour volume increase after allocation/treatment for growth
control (light gray), sham (dark gray) and proton irradiated (green/blue) mice at respective facilities.
tumour growth of the sham treated groups, which run in parallel to the irradiated ones, indicate
the influence of the respective treatment conditions. Unaffected tumour growth is shown by the
control mice that remain in the corresponding animal facilities. Asterisks indicate mice with fast
growing secondary tumours, the plus tumour volume reduction due to scabbing. Number of ani-
mals per group given in parentheses. Figure from Kroll, Brack et al. [B24].

ogy studies. Fig. 5.6b) summarizes the applied proton tumour dose values, evaluated over
the PTV, including dosimetric uncertainty in both experiment branches. At UPTD repro-
ducible dose delivery with an average dose of DUPTDPTV = 3.9Gy (green) was applied to the
tumours. The average dose for the Draco PW irradiation amounts to DDracoPTV = 3.9Gy (blue).
Relative dose uncertainties (2σ) were 14% at UPTD and 8% at Draco, owing to the two em-
ployed dosimetrymethods based on independent absolute dosimeters (IC and dRCF). Both
dosimetry methods agree well (see lighter blue data in Fig. 5.6b)). Similar to the absolute
dose, rigorous care was exercised in reconstructing the 3D dose distribution applied to the
tumour samples. Applying methods established by Richter et al. [132] for cell studies with
laser-driven proton beams and extending themwith novel bunch energy reconstruction via
TOF, the former planar dosimetry could be transferred to the third dimension, setting new
dosimetry standards for laser-driven proton sources. The measured dose inhomogeneity
was comparable at both facilities with a relative lateral inhomogeneity of 9% at UPTD and
6% to 9% at Draco PW. The relative depth inhomogeneity amounted to 2% at the cyclotron
and ranged from 4% to 9% at the laser accelerator. The agreement of the applied dose
within all uncertainty boundaries complies with the strict requirements imposed by the in
vivo tumour model and only thereby permits comparison of the biological data.
Tumour growth data obtained for the mice irradiated with the continuous cyclotron ref-

erence and LPA proton beam are shown in Fig. 5.6c) and d), respectively. By comparison
with the corresponding curves for growth controls and sham irradiations, a clear radiation-
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Figure 5.7: Individual tumour growth curve as relative tumour volume increase after alloca-
tion/treatment for growth control (light gray), sham (dark gray) and X-ray irradiated (green/blue)
mice at respective facilities: a) UPTD, b) Draco PW. tumour growth of the sham treated groups,
which run in parallel to the irradiated ones, indicate the influence of the respective treatment con-
ditions. Unaffected tumour growth is shown by the control mice that remain in the corresponding
animal facilities. Figure from Kroll, Brack et al. [B24].

induced effect is indicated. Strongly delayed on-set of tumour growth or even tumour con-
trol, the latter being not intended in the framework of this model, was reached for a small
number of animals. While such cases statistically occur at most once per treatment group
whether irradiated or not, they accumulate to three out of seven cases in the LPA proton
group. The juxtaposition of the tumour growth delay curves of the UPTD and Draco PW
with the more pronounced tumour growth delay and more frequently reached tumour
control at the latter could be prematurely or maybe even mistakenly interpreted in a way
that laser-driven protons are more effective. With respect to such interpretation, caution is
advised. Potential reasons for the differences between cohorts can be manifold, e.g. arise
from biological conditions such as differences in cell batches, mice batches or environmen-
tal circumstances, etc. Yet, this observation motivates further investigations to quantify the
efficacy of LPA proton irradiation on tumour growth at high statistical significance. Only
in a full-scale experiment these effects can be excluded or corrected via the upper men-
tioned control groups. Due to the low statistics in the different treatment groups of this
pilot study, these corrections are not fully feasible and therefore not constructive. In a full-
scale experiment a total of almost 300 mice would be required to detect a disparity of the
radiobiological effect of laser-driven and conventional protons at a significant level [B24].
Considering the limited sample size of the pilot study, a renormalisation of the growth
curves in Fig. 5.6c), d) in accordance with the collected X-ray data shown in Fig. 5.7 was not
performed. Yet, X-ray irradiation remains essential in a full-scale study to identify and cor-
rect for deviations in the biological response arising from biological diversity between the
mouse cohorts at both facilities. In the pilot study at hand, conducted at a cyclotron and
an LPA source, no indications for influences of environmental conditions and experimental
procedures were found, which is an important precondition for all future studies.

5.5 Ultra-high dose rate irradiations

The above discussed in vivo pilot study successfully demonstrated the establishment of
a proton LPA research platform for small animal studies. By fulfilling all requirements in
terms of accelerator readiness, delivery of a volumetric tumour-conform prescribed dose
distribution, extensive dosimetry, and radiobiological protocol, it set a new benchmark for
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laser-driven proton sources. Thus, the study paved the way for any following study with
LPA sources across interdisciplinary research fields. Looking beyond the scope of the pilot
study at Draco PW, the ALBUS-2S beamline is capable of delivering prescribed dose dis-
tributions, including radiotherapy research relevant SOBPs, to a wide range of irradiation
samples featuring maximum penetration depths of 40mm (water-equivalent) for 70MeV
protons. Although obviously facilitating the proton source very well in the pilot study, the
intrinsic advantage of an LPA source, i.e. the extremely high particle flux and the according
transport efficiency of the pulsed beamline allowing single-shot irradiations with tailored
dose distributions, was not yet fully utilised. Doing so allows to perform ultra-high dose
rate (UHDR) irradiations, as the up more than 109 particles on ns delivery time scales en-
able identical bunch and mean dose rates of � 109 Gy s–1. With the rediscovery of the
healthy tissue-sparing UHDR irradiation effect FLASH, laser-driven sources may move into
the spotlight, as conventional accelerators are not yet capable of delivering such high dose
rates.

5.5.1 The Flash effect

First mentioned roughly 50 years ago using X-rays or electrons [175, 176] but not imme-
diately followed up on, several studies recently confirmed the beneficial effect of high-
dose-rate treatment in different species for various endpoints and radiation qualities, now
dubbed as the "FLASH effect" [24]. As of now, it is discussed as a promising candidate for
the next advancement in cancer radiotherapy [177, 178]. The concurrent finding of un-
changed tumour response by irradiation while sparing normal tissue raised the expecta-
tion that high-dose-rate RT can improve treatment [179]. For example, a higher total dose
might be applied, as the normal tissue is less impacted and/or the effect of organ motion
can be neglected due to the rapid dose delivery. These resulting reduced side effects on
normal tissue indicate an improvement of a radiotherapy patient’s quality of life[179, 180].
Present knowledge in this rapidly developing field is that FLASH is triggered by dose deliv-

ery in less than 100ms at mean dose rates of greater than 40Gy s–1 that exceed the usually
clinically administered ∼ Gymin–1 [179, 181, 182]. The first clinical trials focused on pallia-
tive radiotherapy with high electron [183] and proton (clinical trial number NCT04592887)
dose rates. Further translation into curative radiotherapy requires a comprehensive un-
derstanding of the biological mechanisms and the influence of physical parameters on the
response of tumour and normal tissue [184]. Altered immune response, selective preser-
vation of stem cells [185] or time-dependent protein activation [104] are biological mech-
anisms under discussion. Oxygen depletion as cause, also studied within the Dresden
platform by Jansen et al. [186], is still under consideration, but not as a sole trigger. From a
physical point of view, the influence of beam pulse structure, bunch dose and bunch dose
rate, mean dose rate as well as fractionation schemes and total irradiation time have to be
evaluated regarding their effect on tissue response [25, 179, 180, 184].
These studies depend on a research accelerator infrastructure equipped with flexible

dose and dose rate delivery schemes for small animal studies [25, 179, 180]. Ideally, the
accelerators would be capable of varying the (bunch) dose application times ranging from
femtoseconds to minutes to trace the cascade of physical, chemical, and biological events
in the interaction of ionizing radiation with tissue [178]. Especially for protons, the portfolio
of conventional accelerators capable of performing such studies at high dose rates is very
limited and the explorable parameter space very narrow [25–28, 187]. It might be due to
this lack of research possibilities, that the evidence for beneficial UHDR proton radiother-
apy is more inconclusive compared to electrons or X-rays [188]. Here, laser-driven particle
accelerators, inherently producing proton pulses with ultra-high bunch dose rates, offer
the possibility of dose rate escalation experiments and might close the gap of research
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accelerators in the translational research chain. Note that the FLASH effect is a biological
effect and should be studied in in vivo models, which at first glance leads to the need to
perform more (small) animal studies. Yet the Zebrafish embryo model (cf. Sec. 2.7.1) gains
a lot of interest in this field, allowing normal tissue response studies without the vast ef-
fort of a proper animal study [26, 65, 124]. A first experiment of this kind was done at the
Draco PW, discussed in the following.

5.5.2 Ultra-high dose rate irradiations at Draco PW

Using the laser-driven source and the efficient particle transport with the two solenoids, a
homogeneous dose distribution of a cylindrical volume of 5mm diameter and 5mm depth
with a prescribed dose value of 4Gy with a mean dose rate of 0.3Gy s–1 but a uniquely high
pulse dose rate of � 1× 108 Gy s–1 was achieved within the above described small animal
pilot study. This experiment does not necessarily induce the FLASH effect as themean dose
rate and total dose application time requirements are not fulfilled although the bunch dose
rate is in the FLASH parameter space. But disregarding the specific pilot study parameters,
ALBUS-2S is able to deliver customised FLASH-relevant dose distributions to a wide range
of irradiation samples. This can be achieved by increasing the dose delivered in a single
shot, leading to an ultra-high mean and bunch dose rate. A first experiment at Draco PW
investigating the feasibility of FLASH-irradiation studies using the ALBUS-2S beamline was
performed using the aforementioned Zebrafish embryomodel (cf. Sec. 2.7.1). The planned
target volume for the ZFE study was slightly smaller than in the mouse study but again
a cylindrical volume of 4.5mm diameter and 3mm depth. Each irradiation sample in a
specifically designed holder contained fifteen 24-hours-old ZFE. As no other tissue is in the
vicinity of the samples, the dose can be delivered homogeneously in the relevant volume
and deviate further in depth. The demanded inhomogeneity level of lateral and depth dose
distribution was again below 10% and instead of a single dose value a dose effect curve
ranging from 10Gy to 25Gy was requested.
At the currently highest performance level of the laser proton acceleration at Draco PW,

the transport of broad parts of the whole continuous source spectrum allowed single-shot
doses exceeding 20Gy, homogeneously distributed over mm-scale volumes, as depicted
in Fig. 5.8. Delivered within ∼ 10ns and thus with an identical mean and bunch dose rate
of 109 Gy s–1, this dose delivery scheme theoretically fulfils all requirements to trigger the
FLASH effect [179]. The proton beam transport follows the in Sec. 5.2 introduced setup and
scheme with the difference of the simultaneous efficient transport of both spectral compo-
nents being superimposed at PTV instead of only the higher-energetic one (cf. blue line in
Fig. 5.8). The dose escalation whilemaintaining radiobiological homogeneity constraints (cf.
Fig. 5.8b)) was achieved with adapted solenoid driving currents as few involvement of aper-
tures and scatterers as possible. The dose delivery scheme was experimentally confirmed
using RCF stacks at PTV position. In this setup, source intensity fluctuations directly trans-
late to dose fluctuations at PTV and hence limit the applicability for radiobiological models
requesting to match certain dose points very precisely, e.g. as in the mouse irradiation
campaign.
The overall preparation and irradiation routines for this study were following the estab-

lished ones during the mouse pilot study (cf. Sec. 5.4.1), including the dosimetric proce-
dure. Over three days of irradiation employing in total 84 samples, a dose effect curve was
achieved, ranging from 6Gy to 28Gy presented in Fig. 5.8c). Exemplary data for one irradi-
ation is given in Fig. 5.8b), showing the lateral and depth dose inhomogeneity with less than
9%. To have the possibility to observe an eventually triggered FLASH effect, the ultra-high
dose rate irradiations at Draco PW have to be compared to irradiations using conventional
dose rates. Again, the Dresden platform for radiobiological experiments showed its value,
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Figure 5.8: Single-shot ultra-high dose rate capability: a)RCF-measured LPA source spectrum (black)
at maximum laser energy on target and proton spectrum (blue) contributing to the delivery of a
single-shot dose of 22.6Gy (mean of depth dose distribution measured via RCF stack) after shot-
dose-optimized transport. b) Respective depth dose profile with homogeneity margin and exem-
plary pseudocolor RCFs. c) Dose effect curve of ZFE irradiation experiment at Draco PW. The grey
bar depicts the requested dose range, each irradiation day coloured individually. Figures a) and b)
from Kroll, Brack et al. [B24].

as the research beamline of the UPTD could be used for irradiations in a similar fashion as
at Draco PW. There have been several reference irradiations at the UPTD using the same
overall setup as for the mouse irradiations. For the chosen dose value around 21Gy the
consequences of both irradiation schemeswere compared for nine samples (135 ZFE). First
and foremost, there was no significant difference in survival of the ZFE observed between
the Draco PW and UPTD samples, indicating again the overall feasibility of performing ra-
diobiological experiments at the laser-driven source. Two additional endpoints, the spinal
curve and pericardial edema, were compared between the UHDR and conventional dose
rate treatment. First results indicate a bunch dose rate dependency, in the sense that a
FLASH-like effect may have been triggered at Draco PW. Yet, these very preliminary results
are still under investigation and are yet to be verified in a second campaign.
By demonstrating a setup capable of delivering ultra-high dose rate volumetric single-

shot doses with a high homogeneity, the established LPA beamline reaches the parameter
range in which the FLASH effect can be investigated. All proposed thresholds of triggering
the FLASH effect are well-surpassed by the laser-driven proton bunch as the dose applica-
tion time in ∼ ns is well below the discussed upper limit of ∼ 100ms, while the identical
mean and bunch dose rate of 109 Gy s–1 during a single-shot irradiation is well above the
discussed lower dose rate limits ∼ 40Gy s–1 to 100Gy s–1 and 106 Gy s–1, respectively. Ad-
ditionally, due to the � 20Gy dose delivery, the absolute dose value is sufficient to trigger
radiobiological effects, e.g., in Zebrafish embryos. In this small-vertebrate model, it has
been observed that electron doses of 20Gy to 30Gy induce the tissue sparing effect asso-
ciated with FLASH [65], supporting the claim of FLASH-relevance of the ALBUS-2S beam-
line. With the combined achievement of the dose delivery parameters and the ability to
provide radiobiological data comparable to clinical references, the presented laser-driven
research platform can not only contribute to translational research, but in particular also
in the framework of FLASH research.

86



6 Conclusion and Outlook

The presented thesis describes the process of developing a laser-driven proton beamline
for applications at the Dresden laser acceleration source Draco to its utilisation in radio-
biological experiments. The most important result is the successfully conducted mouse
model pilot study - the first small animal irradiation study performed at a laser-driven pro-
ton source, concluding more than ten years of laser as well as laser plasma research and
development at the HZDR. To achieve this, the Advanced Laser-driven Beamlines for User-
specific Studies platform ALBUS was used in a scheme using two pulsed solenoids for pro-
ton transport (ALBUS-2S). The general beamline concept proposed by Kroll [110] was fur-
ther enhanced, implemented at the Draco PW system and a numerical model developed.
The beamline comprises two magnets, one close to the source to capture and effectively
transport the highly divergent laser-driven particles and further down a second to focus
them to a specific position. Due to their pulsed nature and the resulting variable magnetic
field strength, they are inherently suitable to be used for various applications regarding pre-
scribed dose distribution and size. The efficient transport system makes excellent use of
the high particle number emerging from the LPA source, translating to both high absolute
dose and high dose rates at the irradiation target. Using various independentmethods and
diagnostics, it has been demonstrated that the simulation model satisfactorily reproduces
and therefore also predicts experimental results. The possibility to predict transported
proton distributions allowed the optimisation of the beamline for prescribed distributions
and was therefore used to determine the initial experimental solenoid parameters for ra-
diobiological studies.
Ideally single-shot - to best exploit the LPA characteristics - homogeneous depth-dose

distributions are required and the beam transport using the beamline optimised in this
regard. The spectral shaping methods used with this beamline enable these distributions
and are unique among LPA beamlines, as they allow to deliver homogeneous spread-out-
Bragg-peak-like depth dose distribution within a single shot. Therefore, the irradiation
setup is particularly suited for single-shot dose rate escalation studies on volumetric biolog-
ical systems. Using numerical model-predicted parameters which were optimised experi-
mentally, tailored homogeneous three-dimensional dose distributions could be delivered
on-demand. With the fulfilment of the prescribed dose distribution requirements, first vol-
umetric irradiations at the Draco PW were performed using an in vitro tumour spheroid
model and an in vivo zebrafish embryo model. Single-shot SOBP-like distributions could
be generated with dose inhomogeneity levels below ±10% both laterally and in depth as
well as an integrated dose variation within the same range of ±10%. Both spheroids and
ZFE were irradiated in a multi-shot scheme, all shots applying a similar homogeneous dose
distributions, demonstrating the feasibility of volumetric irradiations using the beamline.
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These experiments successfully demonstrated the working interplay of laser-driven pro-
ton acceleration on demand, beam transport with pulsed high-field solenoids and han-
dling of radiobiological samples in vicinity of a laser environment. Yet, the experiments’
true value was the gained expertise concerning the procedure of radiobiological exper-
iments at Draco PW as a real test towards more complex studies and as training and a
test bed for future studies using these or similar models, e.g. exploring the FLASH ef-
fect. The studies revealed the missing steps in order to properly conduct the envisaged
mouse model pilot study, such as the insufficiency of LPA source performance. During
the course of this thesis, a performance-enhancing routine was established by our group
at HZDR, leading not only to higher cut-off energies but also a reduced shot-to-shot fluc-
tuation [B21], both highly beneficial and necessary for the mouse pilot study. The first
radiobiological studies also exposed the technical and thermal limitations of the capturing
solenoid of the beamline. Hence, a new solenoid was developed, characterised and imple-
mented within the framework of this thesis. Using the results of a thermodynamic study of
the capturing solenoid, an in-vacuum cooled solenoid was designed with cooling channels
between the layers and vacuum-compatible outlets to allow an air-flow through the mag-
net without compromising the surrounding vacuum. With the improved pulsed beamline,
spectral and spatial shaping of the beam was optimised with regard to the small animal
pilot study model specifics. Combined with specially developed online and offline dosime-
ters and beam monitors, the prescribed homogeneous dose distribution was delivered to
the planned tumour volume, fulfilling all requirements. A multi-shot scheme was in use
to precisely apply the integrated absolute dose, delivering similar SOBP-like distributions
with each shot. The beamline readiness for the small animal irradiation study was shown
onmultiple days over months. The reliable generation of the prescribed dose distributions
marked amilestone within the thesis’ framework and ultimately allowed for the conduction
of the mouse irradiation pilot study.

Aiming to emulate a complete radiobiological study on a smaller scale, the pilot exper-
iment comprised all controls that are necessary to exclude irradiation-independent influ-
ences on tumour growth. It demonstrated the concerted preparation of biological sam-
ple and laser accelerator, the dose-controlled, tumour-conform irradiation using a laser-
driven proton source as well as reference sources (X-ray and proton), and the radiobiolog-
ical evaluation of irradiated and control specimens for radiation-induced tumour growth
delay. Following streamlined and well-practiced workflows, the radiobiology and physics
schedules in the pilot study were managed to be synchronized, mimicking the full-scale
experiment as closely as possible with a total of 92 animals. For the proton irradiation
group at Draco PW, a total dose of 3.9Gy was precisely applied, with a mean dose devia-
tion < ±10%. The dose was homogeneously distributed over the entire tumour volume
with an inhomogeneity of less than 9% both laterally and in depth. These values match
the reference irradiations at the clinically used source at the UPTD with a constant dose
application of 3.9Gy for all samples and comparable dose inhomogeneity levels (9% lat-
erally and 2% in depth). Regardless of the proton source, a clear radiation-induced effect
is observable for the proton-irradiated samples via the relative tumour volume over time.
From the presented work it can be concluded, that systematic full-scale animal studies
can be conducted at the Draco PW beamline and its results may aid proprietors and users
of upcoming laser-driven radiobiology research platforms such as ELIMED-ELIMAIA [115],
CLAPA [103], LION [114] or other upcoming laser-driven proton beamlines.

The immense demonstrated peak dose rate even enabled investigating the highly dis-
cussed FLASH effect in a previously unreachable parameter space [179]. For this, the
ALBUS-2S beamline was optimised to produce SOBP-like single-shot high dose bunches.
For the zebrafish embryo model volumetric dose distributions over a cylindrical PTV of
4.5mm diameter and 3mm length with inhomogeneity levels below 10% laterally and in

88



depth could be achieved. The absolute dose value surpassed 20Gy in nanoseconds irradi-
ation time, leading to identical mean and dose bunch rates of more than 109 Gy s–1. Poten-
tial near-future applications of such a short-pulse, ultra-high dose rate proton source are
the investigation of radiochemistry in the context of FLASH [186, 189] and the continuation
of preclinical cell and small animal studies for a better understanding of basic mechanisms
and requirements. Exemplary, results gained with electron bunch dose rates of∼ 109 Gy/s
[65] should be verified with protons.
Looking beyond the Draco PW beamline, the here established beamline setups, model

and experimental workflows are transferable, for example to the upcoming ATHENAh pro-
ject, where proton energies reaching into the clinical relevant regime are expected. In-
teresting radiobiological studies using laser-driven sources might also be conducted at a
laser-driven electron source, which is also available at HZDR [190]. Both LPA sources and
multiple electron, photon and proton reference sources based on clinical and research ac-
celerators are accessible in Dresden. Ranging from the electron research linac ELBE [191]
at HZDR to radiotherapy linacs and the UPTD at the medical campus of TU Dresden, all
sites are equipped with biological laboratories as well as animal care and housing facilities.
The strong multidisciplinary network of experts completes the Dresden radiobiology plat-
form and makes it outstandingly capable to explore high dose rate radiobiological effects
today and in the future.
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Appendix

RCFs

Stacks of self-developing radiochromic films (RCF) of type Gafchromic EBT3 films were ap-
plied for dose rate independent [171] and precise, spatially-resolving absolute dosimetry.
RCFs are sensitive to ionising radiation and darken correspondingly to the dose they have
been exposed to. With an appropriate calibration, a single film provides two-dimensional
(lateral) dose information. When used as a stack of several films, they allow to map three-
dimensional dose distributions and, via deconvolution, to reconstruct the kinetic energy
spectrum of the impinging proton beam[85]. The RCFs were calibrated in homogeneous
radiation fields of 200 kV X-rays at HZDR as well as UPTD and spread-out Bragg peak pro-
tons at UPTD as described in Beyreuther et al. [26]. The digitization was done using a
commercial calibrated flatbed scanner and analyzed on basis of the calibration. RCFs from
the same batch have been used for both calibration and experiments.

Scintillators

A scintillator detector block (BC-408, Saint-Gobain Crystals, 1 cm thickness) was used at
P4 or P5 (see Fig. 3.4) for beamline alignment purposes and as an online monitor for an
approximation of the lateral and depth dose distribution of the transported proton beam.
The scintillator was both imaged from the side for range verification and from the front for
lateral dose information.

Ionization chamber (IC)

For online dosimetry including termination of the irradiation after prescribed dose deliv-
ery, transmission ionization chambers were used at both facilities during irradiation ex-
periments (Draco: PTW type 7862; UPTD: PTW type 34058) and cross-calibrated against
a factory-calibrated Advanced Markus ionization chambers (PTW, type 34045) at the irra-
diation site on a daily basis. The Markus chamber was read out by a Unidos dosimeter
(PTW) with air pressure, temperature and radiation quality corrections applied. Precise
dosimetry in ultra-high dose rate proton fields requires special care [192] as saturation ef-
fects occur in ionization chambers. A proper saturation correction in accordance to Gotz,
Karsch, and Pawelke [172], verified by complementary RCF measurement, enabled the use
of theMarkus chamber at Draco PW and thus IC cross-calibration. The beam stability of the
clinical accelerator at the UPTD enables to deduce absolute volumetric dose information
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from the calibrated transmission IC, rendering complementary dosimeters unnecessary,
assuming regular accelerator QA.

Time-of-flight (TOF) spectrometer

The TOF spectrometer combines a fast scintillator (200μm thickness, BC-422Q, Saint Gob-
ain Crystals) with optical fiber readout for signal transfer unaffected by the electromag-
netic pulse of the LPA process. The signal is digitized by a well-shielded fast photodiode.
The temporal resolution of the complete TOF assembly amounts to ∼ 1.5 ns (FWHM), cali-
brated via UV short-pulse laser excitation. The proton spectrummeasured at TOF position
was used to predict the depth dose distribution at PTV (Fig. 5.2d) and reconstruct the pro-
ton spectrum at source that contributes to dose delivery (Fig. 5.2b). Both calculations were
performed via the Monte Carlo code Fluka [193]. Proton beam size and divergence at mul-
tiple positions during transport were measured via RCF stack and the derived data fed into
the Fluka model. The predicted depth dose distribution at PTV was regularly verified via
RCF stack measurement for QA purposes.
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