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KURZFASSUNG

Die vorliegende Arbeit befasst sich mit der Entwicklung, Charakterisierung und experimentel-
len Erprobung gepulster Hochfeldmagnete für den Einsatz im Feld der Laser-Plasma-Physik.
Die zentrale Aufgabe war es dabei, eine Technologieplatform zu schaffen, die es ermöglicht
lasergetriebene Ionenquellen so zu beeinflussen, dass die erzeugten Teilchen für komplexe
Anwendungsexperimente, wie zum Beispiel radiobiologische Zell- oder Tumorbestrahlungen,
eingesetzt werden können.

Die lasergetriebene Ionenbeschleunigung im Regime der sogenannten Target Normal She-
ath Acceleration (TNSA) bietet dabei den Vorteil, dass Ionen kinetische Energien von einigen
10 MeV auf einer nur Mikrometer langen Beschleunigungstrecke erreichen können. Dabei
werden sehr kurze und intensive Teilchenpulse erzeugt, die sich durch ein breites, zu ho-
hen Energien exponentiell abfallendes Spektrum auszeichnen und stark divergieren. Um die
erzeugten Teilchen effektiv zu nutzen, ist es erforderlich in unmittelbarer Nähe zur Quelle Kon-
trolle über ihre Divergenz zu erlangen. Für die meisten Anwendungen ist es zudem vorteilhaft,
die Energiebandbreite zu senken. In dieser Arbeit wird gezeigt, dass mittels der entwickelten
gepulsten Hochfeldmagnete, sogenannter Solenoide (Zylinderspulen), divergente lasergetrie-
bene Ionenstrahlen effektiv eingefangen, transportiert und fokussiert werden können. Dabei
ist dank der Chromatizität der magnetischen Linse auch eine Energieauswahl möglich.

Es wurden drei an unterschiedliche Anwendungszwecke angepasste Solenoidprototypen
und zugehörige Pulsstromgeneratoren entwickelt. Die Magnete erzeugen Felder von mehre-
ren 10 T. Die Pulslängen liegen im Bereich einer Millisekunde und können als quasi-statisch
für die auf ps- bis ns-Skala ablaufenden Laser-Plasma-Wechselwirkungen angesehen werden.
Die hohen Felder und der Verzicht auf feldformende Magnetkerne, machen sie besonders
kompakt und leicht.

Die beschriebenen Experimente konzentrieren sich auf einen gepulsten Solenoidmagne-
ten zum Einfang divergenter laserbeschleunigter Ionen. Sie wurden am 6 MV Tandetron-Be-
schleuniger sowie am Laserbeschleuniger Draco des Helmholtz-Zentrums Dresden – Ros-
sendorf und am PHELIX-Laser des GSI Helmholtzzentrums für Schwerionenforschung, Darm-
stadt durchgeführt. Es wird gezeigt, dass die entwickelte Technologieplattform Wegbereiter
für eine Vielzahl praktischer Anwendungen der Laserteilchenbeschleunigung sein kann. Es
werden Studien vorgestellt, die demonstrieren, dass lasergetriebene Ionenstrahlen effektiv
in konventionelle Beschleunigerstrukturen injiziert und anschließend manipuliert werden kön-
nen. Weiterhin werden erste praktische Untersuchungen zu medizinischen Strahlführungs-
systemen präsentiert. So ermöglichen die vorgestellten Magnete das Potenzial der oft dis-
kutierten laserbasierten Ionenstrahltherapie von Tumorerkrankungen zu untersuchen und be-
messen. Die Magnettechnologie bringt uns der Realisierung dieser ambitionierten Idee einen
Schritt näher, denn sie bahnt sowohl den Weg für kompakten und effizienten Strahltransport
zum Patienten als auch zu der in der Phase translationaler Forschung essentiellen Charakteri-
sierung der radiobiologischen Eigenschaften der neuartigen Strahlungsquelle. Hierzu wurden
im Rahmen der präsentierten Forschungsarbeit weltweit erste Bestrahlungsexperimente vo-
lumetrischer Tumoren im Mausmodell mittels laserbeschleunigter Protonen vorbereitet, ihre
Machbarkeit untersucht und bereits erreichte radiobiologische Anforderungen sowie noch zu
überwindende Hindernisse identifiziert.



ABSTRACT

The thesis at hand addresses design, characterization and experimental testing of pulsed
high-field magnets for utilization in the field of laser-plasma physics. The central task was to
establish a technology platform that allows to manipulate laser-driven ion sources in a way
that the accelerated ions can be used in complex application studies, e.g. radiobiological cell
or tumor irradiation.

Laser-driven ion acceleration in the regime of target normal sheath acceleration (TNSA)
offers the unique opportunity to accelerate particles to kinetic energies of few 10 MeV on the
micrometer scale. The generated bunches are short, intense, show broad exponentially de-
caying energy spectra and high divergence. In order to efficiently use the generated particles,
it is crucial to gain control over their divergence directly after their production. For most appli-
cations it additionally is favorable to reduce the energy spread of the beam. This work shows
that the developed pulsed high-field magnets, so-called solenoids (cylindrical magnets), can
efficiently capture, transport and focus laser-accelerated protons. The chromaticity of the
magnetic lens thereby provides for energy selection.

Three prototype solenoids, adapted to fit different application scenarios, and associated
current pulse drivers have been developed. The magnets generate fields of several 10 T.
Pulse durations are of the order of one millisecond and thus the fields can be considered
as quasi-static for laser-plasma interaction processes taking place on the ps- to ns-scale.
Their high field strength in combination with abandoning magnetic cores make the solenoids
compact and light-weight.

The presented experiments focus on a solenoid magnet designed for the capture of diver-
gent laser-driven ion beams. They have been carried out at the 6 MV tandetron accelerator
and the laser acceleration source Draco of Helmholtz-Zentrum Dresden – Rossendorf as well
as at the PHELIX laser of GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt. The
results show that the developed technology platform breaks ground for a variety of practi-
cal applications of laser ion acceleration. It is shown that laser-driven ion beams can be
efficiently injected into conventional accelerator structures to allow for phase space modula-
tion. Furthermore, first practical studies on medical beam guidance systems are presented.
Hence, the developed magnets allow to investigate feasibility and potential of the frequently
proposed laser-based ion beam therapy of tumor diseases. The pulsed high-field magnets
bring us one step closer to the realization of this ambitious endeavor, as they pave the way
for compact and efficient beam guidance toward the patient but also, in the phase of trans-
lational research, allow to study the radiobiological properties of the novel particle source.
In this context, worldwide first irradiation studies with laser-accelerated protons on volumet-
ric tumors in the mouse model have been prepared and their feasibility studied, identifying
already met radiobiological criteria and hurdles yet to overcome.
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1 INTRODUCTION

1.1 MOTIVATION

"Scientific discovery and scientific knowledge have been achieved only by those who have
gone in pursuit of them without any practical purpose whatsoever in view [1]." This notion by
Max Planck can be found in The New Science first published in 1959. Surely, the statement
holds true for a multitude of revolutionary scientific discoveries; nonetheless, Planck dimin-
ishes the target-oriented and purposeful research that shapes our modern society. Planck
writes further, "Heinrich Hertz, for instance, never dreamt that his discoveries would have
been developed by Marconi and finally evolved into a system of wireless telegraphy. And
Roentgen could never have called up a vision of the immense range of beneficial purpose to
which the X-rays are applied today," thereby not only praising the importance of fundamen-
tal research but also indicating that scientific breakthrough also requires additional research
and visionary thinking to carve out practical purpose and benefit for mankind. This type of
research has been writing a success story over decades, especially but not solely in the
field of medicine, where it is named translational research [2]. Magnetic resonance imaging,
computer tomography, endoscopy and (Doppler) ultrasound are just a few examples where
conjoint target-oriented interdisciplinary work has transferred fundamental scientific discov-
eries into versatile tools for physicians around the world.

An exceptionally fascinating example is the use of radioactivity and radiation for medical
diagnostics and treatment. After the discovery of X-rays by Röntgen in 1895, radioactivity
by Becquerel in 1896 and Radium by the Curies in 1898, within barely a decade radiological
societies formed, scientific journals were established and X-ray imaging and radiotherapy
developed [3]. In the following decades the technologies advanced and health care benefits
grew. In 1946 American physicist Robert Wilson was the first to recognize the potential of
protons as alternative to X-rays in radiotherapy. Protons show an inverse depth dose profile
when passing through matter. At shallow depths the dose is considerably lower than at the
end of the particle trajectory, where, after the so-called Bragg peak, a steep dose fall-off
follows. Wilson’s idea was to make use of the proton inherent interaction characteristics
to improve the dose distribution delivered to the tumor in radiotherapy. The inverted dose
profile allows for sparing healthy tissue in front of the tumor and the steep distal edge helps
to prevent irradiation of organs at risk. The generation of protons with sufficiently high kinetic
energy, i.e. above 200 MeV for reaching deep seated tumors, then and now requires highest
technological efforts. Wilson’s proposal led to a first treatment in 1958 at Lawrence Berkeley
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1.1 Motivation

National Laboratory using the proton cyclotron developed under the lead of Lawrence in the
30’s [4]. Later on, cancer treatment using heavier ions, such as helium but especially carbon,
was established.

Modern proton or in general ion beam therapy (IBT) machines, consisting of particle source,
accelerator and beam transport, make special demands on building construction and infras-
tructure [5, 6]. They require large-scale facilities and are still costly. As a result, their size and
cost limit the wide-spread of the novel treatment technique. To date (last update: Novem-
ber 2017), there are only 66 radiotherapy facilities world-wide that offer proton irradiation and
additional 11 centers equipped for carbon ion therapy [7] – a minuscule number in comparison
to X-ray therapy.

The advantageous physical properties of proton and heavy ion beams carry the great po-
tential to improve treatment outcome for specific tumor entities and a considerable number
of radiotherapy patients. All the potential pros and cons of proton and carbon ion therapy
cannot be discussed here; the interested reader may be referred to the literature [8–12]. IBT
is still undergoing research and possible benefits are not yet fully demonstrated nor quanti-
fied. Finding proof for significant beneficial qualities is a cumbersome but necessary task
that requires extensive radiological long-term studies at numerous IBT centers around the
world. Both clinical as well as technological advances are necessary to reduce cost and size,
to justify further erection of such centers and to finally end the struggle for quantifying the
efficacy of proton and ion beam therapy. However, the low number of operational IBT facil-
ities limits the necessary scientific and technological innovation, resulting in a vicious circle
intricate to overcome.

In a field where so many professions convene, a goal-oriented translational research ap-
proach might be the only driver of the innovation process. Interdisciplinarity is key. Because,
how should a physicist or engineer improve a technology if he does not understand its clin-
ical limitations? He relies on an active information exchange with clinicians. Therefore, it
is absolutely necessary to pursue the goal of finding and providing the perfect treatment
modalities for the patient within a strong multidisciplinary collaboration. Of course, the tar-
get-oriented translational research is by no means a guarantor for success. It also needs to
be critically discussed as in Baumann et al. [2] because one needs to remember, that the
road to a groundbreaking scientific discovery can be as bumpy as the road to its utilization.
There can be setbacks and show-stoppers, but also novel and unpredicted discoveries wait
along the way. So, if Planck’s statement should teach us one thing, then that research is
never futile.

Within the German joint research project onCOOPtics1, a multidisciplinary team of physi-
cists, medical physicists, radiobiologists, technicians and engineers with close connection to
clinical research and infrastructure is pursuing the goal to make ion beam therapy compact
and more affordable by conducting translational research that builds on a great scientific dis-
covery - Laser-driven ion acceleration: High-power lasers are able to trigger plasma processes
that enable acceleration of ion bunches with unique properties. As an example, the Titani-
um-Sapphire dual beam laser Draco of Helmholtz-Zentrum Dresden – Rossendorf (HZDR) is
constructed to generate 30 fs short light pulses of 800 nm central wavelength and 3 to 30 J
pulse energy, thus reaching the PW (i.e. 1015 W) power level. Focused onto thin foils to mi-
crometer spot sizes, relativistic intensities in excess of 1021 W cm−2 are reached that trigger
ion acceleration processes. The generated accelerating field gradients are up to six orders

1onCOOPtics is formed by the collaboration partners Helmholtz-Zentrum Dresden – Rossendorf (HZDR) and
two Centers for Innovation Competence, OncoRay, Dresden and ultra optics, Jena
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1.1 Motivation

of magnitude higher than in conventional accelerators, i.e. TV m−1 in comparison to MV m−1.
Multi-MeV ion acceleration becomes possible on a µm scale [13, 14]. Protons (originating
from hydrocarbon layers on the target surface) are accelerated in highest number (1011 to
1013). The ps long bunches exhibit large divergence angles (approx. 20◦ half angle) and a
broad, exponentially decaying energy spectrum with cut-off at high energies [15].

The discovery of laser-driven ion acceleration gave rise to the idea of IBT by means of
these novel particle sources instead of a conventional source coupled to an accelerator like
a cyclotron (most common for protons) or synchrotron (for carbon ions). Thereby, the accel-
eration length can be reduced by orders of magnitude. Anyhow, complexity, size and cost
of an IBT facility are not only predetermined by the accelerator, also the beam transport
towards the patient, radiation shielding and in general building construction are equally im-
portant to consider for optimization. Therefore, the onCOOPtics collaboration is working on
a holistic concept for a laser-driven ion beam facility and performs leading multidisciplinary
research that ranges from laser development [16–18] and fundamental investigation of laser
acceleration [19–21] over detector development and dosimetry [22–25] to radiobiology [26–
32] and medical beam transport [33, 34]. With respect to the over-all size and complexity of
IBT facilities, the proposed concept offers the following potential improvements besides the
laser-driven source: First, a laser beam can be transported without magnetic beam guidance
elements and without large scale radiation shielding. Thus, by generating the ionizing radia-
tion that is used for the treatment in close vicinity to the patient, magnetic transfer lines and
radiation shielding between accelerator and treatment bunker become obsolete. Of course,
one laser could be provided to several treatment rooms via optical transfer lines. Second,
the most sophisticated IBT systems employ rotational devices, so-called gantries, to guide
the particles towards the patient and shape the irradiation field. The rotatability of the gantry
grants physician and medical physicist control over the irradiation direction and full flexibility
for the cancer treatment. Typical proton gantries reach diameters of approximately 10 m and
weigh about 100 t.2 Nevertheless, maintaining sub-millimeter positioning accuracy is crucial.
All these facts demonstrate how large and costly gantry systems for IBT can be.

Under the proposition of making use of the pulsed nature of the laser-driven source, it
is possible to combine the pulsed source with equally pulsed high-field magnets as particle
beam optics. For short times in the range of ms these magnets can reach fields at least one
order of magnitude higher than conventional electro- or permanent magnets. The size of a
gantry system employing high-field magnets could be reduced by a factor of 2–3 compared
to conventional gantry systems [33], as higher fields allow for efficient particle transport with
smaller bending radii and shorter particle drift spaces. Furthermore, abandoning iron yokes
makes the system not only compact, but also considerably lighter. A concept study of such
a compact gantry system is depicted in fig. 1.1.

The concept goes even further. It aims to make use of broad parts of the energy spectrum
of the laser-driven proton source for conformal dose delivery. In this manner, the generated
particles are used more efficiently and treatment times would remain short. Based on this
idea, novel dose delivery schemes as well as treatment planning systems are under investi-
gation [34].

To give a balanced picture, it may be noted that conventional IBT technology is still a rapidly
evolving field. Increasing demand and commercial competition stimulate research and devel-

2Currently there is only one gantry system for carbon ions at the Heidelberg Ion-Beam Therapy Center (HIT).
HIT describes the gantry as follows: "The gantry at HIT is a gigantic steel construction. It is 25 meters long,
13 meters in diameter and weighs 670 tons, of which 600 tons can be rotated with submillimeter precision
[35]."
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1.1 Motivation

Figure 1.1: Sketch of a gantry concept developed for guiding laser-accelerated protons by
means of pulsed high-field magnets. The gantry can circle the patient (right side).
The rotation axis is given by the iso-line. The color-coded particle trajectories orig-
inate from beam tracing simulation. For a more detailed discussion see Masood
et al. [33].

opment and make IBT facilities more compact, affordable and attractive even for smaller
clinics. Today, many vendors, e.g. Varian, Mevion, Ion Beam Application (IBA) or Protom,
offer turn-key IBT systems. Superconducting technology is reducing the size of accelerators.
Even first super-conducting gantry systems for proton and heavy ion therapy are under prepa-
ration [36, 37]. A notably critical, yet not fully objective discussion on laser acceleration in the
context of current advances in IBT technology can be found in Linz and Alonso [38].

In this regard, it is of highest importance for the scientific community not to praise laser
acceleration as the "redeemer of radiotherapy" before the feasibility of a laser-driven IBT
solution has been demonstrated and its potential fully evaluated. The presented work can
be seen a steppingstone towards the quantification of this potential or the potential for any
other application that requires a high amount of control over the beam. Essential components
for gaining control can be pulsed high-field magnets tailored for utilization in the field of
laser-plasma physics.

In the framework of this thesis, three pulsed high-field magnet prototypes and dedicated
pulsed power current sources were developed, characterized and employed in multiple exper-
imental campaigns. The versatile, scalable technology platform that was built up is centered
around pulsed solenoids. These cylindrical magnets carry the potential to become the cru-
cial link between discovery and application of laser-driven ion sources as they are able to
efficiently capture, transport and focus their highly divergent beams. They prevent particle
loss and allow for gaining control over important beam properties, such as beam divergence,
energy spread and energy distribution while still maintaining compact measures due to their
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1.2 Thesis Outline

high field amplitude. A pulsed high-field solenoid is therefore considered to be a well-suited
first beam transport element in a medical gantry for laser-driven ion beams. The magnets
designed and used in this work are forerunners when it comes to "taming" a laser-driven
ion source, yet a full-scale gantry requires at least two further magnet types (cf. fig. 1.1),
namely dipole bending magnets and quadrupoles. The work briefly touches their challenging
development and application while the focus remains on the solenoids.

In comparison to previous studies employing pulsed high-field solenoids for beam trans-
port, i.e. Harres et al. [39], Harres [40], Burris-Mog et al. [41], Burris-Mog [42], Busold et al.
[43–46], and Busold [47],3 this thesis is the first work that also treats practical research on
high-field beam transport for medical (gantry development) and radiobiological (in vivo tumor
irradiation) purposes. The work at hand provides further significant technological and scien-
tific improvements: The developed magnets and pulse generators allow for the production
of fields at least twofold higher than previously applied. Hence, they allow for higher capture
efficiencies and can focus (or collimate) particles that are more energetic. The scalability
of the entire technology platform towards even higher field strengths has been investigated
and was deemed possible. The described magnets are safer and more compact due to
an improved housing concept. The beam optical characterizations both at conventional and
laser-driven proton sources go further as previously investigated and include new approaches
such as the pepper-pot method. The work of Busold et al. [43–46] and Busold [47], that fo-
cuses on injecting laser-driven proton beams into a conventional accelerator structure for
phase space manipulation, has been continued. Improvements with regard to the utilizable
beam flux as well as the number of utilizable ion species could be achieved. These advances
are complemented by completely new scientific studies and technological approaches. Two
novel magnet prototypes enable a multitude of fundamental and application studies aside
from translational medical research. They allow to experimentally investigate astrophysical
processes in the laboratory and manipulate laser-driven particle sources with highest fields
directly at target position. The following outline summarizes the multifaceted magnet devel-
opment and experiments conducted within the scope of this thesis.

1.2 THESIS OUTLINE

The following chapter, chapter 2, gives a brief introduction to the principle mechanisms of
target normal sheath acceleration (TNSA). The properties of ion beams originating from rel-
ativistic laser-target interactions are discussed and exemplary source parameters are given
for the laser accelerators used in this work.

In chapter 3 follows an elaborate discussion on magnet technology that can provide con-
trol over the laser-driven source. It is shown that pulsed high-field magnets, and in particular
pulsed solenoids, are the most suitable type of high-field magnet for this purpose. An ex-
planation on how a solenoid acts as a charged particle lens follows. Pros and cons of their
beam optical properties are critically discussed and concluded by a comparison of different
approaches to capture and control laser-accelerated ions. After an introduction to the tech-
nological basics of pulsed high-field magnets and current sources, the developed solenoid
prototypes and pulsed power drivers are presented. Their specific properties are put into

3With the exception of Harres et al. [39] and Harres [40], who used a coil from a disassembled Faraday rotator,
all previous studies employ pulsed high-field solenoids similar in construction to the one studied in this work
and fabricated by the high-field laboratory of HZDR.
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context with state-of-the-art technology employed in high-field laboratories, highlighting dif-
ferences and adaptations.

Chapter 4 focuses on the experimental characterization of a pulsed high-field solenoid. It
begins with an description of a beam transport study carried out using proton beams from a
conventional tandetron accelerator. Then the same magnet has been employed at the laser
accelerator Draco. Beam transport properties are derived and discussed in the context of the
reference experiments at the tandetron.

Finally, the thesis is concluded by chapter 5 on application of the characterized pulsed
magnet. Besides the clear focus of this thesis on translational medical research, a small
excursion to more fundamental accelerator research and development marks the beginning
of the chapter and highlights the versatility of the developed technology. Subsequently, beam
transport studies with a first pulsed high-field beamline for future medical application are
discussed. The chapter ends with the presentation of experimental findings that assess the
feasibility of a world-wide first radiobiological study with laser-driven proton beams on an in
vivo tumor model employing up to two pulsed solenoids.

The experimental findings are summarized in chapter 6 and complemented by an outlook
on technological and experimental advancements to be sought in the future.
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2 TARGET NORMAL SHEATH
ACCELERATION

2.1 INTRODUCTION TO THE TNSA MECHANISM

The most extensively studied laser-based acceleration mechanism is Target Normal Sheath
Acceleration (TNSA) [15, 48].1 A complete explanation of the relativistic laser-target inter-
action processes as well as resulting complex plasma dynamics is beyond the scope of this
study. The TNSA process shall therefore be introduced only briefly and in a figurative manner.
The interested reader may be referred to books, such as Gibbon [50], Mulser and Bauer [51],
and Macchi [52], or review articles like Mora [53], Perego et al. [54], and Daido, Nishiuchi, and
Pirozhkov [55]. The process is depicted schematically in fig. 2.1 and shall be explained in the
following in accordance to the given literature.
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Figure 2.1: Sketch of ion acceleration via Target Normal Sheath Acceleration (TNSA), elec-
trons are depicted in blue, (positive) ions in red. For explanation see text.

1Other acceleration mechanisms under investigation are for example Radiation Pressure Acceleration (RPA),
the Break Out Afterburner (BOA), Hole Boring (HB) or Shock Acceleration, see Borghesi [49] and references
therein.
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2.1 Introduction to the TNSA Mechanism

Absorption and hot electron acceleration (cf. fig. 2.1(a)): TNSA relies on high-power
short-pulse lasers focused onto µm-thin solid targets, commonly metal foils. The lasers, e.g.
Draco of HZDR (see appendix A), are operated at peak powers ranging from several 10 TW
to PW, i.e. 1015 W, and pulse lengths of few 10 to several 100 fs. When focused down to a
µm spot size typical laser accelerators reach intensities of 1018 to 1021 W cm−2. The ioniza-
tion threshold of the target is of the order of 1012 to 1013 W cm−2. In fact, this threshold is
typically already exceeded before the main laser pulse arrives, e.g. by pre-pulses or amplified
spontaneous emission generated in the laser chain. The main laser pulse (in most cases
impinging p-polarized and under an angle) therefore interacts with the already ionized target
front side, i.e. the so-called pre-plasma. The laser can only propagate in the underdense
region of the plasma, where the electron plasma frequency ωP is smaller than the laser fre-
quency ωL. Reaching the critical density nc, where ωP = ωL, the laser can only evanescently
penetrate further and is reflected. The direct acceleration of the inert target ions in the laser
field cannot be achieved by current lasers. Instead the ion acceleration is result of secondary
accelerating fields generated by hot electrons. The laser energy is partially transferred to the
plasma electrons in a process called electron heating. They are accelerated to mean kinetic
energies kBTe of few MeV. Here kB denotes the Boltzmann constant and Te the electron
temperature. In dependence of pre-plasma conditions (density gradient) different energy ab-
sorption mechanisms give rise to a net-energy gain, predominantly resonance absorption,
Brunel heating and ~j × ~B heating (see literature given above). Electrons start to penetrate the
target material.

Electron transport and generation of the Debye sheath (cf. fig. 2.1(b)): As the acceler-
ated electrons travel through the target material they ionize the bulk but are shielded due
to the presence of the cold target electrons. Upon leaving the foil at its rear surface, the
shielding effect vanishes an they are attracted by the positive charge of the target ions. As
consequence, the electrons begin to oscillate back and forth through the target.2 This behav-
ior leads to the formation of a quasi-static hot electron sheath at target front and back with
an average extension of one Debye length

λD =

√
ε0kBTe

nee2 . (2.1)

Here ne denotes the hot electron density and ε0 the vacuum permittivity. In plasma physics,
the Debye length λD is a characteristic distance over which a discrete charge is screened by
the plasma (here in the µm-range). The charge separation leads to the formation of a strong
electric field of the order of TV m−1 that can field ionize atoms at the target surfaces.

Expansion and propagation of charge-neutral electron-proton plasma into vacuum (cf.
fig. 2.1(c)): Target ions and ions originating from the contaminant layer that is present on
the target surfaces under typical vacuum conditions (10−5 to 10−6 mbar) are accelerated by
the quasi-static field of the electron sheath. Protons (originating from named hydrocarbon
contaminant layers) are accelerated most efficiently due to their high charge to mass ratio.
The acceleration performance for heavier ions like carbon, oxygen or the target material (tita-
nium, aluminum, gold, etc.) is limited as the protons screen the electric fields. The protons

2In fact, recirculating electrons can again interact with the laser field on the target front side if the laser pulse is
still acting on the target when the electrons arrive.
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2.2 TNSA Proton Sources in the Context of the Thesis

expand together with the electrons as a charge-neutral plasma cloud in target normal direc-
tion with kinetic energies of up to several 10 MeV. For ultra-short laser pulses, i.e. laser pulse
lengths in the range of 30 fs, that impinge obliquely on the target a prominent non-target-nor-
mal emission of energetic protons favoring the laser-forward direction has been observed (cf.
fig. 2.2) [14]. The number of protons measured at the target rear is in the range of 1011 to
1013 and thus unprecedented by conventional accelerator technology. The bunches are tem-
porally very short, in the range of ps. They show large divergence angles (approx. 20◦ half
angle), yet are generated with ultra-low emittance. Finally, they exhibit a broad, exponentially
decaying energy spectrum with cut-off at high energies [13–15, 48, 56].

The cut-off energy is a very important measure for the performance of a laser accelerator.
The laser acceleration community strives for ever-new record ion energies, in order to open
up novel possibilities for application and fundamental research. The highest proton energy
recorded in a laser acceleration experiment to date (December 2017) is 85 MeV by Wag-
ner et al. [57] using the PHELIX laser at GSI Helmholtzzentrums für Schwerionenforschung,
Darmstadt. To understand and actively manipulate the conversion from laser energy to par-
ticle energy is thereby the greatest challenge in the field. The influencing parameters are
numerous, theoretical and experimental investigations therefore very complex. In the follow-
ing list, some important factors that influence the acceleration performance are named. The
interested reader may be referred to the literature cited above for in-depth discussion.

Target parameters influencing TNSA are: thickness, material composition (density,
conductivity, ionization threshold, etc.), lateral dimension, geometry, surface structure,
etc.

Laser parameters influencing TNSA are: energy and focal spot size (i.e. intensity) on
target, beam profile, wavelength, pulse length, temporal contrast, polarization, spatial
chirp, etc.

2.2 TNSA PROTON SOURCES IN THE CONTEXT OF THE THESIS

After the general explanation above, this section specifically addresses the TNSA-based pro-
ton sources that were used throughout this thesis. Three different laser systems were
applied in the presented study: Draco TW, Draco PW of Helmholtz-Zentrum Dresden –
Rossendorf (HZDR) and PHELIX (Z6) of GSI Helmholtzzentrum für Schwerionenforschung,
Darmstadt (see appendix A for a summary of important properties and parameters of the
laser systems). The following description on source characterization focuses on Draco PW.
Differences with respect to the other sources are given where necessary.

During the course of this thesis’ work, the Ti:sapphire laser system Draco of HZDR under-
went an upgrade and was transformed from a single-beam facility operating at 150 TW to
a dual-beam facility able to simultaneously provide a 150 TW (Draco TW) as well as a 1 PW
(Draco PW) beam for experimentation [58]. Scaling models predict that an increase in laser
power PL is followed by an increase in maximum kinetic energy Emax of the TNSA protons
[59–62]. The scaling of the maximum proton energy with laser power can be roughly de-
scribed by Emax ∝

√
PL, yet for ultra-short pulse lasers, i.e. lasers with pulse lengths of few

10 fs such as Draco, the scaling becomes linear, i.e. Emax ∝ PL [13]. These scaling predic-
tions are the reason why laser facilities around the world are erected and upgraded (see for
example [63–65]), as the efforts to break new scientific ground promote laser development
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2.2 TNSA Proton Sources in the Context of the Thesis

and vice versa. The exploration of novel, more powerful laser architectures is at an all-time
high, both in commercial as well as scientific research and development.

As important part of this thesis, first commissioning experiments on the upgraded Draco
laser system have been performed. The experiments have been conducted with slightly
reduced laser power on target, PL ≈ 600 TW.

At the example of these experiment at Draco PW, it shall be briefly explained how the
parameters of a laser-driven proton source have been determined and monitored throughout
the work of this thesis. More detailed discussions follow in section 4.2.1.

Inside of the evacuated target chamber (10−5 to 10−6 mbar) the Draco PW beam is focused
by means of an off-axis parabolic mirror onto a metallic foil target (mostly titanium, Ti) of
µm thickness. Protons are accelerated and emitted from the target rear side in normal direc-
tion. The properties of the generated pulsed proton beam (or bunch) are measured by online
and offline diagnostics systems at different positions downstream of the laser target (also
see fig. 4.3). Typical detector systems in the field of laser-driven ion acceleration include ra-
diochromic films (RCF) for retrospective analyses of proton number, energy and beam profile
(cf. appendix C.1); scintillation detectors giving immediate information on beam profile and/or
energy (cf. appendix C.2) and the Thomson parabola spectrometer (TPS), an online tool for
determining proton spectra and cut-off energies (cf. appendix C.3). In general, these diagnos-
tics cannot be used simultaneously. The online diagnostics are typically used to optimize and
monitor the laser acceleration performance on a regular basis, while the radiochromic film
stacks allow for precise absolute evaluation of beam parameters after completion of the ex-
periment. Figure 2.2 summarizes the findings of the commissioning experiments and shows
that the RCF data can be used to determine angular distribution and energy spectrum of the
laser-accelerated proton bunches. The Thomson parabola spectrometer is especially useful
for regular verification of the proton cut-off energy.

The key plot, fig. 2.2(a) in the lower left, compares cut-off energies of generated proton
spectra (measured via RCF stacks) with a theoretical proton scaling prediction in accordance
to Kluge et al. [66]. From the plot we see that the increased laser power of Draco PW yields
significantly higher maximum proton energies (green squares) in comparison to Draco TW
(blue squares). In fact, proton energies above 40 MeV have been recorded. The scaling
prediction is well reproduced by the previously obtained data at Draco TW. On the other
hand, Draco PW data points remain below the expectation. This behavior was attributed to
the preliminary laser-conditions in the commissioning phase. Improvements, especially on
temporal contrast and compression, are ongoing as the team is eager to close the gap.

The scaling plot also illustrates energy ranges associated with certain radiobiological or radi-
ological applications of (laser-driven) proton beams. The lower area (5 to 20 MeV, depicted in
red) marks the energy range where in vitro cell irradiation studies can be performed (cf. [26,
27, 67–69]). Above 20 MeV in vivo studies in small animal models become feasible (yellow).
Kinetic energies in excess of 200 MeV mark the threshold for application of proton beams for
deep seated tumor treatment in men (green). It can be seen that the increase in proton en-
ergy, owing to the Draco PW beam, opens up new experimental opportunities for laser-based
radiobiology studies, as it breaks the barrier for small animal experiments. These studies are
necessary to quantify the radiobiological effectiveness of the high dose-rate beams originat-
ing from laser acceleration sources. As such, they are a crucial step along the translational
research track. In conclusion, the successfully performed laser upgrade and commissioning
experiment were prerequisites for a key part of this work, i.e. the preparatory studies for a
controlled in vivo tumor irradiation with laser-driven protons.

Figure 2.2 characterizes the typical Draco PW proton source further. Figure 2.2(b) shows
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Figure 2.2: TNSA source parameters and power scaling at the Draco laser facility, see text for
further details: (a) Comparison of theoretical power scaling with maximum proton
energies Emax measured at Draco TW/PW; energy ranges associated with radiobi-
ological/radiological applications pictographically illustrated. (b,c,d) Proton source
parameters for a typical 600 TW Draco laser pulse (see arrow). (b) Radiochromic
film (RCF) stack; corresponding Bragg peak energies (in MeV) given in white;
2 µm Ti target with 1 µm photoresist rear side coating (acting as proton donor). (c)
Proton spectrum (Np is proton number) obtained from RCF stack depicted in (b)
and compared to normalized signal |STPS| from Thomson parabola spectrometer
(TPS); differences in curve slope explained in text. (d) Angular proton distribution
as function of the kinetic energy Ekin; extracted from RCF stack; 2 µm pure Ti
target, laser impinging under 45◦.
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an RCF stack that images the homogeneous two-dimensional lateral beam profile of the
TNSA bunch. The RCF data was used to extract the reference energy spectrum (blue curve)
depicted in fig. 2.2(c). A fit of the deconvoluted discrete RCF data (blue circles) according to
the formula

dNp

dEkin
=

N0

Ekin
e− Ekin

kBTe , (2.2)

with proton number Np and kinetic energy Ekin and fit parameters N0 and kBTe, yielded the
shown curve. Fit parameters and typical cut-off energies for the presented spectrum as well
as for representative spectra of Draco TW and PHELIX have been determined to

Draco PW: N0 = 1.9 · 1012 kBTe = 6.4 MeV Emax ≈ 30 MeV (2.3)

Draco TW: N0 = 2.3 · 1011 kBTe = 3.1 MeV Emax ≈ 15 MeV (2.4)

PHELIX: N0 = 1011 kBTe = 4 MeV Emax ≈ 28 MeV (2.5)

The corresponding spectra are only exemplary and may change over the course of an
experimental campaign or even on a shot-to-shot basis. They have been evaluated to serve
as conservative estimate of particle numbers at given energy intervals as will be explained
in later chapters. In all experiments at the Draco laser, the energy spectrum and especially
the cut-off energy of the spectrum is regularly monitored by Thomson parabola spectrometer
measurements (see green curve in fig. 2.2(c)).

The consecutively measured proton energy spectra from RCF and TPS exhibit different
shapes, yet the agreement with respect to the cut-off energy has been proven to be very
reliable. The TPS data shows higher particle numbers towards the cut-off. On the one hand,
this may be attributed to the interaction properties between the broad-energetic proton bunch
and the TPS particle detector, a micro-channel plate. On the other hand, the TPS measures
only a small fraction of protons in the center of the generated particle distribution, namely a
solid angles of the order of few 100 µsr. In TNSA the emission of more energetic particles is
peaked in forward direction, thus the number of protons at the high end of the spectrum is
proportionately increased, while lower energy protons are emitted with a broader divergence.
This behavior is reflected by fig. 2.2(d), showing a typical angular distribution of a TNSA proton
bunch. Clearly visible is the upper mentioned enhanced emission in laser forward direction
for ultra-short pulse lasers (cf. [14]). The non-normal emission can be counterbalanced by
rotating the target a few degrees.3

Following the above description, it becomes clear that the performance of any beam trans-
port system applied to a laser acceleration source is strongly affected by changing source
parameters. As the energy spectrum changes, so does the angular distribution of the parti-
cles. Hence, the acceptance or transport efficiency of the beam transport system is altered.
In order to allow for comparing experimental data obtained under different experiment condi-
tions, i.e. at different laser acceleration facilities, across different experimental campaigns or
just at different times of day, it is essential to regularly monitor the source characteristics.

In this thesis, the presented data will therefore always include detailed descriptions on
laser, target and ion source parameters. Some parameters, such as the cut-off energy of the
spectrum, cannot be measured on-shot without impairing the main study. In this case, con-

3 The principle characteristics of angular proton beam distribution are the same for Draco TW and PHELIX with
the exception that the non-normal emission is not present for the PHELIX-driven source, see Busold [47].
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servative estimates are given which have been derived from measurements shortly before
and/or after the main experiment.

2.3 CONCLUSION

In conclusion, due to the small acceleration length as well as the unmatched properties of
laser-accelerated ion beams, i.e. highest flux and shortest bunch lengths, a variety of ap-
plications has been proposed over the last years for these novel particle sources [55]. The
constant pursuit of reaching higher ion energies is enabled by on-going laser development
and gained knowledge about the complex laser-target interaction mechanisms. Potential
applications that are currently investigated range from fast ignition in inertial confinement fu-
sion [70], warm dense matter research [71] and radiography of transient phenomena [72, 73]
to isotope production [74], compact neutron sources [75, 76] and, the formerly introduced,
laser-driven ion beam therapy of cancer.

Most named applications can only be realized when the uniquely high intensity of the laser-
driven bunches is preserved and simultaneously control over their angular divergence and
energy distribution is gained. The following chapter describes the technological development
of pulsed high-field solenoid magnets and associated pulsed power equipment that poses as
missing link between the fundamental laser acceleration processes and their application, as
they provide for named control while preserving beam intensity.
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3 HIGH-FIELD MAGNET TECHNOLOGY
FOR LASER-DRIVEN PLASMA
PHYSICS

This chapter focuses on the description of the technological platform that has been estab-
lished within the framework of this thesis. After an introduction to basic principles of pulsed
magnet development and operation as well as current pulse generation follows an elaborate
discussion on magnet prototypes and pulse generators. In this context, it will be shown
how the magnet prototypes and corresponding pulse generators were specifically designed,
manufactured and tested to meet the demands of a variety of plasma physical experiment
scenarios, i.e. capture and transport of laser-accelerated ion beams, TNSA experiments in ex-
ternal magnetic fields and manipulation of plasma flows to study astrophysical phenomena.

3.1 FUNDAMENTALS OF HIGH-FIELD MAGNETS AND BEAM OPTICS

3.1.1 TYPES OF HIGH-FIELD MAGNETS

The physical properties of permanent magnets and the saturation of core materials, e.g.
iron, limit their achievable field strengths to values typically lower than 2 T. In order to sys-
tematically study electronic properties of super-, semi- and metallic conductors higher field
strengths are required. Over decades, high-field laboratories, such as the Dresden High
Magnetic Field Laboratory (HLD) at Helmholtz-Zentrum Dresden – Rossendorf (HZDR), have
developed magnet technology to reach ever increasing field strengths to make new scientific
discoveries possible. There are four principle types of magnets that are operated by high-field
laboratories around the world:

First, DC air-core electromagnets, made from normal conducting materials and powered
by enormous generators. They can provide static fields of several 10 T [77]. Thermal dis-
sipation requires continuous cooling. Typically, these magnets are so-called Bitter magnets
consisting of stacked perforated conductor disks separated by thin paper-like insulation. The
coolant flows through the perforation holes of the aligned disks. DC Bitter magnets make
high demands on power-supply and cooling infrastructure.

Second, DC superconducting magnets also allow for static field generation up to about
20 T [78]. They are wire wound and embedded in a cryogenic vessel typically cooled to liquid
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helium temperature. To prevent quenching, changes in magnetic field amplitude need to be
performed slowly.

The third type of magnet is the destructive pulsed high-field magnet. They can be wire
wound or milled from a solid conductor block. In the simplest case a single winding can
be used. A pulsed source drives currents up to the MA-level through the magnet. Even a
single turn magnet can thereby easily reach fields of several 100 T but is destroyed (ripped
apart, evaporated or transformed into plasma) during the pulse [79]. The examined sample
usually is also damaged or destroyed. Therefore, the analyses of the sample properties
need to be performed during the magnet pulse. Experimentalists have gone so far, they
placed explosives around a magnetic coil to compress the magnetic flux inside the coil when
both magnet and explosion are triggered simultaneously. This so-called explosion-driven flux
compression can provide kT-fields [80].

The fourth and last type of magnet is the non-destructive pulsed high-field magnet. This
magnets is typically wire wound and of cylindrical shape, a so-called solenoid. The race for
reaching the highest non-destructive fields is a constant driver for technological and scientific
innovation. At the moment the highest non-destructive fields can be generated by the Dres-
den High Magnetic Field Laboratory at HZDR, Dresden, Germany and the National Magnetic
Field Laboratory, Tallahassee, USA with 94.2 T and 100 T respectively [81, 82]. The electro-
magnets are typically powered by capacitor-based current pulse generators with MW peak
power but very low average power since the magnets are operated at low pulse repetition
rates (≈ 1 h−1). The magnets are often placed in a Dewar vessel and cooled to liquid nitro-
gen temperature before the current pulse. During a single pulse they are heated up to room
temperature or above.

The adoption of the upper mentioned magnet technologies to manipulate laser-driven
plasma or particle sources is especially promising for the last type of magnet, as will be
shown below. The pulsed nature of the plasma or particle source is well matched. Down-
scaled magnets can be operated at higher-repetition rates (≈ 1 min−1) even without active
cooling. On the other hand, demanding power supply and cooling infrastructures, restricted
field variation rates and destructive properties limit the applicability of the first three tech-
nologies. In the following two sections, the question, whether a non-destructive high-field
magnet can be a useful device for charged particle transport, will be answered. Therefore, it
will be discussed how solenoid fields can act as lens for charged particle beams. Thereafter,
the high-field solenoid lens is critically compared to other state-of-the art technologies for
beam capture.

3.1.2 INTRODUCTION TO THE SOLENOID LENS

The focusing of charged particle beams traversing a solenoid magnet is typically treated in
textbooks by applying Busch’s theorem [83] of the conservation of canonical angular momen-
tum in the solenoid’s field. In comparison to the formal derivation, for example in Reiser
[84], a graphically descriptive approach by Kumar [85] is presented in an adapted form in the
following to explain the basic principles of solenoidal focusing.

The symmetry of a solenoid allows to describe its field by a radial component Br (r, z) and
an axial component Bz (r, z). The derivation of the magnetic field of a solenoid surrounded
by air or vacuum, i.e. relative permeability µr = 1, can be found in appendix B. For the axial
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component one finds the series representation

Bz (r, z) =
∞∑

n=0

(−1)n

(n!)2
B(2n)

( r
2

)2n
= B(z) −

r2

4
B′′(z) + . . . (3.1)

and

Br (r, z) =
∞∑

n=1

(−1)n

n!(n − 1)!
B(2n−1)

( r
2

)2n−1
= −

r
2

B′(z) +
r3

16
B′′′(z) + . . . , (3.2)

for the radial component. Here, the prime denotes the partial derivative with respect to z.
Inside the solenoid the magnetic field is dominated by axial components. On the outside, but
in close vicinity, radially directed field components of the so-called fringe fields are present.

Now, for the sake of simplicity, consider a parallel beam of protons traveling in z-direction,
with proton rest mass mp, particle charge q = e and velocity vz . The associated setup and
coordinate system are depicted in fig. 3.1. They enter the solenoid with a radial distance
r to the magnet axis; r be small in comparison to the solenoid radius, i.e. r � rsolenoid.
Applying this paraxial approximation, eqs. (3.1) and (3.2) can be linearized with respect to r .
The simplified field components become

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

Br (r, z) = −
r
2

B′(z). (3.4)

0

1[a.u]

N

S
x

y

z

Figure 3.1: Proton trajectories of a parallel beam of twelve test particles traversing a solenoid
field, extracted from a field and particle tracing simulation. N and S indicate north
and south pole of the solenoid. The radial velocity component vr that a parti-
cle gains during passage is color coded. As can be seen, particles entering the
solenoid at a larger off-axis distance gain higher radial velocity.

We assume further that for a solenoid of length s the field inside, i.e. for 0 < z < s, is
constant and has no radial component,

Bz (z) = B0
[
H(z) − H(z − s)

]
, (3.5)
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with the Heaviside step function H(z) = 1 for z > 0 and H(z) = 0 else. Thus, on the outside
the field Bz drops to zero. For the radial component follows

Br (z) = −
r
2

B0
[
δ(z) − δ(z − s)

]
, (3.6)

with the Dirac delta function δ, approximating the solenoid fringe fields. When a proton, com-
ing from the field free region, enters the solenoid at a radial distance r0 6= 0, it experiences a
kick by the Lorentz-force and thereby gains the transverse velocity

v⊥ = r0
eB0

2γmp
, (3.7)

with γ being the Lorentz-factor.1 Inside the solenoid, the transverse velocity component
interacts with the axial field and forces the particle on a helical trajectory as illustrated by
fig. 3.1. The radius is equal to the cyclotron radius rc = γmpv⊥/ eB0. A comparison with eq. (3.7)
gives rc = r0/ 2, thus the radius of a single particle’s helical trajectory is half of its initial radial
displacement. In conclusion, all particle trajectories have an intersection with the solenoid
axis. The protons move with the cyclotron frequency ωc = eB0/ γmp around their individual helix
axes but circle the solenoid axis with the Larmour frequency ωL = eB0/ 2γmp. The difference
is graphically explained in fig. 3.2, where the projection of two test particle trajectories onto
the x-y -plane is shown.

The preceding explanations have shown that a the presented proton beam undergoes
periodic focusing in the uniform field region of the solenoid. The evolution of the radial and
azimuthal coordinate of a particle traveling inside the solenoid (cf. particle B in fig. 3.2) is
given by

r (z) = r0 cos
(
ωLz
vz

)
, (3.8)

θ(z) = θ0 +
ωLz
vz

, (3.9)

with θ0 as initial angle when entering the solenoid and z/ vz = t. In the presented work, the
multiple focusing inside the solenoid cannot be observed, since the protons are typically
very energetic and the solenoid is of limited length and field. Thus, the focal spot is usually
generated downstream of the solenoid and the protons pass the fringe field region in the back
of the magnet. As can be seen from fig. 3.2, the transverse velocity v⊥ can be decomposed
into a radial (vr ) and azimuthal (vθ) component. The question is now, what happens to vr and
vθ when the particles interact with Br again. The velocity components can be derived from
eqs. (3.8) and (3.9) to

vr (z) = −rωL tan
(
ωLz
vz

)
, (3.10)

vθ(z) = rωL. (3.11)

Note, that r also is a function of z.2 Depending on solenoid length s, field strength and
particle velocity, the protons generally exit the uniform field region with a different radial

1Following the energy conservation law, the rise of a transverse velocity component v⊥ goes along with a
decreasing longitudinal velocity vz . In the paraxial approximation, however, the decrease is negligibly small.

2The derivation of eq. (3.11) immediately follows from the definition of the tangential velocity; eq. (3.10) can
be found by forming the time derivative of eq. (3.8)

(
dr (z)
dt = dr (z)

dz
dz(t)
dt

)
followed by an expansion with r and

substitution of r in the denominator by eq. (3.8).
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Figure 3.2: Schematic explanation of the movement of two proton test particles inside a
solenoid (B-field into the drawing plane, adapted from Kumar [85]). Test proton
A enters the solenoid at PA with largest radial displacement r0,A. The solid line
therefore represents the edge of the incoming proton distribution. As proton A
travels through the solenoid field, it moves towards P ′A, reducing the size of the
beam periphery to the dashed line’s dimension. With respect to OA the particle
sweeps an angle of 2θ; however, with respect to O only an angle θ. Therefore, the
Larmour frequency is half the cyclotron frequency. For comparison, a second pro-
ton with r0,B < r0,A is depicted. For proton B the decomposition of the transverse
velocity in radial (vr ) and azimuthal (vθ) components is indicated.

displacement r (z=s) = r1 6= r0. The azimuthal velocity at the exit is vθ(z=s) = r1ωL. In analogy
to eq. (3.7) the particles experience a change in velocity given by ∆vθ = −r1ωL, canceling the
azimuthal velocity component. The radial velocity remains unchanged:

vr = −r1ωL tan
(
ωLs
vz

)
. (3.12)

The particles travel along a straight path downstream of the solenoid. Note that particles
with larger radial distance r1 gain higher radial velocities (cf. fig. 3.1) enabling the focusing of
a laterally broad incoming particle beam.

In the so-called thin lens approximation, i.e. s � vz/ωL, simplifications can be made to
eq. (3.12): For the tangent the small angle approximation gives tan(ωLsv−1

z ) → ωLsv−1
z and

r0 ≈ r1 ≈ r for 0 < z < s. Equation (3.12) becomes

vr = −r
e2

4γ2m2
pvz

B2
0s. (3.13)

Herefrom, the slope of the particle trajectory behind the thin solenoid can be derived by

dr
dz

dz
dt

= −r
e2

4γ2m2
pvz

B2
0s ⇒ dr

dz
= −r

e2

4γ2m2
pv2

z
B2

0s. (3.14)
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In conclusion, the focal length f is given by

1
f

=
e2

4γ2m2
pv2

z
B2

0s. (3.15)

Equation (3.15) can be generalized by introducing an arbitrary spatial variation in the B-field
along the z-direction. The text book formula for the focal length of a thin solenoid follows:

1
f

=
e2

4γ2m2
pv2

z

∫
B2

0dz. (3.16)

It may be noted that in a real laser acceleration experiment that employs a solenoid magnet
for particle capture one or more assumptions of the upper approach can be violated. The thin
lens approximation does not hold true for low energy protons as will be seen later on. Fur-
thermore, to allow for high capture efficiencies, the solenoid bore is typically used to almost
full extend. The outermost protons therefore cannot be considered to be fully in accordance
with the paraxial approximation. A real solenoid also differs from the idealized field distribu-
tions in eqs. (3.1) and (3.2) as given in section 3.1.4. Winding geometries (pitch, transition
between winding layers, imperfections in rotation symmetry) are different to the ideal cur-
rent loop and can therefore introduce field perturbations. The latter two scenarios can be
named geometrical aberrations. Solenoids also exhibit so-called chromatic aberrations, i.e.
their focal strength is not independent of the incoming particles’ energies (or momenta) as
can be seen from eq. (3.16). The chromaticity of solenoidal focusing can be used to perform
a rough energy selection when the incoming beam has a broad energy spectrum (cf. TNSA
ion source) and an aperture is applied at the focus position of the desired energy.

Figure 3.3 shows proton trajectories extracted from simulations with the General Parti-
cle Tracer (GPT) software by Pulsar Physics [86], which illustrate the chromatic focusing of
a solenoid magnet and the aberration introduced by non-paraxial particles. Last, small dis-
tances between solenoid and particle source (i.e. laser target) can increase the transport
efficiency but lead to a non-negligible field strength at the particle origin. The result is, that
the azimuthal velocity components are not fully canceled on the back of the solenoid. This
gives rise to emittance growth (Busch emittance) as will be discussed later on.

In conclusion a solenoid magnet can provide control over beam divergence. Its chromatic
focusing can be used to cut out parts of an incoming exponential spectrum of TNSA protons
or ions. Thereby, the energy selection is not that sharp so that the transmitted particle
numbers remain high. The next section gives a comparison to other approaches for focusing
laser-driven beams.

3.1.3 COMPARISON OF FOCUSING OPTICS FOR LASER-DRIVEN ION BEAMS

When studying the literature, a variety of methods for controlling laser-driven particle sources
can be found. The principle concepts are based on permanent magnetic quadrupoles (PMQ),
pulsed and seldom superconducting solenoids, plasma based lenses or specially shaped
laser targets. When particle loss is tolerable, a combination of magnetic chicanes, apertures
and slits can produce high quality beams [87–89]. But since most application profit from high
beam intensities and the remarkably high flux is one of the most important qualities of laser
acceleration sources, only the more efficient approaches that try to capture the divergent
beam and conserve the flux will be critically discussed in the following.
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Figure 3.3: Visualization of two GPT particle tracing simulations. The magnet is composed of
120 current loops (5 kA) arranged in four layers over a length of 15 cm. The upper
plot illustrates the chromatic focusing of the solenoid lens for three parallel proton
beams of 5 MeV, 10 MeV and 15 MeV. The lower shows 5 MeV proton data, now
for a wider (40 mm diameter) incoming beam. The outer particles of the broad
beam experience higher fields in close vicinity to the solenoid windings (orange).
Therefore, they are focused closer to the solenoid exit. This so-called spherical
aberration, which occurs due to the realistic field distribution and violating the
paraxial approximation, increases the lateral focal spot size from sub-mm to mm.
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Quadrupole magnets have been used in many experimental studies at laser accelerators
[44, 90–92]. Three advantages over a pulsed solenoid electromagnet are attributed to PMQs.
The first is, they are easy to use because they do not require a power source, are comparably
small and can be employed and motorized under vacuum conditions without difficulty. The
second advantage is that they do not limit the laser shot repetition rate, whereas a pulsed
high-field magnet relies on repetition rate optimized power supplies and suffers from ohmic
heating. Finally, the third claimed advantage is that PMQs scale better towards higher particle
energies. Revisiting eqs. (3.15) and (3.16) one finds for the focal length of a thin solenoid the
relation

fsolenoid =
4
ss

(
p

qB0

)2

, (3.17)

where p = γmv denotes the particle momentum, q the particle charge, ss the solenoid
length and B0 the magnetic field strength. In comparison, a single quadrupole magnet can
only focus a charged particle beam with respect to one transverse direction, e.g. horizontally,
and acts defocusing in the perpendicular transverse, i.e. vertical, direction. For a single PMQ
according to Reiser [84] the focal length can be expressed as

fPMQ =
r
sq

p
qB0

, (3.18)

with aperture radius r and length sq of the magnet. A second quadrupole rotated by 90◦

is necessary to focus the beam both horizontally and vertically. The setup is then called
quadrupole doublet. If the two quadrupoles are identical the over-all focal length of the dou-
blet is given by

Fdoublet =
f 2
PMQ

D
=

r2

Ds2
q

(
p

qB0

)2

, (3.19)

with D being the distance between the two PMQs. Considering identical field strengths and
particle properties, the focal length terms can now be compared as follows:

fsolenoid

Fdoublet
=

4Ds2
q

r2ss
. (3.20)

Equation (3.20) is used in the literature to demonstrate that for typical small aperture
quadrupoles (r � sq) and comparable setup dimensions (D ≈ ss) the focal length of the
doublet is considerably shorter than for a solenoid [84, 93]. Therefore, PMQs are supposed
to be better suited for focusing energetic charged particle beams in most cases. On the
other hand, laser-accelerated beams exhibit unique properties that demand for rethinking on
this general statement. The large beam divergence (typically 20◦ half angle [48]) limits the ac-
ceptance and transport efficiency of a small aperture quadrupole, whereas pulsed high-field
solenoids can be manufactured with considerably larger aperture while still maintaining max-
imum field strengths one order of magnitude higher than PMQs. Increasing the aperture of
a quadrupole goes along with a decrease in field gradient due to the limited maximum pole
tip field (approximately 1.6 T for NdFeB magnets). The transport efficiency of a quadrupole
doublet is further decreased by the defocusing of the first magnet in one direction. Finally,
to change the focal length or to focus a different part of the broad incoming energy spectrum
at a certain position, the doublet can only be tuned by changing the distance between both
PMQs (cf. eq. (3.19)) since B0 is fixed. This makes the acceptance of the magnet system
energy dependent. On the contrary, a pulsed solenoid can be tuned by changing the coil cur-
rent and thereby the magnetic field amplitude on a pulse-to-pulse basis, leaving acceptance
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and geometry unchanged. A last disadvantage of permanent magnets in general is that they
can be demagnetized when exposed to high radiation doses [94, 95]. It remains to be seen
if permanent magnets tolerate the harsh laser acceleration environment and the associated
high dose rates. Demagnetization might limit the applicability for rep-rated operation.

In conclusion, both magnet systems are valuable tools to gain control over laser-driven
beams. Pros and cons have to be considered for a given scientific purpose or application
approach. We are convinced that, in order to facilitate a compact medical beamline, a stable
transport system based on pulse high-field magnets that relies on a like-wise pulsed solenoid
as first capturing element is the most efficient way to enable laser-driven proton or heavy ion
beam therapy for future cancer treatments and therefore has to be studied.

The other named approaches like laser-driven beam optics or special target designs have
already been demonstrated and provide for superior beam qualities in comparison to flat foil
targets without focusing lenses [96–99]. Nevertheless, they can suffer from the same techno-
logically inherent fluctuations as laser acceleration itself and produce unwanted debris. Both
the laser target and beam optics have to be specially prepared. For high rep rate applications,
such as laser-driven ion beam therapy, complex target geometries and beam optics that have
to be replaced after every single shot and that might leave severe amounts of debris in the
target chamber cannot be considered.

Repeatedly pulsed gas-filled discharge capillaries as used for laser-driven electron acceler-
ation (cf. Karsch et al. [100] and Tilborg et al. [101]) and their generated field could also be
used to guide a laser-accelerated proton beam – an interesting approach that still has to be
demonstrated. Same holds for the so-called Gabor lens [102]. This space charge lens uses
a confined electron plasma to focus a traversing ion beam. The feasibility for application in
laser acceleration still has to be shown and the transport properties need to be quantified.

3.1.4 PULSED HIGH-FIELD MAGNETS – PROPERTIES, DESIGN AND
CONSTRUCTION

It has been explained how valuable the non-destructive pulsed high-field solenoid is for fo-
cusing highly divergent charged particle beams. In the following paragraphs the reader will
be introduced to its most important properties and construction principles.

Pulsed high-field magnets, no matter what they are used for, are usually of cylindrical shape
and rotationally symmetric with respect to their axis. With few exceptions, these magnets
can either be described as cylindrical or as a combination of cylindrical coils, thus solenoids.
The most important property of such a magnet is the magnetic field distribution, as shape
and amplitude of the B-field determine whether the pursued influence on an experimental
measurement can be achieved or not.

It has been shown in eqs. (3.1) and (3.2) that the solenoid field can be described by a radial
component Br (r, z) and an axial component Bz (r, z). The field components are functions of
the radial coordinate r and the on-axis field B(z) and its derivatives. For a thin-walled solenoid
electromagnet of finite length s, mean radius rm and N windings, the on-axis field can be
expressed by the formula

B(z) =
µ0Ni
2s

(
z − z1√

(z − z1)2 + r2
m

−
z − z2√

(z − z2)2 + r2
m

)
, (3.21)

where z1 and z2 denote the positions of the solenoid entrance and exit (z2 > z1 ⇒ z2 −z1 = s),
coil current i and vacuum permeability µ0.
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In general, wire-wound pulsed high-field solenoids cannot be described by the upper for-
mula, since they typically employ multiple winding layers and are therefore not considered
to be thin-walled. To derive the formula for a finite cylindrical solenoid with rectangular cross
section, eq. (3.21) has to be integrated over a range off radii, i.e. from inner radius ri to outer
radius ro. The result of the integration is

B(z) =
µ0Ni

2s(ro − ri)

(z − z1) ln

√
r2
o + (z − z1)2 + ro√
r2
i + (z − z1)2 + ri

− (z − z2) ln

√
r2
o + (z − z2)2 + ro√
r2
i + (z − z2)2 + ri

 . (3.22)

Finally, eq. (3.22) can be simplified for the case of z = z2+z1
2 , giving the magnetic field B0 in

the center of the solenoid

B0 =
µ0Ni

2(ro − ri)
ln

√
r2
o +

( s
2

)2 + ro√
r2
i +

( s
2

)2 + ri

. (3.23)

It may be noted that the central field of a cylindrical magnet is in general also the maxi-
mum on-axis field, i.e. B0 = Bz,max.3 When magnetic field values are given without further
specification in the following, they describe the central field of the magnet.

The central field B0, as discussed, is an essential parameter for magnet design and appli-
cation. Yet, with the aim of manipulating laser-driven particle or plasma sources, it is also
important to consider the given experimental conditions and geometrical constraints. The
experiment geometry is defined by the laser setup as well as laser, particle and plasma di-
agnostics. It restricts the space that can be taken up by the magnet. The experimental
conditions dictate further magnet properties. For example, experiments at the Draco laser
acceleration source are performed under high vacuum (HV, typically 10−6 mbar); therefore,
the magnet needs to be constructed from vacuum compatible materials and needs to per-
form under HV conditions. Further constrictions might be: remote controlled motorization,
reflectivity, temperature, fringe field length or electromagnetic compatibility (EMC). These
constrictive considerations give the most valuable input for the magnet design process.

Bearing all constrictions in mind, the next step is to figure out whether and, if so, how
a magnetic field of adequate shape and amplitude, for achieving a desired effect, can be
created. A first crucial consideration concerns the energy that is required to generate the
magnetic field. The magnetic energy Emag can be derived from the volume to which the
magnetic field extends and its amplitude,

Emag =
∮
V

ρmd~r =
∮
V

B2

2µ0
d~r , (3.24)

where ρm denotes the magnetic energy density and µ0 the vacuum permeability. The re-
quired energy needs to be provided by the current source. Limited resources of electrical
energy have to be taken into account.

In electrical engineering it is a more common approach to use the (self) inductance4 L as a

3Pulsed high-field magnets employing inhomogeneous current density distributions can violate that rule. One
example will be presented in section 3.2.3 where a split-pair solenoid is discussed that deviates from the ideal
Helmholtz coil geometry and has two off-center field maxima.

4The self inductance of a conductor geometry is defined by the formula u(t) = Ldi/ dt with voltage u and current i
of named conductor.
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measure of the energy of a conductor geometry that carries the current i . It holds that

Emag =
1
2

Li2. (3.25)

When the winding geometry is being designed, the repeated inductance calculation allows
to keep the energy requirements in view. For practical reasons the following formulas, taken
from Wheeler [103] and transferred to metric units, provide reasonable estimates. For a
thin-walled solenoid of finite length s, mean radius rm and N windings, Wheeler found

L ≈ 0.39r2
mN2

9rm + 10s
in µH, (3.26)

for spatial measures in cm. Equation (3.26) can be simplified to

L ≈ 0.39r2
mN2

10s
in µH, (3.27)

for very long solenoids (s� rm). Finally, consider a magnet that is short but radially thick, i.e.
a multi-layer solenoid with inner and outer winding radii ri and ro. The associated Wheeler
formula is

L ≈ 0.31r2
mN2

6rm + 9s + 10t
in µH, (3.28)

where rm = (ri + ro)/ 2 is the mean winding radius and t = ro − ri denotes the radial thickness
of the rectangular cross section of the cylindrical magnet. Again, all spatial measures in
cm. In case of more complex geometries the handbook of Grover [104] and the inductance
calculation formulas and tables therein have proven to be very useful.

If the energy provided by the current pulse generator is sufficient to power the coil, the
next design steps would be to calculate the mechanical as well as thermal properties of the
coil. The forces and stresses induced in the magnet during the current pulse define how
strongly the solenoid needs to be reinforced. The following simplified example illustrates the
stresses present in pulsed high-field magnets and why special exigencies are required for
their development:

Consider a cylindrical magnet made of copper. The magnet is supposed to generate a field
of B = 10 T in its center. The magnetic pressure inside the solenoid is defined by

Pmag =
B2

2µ0
≈ 40 MPa (3.29)

and identical to the magnetic energy density (cf. eq. (3.24)). The copper windings shall have
a radial thickness of t = 1 cm and a mean radius of rm = 10 cm.

We now want to calculate the so-called hoop stress σθ, which is stress resulting from a
force exerted circumferentially, i.e. perpendicular to the solenoid’s axial and radial directions.
For thin-walled pressure vessels, such as the example solenoid, one finds for the hoop stress

σθ =
rm

t
Pmag ≈ 200 MPa. (3.30)

The upper formula is sometimes referred to as pipe formula. The hoop stress can now be
compared to the yield strength and the ultimate tensile strength of copper. The yield strength
of soft copper is approximately 70 MPa, the ultimate tensile strength is 220 to 230 MPa.
Therefore, the coil would not yet rip apart but would experience strong plastic deformation.
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The example demonstrates how high mechanical stresses can become already at mod-
erate field strengths. The aim for field strength’s well in excess of 10 T calls for stronger
winding materials and reinforcements introduced into the high-field magnet construction. All
mechanical reinforcement measures need to be in accordance with the electrical and ther-
mal properties of the magnet. A good compromise of strong electrical insulation and high
heat conductivity needs to be sought when designing a magnet since pulse generation in-
volves high voltages, typically up to 24 kV, and results in a high heat input that needs to be
dissipated.

The calculation of coil heating and heat dissipation is very complex considering that the
coils consist of a multitude of different materials in complex geometry. If necessary compu-
tational methods or elaborate thermal network modeling can be applied. A very conservative
estimation can be made if the mass mCu of all copper windings of the solenoid is known.
A fraction of the pulse energy is dissipated by the ohmic resistance of the coil. This energy
fraction Q can be calculated by

Q = R

tpulse∫
0

i2(t)dt (3.31)

where R is the coil resistance and i(t) the coil current. It may be noted that the fast current
rise times in pulsed high-field magnets increase the acting resistance due to the skin effect.
As the current changes abruptly, the current density becomes larger near the surface of the
conductor therefore the full wire cross section cannot be used effectively.

For the first half-wave of a sinusoidal current pulse of period T and amplitude imax eq. (3.31)
can be written as

Q = R

T/2∫
0

i2max sin2
(

2π
t
T

)
dt (3.32)

= Ri2max
T
4

(3.33)

= Ri2maxtrise, (3.34)

where the quarter period has been expressed by the rise time trise of the current pulse.
The temperature jump ∆T can then be approximated by using the heat capacity formula

C =
Q
∆T

(3.35)

Under the assumption of small temperature changes (bear in mind that the heat capacity
is temperature dependent) one can approximate the temperature increase of the copper
windings by

∆T =
Q

cCumCu
, (3.36)

with the specific heat capacity of copper cCu at room temperature.
All theoretical considerations of B-field generation, heating as well as mechanical forces

and stresses are far beyond the scope of this introduction and may be found in the litera-
ture, e.g. in Kratz and Wyder [105]. The analytical calculation of magnet properties during
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the design process is highly complex due to the high number of entwined magnetic, ther-
mal and mechanical parameters and their transient evolution. Typically the design process
involves either simplified models or simulations using the finite element method (FEM). FEM
programs, such as Comsol [106], allow for coupled calculations beginning from the current
pulse generating circuit network, over magnetic field generation, to heating and mechanical
deformation of solenoid magnets in 3D or 2D-axisymmetric simulation frameworks. In this
study, Comsol was routinely applied for magnetic field prediction and structural mechanics
evaluation. Current pulse generation has been simulated with the more suitable software
OrCAD PSpice [107].

Above, basic principles of magnet design and fabrication have been presented and should
suffice to give the reader a feeling on important properties and orders of magnitude. If
necessary more detailed theoretical analyses will follow in the sections dealing with the
conception of the magnet prototypes used throughout this thesis. This section is concluded
by the description of an exemplary manufacturing process of a pulsed high-field magnet for
a laser-plasma experiment.

The result of the coil design process usually is a compromise between the different coil
properties, e.g. field strength, mechanical strength, power consumption, etc. If the mag-
net design is acceptable under consideration of all boundary conditions and constraints, the
pulsed high-field magnet can be manufactured. The fabrication process is built on machin-
ery, know-how and experience of high-field laboratories. The solenoid magnets presented in
this thesis have all been manufactured by HLD. The first step is to make the coil body, usu-
ally a cylindrical tube with a strong flange at one end. Typical materials are fiber reinforced
plastics (FRP) like G10. Then the actual coil winding begins. The wire material should be a
strong copper alloy (uts > 500 MPa), insulated ideally with overlapping Kapton tape (dielectric
strength = 303 kV mm−1). The wire cross section is supposed to be rectangular, increasing
the filling factor, i.e. the ratio of current carrying conductor to the entire coil cross section,
and providing for more evenly distributed stresses. While the wire is wound around the
coil body, it is kept under constant tension, checked for insulation defects and braided with
strong fibers like glass, carbon and Zylon. The process is illustrated by fig. 3.4. Immersed
in epoxy resin, the braiding forms a compound and provides for additional structural strength
and insulation space between the windings. When a single layer of windings is finished, a re-
inforcement layer of Zylon fibers (uts = 5.8 GPa) imbued with epoxy (the compound ultimate
tensile strength is still of the order of 3 GPa) is applied [105]. The thickness of the reinforce-
ment layer can be tailored to the mechanical stresses calculated for the magnet. Between
the layers, Teflon tape can be applied to allow the layers to separate during the pulse, i.e.
the outer layers cannot pull on the inner layers. The transition between layers is sometimes
eased by introducing transition pieces made of FRP. In this manner, the magnet is wound
layer by layer. Fiber and resin compositions can be chosen to provide for higher heat conduc-
tivity or for the ability to machine the outer reinforcement layer. After the finished winding
process the second end flange is bolted together with the flange on the opposite site of the
coil body applying axial pressure on the windings. The magnet can be operated when the
epoxy has hardened. Baking the coil speeds up this process.

3.1.5 CURRENT PULSE GENERATION

For generating highest magnetic fields in non-destructive electromagnets, high-field labora-
tories around the world rely on capacitor-based current pulse generation. To drive currents
of up to several 100 kA through the magnet, large, high-voltage capacitor banks are required.
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solenoid

Zylon

wire

Figure 3.4: Photographs of HLD’s winding machine during a production run of the capturing
solenoid (see section 3.2.1). The left picture shows the most important parts of
the winding machine with mounted solenoid magnet. As the machine rotates
around the solenoid axis, the wire is pulled forward (indicated by arrows) while
it is braided with the reinforcing fibers. As the manufacturing process proceeds,
the wire guide (double arrow) moves the wire to the right. When the layer is
finished Zylon reinforcement is applied. The winding of the next layer continues
from right to left now, the guidance moves in the opposite direction. The braiding
is continuously performed by the red rotating spindles shown in the right picture.

The installations typically fill halls and provide multiple magnet cells with pulsed-power due
to their modular setup. Figure 3.5(a) gives an impression on one of the two capacitor banks
of the Dresden High Magnetic Field Laboratory (HLD) at HZDR (for properties see caption).
For the application of pulsed high-field magnets in plasma science it is neither practical nor
required to make use of a large-scale facility like HLD. Therefore, capacitor-based portable
pulse generators (PG) have been developed within the framework of this thesis, with proper-
ties tailored to meet the demands of the magnets used for experimentation. The well known
technology of the high-field laboratories was adopted and, if necessary, adapted for more
practical applicability.

The function principle of PG and magnet is that of a resonant circuit. The PG’s capacitance
C is first charged, then discharged via a high-voltage switch into the high-field electromagnet.
The inductance L of the magnet results in the formation of a resonant circuit of angular
frequency ω0 = 1/

√
LC. The electrical energy stored in a capacitor charged to voltage uC ,

Eel =
1
2

Cu2
C , (3.37)

is thereby converted into magnetic energy of the pulsed magnet’s establishing field. The
magnetic energy is characterized by the magnet’s inductance L and the flowing current iL
according to

Emag =
1
2

Li2L . (3.38)

Neglecting ohmic losses and parasitic inductances or capacitances, equalizing eqs. (3.37)
and (3.38) gives handy formulas to estimate the current flow through a magnet of known
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inductance or, vice versa, to calculate the required peak capacitor voltage uC,max to reach a
desired current amplitude iL,max and field value:

iL,max ≈
√

C
L

uC,max, (3.39)

uC,max ≈
√

L
C

iL,max. (3.40)

(a) (b)

Figure 3.5: Comparison of the Dresden High Magnetic Field Laboratory (HLD) capacitor bank
(a) and two portable pulse generators (b) developed within the scope of this the-
sis. The HLD capacitor bank stores up to 50 MJ electrical energy at 24 kV and can
deliver current pulses as high as 600 kA.

In a realistic resonant circuit, ohmic resistances of magnet, PG components, transmission
lines, etc. damp the otherwise sinusoidal current flow:

iL(t) =
UC

ωeL
· e−δt · sinωet (3.41)

with δ = R/ 2L and ωe =
√
ω2

0 − δ2, R being the sum of all acting resistances. The dominant
resistance in the circuit is the resistance of the magnet of the order of 10 to 100 mΩ, giving
a moderate damping. The lasting current and voltage oscillation result in two unwanted
conditions: First, almost the entire energy of the system is thermally dissipated via the
pulsed magnet; second, the capacitor needs to tolerate a high voltage reversal. Usually,
pulsed-power capacitors rely on technologies that allow for voltage reversal of the order of
only a few 10% of their max specified charge voltage. Capacitors with > 90% voltage reversal
rapidly grow in terms of price and volume per Farad. To enable the use of the efficient and
affordable capacitors mentioned firstly, a so-called crowbar diode circuit can be used. The HV
diode is connected in parallel to the capacitor and equipped with a series resistor. The diode
becomes conducting when the polarity of the capacitor changes. The resistance is chosen
to limit the capacitor voltage reversal to the tolerable level. The pulse generators developed
during the work of this thesis all employ this technology. Figure 3.6 explains the principle
functionally in more detail.

3.2 DEVELOPED PULSED HIGH-FIELD MAGNETS

In the following sections the pulsed high-field magnets developed within the framework of
this thesis will be introduced. The focus will lie on three solenoid magnets for different fields
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Figure 3.6: Functional principle of capacitor based pulse generator with crowbar diode. Left:
simplified circuit diagram. Right: corresponding temporal evolution of voltages
and currents from SPICE simulation (parameters geared to realistic PG and mag-
net properties). (a) Capacitor C is charged, HV switch S is still open, no current
flow. (b) After 0.5 ms switch S is closed, current flow through the pulsed magnet
of inductance L is established (resonant circuit), iL rises and reaches maximum
when capacitor voltage drops to uC = 0 V. The electrical energy Eel, initially stored
in the capacitance, is fully transformed into magnetic energy Emag. The HV diode
D operated in reverse direction, therefore not conducting. (c) At approximately
0.9 ms the capacitor voltage is reversed, D is now forward biased and conduct-
ing. The energy in the system is dissipated in resistor R of the crowbar circuit.
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of application, highlighting the versatility of the strong technology platform that has been
built.

3.2.1 CAPTURING SOLENOID

This section introduces the solenoid magnet that has been used most extensively for ex-
periments presented in this thesis, the capturing solenoid. The name has been chosen
because the magnet is specifically designed to capture large fractions of the highly diver-
gent laser-accelerated ion beams with the goal to provide them for irradiation experiments.
Thereby, application scenarios include, amongst others, the controlled irradiation of cancer
cells for radiobiological studies, high-flux irradiation of samples from material science, pro-
ton radiography as well as potentially isochoric heating with heavy ions. The solenoid is the
key component for gaining control over the laser-driven beam while still maintaining highest
particle numbers. It was manufactured on the basis of a previous design developed by Bur-
ris-Mog [42]. Similar designs of the presented solenoid have been used for transportation
studies of laser-accelerated proton beams before and during this thesis work. The magnet
has been proven to generate collimated or focused beams with mean energies up to 10 MeV
and transport efficiencies in excess of 30 % [41, 43–45].

The solenoid design features 112 evenly distributed windings in four layers.The magnet
was manufactured using a strong copper alloy (Wieland K88) wire of 4.3 × 2.8 mm2 cross
section. The wire is wound on a cylindrical FRP coil body with 54 mm outer diameter. Every
layer is backed by at least 1.5 mm Zylon reinforcement. With a length of 15 cm, an outer
winding diameter of 10 cm and a mass of less than 10 kg, the capturing solenoid magnet is
exceptionally small, lightweight, practical and energy efficient. It was designed with a bore
of 48 mm, larger than most pulsed magnets developed by high-field laboratories. The large
bore size was chosen specifically for the capture of divergent laser-accelerated ions in order
to facilitate high transport efficiencies.

The fiber reinforced plastic as well as the Zylon-epoxy composite that strengthen the mag-
net cannot be considered vacuum compatible, since their outgassing can cause debris on
laser optics. Even when this risk is tolerated, locally the outgassing can result in a severe
reduction of the break down voltage, in accordance to Paschen’s law, putting the magnet and
surrounding equipment in danger. That is why the presented pulsed magnet is installed in
a sealed stainless steel housing connected to the air volume outside of the target vacuum
chamber via bellows. The steel is non-magnetic and its low conductivity prevents strong in-
duced eddy currents. Figure 3.7 depicts the application scenario schematically and shows the
construction of magnet and housing in comparison to an older design used throughout the
work of Busold et al. [43–45] and Busold [47]. The new design was deliberately tailored for
size and weight reduction to increase the applicability of the solenoid and simplify motoriza-
tion. The 50 % weight and 45 % volume reduction result in compact installation dimension,
approximately 25 × 25 × 25 cm3, and a setup mass below 20 kg. The lightweight assembly
allows for using an affordable hexapod positioning system to precisely align the solenoid with
respect to the laser target. The housing reduces the aperture size slightly to 40.5 mm.

The magnet was modeled using the Comsol multiphysics simulation software. The mag-
netic field distribution of the solenoid geometry, approximated by a composition of closed
wire loops, is depicted in fig. 3.8 for a static current of 23.4 kA, i.e. the maximum current
achievable at the moment. The simulation results reproduce prior on-axis field measure-
ments by Busold [47] exceptionally well. These measurements as well as the presented
simulation describe the ratio of the maximum solenoid current imax to the peak on-axis field
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Figure 3.7: 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
the manifold colored arrows. The particles are transported through the beam pipe
as the chromaticity of the solenoids provides for a rough energy selection. The
right side shows the bulky previous design (not to scale) that needed to be revised
to enable experiments at the Draco laser accelerator.

Bz,max as follows:
Bz,max

imax
≈ 0.84 T kA−1 (3.42)

For the simulated maximum current of 23.4 kA eq. (3.42) yields a maximum on-axis field
strength of

Bz,max ≈ 19.7 T (3.43)

The presented Comsol field distribution can be used for particle tracing simulations either
using Comsol itself or, for more sophisticated simulations, the field can be exported and intro-
duced to the General Particle Tracer (GPT). It may be noted that GPT is also able to calculate
magnetic field distributions from current loops as has been done for the generation of fig. 3.3.
The simulation model will be presented in later sections were a thorough comparison with
experimental particle transport data follows.

From the magnetic field distribution Comsol can calculate the solenoid inductance by in-
tegrating over the magnetic energy density in accordance to eq. (3.24) and by applying
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Figure 3.8: Color coded magnetic field distribution from a 2D axisymmetric Comsol simula-
tion. The symmetry axis is on the bottom of the plot. Rectangles indicate the
positions of the closed wire loops (wire current 23.4 kA). The upper plot shows
the on-axis field of the corresponding simulation.

eq. (3.25). It yields a solenoid inductance of 300 µH. The output was compared to induc-
tance calculations using eq. (3.28) (rm ≈ 3.7 cm, s = 15 cm and t ≈ 2 cm) as well as the
formulas and tables given in Grover [104]. The calculated values show a deviation of less the
1 % in comparison to the simulation, thus for the presented cylindrical geometry the text-
book approaches are well suited for inductance calculations. The inductance was additionally
measured by means of a LCR meter while the magnet was installed in the housing. At a
600 Hz test frequency the inductance was measured to be Lsol ≈ 270 µH and the resistance
Rsol ≈ 150 mΩ. The inductance is reduced due to eddy currents induced in the steel housing.
These eddy currents can also limit the maximum achievable field strength. A reduction of up
to 5 % can occur for typical pulse rise times of approximately 380 to 420 µs. This reduction
needs to be accounted for in simulation and experimental analysis.

Finally, the mechanical an thermal limitations of the magnet will be discussed. The magnet
is designed for highest mechanical stability, reliability and long life time. Stress simulations
suggest that the magnet can be operated safely up to 35 T maximum on-axis field strength
with future pulse generators. Such high field values are typically required for medical beam
transport systems for laser-driven ion beams [33].

The heating of the magnet can be conservatively approximated by the approach discussed
in section 3.1.4. Considering a typical pulse rise time of trise = 420 µs and a peak current of
imax = 23.4 kA the heat input can be calculated in accordance to eq. (3.34). It holds that

Q = Rsoli2maxtrise = 34.5 kJ. (3.44)

The temperature of the wire (cf. eq. (3.36)) is abruptly increased by

∆T = 30 K. (3.45)

The wire mass was calculated to be approximately 3 kg. The specific heat capacity of copper
at room temperature, i.e. 0.381 kJ kg−1 K−1, has been used for the determination.

The heat is then transferred to the material contacting the wire. The temperature rise of
the whole magnet, including reinforcement and flanges, is therefore limited to approximately
10 K per full energy pulse. The capturing solenoid should therefore not be operated with
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repetition rates in excess of one full-energy pulse per minute for few minutes. For a reduced
pulse energy higher repetition rates ( ∝ i−2

max) can be achieved. The magnet temperature may
be monitored by means of temperature sensors or resistance measurements (only wire tem-
perature). A temperature above 60 ◦C is to be avoided to prevent the epoxy from softening.

3.2.2 40-T-SOLENOID

The second magnet presented in this thesis employs a more compact design than the cap-
turing solenoid, yet enables particle transport experiments at highest fields in excess of 40 T
with present pulse generator technology, optionally with the TNSA source inside the mag-
netic field. Figure 3.9 shows a cutaway view of the magnet construction and illustrates the
application scheme for TNSA in an external field.

windings
transported 

ion beam

target

Figure 3.9: Cutaway view of the 40-T-solenoid and typical application scenario for a TNSA
ion source inside an external magnetic field. The body as well as the housing
are made of PEEK plastic. The bore is shaped conically to prevent clipping of
the laser. The applied sealing technique is comparable to the split-pair solenoid
(see following section 3.2.3). The wires are guided inside flexible plastic tubes
accordingly.

The magnet is a simple cylindrical solenoid with 72 windings in 8 layers over a winding
length of 48 mm. The wire material is an exceptionally strong Cu-Ag-alloy equipped with
Kapton insulation. The cross section was chosen to be 4×2 mm2. The geometry results in an
inductance of approximately 120 µH. The magnet combines the strong mechanical strength
of the capturing solenoid with a compact housing technology. The thick PEEK shell defines
the size of the magnet and was chosen as a safety feature that protects the surrounding in
case of a coil failure. The 40-T-solenoid has a length of 138 mm and a diameter of 175 mm.
The conical bore has a minimum open aperture in the center of the magnet of 10 mm. Future
designs might be manufactured with a more compact shell and a larger bore.

In order to explore the technological feasibility of even higher fields for the application
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in laser-plasma physics, thorough mechanical analyses allow for reliable prediction on the
maximum field strength structurally achievable. Using the Comsol FEM software the most
thorough structural mechanics analysis has been performed for the presented magnet. The
energy requirement of the magnet has been assessed and for the described geometry of 72
windings a winding current of 30 kA has been found as achievable for present pulse gener-
ator technology, yet still enabling an on-axis field in excess of 40 T. The corresponding field
map has been calculated by Comsol in a 2D axisymmetric simulation. To keep the simulation
small, the mirror symmetry with respect to the magnet’s midplane was used and appropriate
boundary conditions applied. Thereby, the properties of the whole magnet can be assessed
by only modeling a quarter of the windings and reinforcement. The results of the field calcu-
lation are presented in the top section of fig. 3.10. For 30 kA coil current a maximum on-axis
field in excess of 42 T is predicted.

The box in fig. 3.10 summarizes the structural mechanics simulations by showing the von
Mises stress distribution of the 40-T-solenoid.5 To gain reliable results on the structural
strength of the magnet, several sophisticated modeling steps were followed. At first the
modeling of the Zylon reinforcement will be discussed. Zylon is a so-called orthotropic mate-
rial. In contrast to isotropic materials, these fibers exhibit different mechanical properties in
dependence of the load direction. The fiber is exceptionally tear-resistant but only for forces
exerted along the fiber. For the Zylon resin composite the following material properties have
been used for the mechanical simulation in accordance to the literature [108, 109]:

Er = 10 GPa νr = 0.005

Eϕ = 230 GPa νϕ = 0.35 Gr /ϕ/ z = 12 GPa ρ = 1560 kg m−3

Ez = 10 GPa νz = 0.6

Here, Er /ϕ/ z denote Young’s modulus, νr /ϕ/ z Poisson’s ratio and Gr /ϕ/ z the shear modulus with
respect to the spatial direction in cylindrical coordinates; ρ is the density of the composite.
The linear elastic, isotropic wire properties were chosen to be E = 140 GPa, ν = 0.35 and
ρ = 8700 kg m−3 and modeled to start yielding at 0.5 GPa. That means that the wire material
starts flowing at stresses in excess of 0.5 GPa increasing the forces that need to be taken
up by the reinforcement. As can be seen from the bottom right of fig. 3.10, for the first six
layers of the magnet the yield criterion is met as the stress saturates at 0.5 GPa.

As discussed in section 3.1.4, Teflon tape can be applied to allow the layers to separate
during the pulse, meaning that the outer layers cannot pull on the inner layers. The simula-
tion has been carried out to mimic both cases, with and without Teflon. Figure 3.10 shows,
that if a separation of the layers is allowed a more homogenous stress distribution through-
out the reinforcement layers is obtained, whereas the result for a magnet without Teflon
shows maximum load on the first reinforcement layer. For both cases the stresses are well
below the UTS of the reinforcing composite, which is approximately 3 GPa, yet to achieve the
more homogenous stress distribution, Teflon tape has been introduced to the first prototype.
Functional test are ongoing.

In order to be able to use a compact magnet design with small bore and still facilitate high
capture efficiencies for ion beam transport studies, the particle source has to be right in front
or even inside the solenoid. This changes the behavior of the particle trajectories behind the

5The von Mises stress is a scalar stress value that can be computed from the stress tensor. A material starts
yielding when the von Mises stress reaches the yield strength of named material.
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Figure 3.10: Top: Color-coded field map and line out of corresponding on-axis field for the
40-T-solenoid at 30 kA winding current. The small rectangles depict the wire
loops, backed by Zylon reinforcement layers of different thicknesses. Axial and
mirror symmetry of the cylindrical magnet have been used to keep the simula-
tion small. Box: Von Mises stress distributions for a coil equipped with Teflon,
i.e. layers are allowed to separate, and without Teflon. The midplane stress plot
shows more equally distributed peak stress on the reinforcement for the coil
modeled with separation (w/ Teflon). Both results are uncritical with respect to
the UTS of the Zylon reinforcement compound of the order of 3 GPa. The defor-
mation depicted on the left is tenfold exaggerated for demonstrative purposes.
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magnet. Ideally the source is far in front of the coil, and the ions start rotating when passing
the magnetic fringe field while entering the solenoid. This movement is canceled out at the
other side of the solenoid when the particles leave the field again as shown in section 3.1.2.
In case of a laser target very close to or inside of the magnet, the ions are not generated
in a field free region, thus they do not pass the first fringe field region to full extend. As
already presented in the previous section 3.2.3, charged particles (n) generated with a certain
divergence and radial displacement r0,n inside a solenoid show helical trajectories of radii rc,n

6,
whose centers are at distances ∆rn = r0,n ± rc,n from the solenoid axis (± depending on the
chirality of the helical trajectory). In section 3.1.2 it has been shown that for particles on
helical trajectories intersecting the solenoid axis, the azimuthal velocity components cancel
when the particles leave through the second fringe field region. More detailed theoretical
analyses, based on the concept of canonical angular momentum conservation [84], show that
this scenario, with ∆rn = rc,n, is the only case where the particles leave the magnet with only
the desired radial velocity components, without azimuthal shares. For the presented setup,
only ions originating from the axis of the solenoid in general fulfill this criterion. Therefore,
off-axis particles usually leave the magnet with nonzero azimuthal momenta and thereby
increase the emittance of the beam and limit the ability to focus the beam.

Anyhow, due to the small dimensions of the laser-driven particle source (several 10 µm
diameter) the emittance growth might be tolerated when, in return, the capture efficiency is
increased. GPT particle tracing simulations have been carried out to compare the transport
performance of the 40-T-solenoid with the capturing solenoid. The proton source was tailored
to resemble a typical TNSA proton distribution generated by Draco TW, with the following
parameters: Number of simulated protons Np,sim = 45, 000, exponentially decaying energy
spectrum in the range of Ekin = 3 to 14 MeV and maximum proton half-angle divergence of
θmax = 12.4 to 9.1◦ (lower values for high energies). The source was placed on-axis at the
position of the first winding of the simulated 40-T-solenoid or 8 cm in front of the capturing
solenoid’s first winding (typical experiment condition). The protons were transported over a
total distance of 1 m, where an aperture of 1 cm diameter was used to filter out stray parti-
cles.7 The maximum on-axis field for the 40-T-solenoid was chosen to be 42 T in accordance
to the Comsol simulation. The field amplitude at target position was approximately 30 T (cf.
fig. 3.10). The mean transported particle energy was 11.4 MeV. The field of the capturing
solenoid was tuned to transport the same mean energy efficiently through the aperture. A
field value of approximately 8.5 T resulted.

The simulations show that the 40-T-solenoid can provide for transport efficiencies close to
100 % for particle energies around 11 MeV. In comparison, the transport efficiency of the
capturing solenoid was determined to be < 50 %. Furthermore, the particles transported via
miniature solenoid show excellent beam properties in terms of emittance and divergence at
focal position (cf. fig. 3.11).

As can be seen from fig. 3.11, the particle bunch transported by the 40-T-magnet exhibits
a very low x ′ for all energy components, whereas the capturing solenoid, with its large aper-
ture, is generating larger divergence angles at aperture position. The beam envelope stays
smaller by a factor of four in the first case. The high transport efficiency and the well de-
fined beam make the 40-T-solenoid an excellent candidate for beam transport experiments,
such as injection into conventional accelerator structures or direct (radiobiological) irradiation

6The only exception are particles generated with momenta solely in z-direction, thus parallel to the magnetic
field lines.

7In reality this aperture might be the entrance of an accelerator cavity, a beam pipe or a pinhole absorber for
energy selection or lateral beam shaping.
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Figure 3.11: Phase space plot at aperture position (10 mm diameter, 1 m downstream of
source) for a TNSA particle source inside the 40-T-solenoid (left, at first wind-
ing position) and 80 mm in front of the capturing solenoid (right). Red ellipses
illustrating the emittance.

experiments, e.g. irradiation of two-dimensional in vitro cell cultures or volumetric tumors in
small animal models.

Finally, it has never been experimentally studied how a TNSA ion source acts under the
influence of a strong external magnetic field. Therefore, the developed magnet could be a
first step towards a new type of studies: Target normal sheath acceleration in an external
magnetic field. First important insights on the effect of strong magnetic fields interacting
with the TNSA plasma might be acquired. Preliminary particle-in-cell simulations show that
the effect of an external 40 T field on the acceleration performance is rather low. Neverthe-
less, studying interaction of the magnetic field not only with the generated ions but also with
the electrons of the pre- and/or main plasma could help understanding the complex plasma
dynamics of laser acceleration – with the presented solenoid as forerunner.

3.2.3 SPLIT-PAIR SOLENOID

The third magnet developed during this work strongly differs from the previously presented
solenoids. It has been designed for laser-driven laboratory astrophysics experiments at the
LULI2000 laser system at École Polytechnique in Palaiseau, France. The principle application
concept is illustrated by fig. 3.12 and can be explained as follows: Instead of using a single
solenoid the coil is split in two halves ideally in Helmholtz coil configuration. In the magnetic
field region between the coil halves, a laser-driven plasma or particle source can be probed
by methods, such as shadowgraphy, streaked or gated optical imaging, pyrometric measure-
ments and (X-ray) radiography owing to the separation of the coils [110, 111]. The application
of the coil is thereby certainly not limited to laboratory astrophysics.

The purpose of the high-energy density laboratory astrophysics experiment was to study
radiation hydrodynamic processes coupled with an external magnetic field as present in bi-
nary star systems known as magnetic cataclysmic variables. Cataclysmic variables consist of
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Figure 3.12: Schematic of the split-pair solenoid (orange) and its application: The coil gap
allows for optical access to the laser-driven plasma or particle source. Probe
beams can image the plasma outflow and measure plasma properties inside the
tunable B-field.

a white dwarf primary star and a mass transferring secondary star, often named donor [112].
When the magnetic field of the white dwarf is high enough, i.e. B > 10 MG = 1 kT, matter
coming from the donor is accreted through a collimated column and impacts the white dwarf
atmosphere. To improve the modeling and understanding of accretion phenomena occurring
in these highly magnetized white dwarfs, also known as polar stars, the POLAR project has
been founded [113, 114]. Within the project, astronomical observations are compared to
theoretical, numerical and experimental studies, leading to the challenge to generate plasma
conditions in an experiment that are similar to the conditions at astrophysical scale.

Up to now, experiments used a tube in order to collimate the plasma flow which was
generated by a strong shock from a long pulse, i.e. ns, laser [115]. The result is a multiplicity
of unwanted effects such as wall shocks or tube explosion. To avoid these issues, it was
proposed to use a pulsed high-field solenoid to generate a confining external B-field parallel
to the plasma flow, thus mimicking the astrophysical scenario. The radial plasma confinement
can be explained in analogy to the solenoidal focusing discussed in section 3.1.2. Although,
the plasma does not pass the fringe fields, the initial outward directed radial velocity gives
rise to an azimuthal velocity that similarly forces the plasma electrons and ions on helical
trajectories. In order to study the coupling of radiative processes in the supersonic plasma
flow with magnetic effects, it is necessary to have optical access to the interaction area.
A split-pair solenoid prototype has been manufactured to facilitate a first proof-of-principle
experiment.

The experimental setup can be described as follows: The frequency doubled NANO2000
beam (1.5 ns pulse length, 400 J pulse energy at 530 nm wavelength) is focused onto the
target (400 µm focus diameter FWHM). The target, a small 25 µm thin polystyrene disc with
a 6 µm tin coating layer, is placed on axis but slightly shifted towards the incoming laser
beam, thus not centrally located between the coil halves. The laser triggers a super-sonic
plasma outflow that can be imaged by means of optical and X-ray diagnostics. The optical di-
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agnostics, e.g. shadowgraphy by a short pulse laser, were, in analogy to probe 1 in fig. 3.12,
arranged in the horizontal direction. The X-ray radiography was installed in a bottom-up geom-
etry in accordance to probe 2 in fig. 3.12. The X-rays were generated by means of the short
pulse laser PICO2000 (1 ps pulse length, up to 25 J pulse energy at 530 nm wavelength). The
PICO2000 beam was focused on a 25 µm vanadium wire acting as X-ray backlighter. The
X-rays probing the plasma are detected by a 100 × 100 mm2 image plate (IP) [116]. The IP
was placed 588 mm away from the X-ray source, resulting in a magnification factor of 25. A
detailed description of this diagnostic can be found in Brambrink et al. [117].

The diagnostics could be delayed with respect to the interaction moment of the main driver
beam (NANO2000). In this way, the temporal evolution of the plasma expansion can be im-
aged. Figure 3.13 compares two X-ray radiographs taken at a 60 ns delay between PICO2000
and NANO2000 beam, one without external magnetic field and the other with a confining
10 T field, the maximum field strength achievable in the proof-of-principle experiment.
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Figure 3.13: X-ray radiographs of the plasma outflow 60 ns after the laser target interaction.
The left side shows the plasma plume without external magnetic field. The right
side depicts the plasma under identical conditions but with external B-field of
10 T present. The radial confinement of the plasma outflow is already visible for
this moderate field strength. The obstacle was made of aluminum and installed
3 mm (left) and 2.7 mm (right) downstream of the target to mimic the impact of
the astrophysical plasma on the white dwarf atmosphere.

On the left, the plasma outflow without external magnetic field is depicted; the right side
shows the corresponding radiograph when the split-pair solenoid is pulsed. The moderate
magnetic field confines the plasma outflow, in fact, after longer propagation under influence
of the field, i.e. in fig. 3.13 on the upper end of the plasma plume, an inward flow towards the
magnet axis can be distinguished. Therefore, the principle application idea has been proven
valid. Anyhow, to ensure the scalability to the astrophysical scale, it is desirable to generate
even higher fields in excess of 15 T. Therefore, for follow-up experiments the coil design has
been revised accompanied by changes of the experiment setup. The result of the revision
process as well as important design features of original and improved design are depicted in
fig. 3.14.

In general, a coil design as depicted in fig. 3.12, with complete unobstructed access to the
interaction area, is very challenging. The coil halves exert strong attracting forces that need
to be taken up by a support structure in between. The design process yielded a setup with
two consecutively wound coil halves on a PEEK plastic body, giving the ideal compromise
between mechanical strength, vacuum compatibility and electrical insulation. In the coil gap
two bores perpendicular to the coil axis give access to the interaction area. These bores
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Figure 3.14: Left: Construction models of the first prototype (old) of the split-pair magnet
and its latest iteration (new). The transition of the wire from first to second half
is indicated. The coil windings are sealed (exemplary sealing rings depicted in
pink) with respect to the exterior vacuum, the wires are guided in tubes out of
the vacuum chamber. The diagnostic bores perpendicular to the coil axis allow
for optical access to the laser target interaction area. Right: The corresponding
(DC) B-field Hall probe measurements for old and new design, scaled to the
maximum field allowed for operation. Box: Von Mises stress distributions on
the material separating the coil halves. The stress is drastically reduced for the
new coil (deformation tenfold exaggerated for demonstrative purposes).

weaken the gap material but are essential for the application purpose. For the first prototype
magnet the material separating the coil halves was crushed when the field exceeded 12 to
13 T.8 As a result, the amount of supporting material has been increased axially and radially
for the revised split-pair solenoid. To account for the larger axial separation the number of
windings has been increased. The first design is based on a winding scheme with four wires
in three layers per coil half; the new design employs three wires in five layers. The wires are
resin insulated soft copper with 2 × 1 mm2 cross section.

As can be seen from the field measurements in fig. 3.14, the experiment geometry made
it necessary to deviate from the ideal Helmholtz coil geometry, thus resulting in a local field
minimum in the gap. For the first design the gap field amounts to 71 % of the maximum,
for the new design, respectively, 86 % are measured. Both magnet constructions employ
a compact sealed PEEK housing for operation under high vacuum conditions for the same
reasons as explained in section 3.2.1. The housing adds up only marginal to the magnet size

8The operation at 10 T gap field therefore comprises a certain safety margin.
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and manly consists of the shell. The wires are guided inside of flexible plastic tubing to the
outside of the vacuum chamber. The shell has been strengthened for the revised magnet
solenoid and can be bolted to the coil flanges for force closure. The size is thereby only
slightly increased. Both split-pair magnets are 101 mm long; the old design has a radial flange
diameter of 110 mm, whereas the new magnet is slightly larger with 118 mm. It may be
noted, that due to its small dimensions and the low number of winding the heat-up of the coil
during a single pulse only allows for single shot operation with cool down periods of several
10 min. The LCR meter measurements of the split-pair solenoid yielded an inductance of
9.5 µH and a resistance of 20 mΩ at a test frequency of 2 kHz.

The novel design successfully reduces the stress on the gap material as can be seen from
the von Mises stress plot in fig. 3.14. It has been experimentally proven to be safe for opera-
tion up to the desired gap field of 15 T. Hence, it allows for first magnet-assisted laboratory
studies on polar star accretion phenomena actually comparable to the astrophysical scenario.
Follow-up experiments at LULI are ongoing.

As already mentioned in the beginning of this chapter, the split-pair solenoid allows also
for a variety of other application. For example, the perpendicular bores can and already have
been used to deflect an incoming particle beam in the dipole gap field, as will be presented
elsewhere. The previously presented concept of a TNSA particle source inside of an external
magnetic field can also benefit from the developed coil design as the bores simplify target
adjustment and give access for various probe beams to characterize plasma and pre-plasma
conditions.

3.3 DEVELOPED PORTABLE CURRENT PULSE GENERATORS

This section deals with the pulse generator technology that has been developed during the
work for this thesis. Three portable pulse generators have been designed for the experiments
presented in this thesis and future experiments. Two are in routine operation, one is currently
under construction. The pulse generators are referred to as portable, but are in no case
hand-held or carry-on devices. The large high-power, high-voltage components result in a
typical floor space requirement of two to three square meters for a single pulse generator.
In spite of their size and weight (usually several hundred kilograms) they are not limited to
stationary operation. In fact, the pulse generators have been transported multiple times
between different research facilities in Dresden and Darmstadt. Transport preparation and
on-site setup can be performed within few hours.

3.3.1 PULSE GENERATOR PG3

The first pulse generator that has been developed within the scope of this thesis is the third in
the development history of the Institute of Radiation Physics at HZDR. Therefore, it is named
PG3 in the following. In the first place, PG3 was built to enable pulsed high-field magnet
experiments at the HZDR laser accelerator Draco, since the pulse generators of the first and
second generation were permanently transferred to collaborating labs9. The pulse generator
design and commissioning process was accompanied by technological scalability studies.
PG3 composition was tailored to meet the demands of larger coils (> 100 µH) such as the

9PG1 was developed for fundamental plasma physics experiments at the LULI laser lab in Palaiseau, France.
PG2 is used for beam transport experiments at the PHELIX laser at GSI Darmstadt, Germany
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capturing solenoid or the 40-T-solenoid. A full circuit diagram including detailed explanations
can be found in fig. 3.15.
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Figure 3.15: Circuit diagram of PG3: The constant DC source is used to charge the pulsed
power capacitors CP, the source requires a basic load consisting of a wire resis-
tor RW and RC-circuit (RRC , CRC ), DHV protects the source from reverse currents,
the normally open (NO) charging relays CR1,2 separate charging unit from pulsed
power branch before the current pulse is triggered. The normally closed (NC)
grounding relays GR are opened during charging and pulse. They close after the
current pulse or, in case of pulse abort, discharge the capacitors over the grid
resistor RG. The voltage divider V is used to record the temporal evolution of the
capacitor voltage. In case of a severe malfunctioning that forbids approaching
the PG, the bleeder resistor RB slowly drains the capacitors to the point when
a safe approach can be made (tdrain ≈ 1 d). The crowbar diode circuit, DCB and
RCB, has been explained previously. Rightmost, the connection of a high-field
electromagnet LM is illustrated. Resistor ROV protects PG and magnet from
over-voltage when the thyratrons T are triggered. The dashed orange box indi-
cates choke inductances LC that were temporarily installed for functional testing.
Important parameters given below.

The pulse generator employs two 163 µF capacitors connected in parallel. They can be
charged up to a maximum voltage of −24 kV resulting in a stored energy of 94 kJ. The capac-
itors limit the maximum repetition rate of PG3. Whereas, the 8 kW charger can in principle
charge the capacitors within 12 seconds10, the capacitors are specified with a maximum
pulse repetition rate of 0.5 min−1. For non-full-energy pulses, pulse repetition rates of up to
3 min−1 have been successfully demonstrated with PG3.

A very important technical improvement was made during the development of PG3. In
previous studies by Burris-Mog [42], seemingly inexplicable coil failures occurred due to over-
voltages in excess of 24 kV. Thorough analysis led to the assumption that the coaxial cable
that connects PG and magnet is causing the over-voltage due to poorly matched impedance
values. The results are cable reflections and dangerously high voltages in the beginning of
the capacitor discharge becoming more severe for longer cables lengths. By introducing

10Measurements have shown that the charging time for a 24 kV pulse is slightly prolonged to 14 s in comparison
to the theoretical optimum.
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the high-voltage resistor ROV (cf. fig. 3.15) potential over-voltages can be efficiently damped
without losing the flexibility of using different cable lengths and load inductances/magnets.

In PG3 as well as in all other pulse generators presented in this work, every input and
output signal is registered, processed and transferred by a FPGA-based real-time controller
with analog and digital input and output modules. Control/return signals are transmitted via
fiber optic cables to ensure galvanic isolation. The signals are processed by LabView software
running on standard computer hardware.

With regard to future pulse generator designs, the development of PG3 went along with
technological scalability studies towards higher stored electrical energies and thereby poten-
tially higher fields. The idea of a scalable pulse generator platform based on the technology
of PG3 is the following: To reach higher field strengths the number of parallel operated ca-
pacitors can be increased, e.g. from one to four. Thereby, the energy transferred to the
pulsed magnet is increased proportionally and has to be carried by the switch. To prevent an
overload of a single switch, switches need to be operated in parallel analog to the capacitors.
Thereby, the exemplary case of a fourfold energy gain (by equipping a one capacitor pulse
generator with three additional capacitors) is accompanied by the installation of three further
switches. A successful demonstration of this approach would enable extensive scalability.
Unfortunately, the studies conducted on PG3 have shown that the chosen switch technology
is not applicable for such an easily scalable pulse generator platform. The reasons will be
explained in the following:

PG3, employing two capacitors, was equipped with two switches as well. The chosen
switches are thyratrons, gas-filled tubes that are commonly used as fast high-power switches
or rectifiers. A thyratron becomes conducting when an arc discharge between anode and
cathode is triggered by the intermediate control grid electrode. The installed thyratrons are
hydrogen-filled and can conduct very high currents (I ≤ 200 kA). They are robust, inexpensive
and allow for highest current rise times of the order of 1012 A s−1 thus enabling short current
pulse lengths. Their low jitter ≤ 3 ns motivated the attempt to operate multiple switches in
parallel. They are specified with a maximum peak energy transfer per pulse of 40 kJ. Thus,
a full energy current pulse (94 kJ) results in a slight overload of two parallel thyratrons. That,
however, was identified to be not severe for first functional testing.

The intrinsic trigger delay of a thyratron can be changed by adjusting the heater voltage
of the hydrogen reservoir and thereby the temperature of the filling gas. By carefully tun-
ing the heater voltage the parallel operation could be successfully demonstrated with both
thyratrons conducting almost equal shares of the coil current. Anyhow, especially for com-
paratively low voltages ≤ 10 kV the parallel operation was determined to be very unstable.
Typically, only one of the thyratrons was carrying the total current alternating unpredictably
between the two thyratrons from pulse to pulse. As one thyratron starts to conduct current
the voltage across the second immediately drops and the discharge cannot be triggered due
to the low potential difference between anode and cathode. The switch that sparked first is
therefore carrying the full current and stressed by the high transported energy. To prevent
the rapid voltage drop at the late igniting thyratron, choke coils of 30 µH inductance have
been temporarily introduced (see dashed orange box in fig. 3.15). Figure 3.16 shows the
corresponding current distributions in both switches for a full energy pulse with capturing
solenoid as inductive load and installed choke coils. The switching process became more
reliable but over-voltages at the outside of the thyratrons, due to the attenuated current rise,
resulted in arcing. As final approach the parallel connection of the capacitors was broken
up and each capacitor was equipped with its own thyratron before closing the parallel loop
again. This circuit setup lead to strong current flows between the two capacitors making the
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generation of a well defined current pulse impossible.
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Figure 3.16: Measured thyratron currents iT1 and iT2 for a uc(t = 0) = 24 kV full energy pulse
employing choke coils to prevent rapid voltage drop at the late thyratrons. In
comparison the current IST for single thyratron operation without choke is de-
picted. The spike at the beginning of the current rise is noise from the thyratron
switching process.

In conclusion the parallel operation of thyratrons to gain scalability in the presented portable
pulse generator is not advisable since the switching behavior is unpredictable. Thus, alterna-
tive approaches should be considered for future developments. One approach is outlined in
section 3.3.3. For practical reasons and after consulting the manufacturer of the thyratron it
was decided to operate PG3 always just with one thyratron. The choke coils were removed
after the presented measurements.

According to eq. (3.37) a thyratron overload occurs for capacitor charge voltages in excess
of 16 kV. The number of current pulses in excess of 16 kV in an experiment is usually low,
full energy pulses (cf. orange curve in fig. 3.15) are very rare, thus the thyratron is only infre-
quently stressed by transported energies beyond specification. The manufacturer assumes
that the life span of the switch is reduced in the presented operation scenario. So far the
thyratron has successfully completed several thousand current pulses, thereof the number
of pulses potentially stressing the thyratron was of the order of 100. A thyratron failure was
never observed. If a thyratron failure occurs in the future, the second thyratron that is still
installed but not triggered, can be made ready for operation within minutes.

3.3.2 PULSE GENERATOR PG4

The pulse generator of the fourth generation has been developed to enable experiments
with highest currents for low inductance magnets, e.g. the split-pair solenoid. PG4 is the
first pulse generator with a modular setup. It employs a more robust type of capacitor that
can be discharged faster and to full voltage reversal. On the other hand, the capacitors are
more expensive and feature a lower energy density. Protective measures, such as safety
chokes, have been introduced. The development will be discussed in the following:

For applications where repetition rate is not a concern, small coils of only a few ten wind-
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ings, like the split-pair solenoid, can be used to generate high magnetic fields. The lack of
windings needs to be counterbalanced by higher current fluxes. Low inductance values of
the order of 10 µH result in very short current rise times that can damage capacitors, switches
and other components. Feeding small inductance magnets with the above described PG3 is
possible but limited by the specifications of the capacitors11. To get rid of these limitations,
PG4 was designed in analogy to PG1 that has been used for laboratory astrophysics experi-
ments, including the upper mentioned, at the LULI laser lab in France [110, 111]. The circuit
diagram is depicted in fig. 3.17. All components where chosen to enable the operation of
magnets in the range of 1 to 50 µH while tolerating highest currents and fast voltage and
current changes.12 Thus the capacitors can be operated at a maximum repetitive voltage
change of du/ dt = 1010 V µs−1 and tolerate a maximum voltage reversal of 95 %. A damping
crowbar diode circuit is installed but can be removed if necessary. The thyratron (identical
to PG3) allows for current rise times of di/ dt = 3000 kA µs−1. PG4 originally is built up by
four 16 kV capacitors of 50 µH each. At the moment it is upgraded to house additional two
capacitors, increasing the total capacitance from 200 to 300 µH and the maximum stored
electrical energy from 25.6 to 38.4 kJ. Thus, even after the upgrade the installed thyratron is
not stressed beyond energy transport limits.
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Figure 3.17: Circuit diagram of PG4: Naming and functional principle as described in fig. 3.15.
The orange dashed line indicates that charging unit (left) and pulsed power
branch can be separated. Important parameters given below.

Besides the capacitors with high voltage reversal and high du/ dt, two novelties are associ-
ated with PG4. The fourth generation pulse generator is the first with a modular setup. Since
the charging and control hardware can be designed independently of the actual high-power,
high-voltage branch of the pulse generator, it was decided to develop a unit housing the DC
charger and all the generally required control and safety hardware. This unit can be used
easily with all types of pulse generators simply by altering the software running on the FPGA
controller. Thus, in case of damage, the charging unit of one pulse generator can be replaced
by the corresponding unit of another. The overall flexibility of the PG technology has been
drastically increased. Maintenance is simplified and downtimes can be prevented.

The second novelty is a safety feature that is supposed to protect the capacitors of PG4.
The pulse generator is equipped with up to six capacitors. The probability of failure for the
11Especially the limited action integral

∫
i2dt ≤ 1.5 · 105 A2 s−1 is easily exceeded for low-inductance loads.

12Higher inductance values typically are not problematic. PG4 can therefore also be used to power the capturing
solenoid or other high inductance magnets.
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Figure 3.18: Capacitor protection choke coils of PG4: The left shows the simulated circuit
and the design of a single choke coil. One of the six capacitors is supposed
to be damaged in a way that its internal inductance Li, internal resistance Ri

and capacitance C are zero and only the choke coil inductance LC remains (right
side of the circuit diagram). The other five capacitors feed into the short circuit.
The simulation input parameters are: uC (t=0) = −16 kV, C = 50 µF, Li = 0.8 µH,
Ri = 25 mH and LC = 1.9 µH. As can be seen from the simulation result on
the right, the maximum repetitive voltage change of duC/ dt = 1010 V µs−1 is not
reached (orange). The peak pulse current of a single capacitor is noncritical
(iC < 30 kA).

capacitors is still very low but if a single capacitor should be damaged or destroyed during
a pulse, all remaining capacitors feed into this defect. The thereby shorted capacitors are
exposed to the risk of being equally damaged or destroyed. A defect of a single capacitor
can therefore trigger a chain reaction that destroys the entire capacitor bank. To prevent
that from happening, every single capacitor is supplied with a series choke inductance, see
fig. 3.17, limiting current and current rise times to a tolerable level. The inductance of a
single choke coil was chosen to be 1.9 µH. Figure 3.18 shows circuit simulation results and
compares the outcome with critical component parameters. The simulations demonstrate
that the chokes keep the capacitor current well below the limit of 50.5 kA and the voltage
change under 1010 V µs−1. The choke coil L*

C of the damaged capacitor (see right side of
circuit diagram in fig. 3.18) has to carry the sum of all capacitor currents. The coils where
therefore designed for highest mechanical strength. The design process was accompanied
by Comsol stress simulations.

Considering the introduced choke inductances, in combination with internal resistances
and inductances of bus bars and cable connections, it is possible to asses the risk for damag-
ing the PG when a pulsed high-field magnet fails and its inductance and resistance abruptly
drops to zero. In such a case, the components of PG4 are still operated within their specifi-
cations. This makes PG4 the ideal source for powering novel, untested coil prototypes, since
it is the pulse generator least likely to be damaged by a failing coil. Figure 3.19 shows the
measured coil current and capacitor voltage of the first performed full energy pulse provided
by PG4 in its commissioning phase, the load being a robust 80 µH test coil.

The theoretical maximum of the repetition rate of pulse generator PG4 is 0.2 Hz. How-
ever, especially the heat input for small coils limits the repetition rate in dependence on coil
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Figure 3.19: First full energy pulse measurements on PG4: The plot shows coil current, mea-
sured by means of a Rogowski coil, as well as capacitor voltage, measured
by voltage divider. The discontinuous behavior of the capacitor voltage at zero
crossing is caused by the introduced choke coils but uncritical.

parameters.

3.3.3 PULSE GENERATOR PG5

In this section the functional principles of the technologically most advanced pulse generator,
PG5, will be discussed. During the preparation of this thesis, the construction of PG5 has
begun. What will be presented in the following is the elaborated concept for the pulse
generator.

In section 3.3.1 it has been shown that thyratrons only allow for limited scalability in terms
of transported energy per pulse. The pulse generator of the fifth generation has therefore
been designed for operation with a better scalable switching technology adopted from the
Dresden High Magnetic Field Laboratory (HLD). Instead of relying on gaseous switches like
the thyratron, HLD solely employs solid-state semiconductor switches, so-called thyristors.
A thyristor is a semi-conductor switch that is controlled by a gate structure analog to the
thyratron.13 The disc shaped switches are typically built up in a stacked configuration. The
stacking allows for blocking even higher inverse voltages. PG5 will operate with one stack
of five thyristor discs of type T1503N from Infineon Technologies Bipolar GmbH & Co. KG.
[118]. The thyristors are triggered by intense UV laser light pulses transported via optical
waveguides. In comparison to a thyratron, the presented switch is more expensive by a
factor of ten but provides for the highest reliability.

PG5 combines conceptional ideas of PG3 and PG4. In terms of electrical properties, PG5
is basically identical to PG3 as can be seen from the circuit diagram in fig. 3.20. The fifth
generation pulse generator employes the same capacitors (2 × 163 µF), thus can also store
94 kJ electrical energy and has the same repetition rate limitations. The modular setup of
PG4 was kept for PG5.

The experience of HLD with thyristor switches has shown that the switches are destroyed
immediately when the specified maximum current rise of

(
diT/ dt

)
max = 300 A µs−1 is ex-

13In fact, the name thyristor has been blended from thyratron and transistor.
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Figure 3.20: Circuit diagram of PG5: Naming and functional principle as described in fig. 3.15,
the switch T’ is here a thyristor instead of a thyratron. As with PG4, PG5 features
a modular setup with separable charging and pulsed power units (orange dashed
line). Important design parameters given below.

ceeded. As already mentioned in the previous section, the failure of a pulsed magnet typically
goes along with its resistance and inductance dropping to zero thus resulting in a dramatic
increase of di/ dt. Considering the high cost of semiconductor switches, additional safety
measures that protect the thyristor switch in case of a coil failure are indispensable.

As noted in section 3.3.2, the current rise can be limited by introducing an additional in-
ductance, connected in series with the main pulsed coil, to the circuit. In case of a failing
pulsed magnet, solely the choke is responsible for the limitation. In the fault case, the choke
inductance LC is carrying the current iC = iC,max sinωt.14 The maximum current rise can be
calculated from the derivative of the sinusoidal current. It follows(

diC
dt

)
max

= ωiC,max, (3.46)

with the constraint that the calculated maximum rate of current rise is within the thyristor
specification, namely (

diC
dt

)
max
≤
(

diT
dt

)
max

= 300 A µs−1. (3.47)

With eq. (3.39) on page 37 the peak current can be expressed by(
diT
dt

)
max
≥ ωumax

√
C
LC

, (3.48)

with total capacity C of the pulse generator, maximum charge voltage umax and choke induc-

tance LC. Frequency ω can be expressed as ω =
(√

LCC
)−1

. Equation (3.47) becomes

(
diT
dt

)
max
≥ umax√

LCC

√
C
LC

=
umax

LC
. (3.49)

14The influence of the crowbar circuit can be neglected for the calculation of the choke properties.
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At last, for the choke inductance follows

LC ≥ umax

(
diT
dt

)−1

max
=

24 kV
300 A µs−1 = 80 µH. (3.50)

The discharge frequency is calculated to be f = ω/ (2π) = 986 Hz and the maximum current
is imax = 48.4 kA. The critical current value of 58 kA for the presented thyristor is thereby
not exceeded. Therefore, it can be concluded that a 80 µH inductance effectively protects
the thyristor stack in case of a magnet failure. The presented results are summed up by the
SPICE simulation (including crowbar circuit) presented in fig. 3.21.
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Figure 3.21: Simulation results on thyratron protection choke of PG5: The simulation was
set up assuming the protective choke coil as sole inductance in the circuit as
consequence of a failed high-field magnet. Shown is the thyristor current i and
corresponding current rise di/ dt as well as i2t-value in accordance to the action
integral formula

∫
i2dt. As can be seen, the limits,

(
di/ dt

)
max = 300 A µs−1 and

(i2t)max = 16 820 · 103 A2 s, of the thyratron switch are not exceeded in case of a
failing pulsed magnet and the switch is successfully protected by the choke. 58
kA max current

The portable pulse generators PG3 and PG4 developed and used throughout this work
opened up multiple new experimental capabilities for the laser particle acceleration division
of HZDR’s radiation physics institute and collaborators. The significant advancements in com-
parison to the previous pulse generator technology run from the support of a wide range of
pulsed high-field magnets and enhanced stored energy (for higher fields) to modularity and
improved safety features. The development of PG5 adds user-defined scalability of the pro-
vided energy to that list and is thus essential for projects that rely on even higher fields or
larger magnets such as medical beam transport (cf. [33]).
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4 EXPERIMENTAL CHARACTERIZATION
OF THE CAPTURING SOLENOID

4.1 CHARACTERIZATION AT TANDETRON

4.1.1 INTRODUCTION

Studying beam optical properties of a magnet prototype like the capturing solenoid is a
task favorable to perform at a stable, well-characterized and easily tunable particle source.
Thus, instead of using a laser-driven source prone to fluctuations, first characterization ex-
periments have been conducted at HZDR’s 6 MV tandetron accelerator using conventionally
accelerated, well-characterized and specifically prepared proton beams.The explanations in
this chapter will be kept brief, considering that the main focus of the experiment laid on
gaining hands-on experience with the magnet system and proving the concept.

4.1.2 EXPERIMENTAL SETUP

The capturing solenoid was first characterized at HZDR’s ion beam center (IBC) using the
6 MV tandetron accelerator providing 10 MeV protons.1. In the presented experiment the
kinetic energy of the proton beam, i.e. 10 MeV, was chosen as ideal compromise between
particle energy and accelerator stability. Since a tandetron is a cw accelerator, adaptations
were necessary to enable measurements with a pulsed magnet. The pulsed operation of the
tandetron beam was realized using an electrostatic steerer in the low energy region of the
accelerator. Connected to a fast high voltage amplifier and pulse generator, it is possible to
deflect the beam into the beam pipe and on demand inject short pulses into the accelerator.
The pulse structure is only limited by the employed pulse generator hardware. A repetition
rate of 1 kHz and a minimum pulse duration of about 500 ns was successfully demonstrated.
For even shorter durations a complex convolution of beam profile and pulse duration occurs.

The mean proton current of the tandetron accelerator is limited by radiation safety issues

1A tandetron accelerator provides a static electric potential, e.g. 6 MV, that allows for accelerating ions twice.
To enable the twofold acceleration, the charge state of the ions has to be changed when passing the field free
region. Typically, negative ions are accelerated towards the positive high-voltage terminal, then electrons are
stripped and the generated positive ions are repelled by the terminal gaining further energy. A 6 MV machine
can therefore accelerate protons (transition H− → H+) up to kinetic energies of 12 MeV.
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4.1 Characterization at Tandetron

Figure 4.1: Schematic of the experimental setup for the first functional test of the capturing
solenoid at HZDR’s tandetron accelerator. Distance measures given in meters.
The diagnostics chamber at the end of the beamline could be equipped with scin-
tillator and radiochromic film detectors.

to 1 µA or less (energy dependent). For pulsed operation, it is possible to get a peak current
as high as 40 µA. The lateral size of the parallel beam was adjusted from mm to cm.

The pulsed high-field magnet was connected to the tandetron accelerator’s evacuated
beam pipe. The capturing solenoid was operated without housing, but equipped with an
extra beam pipe (inner diameter 35 mm) made from polyurethane (PU) plastic. The solenoid
was mounted on a movable platform that allowed for precise positioning with respect to the
axis of the incoming proton beam. The beam was detected by means of radiochromic film
(RCF, cf. appendix C.1) or scintillator (cf. appendix C.2) inside a diagnostic chamber at the end
of the beamline roughly 1 m downstream of the solenoid. The setup is depicted in fig. 4.1.

4.1.3 RESULTS

The capturing solenoid was successfully employed at HZDR’s tandetron accelerator and could
generate well confined focal spots. The laterally broadened (25 mm, parallel) monoenergetic
proton bunch (2 µs) was focused by the pulsed magnet to a 0.8 mm FWHM spot size 1.1 m
downstream of the solenoid entrance (see right side of fig. 4.2(c)). For that matter, a peak
on-axis field of 2.7 T was generated.

Before this minimum focal spot size could be recorded, the proton bunch (typically few
µs long) was timed with respect to the maximum of the solenoid magnetic field. Then, a
sophisticated alignment procedure of the pulsed magnet took place. In a non-ideal solenoid,
geometrical and magnetic axes generally do not align. Therefore, alignment shots are re-
quired to compensate for discrepancies. Assisted by the scintillation detector’s online infor-
mation, the solenoid was gradually shifted and tilted until an optimal position was found. The
optimum was defined as follows: An aperture plate (3 mm hole diameter) was introduced to
the tandetron beam, splitting it up into five separate beamlets (cf. background of fig. 4.2(a)).
The central beamlet defined the axis of the beamline. The solenoid was then supposed to
generate focal spots on this axis, both for long and short focal distances. Figure 4.2(a) shows
an RCF irradiated both with the unfocused and focused beam of the tandetron. The lateral
offset introduced to the focal spot is approximately 1 mm. Considering the long transport
distance of 1.1 m, the quality of the alignment was deemed sufficient.

After the successful alignment of the solenoid, the optimization of the focal spot size was
examined to generate well-confined beams of high flux. Therefore, same aperture plate
proved to be very useful. Figure 4.2(b) shows that, if the solenoid field strength is set too
low, the particles are still converging towards the focus at the position of the RCF.2 The
high resolution of the RCF as well as the exceptionally good imaging quality of the capturing

2Same holds true for a field strength that is too high, except that the particles are already diverging after moving
through the focus.
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Figure 4.2: (a) RCF comparing the focal spot position to the beam axis (defined by central
beamlet), obtained via consecutive irradiation of the film w/ and w/o solenoid
field. (b) RCF showing separate beamlets in close proximity to the focal spot
position, inset zooms in on the area of interest (1 cm diameter). (c) Comparison
between simulation (proton number Np color coded) and experiment (RCF dose D
color coded) on solenoidal focusing at tandetron accelerator. See text for details.

solenoid in this scenario, allow for distinguishing the separate beamlets. The solenoid field
was then gradually increased by tuning the charging voltage of the pulse generator (PG3)
to the point where the separation of the beamlets vanished (2.7 T, 3.27 kA). The focal spot
image in fig. 4.2 was recorded under these optimized conditions.

Finally, the experiments gave first valuable input for setting up the particle tracing model of
the capturing solenoid using the software General Particle Trace (GPT) by Pulsar Physics.3 The
GPT particle tracing model approximates the 112 helical windings of the capturing solenoid by
112 current loops spaced to mimic the winding distribution of the solenoid in accordance to
construction drawing and fabrication notes. The experiment parameters, i.e. proton energy
(10 MeV), geometry (detector plane at 1.1 m) were implemented into the GPT simulation.
The incoming proton beam was approximated by the distribution shown in fig. 4.2(c) and
was considered to be perfectly parallel. To generate the focal spot at the identical position
in simulation, the simulated winding current had to be reduced by 2 %, decreasing the simu-
lated magnetic field strength accordingly. Figure 4.2(c) compares solenoid input and output
RCF dose plots with the simulation result. It can be seen that the size of the focal spot
recorded in experiment, 0.8 mm FWHM, is roughly two times larger than the tracing output.

The presented small deviations between simulation and experiment are not considered to
be severe. In fact, they may be promoted by following factors: First, the tandetron beam is
not perfectly parallel, yet the divergence is below 1◦ solid angle. Second, the beam defining
aperture of the tandetron may introduces scattered particles to the beam. Hence, the simula-
tion determines the focusing performance of an idealized solenoid made from current loops
under ideal experiment conditions. Thus, the result represents the theoretical optimum on

3Pulsar Physics describes GPT on their website as follows: "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 electromag-
netic 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 a
minimum. GPT provides various 2D and 3D space-charge models, including a sophisticated 3D particle-mesh
method [86]."

61



4.2 Characterization at Draco

solenoid focusing for the considered magnet geometry. The capturing solenoid exhibits a fo-
cal spot quality remarkably close to this optimum. The promising results encouraged further
characterization studies performed at the laser accelerator Draco as described in the next
section.

4.2 CHARACTERIZATION AT DRACO

4.2.1 INTRODUCTION

After the principle functionality of the solenoid has been proven at the well-known beam of
HZDR’s tandetron accelerator, the next major task of this thesis was to establish and charac-
terize a high-field beam transport system at the Draco laser acceleration source. The system
has to provide for high capture efficiency, beam optical quality and tunability to facilitate the
generation of well-controlled laser-accelerated ion bunches. The laser-driven beams need
to be shaped in a way to enable their application for irradiation of radiobiological samples,
like cells or tumors, for feasibility studies on medical beam transport as well as fundamental
research. Therefore, over the years 2012–2014, when the Draco laser system was upgraded
to the PW, i.e. 1015 W, level (see appendix A), necessary pulsed power components were
developed, manufactured and installed, forming a linear beamline based on the capturing
solenoid. The established setup is depicted in fig. 4.3 and will be explained in the following
paragraphs.

4.2.2 EXPERIMENTAL SETUP

The beamline was built up at the PW target area of the ion acceleration laboratory of Draco.
The capturing solenoid (solenoid 1) was installed in the target chamber. The downsized hous-
ing (cf. fig. 3.7) allowed for remote-controlled motorization of the magnet. The remote posi-
tioning, based on hexapod technology, is used to compensate misalignment of the solenoid.4

The Draco laser drives a TNSA proton source based on µm-thin titanium foil targets.
The particle source properties (cf. section 2.2) can be measured by RCF stack (in front of
solenoid 1) and Thomson parabola spectrometer (TPS). The TPS is installed farthest down-
stream of the laser target at the end of the beamline. The laser-driven proton bunch is
captured by solenoid 1 and transported downstream. The tunable magnet can thereby gen-
erate a focus of desired mean energy at a position of choice, e.g. one of the many detector
positions.

Online detectors based on scintillator films or blocks (as discussed in appendix C.2) allowed
to gain immediate information on the focal spot position, size, shape and intensity. According
to the scintillator data the beamline performance can be monitored and, if necessary, opti-
mized: The penetration depth of a focused proton beam impinging on a scintillator block (cf.
fig. C.2, depth profiling) was used to roughly measure the energy of the transported parti-
cles and tune the magnet field strength accordingly. Solenoid alignment was performed by
comparing the focal spot position with the reference beam axis for two different distances
between target and solenoid focus (cf. fig. C.2, lateral profiling).

4Again, in a non-ideal solenoid the magnetic axis is likely to deviate from the geometrical axis. Alignment
settings known from reference accelerator studies (cf. section 4.1) may be be transferred to the setup at
the laser accelerator. Nevertheless, it is typically still required to perform alignment shots with laser-driven
particles to compensate for small discrepancies.
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Figure 4.3: Sketch of experimental setup established at the Draco laser acceleration source
(proportions not to scale). From left to right: Draco impinges on a foil target under
an angle of 45◦. Protons are accelerated in target normal direction and trans-
ported by the first capturing solenoid downstream towards diagnostic chamber,
in-air diagnostics or Thomson parabola spectrometer (TPS). Optionally, the sec-
ond solenoid (installed at a later time) can assist the beam transport. The proton
beam can be measured by scintillator or RCF at multiple positions along the beam-
line (see inset). An ionization chamber (IC) can be applied in the transition area
between vacuum and air for online dosimetry. For distances see table D.1.

Subsequent to the online optimization, energy resolved measurements with RCF stacks
were performed. Inside the target chamber RCF wheels have been installed. These remotely
operated devices enable the irradiation of multiple RCF stacks without venting the target
chamber. They hold up to 15 stacks attached to a rotatable plate. Like the wings of a windmill,
the RCFs can be rotated and placed on the beam axis for measurements. The diagnostic
chamber is to small for such an assembly. Here, a motorized linear stage allows for multiple
irradiation of an RCF stack (landscape format) as it is moved perpendicular to the beamline
axis. In addition, the diagnostic chamber can be vented separately for quickly replacing RCFs.
The exchange procedure can be performed in approximately 10 min.

The different positions of scintillator and RCF detectors are marked in fig. 4.3. Important
distances are summarized by table D.1 in appendix D.

Although the beamline installation was performed in the PW target area, the experiments
on solenoid characterization in 2015 were carried out using the 150 TW Draco beam. At
that time, the PW beam was not yet operational. In 2016, the experimental capabilities of
the pulsed high-field beamline were expanded when the PW beam became available and a
second, identical solenoid (solenoid 2 in fig. 4.3) was set up outside of the target chamber to
assist the beam transport. The installation of solenoid 2 necessitated some setup changes.
Accordingly, some positions of detectors and other distances changed, as can be read from
table D.1. For the results presented below, the distances of the single solenoid setup apply.
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Solenoid 2 is not encased by a housing, instead a ceramic beampipe (inner diameter 42 mm)
was led through the magnet bore.5 Additionally, for future irradiation studies, the beamline
capabilities were expanded by enabling the installation of a thin (125 µm) Kapton window at
the end of the diagnostic chamber. Thereby, irradiation experiments and beam diagnosis can
also be performed in-air from now on. An optional transmission ionization chamber (IC) can
be applied for online dosimetry (cf. Richter et al. [22]).

4.2.3 RESULTS

VERIFICATION OF THE SIMULATION MODEL AND TRANSMISSION STUDY

After successful alignment of the hexapod mounted solenoid, using the scintillator detectors
along the beamline, the characterization studies could be performed. The initial step was to
verify the GPT simulation model of the solenoid magnet that has been established during
the experimental campaign at the tandetron accelerator. For this purpose the measurement
depicted in fig. 4.4 was performed, where an RCF stack in front of the capturing solenoid
detects half the incoming beam but lets the other half pass to be transported through and
manipulated by the pulsed magnet.

Figure 4.4: Sketch of transmission experiment setup at Draco. A (half) RCF stack of 2.5 ×
5 cm2 lateral measures was used to block half of the beam in front of the solenoid.
A (full) 5 × 5 cm2 stack downstream detected the proton beam profiles and doses
after passing the solenoid.

As described in section 3.1.2, charged particles follow helical trajectories inside a solenoid
magnet. Therefore, an incoming beam of semicircular lateral shape (as generated by intro-
ducing the half film stack in front of solenoid 1) is imaged by a solenoid lens as a demagnified
(particles propagating towards focus) or magnified (overfocused particles already strongly di-
verged) semicircular distribution that experienced a rotation with respect to the beam axis.
The rotation angle was used to benchmark the simulation model. Figure 4.5 compares mea-
sured and simulated proton beam data and shows the good agreement between experiment
and GPT model. The simulation reproduces the rotation of the semicircular proton beam (cf.
fig. 4.4) and the size of the distribution. Differences are due to field imperfections in the real
solenoid and due to the broad energy imprint on the films as well as film saturation at high
doses, e.g. for the focused 7.3 MeV protons on the right.

5The setup of the tandetron beamline served as a model for the installation of solenoid 2 at Draco. The ceramic
beampipe was chosen due to more strict vacuum guidelines at Draco.
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Figure 4.5: Comparison of particle beam transport experiment and simulation: For two mag-
netic field strengths (top), corresponding to a far (left) and near (right) focus set-
ting, the RCF (red color channel) is presented in the left column, the simulation
output is presented on the right. The energy values given on the left side of the
figure indicate the Bragg peak energy corresponding to the presented RCF stack
layer and were used to generate the simulation plot. Keep in mind that the RCF
show a superposition of energy depositions of a multitude of proton energies
equal and above the presented Bragg peak energy. The orange circles mark dose
originating from electrons contributing to the laser acceleration process. Shot
parameters: Draco TW, ≈ 4 J on 2 µm Ti target, Emax ≈ 14 MeV.

Besides the successful verification of the simulation model, the data presented in fig. 4.5
can also be used to determine the transmission efficiency for the given setup geometry (cf.
table D.1, single solenoid) and typical source parameters (cf. eq. (2.4)). The input and output
dose ratios corresponding to the presented Bragg peak energies were calculated and used
to determine the transport efficiencies summarized in table 4.1.

Clearly, a higher field allows for an increased transport efficiency. For protons of 10.8 MeV
energy, a transport efficiency of up to 30 % was determined. This result is in very good agree-
ment with previous studies at the PHELIX laser system using an identical solenoid, where
a transmission of 34 % has been recorded for 9.8 MeV protons [43]. Comparing measure-
ments at matching solenoid field strengths yields that the transmission efficiency for protons
of lower kinetic energy rises, despite of the increase in initial proton divergence (cf. fig. 2.2).

The presented result allows for estimating the total number of protons focused by the
capturing solenoid. The reference source spectrum can be integrated over a 1 MeV broad
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Proton energy 4.9 MeV 7.3 MeV 9.2 MeV 10.8 MeV

Transport efficiency at 6.9 T 25 % 23 % 14 %* < 10 %*

Transport efficiency at 9.7 T 47 % 36 % 31 % 30 %

Table 4.1: Proton beam transport efficiencies extracted from the RCF data in fig. 4.5. *Proton
beam still diverging after solenoid passage.

energy bin around 10 MeV. From eqs. (2.2) and (2.4) follows

N10±0.5 MeV =

10.5 MeV∫
9.5 MeV

N0

Ekin
· e− Ekin

kBTe dEkin = 9 · 108, (4.1)

thus giving almost 109 particles for transport and application in this energy range. Consider
the determined 30 % transport efficiency, it follows that for the given energy range typically
2.7 · 108 particles can be captured and focused by the magnet.

The measured transmission efficiencies were successfully reproduced by the GPT simula-
tion model when the proton source was realistically modeled in agreement with RCF data.
Later on, the simulation has been expanded to provide for a simple hands-on method to es-
timate particle transport efficiency in dependency of proton source parameters, i.e. angular
and energy distribution. The simulation results are summarized by the plot in fig. 4.6.
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Figure 4.6: GPT simulation results on the solenoid acceptance angle α, i.e. the maximum
proton half-angle divergence the capturing solenoid is able to transmit losslessly
(focused or collimated). The acceptance α is plotted for different kinetic energies
Ekin (1 MeV steps) and three solenoid field strengths. Applicable for proton beams
up to 38 MeV and distances of approximately 8 cm between target and capturing
solenoid entrance, i.e. first winding. The dashed line illustrates the geometrical
limit for lossless transmission through the solenoid at B = 0, i.e. αgeom ≤ 3◦.

Figure 4.6 shows the acceptance angle α for three solenoid field strengths as function of
the proton energy. The acceptance α is the maximum half-angle divergence that the solenoid
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can transport without particle loss. Protons with larger divergence are lost inside the solenoid
beampipe. Transportation in this context means not only that the protons leave the solenoid
lossless but are also focused or collimated by the magnetic field. The plot is supposed to be
used as follows:

The envelop divergence of a laser-driven beam, as presented in section 2.2, is a function of
the energy. Protons at the high-energy end of the spectrum exhibit smaller divergence angles
than particles of lower kinetic energy. Therefore, for a laser-driven proton source, either
characterized by measurement or arbitrarily assumed for predictive purposes, the envelop
divergence and energy spectrum may be used to estimate how many particles at energy of
interest can be captured and provided to an experiment by the solenoid. As an example, an
experienced experimentalist can quickly determine the maximum divergence of protons at
energy of interest, corresponding to a certain RCF stack layer. The radius of the RCF dose
imprint divided by the target to RCF distance gives tan θmax, with θmax being the maximum
divergence angle of the considered protons. Assuming a uniform angular distribution for
these protons, the transmission efficiency T can be approximated by calculating the relation

T ≈
(

tanα
tan θmax

)2

≈
(

α

θmax

)2

, (4.2)

with suitable α estimated from fig. 4.6. The last approximation step introduces a relative
error below 10 % for typical values of α and θmax.

As another example, consider the angular distribution given in fig. 2.2(d). One sees that
for particle energies around 25 MeV the half-angle divergence is well below 8◦ (measured 4
to 5◦). Thus, for these source parameters, fig. 4.6 predicts a lossless transport of 25 MeV
protons at 15 T field strength.

By means of the presented method, the experimentalist is able to make quick semi-quan-
titatively predictions on transmission efficiencies, particle numbers or absorbed dose values
at focus position. It eliminates the necessity to fully analyze the RCF stack data and feeding
the derived source parameters in an elaborate tracing simulation as long as small deviations
are tolerable.

FOCAL SPOT QUALITY

In order to continue the solenoid characterization and demonstrate its tunability, the next
performed measurement was the generation of proton beam foci approximately 1.6 m down-
stream of the laser-target and thus far away from the harsh laser acceleration environment.
Since the solenoid is a chromatic focusing device, only parts of the broad spectrum can be
focused at nominal position.6

Figure 4.7 compares dose pictures, recorded by means of radiochromic film (EBT3), that im-
age the focal spot shape for three different solenoid field strengths (5.5 T, 7.0 T and 8.7 T) cor-
responding to different transported central bunch energies (approximately 4.9 MeV, 7.3 MeV
and 10.8 MeV). The (left) dose distribution was generated by protons of approximately
10 MeV central bunch energy and is thus comparable to the tandetron data in fig. 4.2(c).

The data in fig. 4.7 deviates from the theoretical prediction for an ideal solenoid or a
solenoid modeled from coaxial current loops. The shown focal spots were compared among

6The proton energy spectrum at focus position for far focal distances > 1 m is typically Gaussian and exhibits
FWHM energy bandwidths of the order of few 10 % (cf. [43]).
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Figure 4.7: Comparison of dose distributions (color coded in Gy, different scales, beam’s
eye view) induced by focused proton bunches generated 1.6 m downstream of
the laser target (RCF 5). The depicted RCF size is 5 × 2 cm (cf. fig. E.1 under
appendix E). Given energy values correspond to the kinetic energies of protons
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Ti target, Emax ≈ 14.5 MeV.
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themselves and to theoretical, simulation and previously presented tandetron reference re-
sults. The following general findings are concluded:

In analogy to classical optics, the generated focal spot can be considered as image of the
particle source. The experiment geometry corresponds to an object distance (particle source
to solenoid center) of 160 mm and an image distance (solenoid center to RCF) of 1437 mm.
The ratio of image to object distance gives the magnification of the optical system. A ninefold
increase in size can be predicted for an ideal scenario. From the measured data it can be
seen that, in comparison to the previously presented data from the tandetron accelerator,
the focus is strongly distorted and cross- or diamond-shaped. The visible focal spot size
is almost 1 × 1 cm2. The magnification derived from the classical optics picture can neither
explain the shape nor the size of this focal spot, as a corresponding source size of above 1 mm
is unrealistic. Spherical aberrations have been taken into account for predicting more realistic
focal spot sizes (cf. fig. 3.3 and fig. 4.8, left), yet in accordance to these considerations still
circular focal spots of only few mm diameter have to be anticipated. The measured spot
sizes can therefore not be reproduced by these simple methods.

Analyzing the data further, one finds that the highest doses lie in a small area with FWHM
dimensions of 1 × 1 mm2 (measured along the two axes of the dose distribution on film 4,
10.8 MeV). The data also shows that size and shape of the dose imprints are independent
of the focused energy. They remained stable over the course of the entire experimental
campaign. The high-energy focus on the left of fig. 4.7 shows an increasing dose up to the
fourth RCF stack layer. This increase is a reflection of the proton inherent inverse depth dose
profile known as Bragg peak.7

In summary, the capturing solenoid is able to generate focal spots meters away from the
laser-target interaction position in a well-controlled, tunable way. Above 108 protons in the
kinetic energy window of 10± 0.5 MeV may be provided for irradiation experiments or other
application studies. To the moment, the focal spot is shaped like a cross or diamond with
a high dose area in the middle. The proton confinement to this 1 × 1 mm2 area is not ideal,
thus improvements on focal spot quality should be sought in future studies. In order to do
so, it is crucial to first understand what causes the distorted focal spot shape. The following
paragraphs explain how such shapes can be generated by a solenoid magnet.

SOLENOID ASTIGMATISM

In section 4.1 it has been shown that the capturing solenoid is able to generate mm-small
circular focal spots as long as the beam is almost parallel. The strong divergence of a laser-
driven proton beam, however, leads to the formation of the distorted focal spot shape. The
classical ray optical analog to this behavior is astigmatism. An optical system is astigmatic
when rays propagating in two planes perpendicular to each other have different focal lengths.
The result is a line focus with respect to one plane, e.g. horizontal, at a certain position and
another line focus, now in the vertical direction, at a different position. In-between both focal
spot positions a cross-shaped far field pattern may occur. In electron microscopy, solenoid
astigmatism is a known issue limiting the resolution [119].

The key to the explanation on how a wire wound solenoid becomes astigmatic lies within
its winding geometry. In simulation, a solenoid is typically modeled by coaxial current loops
(applied in this study) or by a current sheet confined to a cylinder surface. Yet, the real winding

7The depth dose distribution of a proton beam transported via the capturing solenoid will be presented in
section 5.3.
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4.2 Characterization at Draco

distribution is a multilayer helix. The capturing solenoid, as mechanically stressed pulsed
high-field magnet, consists of a rather low number of windings and layers in comparison
to conventional, DC solenoids. Thus, the pitch of the helical windings is significantly larger
and can lead to a violation of the otherwise radially symmetric field distribution inside the
solenoid. The perturbing field components of the innermost winding layer can partially be
compensated by the following layer that is wound with opposite pitch. Still, a complete
cancellation cannot be achieved without further ado, since the pitch is reduced due to the
increased radius of the outer windings. In an adapted simulation model that is still based on
current loops, the winding pitch was incorporated by giving the individual current loops a tilt
with respect to the z-axis, i.e. the particle propagation direction, equally in x- and y -direction.
The tilt angles α were determined from the real winding pitches of the four layers (L1–4) of
the capturing solenoid to

αL1 = 7.1◦, αL2 = −6.0◦, αL3 = 5.1◦, αL4 = −4.5◦. (4.3)

The simulation has been performed for 10,000 protons of 10.8 MeV kinetic energy. Ana-
log to fig. 4.7, a screen is placed 1.6 m downstream of the proton source that records the
position of the transported protons. The proton density (in protons per pixel, 200 × 200 pixel
corresponding to a 2 × 2 cm2 area) is plotted in fig. 4.8. The distribution is drawn to allow for
direct comparison with fig. 4.7.
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Figure 4.8: GPT tracing result for focusing 10,000 protons (10.8 MeV, divergence tailored to
meet laser acceleration conditions) at 1.6 m distance to source. Simulated were
straight and tilted coil windings (schematically illustrated for two winding layers).
The frame shows the proton density distribution in protons per pixel in a 2×2 cm2

area (color coded, different scales, beam’s eye view). For comparison with the
experimental data see fig. 4.7.

It can be seen from fig. 4.8 that the simulation with tilted windings differs from the more
ideal simulation based on straight current loops. The latter shows the predicted Gaussian
focal spot shape, whereas the simulation result on the right reproduces the diamond shape
that has been observed experimentally. The focal spot size is significantly enlarged and
compares well with the RCF data in fig. 4.7.

In order to quantify the effect of the tilted windings, additional GPT simulations have
been performed. Instead of including the winding tilt, the solenoid field was overlain by a
quadrupole field of identical length, i.e. 15 cm.8 The quadrupole field gradient (in T m−1) was

8The built in quadrupole model of GPT was used. It simulates a quadrupole lens without fringe fields.
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then stepwise increased until reproducing the previous simulation and experimental data.
The results are summarized in fig. 4.9.
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Figure 4.9: GPT tracing result for focusing 10,000 protons (10.8 MeV, divergence tailored to
meet laser acceleration conditions) at 1.6 m distance to source. Simulated was a
solenoid with straight coil windings overlain by a quadrupole field of different field
gradients. The frame shows the proton density distribution in protons per pixel in
a 2 × 2 cm2 area (color coded, different scales, beam’s eye view). For comparison
see figs. 4.7 and 4.8.

As conclusion can be drawn that a quadrupole field of approximately 0.5 T m−1 that extends
over the entire winding length of the solenoid can cause a similar focal spot as observed in ex-
periment. The assumption of a quadrupole field as perturbing field component mainly comes
from symmetry considerations. Although, another parallel to electron microscopes can be
drawn that also backs the assumption. To cancel the solenoid astigmatism in these machines,
devices called stigmators are used. A stigmator is basically a single, weak quadrupole mag-
net that follows the astigmatic lens [119] and counterbalances the unwanted effects. The
stigmator concept is very interesting and might be investigated in the future to minimize the
aberrations of the capturing solenoid.

In summary, the presented simulations reproduce the measured focal spot adequately
well. But still, some differences are recognizable. For example, the simulated proton distri-
bution is more symmetric (shaped like a plus sign, not like a cross) and the inner structure
is not as sharp in the simulations. Further studies might shed light on this behavior and are
foreseen for the future. It may be possible that collective dynamics of the plasma particle
or the interaction of the magnetic field with the particle source also affect the proton beam
transport.

Nevertheless, the simulations prove that the measured focal spot shape and size can be (at
least partially) attributed to the winding geometry of the capturing solenoid in interplay with
the strong divergence of the incoming proton beam. Thus, the capturing solenoid suffers
from astigmatism.
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IMPROVEMENTS ON FOCAL SPOT QUALITY

For improving the focal spot, i.e. making it smaller, more homogenous and circular, and to
prove that the divergence of the laser-accelerated protons influences the focal spot shape,
further measurements were performed. Considerations in analogy to classical optics predict
that the focal spots become smaller when generated in closer vicinity to the solenoid.9 Thus,
by increasing the field strength and consequently decreasing the focal distance, the proton
confinement at focus should be considerably improved.

Figure 4.10 shows on its left that, when the solenoid field is increased to 9.1 T, the in-
vestigated protons of 10.8 MeV kinetic energy are focused approximately 1 m closer to the
solenoid, i.e. at a distance of 515 mm to the laser target.10 The focal spot size is significantly
smaller, but still shows a similar shape as observed before. The focal spot area visible on
the RCF is approximately 5 × 5 mm2 and thus a factor of four smaller than for long distance
focusing. The high dose area has a similar FWHM size as previously measured (1 × 1 mm2),
yet confines a 20-fold higher proton number in this area (compare dose values in fig. 4.7 and
fig. 4.10) also partially owing to the increased capture efficiencies at higher field strength
(cf. table 4.1). Hence, for reaching higher beam intensities or higher absorbed dose values
in a small mm-sized area, key is to generate the focus close to the solenoid. The drawback
of this modality is that higher field strengths are required and thus a higher thermal load or
long term magnet life time reduction result. Furthermore, in close proximity to the laser-tar-
get interaction unwanted radiation background (γ-rays or electrons) may prevent controlled
irradiation experiments with focused proton beams. Finally, a majority of irradiation samples
cannot be placed in vacuum. Thus, irradiation has to be performed in-air. Exiting the target
chamber, however, e.g. via a thin Kapton window, requires long focal distances.

The right side of fig. 4.10 depicts that a nearly circular focal spot can be generated, when
an aperture is placed in front of the capturing solenoid. It has been installed on the RCF wheel
in front of solenoid 1 (RCF 1, 30 mm to target). The aperture has a size of 3 mm in diameter. It
limits the divergence of the incoming proton beam to below 3◦ half-angle. Thereby, eliminat-
ing the astigmatic effect to almost full extend. The drawback, of course, is that the otherwise
captured particles are stopped in the aperture material and cannot contribute to beam inten-
sity or dose (note the different dose scales in fig. 4.10). The presented measurements, in
combination with the previously obtained tandetron data, are a clear demonstration that the
TNSA intrinsic broad angular spread of the protons is translated into a strong astigmatism by
the non-ideal solenoid windings. One goal of this thesis is to prepare laser-driven sources
for application. In this context, , the severity of the astigmatism can be reduced by decreas-
ing the focal length or by limiting the incoming beam divergence under the drawbacks of
increased solenoid thermal and mechanical load, higher radiation background or decreased
transport efficiency.

For long term improvement, the solenoid design has to be revised. A smaller winding pitch
could decrease the astigmatism and is easily achieved by using wires of smaller cross sec-
tion. Deliberately increasing the winding pitch in the second and fourth layer, could cancel out
perturbing field components of the stronger pitched first and third layer. Both methods result
in severe alteration of mechanical, electrical and thermal properties of the magnet. There-
fore, thorough analyses need to be performed before a new magnet concept is considered.
This new concept is beyond the scope of this thesis but should be studied in future work.

9In the classical optics picture this corresponds to an increase in refractive power. The result is an decreasing
magnification of the imaging system.

10That corresponds to a reduction of the optical magnification by a factor of four in the classical picture.

72



4.2 Characterization at Draco

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

1 cm

4
.9

 M
e

V
7

.3
 M

e
V

9
.2

 M
e

V
1

0
.8

 M
e

V
1

2
.2

 M
e

V

w/ aperture

10.8 kA / 9.1 T

0

60

20

40

80

0

1

2

0

60

20

40

80

0

60

20

40

80

0

60

20

40

80

w/o aperture

10.8 kA / 9.1 T

0

2

4

0

150

50

100

200

0

150

50

100

200

0

150

50

100

200

0

80

30

60

120

Figure 4.10: Comparison of dose distributions (color coded in Gy, different scales, beam’s
eye view) induced by a focused proton beam generated 0.5 m downstream of
the laser target (RCF 3). The depicted RCF size is 2 × 2 cm2 (cf. fig. E.2 under
appendix E). Given energy values correspond to the kinetic energies of protons
with Bragg peak at film layer position. Shot parameters: Draco TW, ≈ 4 J on
2 µm Ti target, Emax ≈ 14.5 MeV.
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PEPPER-POT MEASUREMENTS

To conclude the section on solenoid characterization, pepper-pot (PP) measurements will be
presented in the following (for a description of the pepper-pot method see appendix C.4).
The pepper-pot was installed behind solenoid 1 inside of the Draco target chamber (RCF 3).
The particles that pass through the pepper-pot apertures were detected by means of energy
resolving RCF stacks (EBT3) 20 cm downstream of the PP (RCF 4). Due to the small size
of the PP apertures (100 µm), the dose depleted in the RCFs is very low. Therefore, several
consecutive laser-accelerated proton bunches have been recorded to increase the visibility
on the RCFs. For the measurement without pulsed magnetic field 15 laser shots were in-
tegrated. The remarkably stable performance of the capturing solenoid made it possible to
likewise perform RCF irradiation with multiple proton bunches. The increase in proton num-
ber due to the capturing effect of the solenoid allowed for reducing the number of shots to
10.

The experimental data is presented in fig. 4.11. The left side shows the magnified image
of the PP aperture pattern when the solenoid was not operated.11

An upper limit on source emittance for the laser-driven protons was derived from the RCF
data by Simon Weih12 of TU Darmstadt: εx ≤ 1.1 mm · mrad and εy ≤ 1.3 mm · mrad (εxy =
εxεy ≤ 1.43 mm2 · mrad2).

These values represent a conservative measure on TNSA source emittance. They cannot
reach the findings of Cowan et al. [56], as PP and setup geometry limit the resolution of the
applied method. Still, the pepper-pot has been proven to be a valuable research tool for the
field of laser acceleration as described below.

Appendix C.4 discusses that PP measurements with pulsed magnetic field can be used
to assess the emittance blow-up introduced by the solenoid and potential aberrations or
field imperfections. The expected signature of the RCF films can be described as follows:
In the first RCF, all particles with sufficient energy to reach the film (here Ekin ≥ 3.7 MeV)
deposit energy and darken the film. In an ideal situation every single hole of the PP would
be represented by a streak on the RCF pointing towards the beam axis with low energies
closer to the center and high energies radially farther off (see also the reference signal in
fig. C.5). This, of course, directly corresponds to the shorter focal length for low-energy
particles and their higher gain of radial velocity when exiting the solenoid (cf. section 3.1.2).
For the following films in the stack, the traces become shorter as the low-energy particles
cannot reach deeper stack layers.

The theoretical expectation is reproduced well by the experimental data on the right side
of fig. 4.11: We see straight streaks pointing towards a common center. For the first film
the thick traces originate from low-energy protons that were focused in front of the RCF
stack detector and as a result are already diverging. On closer inspection, small deviations
regarding the intersection points of the traces were found. The deviations are a result of
the formerly discussed astigmatism. Apart from this, the solenoid does not introduce severe
displacements with respect the aperture pattern (see rightmost picture in fig. 4.11) of the PP.
The emittance blow-up inflicted on the beam by the capturing solenoid was determined to
be at least a factor of 3.8.

The presented measurement method can also assist the solenoid alignment procedure. A
misalignment, like a small tilt or shift of the solenoid, results in a net dipole field component
that acts on the passing proton beam. The effects can be recognized in the PP signatures. A

11The image is magnified due to the divergence of the protons that originate from a quasi point source.
12Simon Weih is part of the LIGHT collaboration. The LIGHT collaboration will be introduced in section 5.1.
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Figure 4.11: Pepper-pot measurements at Draco with (10 shots integrated) and without (15
shots integrated) solenoid field. Shown is the contrast enhanced red channel
data of the used RCFs of type EBT3. The rightmost picture compares the po-
sitions of the PP apertures (green) to the traces visible on the third RCF. The
Bragg peak energies (left) differ from previously presented RCF data, due to an
adapted stack composition.
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PP measurement taken at the PHELIX laser shall serve as example.13

Figure 4.12 shows a recorded pepper-pot signature from a slightly misaligned solenoid and
compares it to the simulation output for a solenoid that has been tilted by 0.25◦ upwards at
its rear end. The pivot point was chosen to be on the beam axis at the z-position of the first
solenoid winding, i.e. the solenoid entrance. The RCF was taken from a stack. It shows
the absorbed dose of 8 MeV protons and above. Therefore, protons of 8 to 9 MeV kinetic
energy composed the GPT particle source, were set to approximate a typical TNSA angular
distribution and traversed the solenoid field (straight windings). The pepper-pot cannot be
simulated in GPT. Instead, a python script was used to sort out particles at PP position. The
hole size was increased to 500 µm in order to maximize the transmitted proton number and
keep the simulation small. The transmitted protons were then fed back into GPT where they
propagated to the position of the simulated detector screen.

x

RCF data simulation

1 cm

Figure 4.12: Pepper-pot RCF signature (red channel) from a misaligned solenoid in compari-
son to a simulated signature corresponding to 0.25◦ tilt of the solenoid (solenoid
exit tilted upwards). For more details see text. Shot/simulation parameters:
PP position 1080 mm to target/source, RCF/screen position 1650 mm to tar-
get/source, PHELIX, ≈ 11 J on 10 µm Ti target.

The simulation reproduces key features of the experimentally recorded PP signature. The
(virtual) intersection point of the traces is in both cases shifted upwards and to the left. The
length of the traces is longer on the right and bottom, whereas the traces on the left and
top appear truncated. The resemblance is not perfect, yet the data suggests that a similar
misalignment was present in the experiment. Unfortunately, the limited number of available
laser shots made verification measurements unfeasible at the PHELIX facility. Nevertheless,
the presented method allows to gain a rough idea about the alignment of the solenoid with re-
spect to the beam axis and the simulation model can predict PP signatures even for complex
misalignment scenarios. It is of great importance for solenoid alignment at laser systems
with low repetition rate like PHELIX and considered to be applied in the future. Finally it may
be noted that some misalignment scenarios can result in similar PP signatures as fig. C.5
in appendix C.4 reveals. It also depicts selected simulated PP signatures for different mis-

13Solenoid alignment is a challenging task that is especially tedious at the PHELIX laser for three reasons: First,
the low repetition rate of the PHELIX laser (1 shot per 90 minutes) limits the available number of alignment
shots to a few 10 per beamtime. Second, the solenoid is removed after every experiment, thus solenoid
alignment has to be performed for every campaign. Third, precise remote motorization is not applicable due
to weight and size limitations.
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alignment severity and therefore makes quantitative predictions on solenoid misalignment
possible.

CONCLUSION

In this section the detailed characterization of the capturing solenoid at the Dresden laser
acceleration source Draco has been presented and discussed. It was demonstrated that
with typical efficiencies of the order of 30 % up to 108 protons of 10 ± 0.5 MeV kinetic
energy can be transported and focused by the solenoid, well controlled and tunable. The
solenoid focal spot shows signs of astigmatism resulting from the interplay of the helical
solenoid windings and the high divergence beams. Yet, the confinement of the particles to
an area of few mm2 was demonstrated and doses above 200 Gy recorded. To improve on the
astigmatism, conceptual changes on the solenoid winding geometry have to be the long-term
goal. Meanwhile, decreasing the focal distance or reducing the incoming beam divergence
can minimize the astigmatic effect of the solenoid lens. The pepper-pot measurements
set an upper limit on source emittance of laser driven proton sources and measured an
emittance blowup by almost a factor of 4 when the solenoid is operated. Nevertheless, the
measurements show only minor deviations from the simulation predictions. The PP has been
identified as valuable tool for solenoid alignment.

The technology platform developed in this thesis allows for easy adaptation. Therefore,
improvements, as they are worthwhile, e.g. considering beam optical quality, can now be
pursued and studied easily. Extensions of the beamline are possible, thus allowing for fur-
ther studies in the field of medical beam guidance, gantry development and fundamental
research. The next chapter will now deal with first hands-on application experiments for the
developed and characterized solenoid.
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5 APPLICATION STUDIES USING THE
CAPTURING SOLENOID

5.1 THE LIGHT BEAMLINE

The previous chapters focused on the characterization of the capturing solenoid at a conven-
tional reference source as well as at the laser accelerator Draco. It has been shown that
the capturing solenoid is suitable to gain control over beam divergence in close vicinity to
the laser-target interaction position. It is therefore key for a variety of application studies
in the field of translational medical research. Yet, possible application scenarios are as vari-
ous as the magnet is versatile. The studies performed within the framework of the LIGHT
collaboration will be discussed in the following as a demonstration of named versatility.

5.1.1 INTRODUCTION

The LIGHT project is a German scientific collaboration pursuing the scientific goal of studying
Laser Ion Generation, Handling and Transport, conjoint in the acronym LIGHT. The LIGHT
collaboration partners1 bring together expertise in the fields of high-power laser develop-
ment, laser acceleration, targetry as well as conventional accelerator and high-field magnet
technology.

The flagship experiment of the collaboration is the LIGHT beamline. It is located at GSI
– Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany. The main purpose of
the LIGHT beamline is to study and demonstrate the feasibility of combining laser-driven ion
sources with conventional accelerator technology to provide tunable beams for application.
Therefore, a dedicated branch of GSI’s high-power short-pulse laser PHELIX is used to drive
a proton or heavy ion source at the Z6 experimental area (see appendix A). LIGHT studies
magnet systems to efficiently inject the laser-driven beam into a radiofrequency (RF) acceler-
ator cavity. The cavity is used to manipulate the ion beam phase space, with two operation
modes coming to mind: First, generation of quasi-monoenergetic ion beams via phase rota-
tion [44] and second, temporal compression for reaching ion bunch lengths below ns-level by

1The collaboraters are GSI – Helmholtzzentrum für Schwerionenforschung, Darmstadt; Helmholtz-Zentrum Dres-
den – Rossendorf; the Helmholtz Institute Jena; Technische Universität Darmstadt; Technische Universtät
Dresden; Friedrich Schiller Universität, Jena and Johann Wolfgang Goethe Universität, Frankfurt.

79



5.1 The LIGHT Beamline

over-rotation in phase space and drift [46].2 In this context, the capturing solenoid (cf. right
side of fig. 3.7) has been studied extensively [43, 44, 46]. In addition, permanent magnetic
quadrupole magnets were examined [45].

Figure 5.1 depicts the LIGHT beamline experiment setup and shows exemplarily how the
cavity acts on a proton bunch preselected by the capturing solenoid. When the injection time
is tuned in a way that allows particles at nominal energy to pass without experiencing acceler-
ating or decelerating forces, while the more energetic, leading particles that enter the cavity
earlier are slowed down and the less energetic, trailing particles are accelerated, the cavity
is operated as a so-called buncher. Thereby, a quasi-monoenergetic bunch can be generated
from parts of the broad exponentially decaying energy spectrum of laser accelerated ions
while still preserving high particle numbers. As reported in Busold et al. [44], FWHM energy
spread was reduced from 18 % to well below 5 % by applying the RF cavity in addition to the
capturing solenoid. Still, the particle numbers within the FWHM stay above 109 owing to the
pulsed high-field magnet.

The second operation mode of the beamline explored by the LIGHT project is the so-called
phase or temporal focusing. If the leading particles are decelerated below the mean bunch ve-
locity, the central part of the bunch can overtake them while simultaneously being overtaken
by the former trailing particles that have been accelerated to speeds above mean. Thereby,
after a certain drift, temporally short bunches are produced that, if laterally confined, allow
for the generation of very high beam intensities, as will be shown later on. The necessary
drift length can be tuned by adjusting the cavity field amplitude.

More detailed explanations of the LIGHT collaboration and the beamline experiments that
have been accompanied within the framework of this thesis can be found in Busold et al. [43–
46]. The following sections build on the previous experiments and present exemplary results
that could be achieved owing to the developed magnet and pulse generator technology. The
presented results shall be viewed as a collective achievement of the LIGHT collaboration.

5.1.2 TOWARDS HIGHEST PROTON BEAM INTENSITIES

This section summarizes how the LIGHT beamline was used to generate intense proton
bunches. A comparison of two different beam transport setups towards the second target
chamber (TC2, cf. fig. 5.1) is given.

As depicted by the inset in fig. 5.1, the cavity is operated as a buncher. The RF amplitude
has been tuned to generate a proton bunch over-rotated in phase space that has a temporal
focus approximately 3.5 m downstream of the cavity exit. The position of the temporal focus
is inside TC2, where diagnostics detect the beam and material samples can be irradiated.

To measure the temporal length of the proton bunch compressed by the LIGHT beamline,
several methods have been applied in the past, including streaked optical imaging of fast scin-
tillators [46]. Here, data obtained by a different method is presented. Measuring the time of
flight (TOF) of the protons can be used to gain spectral information if the time of production
and the flight distance are precisely known. Measurements with fast TOF detectors can also
be used to determine the temporal length of a particle bunch as the signal incline and fol-
lowing decline are analyzed. This clearly requires detectors with shorter response and decay
times than the bunch length to measure. As the goal of the LIGHT beamline is to temporally
compress the bunches close to their duration at origin, i.e. to the ps level, exceptionally fast

2The cavity only provides a total potential of 1.1 MV over its three gaps limiting the particle energy gain accord-
ingly. It is therefore not used for post-acceleration. The RF power (up to 100 kW) is provided to the cavity by
the 108.4 MHz RF infrastructure of GSI’s UNILAC accelerator. The design energy of the cavity is 8 MeV u−1.
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Figure 5.1: Sketch of the LIGHT beamline at GSI, Darmstadt. The PHELIX laser drives a
TNSA ion source in target chamber 1 (TC1). Solenoid 1 is set to capture and
focus ions of nominal energy. It provides for an effective injection into the RF
cavity. The injection time tin is chosen so that the cavity operates as buncher (see
text and plot). The particles are transported further to a second target chamber
(TC2) where they can be analyzed and applied for irradiation studies, six meters
downstream of the laser-target-interaction point. The transport can be assisted
by additional focusing elements, i.e. two permanent magnetic quadrupole (PMQ)
doublets. A second solenoid in TC2 provides for steep final focusing.

detectors are required. Diamond detectors have been found to meet the demands of the
predicted measurement. These diagnostics operate like semi-conductor particle detectors.
By applying a bias voltage to the diamond, free charge carriers induced by the impinging
beam can be recorded as voltage signal. The artificial diamond can be fabricated by chemical
vapor deposition in very thin slabs of only few 10 µm thickness, thus allowing for low charge
drift times in the range of few 100 ps. Diamond detectors are additionally very radiation hard
(> 107 particles/ mm2) and routinely used at GSI’s accelerators.

The TOF detector used to record the following data was developed and characterized by
Diana Jahn of TU Darmstadt and manufactured by GSI’s detector laboratory. It employs a
13 µm thick polycrystalline diamond. The detector’s voltage signal can be described as con-
volution of the real signal (containing the temporal information) and the characteristic detector
response expressed by the point spread function.3 The temporal bunch length can therefore
be extracted from the deconvoluted measurement signal. An iterative deconvolution algo-
rithm was developed by Dennis Schumacher of GSI and applied to the data.

Figure 5.2 shows the measured diamond detector signal (blue) corresponding to a tempo-
rally compressed, impinging proton bunch of 7.8 MeV central energy. It also compares the
measurement to the deconvolution (green) of the signal after ten thousand iterations. The
reconvolution of the green curve with the detector inherent point spread function yields the
orange curve that reproduces the measured data. The integral difference between recon-
volution (orange) and measured signal (blue) is depicted in purple. The deconvoluted signal

3The point spread function was measured by means of exciting the detector with fs laser pulses and recording
the detector response.
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(green) finally gives a temporal bunch length of 468± 104 ps (FWHM). For comparison, a ref-
erence bunch of 7.8 MeV central energy and an energy spread of ±0.5 MeV has a temporal
length of 9 ns after traveling the distance of 6 m to TC2. Thus, by recompression in time, a
20-fold increase in proton current can be achieved at the position of the diamond detector.
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Figure 5.2: Proton TOF signal measured by means of the diamond TOF detector at conditions
optimized for temporal focusing. The bunch length was extracted to be 468 ±
104 ps. See text for detailed information. Shot parameters: solenoid 1 field 6.6 T,
11.3 J on 10 µm Au target.

To generate highest intensities, in terms of proton flux, a narrow lateral confinement of
the temporally compressed bunch is key. The LIGHT beamline was therefore equipped with
a second pulsed high-field solenoid of identical type. It was installed in TC2 and fed by a
distinct pulse generator.4 The goal is to refocus the diverging beam and reduce its lateral
dimension, thus maximizing the flux.

The first study was carried out using permanent magnet quadrupoles (PMQs) as depicted
in fig. 5.1. The PMQs were arranged in two doublets to prevent particle loss in the 40 mm
beam pipe. In a follow up experiment, the PMQs were discarded and a 100 mm beam pipe
was installed.

RCF data for both experimental campaigns was analyzed for absolute proton numbers. For
the nominal energy, i.e. 7.8 MeV, the analysis yields

NPMQ = (2.9± 1.5) · 108, (5.1)

NnoPMQ = (5.7± 2.9) · 108. (5.2)

Considering the large error margins of the analysis method and the TNSA inherent fluctua-
tion of particle numbers at production, the data does not allow to conclude a significantly
higher transport efficiency for the setup without PMQs. On the other hand, the RCFs irradi-
ated with the PMQ setup exhibit a less confined proton distribution within TC2. Apparently,
field imperfections and quadrupole misalignment limit their efficiency and introduce velocity
components that can only partially be compensated by the second solenoid. Thus, due to
the improved lateral confinement, in case of transport without PMQs, a strongly enhanced
proton flux (at least twofold) was obtained.

4Both PG3 and PG4 have been used consecutively in two experiment campaigns.
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The proton transport solely by pulsed high-field solenoids confines the beam laterally to an
area of 30 mm2. With the particle number given by eq. (5.2) and the temporal bunch length
of 468 ps, the proton current for the presented setting is determined to I = 195 mA. Thus,
the presented setup is even superior to the best shot obtained by Busold et al. [46], where
the final focusing with the second solenoid was not applied. The current could be slightly
increased and the lateral confinement was improved by a factor of two.

It has been proven that the LIGHT beamline poses a unique opportunity to generate high-
-intensity proton bunches. Owing to continuous improvement it now enables peak particle
flux above 6 mA mm−2 for future application studies like proton radiography. The LIGHT beam-
line also suffers from solenoid aberrations. Hence, for such studies it might be necessary to
homogenize the particle distribution by means of scatter foils in the beamline. That would
decreasing the proton flux slightly. The decrease is planned to be compensated by increasing
the initial laser acceleration performance with improved laser optics.

5.1.3 TOWARDS APPLICATION OF HEAVY ION BEAMS

Many applications of intense, energetic ion beams do not solely focus on protons. In fact,
for a variety of applications, heavier ions can be favorable. For example, in ion beam therapy
the treatment of tumors with heavier ions like helium, oxygen or carbon can be of advantage
for the radiotherapy patient [4, 6, 120]. Laser-based warm dense matter research, isochoric
heating or material damage studies for the fusion sciences also rely on heavy ion beams. Like
all acceleration mechanisms, TNSA favors particles with a high charge-to-mass ratio. Thus,
in analogy to conventional accelerator infrastructure, the demands for efficient acceleration
of heavy ions by laser-driven plasma processes are much greater. Anyhow, a rather simple
method can be used to prepare a (solid) laser target for the acceleration of heavy ions.

As discussed in chapter 2, a TNSA proton source relies on the contaminant layer of hydro-
carbons present on foil targets. When a target is fully cleaned of the contaminants, the ion
species with the next highest charge-to-mass ratio is accelerated most efficiently. Typical
cleaning procedures include laser-based methods like laser heating or ablation [121, 122], or
complementary simple ohmic heating [123, 124] of the conducting target material. In this
manner, even unconventional ion species can be accelerated as only the target composition
limits the acceleration possibilities.

In the following, a kick-off experiment will be presented, where the unique properties
of the LIGHT beamline are applied to laser-accelerated heavy ion beams. The ion species
of interest was fluorine. Fluorine is the element with highest electronegativity and hence
extremely reactive. Therefore, conventional accelerators usually do not operate with this ion
species. Laser-driven sources, however, are not negatively affected by the highly corrosive
fluorine and pose as opportunity to facilitate beam experiments with otherwise inaccessible
ion species.

In analogy to Hegelich et al. [123], an ohmicly heated 13 µm tungsten (W) target coated
with a 1 µm calcium fluoride (CaF2) layer was used to generate laser-accelerated heavy ion
beams with F7+ as dominant ion species (Emax ≈ 5 MeV u−1). At first the transport of this
reference species shall be discussed:

Revisiting eq. (3.15) and generalizing it for ions of charge qi and mass mi one gets the
following focal length formula:

1
f

=
q2

i

4γ2m2
i v2

i,z

B2
0l. (5.3)
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5.1 The LIGHT Beamline

For non-relativistic ions, i.e. Ei,kin = pi/ 2mi with ion momentum pi = mivi, the following propor-
tionality relations for focal length and magnetic field hold:

f ∝
p2

i

q2
i

B−2
0 ∝

miEi,kin

q2
i

B−2
0 ∝

A2
i 〈Ei,kin〉

Q2
i

B−2
0 ⇒ B0 ∝

Ai

Qi

√
〈Ei,kin〉

f
. (5.4)

with atomic mass number Ai, ion charge number Qi and kinetic energy per nucleon 〈Ei,kin〉.
Thus, comparing a proton beam (A = 1, Q = 1) with named flourine ions (A = 19, Q = 7) of
identical kinetic energy per nucleon, one finds that focusing the fluorine beam at the same
position as the protons requires a field increase by a factor of 19/ 7 ≈ 2.7. Usual field strengths,
as described in the previous section 5.1.2, are 5 to 7.5 T for transporting 5 to 10 MeV protons
through the cavity. The maximum achievable field strength at Z6, limited by the available
pulse generator PG2, is 8.8 T. Hence, the transport of F7+ ions is limited to energies of
approximately 1.9 MeV u−1.

As a matter of fact, the cavity cannot be used to manipulate ion bunches with kinetic
energies close to 2 MeV u−1. The cavity frequency of 108.4 MHz corresponds to a cavity
cycle period of Tc = 9.2 ns, meaning that after every 9.2 ns the cavity is in the initial state
again. Unfortunately, 9.2 ns is also the duration that particles of named energy need to travel
from one gap to the next.5 Thus, the effect of the first gap is canceled by the following. In
this particular situation, the cavity cannot compress the bunch spectrally or temporally.

Towards lower energies, the next sweet spot is distinct at approximately 1 MeV u−1 cor-
responding to 1.5 × Tc (or 3π). It may be noted that the rapidly changing field amplitudes,
experienced by the slow particles passing the gap, limit the efficiency of the cavity.

The data presented in the following fig. 5.3 was obtained at a 6 T field strength correspond-
ing to the discussed central energy of 1 MeV u−1. In spite of the decreased cavity efficiency,
the cavity amplitude needed to be reduced by approximately 75 % in comparison to protons,
accounting for low energy and high charge of the ions. This enabled the generation of narrow
peaked heavy ion bunches. The TOF signal measured by the diamond detector in TC2 was
converted to an energy spectrum and is depicted in fig. 5.3.

Figure 5.3 shows a multitude of ion bunches of narrow energy bandwidth attributed to
F6+ and F7+ as tracing simulation show the strong suppression of other charge states in the
given energy range. The proton signal is completely suppressed. This demonstrates that the
cleaning process by means of ohmic heating is effective. The result verifies the functionality
of the LIGHT heavy ion beamline.

The high number of bunches arises from the long bunch length upon cavity injection, as
the following comparison exemplifies: Ions of 1 MeV u−1 reach the center of the cavity af-
ter approximately 164 ns, whereas 0.8 MeV u−1 ions take 183 ns. Thus, even for this low
energy spread, a bunch of 19 ns duration, twice the cycle period, is injected into the cavity.
This results in the formation of so-called satellite bunches. A peak is generated when the
energy-dependent injection time for a part of the bunch matches the cavity phase (−90◦, cf.
fig. 5.1).

Anyhow, the goal of the LIGHT beamline is to generate a single high-intensity ion bunch.
Thus, the generation of multiple bunches is counterproductive. The production of multiple
ion species and charge states cannot be suppressed. The generation of multiple bunches
per charge state, on the other hand, can by actively stalled by two methods: First, increasing
the ion energies to a degree comparable to the proton scenario enables shorter durations of
the bunches transported by the high-field magnet. Second, moving the cavity closer to the

5The distance from gap center to gap center is 180 mm.
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Figure 5.3: Fluorine ion spectrum after capturing solenoid and RF cavity. The spectrum was
extracted from TOF data of the diamond detector at TC2. For the applied solenoid
field and cavity settings, the proton signal is expected in the area marked orange.
As can be seen, the proton acceleration was suppressed. The cavity generates
multiple, spectrally narrow fluorine bunches due to the long incoming bunch du-
ration and the different charge-to-mass ratios for F6+ and F7+. Shot parameters:
PHELIX, 11.5 J on 13 µm W + 1 µm CaF2 target, heated to approx. 1100 ◦C for
10 min, Emax ≈ 5 MeV u−1, solenoid 1 field 6 T.

laser-target-interaction point also reduces the temporal spread. Both options are considered
for future application.

According to the scaling law in eq. (5.3), the capturing solenoid is able to transport fluorine
ions of the cavity design energy (8 MeV u−1, if accessible for F7+ in future experiments) at
17 T peak field. That is currently not reachable with the pulsed-power equipment present at
the LIGHT beamline. Anyhow, it can be accomplished with the pulse generator technology
developed in this thesis. For the proof-of-principle measurement at hand, it was not yet ap-
plicable since a thorough testing of the interplay of the entire pulsed power equipment on
site was deemed necessary in advance to the experiment for safety reasons. Upgrading the
existing pulse generator PG2 or (temporarily) replacing it by PG3 or the upcoming PG5 allows
for field generation up to almost 20 T and is therefore a promising opportunity for future ex-
periments. For the time being, qualitative and quantitative analyses of heavy ion generation
will be performed. Measurements with dedicated Thomson parabola spectrometer and Fara-
day cup will provide spectral information and cut-off energies for the different ion species
and charge states as well as absolute charge values of the laser-generated ion beams.6

5.1.4 CONCLUSION

The successful generation of intense and/or mono-energetic proton and ion bunches in a well-
controlled manner from a laser-driven source is a remarkable proof of concept and makes the

6It may be noted here, that an energy resolved measurement of the laser-drive fluorine beams is not possible
by means of RCF stacks, since the penetration depth of the particles is only in the range of few 10 µm. The
lateral beam profile, accumulated over all ion species, can only be registered by films without protective
coating, since the coating thickness is typically 125 µm.
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LIGHT beamline an exceptional test bed for many application experiments in the fields of fu-
sion science [70], warm dense matter research [125–127] and diagnostics [76, 128, 129].
Laser repetition rate as well as laser and RF availability limit the applicability of the LIGHT
beamline as user facility. The desirable goal for the future is therefore to enable permanent
installation of the beamline with dedicated RF infrastructure and high laser availability accom-
panied by improved particle beam transport by advanced high-field magnets. The exceptional
trinity of laser accelerator, pulsed high-field magnet and accelerator cavity, make the LIGHT
beamline the first and only laser-driven systems that may compete with the sophisticated
accelerator infrastructure for highest ion beam intensities like NDCX-I/II [130, 131].

5.2 FUNCTIONAL TEST OF A FIRST PULSED MEDICAL BEAMLINE

5.2.1 INTRODUCTION

In section 1.1 a visionary concept for a compact, cost-efficient system for ion beam therapy
(IBT) of cancer was introduced. It combines a compact laser-driven ion source with a likewise
compact beam delivery based on pulsed high-field magnets. The potential of such a system
has been studied meticulously within the onCOOPtics project. The theoretical feasibility of
a realistic pulsed high-field gantry system, able to shape laser-driven proton beams both
spatially and spectrally, was successfully shown by Masood et al. [33] and Masood et al. [34].
Parts of the innovative concepts are to be protected by patent [132]. Up until now, however,
sophisticated medical beam transport for laser-accelerated ions via high-field magnets has
only been studied in simulation. The presented pioneering work, however, is a first step into
the uncharted territory of experimental studies on named topic.

A functional demonstration of a novel pulsed high-field beamline is presented, consisting
of the capturing solenoid and a dipole sector magnet, representing two crucial parts of a
gantry system for laser-accelerated ion beams [33]. The beamline marks a fundamental
step towards application of laser-accelerated beams in IBT, but also for a variety of other
applications, as it allows to gain control over the divergence and energy bandwidth of the
proton bunches.

As can be seen from fig. 1.1, medical beam transport requires deflecting the beam by up to
90◦. For this matter, dipole magnets like the one presented here are essential. Furthermore,
it will be demonstrated that dipole magnets are valuable tools to perform energy selection
on laser-driven beams with broad kinetic energy distribution. Investigations on shot-to-shot
fluctuations of the pulsed high-field beamline conclude the study.

5.2.2 EXPERIMENTAL SETUP

Upgrading the setup for solenoid characterization (cf. fig. 4.1), both pulsed high-field magnets
and the diagnostic chamber were connected to the tandetron accelerator’s evacuated beam
pipe. The proton beam traverses the capturing solenoid first. The dipole is entered secondly
by the beam and is constructed with an integrated beam pipe of 18 mm diameter. The
experimental setup is depicted by fig. 5.4.

The dipole sector magnet was developed within the onCOOPtics project by the laser-ra-
diooncology group of OncoRay – National Center for Radiation Research in Oncology, Dres-
den. In line with this thesis, conception, construction and functional testing of the dipole
prototype have been assisted.
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Figure 5.4: Schematic of the experimental setup of the pulsed beamline at HZDR’s tandetron
accelerator. Distances given in meters. The diagnostics chamber at the end of
the beamline could be equipped with scintillator and radiochromic film detectors.

In accelerator physics, a dipole magnet is used to deflect charged particle beams by field
generation perpendicular to their propagation direction. Ideally, the field amplitude inside the
dipole magnet is constant and vanishes on the outside. In conventional (DC) dipole magnets,
the field can be shaped accordingly by using cores of high magnetic permeability. Iron or
other core materials typically saturate below 2 T field strength, preventing the generation of
higher fields. To approximate the desired field configuration, scaled towards higher fields,
complex wire geometries are required that cannot be fabricated by the winding techniques
for cylindrical magnets as presented in section 3.1.4. Therefore, a novel, patented production
technique has been developed for practical realization of the magnet [133].

The dipole sector magnet used in this study consists of two saddle-shaped halves formed
to match the particle trajectories. The dipole was consecutively wound from stranded copper
wire that was lain in a PU support structure. Thereby, the magnet was set up layer by layer.
The assembled magnet consists of 80 windings in 12 layers. With a mass of only 52 kg and
a volume of 0.03 m3 it is very compact and lightweight in comparison to conventional dipole
magnets (several tons and cubic meters) for similar proton beam properties [134]. Figure 5.5
shows a photograph of the dipole during production and on-axis field profile. As can be seen,
the magnetic field does not show a flat top. Therefore, the beam pipe was tailored according
to the different curvatures of the ion beam at different positions along the dipole axis. In the
central part of the dipole, the beam pipe curvature has a radius of 200 mm. The magnet is
designed to deflect particles by a 50◦ angle.

The support structure has to withstand the forces during the magnetic pulse since the
stranded wire has almost no structural integrity. It also provides for the necessary insulation
between neighboring wires and winding layers. The dipole was successfully operated up
to peak field strengths of 4.6 T at 8 kA current, sufficient for deflecting protons of 31 MeV
kinetic energy. Increasing the field strength further led to a magnet failure as the support
structure gave in, insulation dropped and a flashover damaged parts of the magnet. Failure
analysis accompanied by comprehensive electrical and mechanical evaluation of the magnet
led to a revised dipole design. Currently an optimized prototype is under construction.

Note, that the dipole is the first magnet that can be operated while cooled with (deionized)
water. The water circulates around the stranded copper wire to take up the heat input of the
current pulse. The prototype is therefore of highest importance for exploring the feasibility
of magnet operation at high repetition rates in the range of 1 to 10 Hz matching current
ultra-short pulse laser systems like Draco.7

7A collaboration study of HZDR and the Chair of Power Electronics of TU Dresden on repetition rate optimized
pulse generators aims to develop a scalable prototype current driver with pulse repetition rates of 1 to 10 Hz.
Such a novel system is necessary to investigate whether pulsed high-field magnets can be operated at simi-
larly high repetition rates. An ideal topology has been found and prototype production has begun [135].
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Figure 5.5: Left: Photograph of the dipole prototype during production. The saddle shaped
upper half of the magnet’s windings is visible, the lower half is already completely
assembled. Right: On-axis field map plot obtained by hall probe measurement
along the bent beam axis with respect to magnet center at 20 A DC current.

The experiment was conducted using 20 to 70 µs bunches, rather long in comparison to
the previously used µs bunches in section 4.1, but still temporally well shorter than both
corresponding magnet pulses. Again, they were timed with respect to the maximum of the
magnetic field, as can be seen from fig. 5.6.

The first experiment run was performed using PG3 to power both solenoid and dipole.8 A
limited number of four operation modes of the beamline resulted: solenoid only, dipole only
as well as series and parallel connection of both magnets. The parallel connection was not
applicable due to the specific inductance ratio of solenoid and dipole.9

5.2.3 RESULTS

BEAM TRANSPORT

The first operation mode, solenoid only, was discussed in section 4.1. There it has been
demonstrated that a laterally broad (≈ 25 mm) proton beam of low divergence (< 1◦) can
be focused by means of the capturing solenoid to a sub-mm (0.8 mm FWHM) spot size (cf.
fig. 4.2(c)).

In second operation mode, dipole only, a lossless 50◦ deflection of the proton beam could
be achieved (cf. fig. 5.7). The beam is laterally slightly broadened. The FWHM beam dimen-
sions are increased by factor 1.1 vertically and 2.4 horizontally, i.e in the dipole’s dispersive
direction. The vertical broadening corresponds to the small, intrinsic beam divergence. The
horizontal broadening arises because particles that are horizontally off-axis experience lower
field strengths than on-axis particles. It might be necessary to compensate the horizontal

8During the initial experiment, PG4 was under construction and therefore not yet applicable.
9The dipole magnet has an inductance of approximately 450 µH, thus larger than the solenoid. In parallel opera-

tion the solenoid current would therefore be higher than the dipole current. For efficient particle transport the
opposite ratio was required making the parallel connection inapplicable. Series connection allows for (not yet
perfect but more adequate) identical currents.
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Figure 5.6: Time structure of the magnetic field pulses (calculated from Rogowski coil cur-
rent measurements) in comparison to proton bunch lengths (20 to 70 µs) of the
tandetron accelerator. The inset illustrates the constancy of the field amplitudes
even for the longest chosen bunch lengths (dashed).

broadening effect in a future beam guidance system. The magnet was typically operated at
2.6 T/4.5 kA.

The third operation mode, series connection of both magnets, comes with a drawback.
In series connection, the current pulse amplitude is equal in both magnets, thus making an
separate adjustment impossible. Since the dipole can only transport the protons when its
field is precisely at the right magnitude (only deviations of the order of 1 % can be tolerated,
see below), it dictates the current for both magnets. This lead to a very short solenoid focal
length, approximately half a meter. So the particles were already highly divergent when
entering the dipole.10 The result is loss of particles. To prevent the loss, we introduced
a 25 µm thick brass scatter foil in front of the solenoid. The selection of foil material and
thickness was accompanied by SRIM [136] calculations. The chosen scatter foil represents
a reasonable compromise between energy loss, particle loss, scattering and availability. The
divergence of the incoming beam could be increased to a mean scatter angle of 3◦ according
to SRIM. Thereby, the solenoid focus was slightly shifted towards the dipole and the majority
of the protons could be transported. Particle loss occurred at the solenoid entrance, due to
the laterally very broad scattered beam, and inside the dipole, due to beam divergence.

In a follow-up experiment, with pulse generators PG3 and PG4 available and separately tun-
able B-field amplitudes, the lossless proton beam transport (without scatter foil) was achieved
and monitored by measuring the incoming intensity of the laterally broad proton beam and
consecutively the intensity at the end of the beamline by means of RCF and scintillator.11 No
significant particle loss could be detected over multiple shots. As can be seen from fig. 5.7,
the beamline and the magnets separately are fully operational and able to focus and deflect
pulsed ion beams. Thus the basic functionality was demonstrated. In the following, mea-
surements on energy dispersion and shot-to-shot stability of the beamline are presented.

10For practical reasons the dipole magnet could not be placed in such close vicinity to the solenoid.
11The limited amount of beamtime in the follow-up experiment made it necessary to focus on the transmission

and stability (described below) study. The reproduction of previously obtained data, under extended experi-
mental capabilities owing to the two pulse generator setup, had to be omitted.
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Figure 5.7: Experimental setup and typical lateral beam profiles (RCF, dose color coded) at dif-
ferent positions along the beamline. Blue framed images indicate that the beam
parameters were chosen to fit dipole only operation, bicolored frames indicate
typical beam profiles when both magnets were operated, e.g. broad incoming
beam (top left) focused by solenoid (bottom middle) and then deflected by the
dipole (top right). The top right picture was taken when an additional scatter foil
was introduced in front of the solenoid to generate a distribution like the upper
left but with increased divergence, see text for details.

ENERGY SELECTION

Every rotational radiotherapy gantry system utilizes some sort of bending magnet to guide
the beam towards the patient. In laser-driven IBT these bending magnets, like the presented
dipole, additionally can serve another purpose. Whereas conventional proton accelerators
provide monoenergetic particles of adjustable energy, a laser-driven proton source feeds the
gantry a broad energy spectrum. Thus, an energy selection system needs to be included in
the gantry.

The chromatic focusing of the solenoid can give a first rough energy selection [43]. To
choose the energy more precisely, the dispersion of the dipole magnet is key. To study the
capabilities for energy selection, we chose to vary the dipole field strength instead of the
incoming particle energy, since the latter requires extensive accelerator adjustment. Never-
theless, the measurement allows for determination of energy selection capabilities as will be
explained now.

When a proton with momentum p and elementary charge e enters a dipole magnet field B
it is deflected. The bending radius % of the proton trajectory can be calculated in accordance
to the so-called magnetic rigidity formula

B% =
p
e

. (5.5)

Equation (5.5) shows that for a given bending radius % a change in B is equivalent to a corre-
sponding change in proton beam momentum, as ∆B/ B = ∆p/ p. Figure 5.8 visualizes the relation
between magnetic field and proton momentum/energy for the presented dipole setup.

In the experiment, the field strength was reduced in steps of 0.02 T from 2.6 T to roughly
2.52 T. Thereby, the deflection of the protons is decreased, as can be seen from fig. 5.9.
The change in deflection was measured downstream of the dipole (inside the diagnostics
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Figure 5.8: Plot of the magnetic rigidity relation between dipole field and kinetic energy Ekin

(blue) as well as momentum p (green) for a proton beam. A bending radius of
200 mm, corresponding to the curvature of the inner part of the dipole beam
pipe, was used. The gray area marks the region in which the field strength was
varied to study dipole deflection.

chamber, cf. fig. 5.4) to be 4.9 ± 0.25 mm and thus of an order that is well applicable for
energy selection purposes. The applied change in B, of the order of 1 %, is analog to a
1 % momentum deviation. Thus with the presented configuration a dispersive separation of
10 MeV protons and 10 ± 0.2 MeV protons is feasible. Scaled to clinically relevant proton
energies, e.g. 200 MeV, the same holds true for 200 ± 3.7 MeV. In future beam delivery
systems, by applying an adjustable slit downstream of the pulsed dipole magnet, the mean
transported energy as well as the energy bandwidth can be selected with high precision,
enabling the generation of quasi-monoenergetic and broad energetic particle beams from
laser-accelerated bunches as requested by Masood et al. [33]. The presented pulsed high-
-field beamline is therefore an important tool to prepare laser-accelerated ion beams for any
kind of application that requires beams well defined spatially as well as in terms of energy.

SHOT-TO-SHOT STABILITY

Finally, the shot-to-shot stability of the beamline and its components was studied. The strong
forces acting on the magnet windings can lead to movement of the windings during the
pulse. Especially the stranded wire of the dipole but also the rigid solenoid wires embedded
in reinforcement composite materials have to be considered to experience small displace-
ments during the pulse. Therefore it is necessary to measure the stability of the beamline
over several shots. In order to do so, we installed a scintillator detector imaged by a CCD
camera at different positions of the beamline and measured the beam position for 20 con-
secutive shots performed within few minutes. To quantify the stability, for each measured
scintillation light distribution the centroids (first moments) of the scintillator’s light distribution
are calculated to compare their standard deviations and ranges for the different operation
modes.

The incoming beam of the tandetron accelerator, as table 5.1 indicates, has a non-negli-
gible spatial fluctuation of several 100µm, more pronounced in x– than in y–direction. This
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Figure 5.9: Dipole magnetic deflection illustrated by RCF (bottom, color coded absorbed dose
in Gy) and corresponding dose profile (top). From left to right the field strength
was gradually reduced from 2.6 T in 0.02 T steps. Every field reduction step is
analog to raising the proton bunch energy by approximately 0.2 MeV.

fluctuation is reduced if the solenoid field is applied and the position of the focal spot is
measured by the scintillator. The reduction can be explained in analogy to an optical system
generating a demagnified image.

When the dipole magnet is operated individually, the spatial fluctuations are increased
by a factor of 2–3. These stronger fluctuations are also present for operation of the entire
transport system and can be explained by intrinsic beam fluctuations and geometry. We
performed the latter two measurements downstream of the entire beamline. In contrast, the
first two measurement were carried out introducing the scintillator in vicinity to the solenoid
(cf. fig. 5.7). Therefore, the distance between the beam defining aperture and the detector
was increased by a factor of approximately two, likewise increasing the lateral offset of the
incoming beam. This, in combination with the beam induced variation of the lateral injection
position into the dipole, results in mean fluctuation of approximately 0.6 mm in horizontal, i.e.
dipole dispersive, direction with max deviation of up to 2 mm. The findings indicate that, with
a better defined beam axis, the beamline intrinsic stability is of clinically acceptable sub-mm
precision.

5.2.4 CONCLUSION

In this section, the full functionality of a first pulsed high-field beamline able to capture,
deflect and spectrally shape proton beams with kinetic energies of up to 31 MeV has been
shown. Both magnets exhibit very good pulse to pulse stability only limited by fluctuations
of the incoming beam.

The pulsed high-field beamline potentially enables further practical studies towards laser-
driven IBT. The presented results are first evidence that medical beam transport systems,
such as gantries, can be adapted to be more compact and efficient when combining pulsed
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beam
only

solenoid
only

dipole
only beamline

σ(Sx ) 174 32 389 573

σ(Sy ) 110 42 216 53

Rx 594 132 1567 2004

Ry 331 174 652 200

Table 5.1: Comparison of beam and beamline stability measured by scintillator. For the first
two setups, beam only and solenoid only, the measurement was performed in be-
tween solenoid and dipole. For the latter two setups the data was taken inside
the diagnostics chamber downstream of the dipole. Shown are the standard devi-
ations σ of the centroids/first moments Sx/ y of the scintillation light distribution as
well as the ranges Rx/ y = Max(Sx/ y ) − Min(Sx/ y ) of the first moments. All values in
µm. Both magnet amplitudes tuned independently.

laser-driven sources with likewise pulsed high-field magnets. They encourage to further
deepen simulation studies and promote magnet development, since capturing and deflect-
ing protons of clinically relevant energies, i.e. > 200 MeV, requires even higher fields than
currently achievable. For the solenoid in Masood et al. [33] a maximum magnetic field of
38 T is anticipated. For the dipole, respectively, 10 T on axis field would enable the deflection
of 220 MeV protons. Scalable current sources are on the way (cf. section 3.3.3) and magnet
prototypes are under constant improvement. They will employed for transport studies at clin-
ical energies in the future as the dedicated experimental hall of the proton therapy facility of
the University Hospital Carl Gustav Carus, Dresden allows to house the pulsed beamline and
associated current pulse drivers. Finally, a first pulse high-field quadrupole magnet has been
designed by OncoRay in collaboration with HZDR. A first prototype is currently manufactured.
It will complete the set of magnets necessary to form a gantry and allow for further in-depth
study on medical beam transport. In analogy to the characterization studies in sections 4.1
and 4.2, the medical beamline will also be characterized at Draco.

5.3 PREPARATION OF VOLUMETRIC TUMOR IRRADIATION WITH
LASER-ACCELERATED PROTONS

5.3.1 INTRODUCTION

The Laser Particle Acceleration Division of the Institute for Radiation Physics at HZDR looks
back on a history of successful radiobiological experiments. In close collaboration with Onco-
Ray’s Laser-Radiooncology Group, it was demonstrated that high dose rate laser-accelerated
protons show identical radiobiological effectiveness as conventionally applied proton beams
for in vitro cell samples [26, 27].12

12In addition, the onCOOPtics collaboration was able to study the response to laser-driven electrons for in vitro
cell cultures as well as in vivo tumor tissue [28–31]. Laser-driven electrons are considered less interesting for
future application in radiotherapy, yet, the measurements are of fundamental importance for understanding
cell response at highest dose rates.
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In continuance to the previously performed radiobiological studies, the next consequential
step is to examine how intense laser-accelerated proton bunches act on a volumetric tumor in
a living organism. For this specific study, scientists of OncoRay and HZDR have developed a
dedicated tumor model that was successfully accredited by the responsible state authorities.
The following simplified explanation of the tumor model and irradiation modalities help to
assess the requirements for a successful experimental campaign.

Cultivated human cancer cells of relevant entity for proton radiotherapy (LN229, glioblas-
toma) are subcutaneously injected into the ears of nude mice with suppressed immune
system. In 95 % of cases (tumor take rate), a tumor starts growing on the mouse ear.13 After
14 to 32 days, the tumor has reached its irradiation size of approximately 3 mm in diameter.
Within a one day time frame, the irradiation has to be performed otherwise the maximum
tumor size is exceeded. After successful application of a prescribed proton dose to the tumor
of the anesthetized mouse, the growth of the tumor is monitored and documented. Depend-
ing on the dose, different radiation induced tumor growth delays14 are expected. The growth
delay curves obtained at the laser acceleration source are to be compared with control group
results. The over-all follow-up examination extends to 180 days.

The above explanation reveals that dose controlled irradiation experiments, involving living
animals, are particularly complex and make great demands on the experimental performance.
The following list sums up the requirements that need to be met to allow for a successful
radiobiology campaign with laser-driven protons at Draco:

Proton energy: At the day of irradiation the tumor has a diameter of approximately
3 mm. To reach the deeper parts of the tumor, an adequately high proton range is
mandatory. To account for small deviations in tumor shape and size and to enable
dosimetric control measurements on the front and/or back side of the mouse ear, e.g.
with RCFs, a proton range of at least 5 mm in water was set as goal.15 The long range in
the tumor tissue make irradiation studies with laser-driven protons only possible when
kinetic energies of at least 25 MeV are generated by Draco.

Integrated dose and irradiation time: The goal is to irradiate the tumor with multiple
laser-accelerated proton bunches until the prescribed integrated proton dose of Dint ≤
10 Gy is absorbed by the tissue. The dose application has to be performed within
a 10 min time frame to prevent the anesthesia from abating. For an experiment as
complex as this, a maximum of two laser shots per minute can be considered realistic.
This corresponds to an applied dose per shot of Dshot > 500 mGy.

Depth dose distribution: The radiobiological model requires that every part of the
volumetric tumor absorbs the identical proton dose. Thus, in particular the so-called
depth dose distribution has to be constant over the entire tumor depth (5 mm including
tolerance, see above). Two methods may be applicable to generate an almost uniform
depth dose distribution. Firstly, the use of protons with higher kinetic energies, i.e.
≥ 40 MeV, to allow for tumor irradiation in the nearly constant plateau region in front

13Another 8 % of the animals have to be rejected due to the formation of secondary tumors.
14The radiation induced tumor growth delay is the radiobiological end point of the study. The radiobiological

end point is a representative measure to quantify a radiation effect. Other examples for radiobiological end
points are the number of DNA double strand breaks or the cell survival rate. It may be noted here that in the
proposed study it is not the aim to "cure" the cancer. In fact, mice showing regressive tumor growth after
irradiation may be eliminated from the analysis.

15Water is the reference medium for such dosimetric or radiobiological considerations. The tumor can be consid-
ered as roughly water-equivalent in terms of proton stopping power.
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of the Bragg peak. Or, secondly, the generation of a spread-out Bragg peak (SOBP),
a homogeneous depth dose distribution generated by superimposing discrete Bragg
peaks of different energy and intensity. For this matter, the proton spectrum has to be
specifically shaped, proton energies of approximately 25 MeV are required initially.

Lateral dose distribution: Equally to the depth dose distribution, the lateral dose dis-
tribution has to be uniform over a circular area of 5 mm diameter.

Relative dose uncertainties: Deviations with respect to the absolute prescribed dose
value or the uniformity of depth dose and lateral dose distribution should be within a
±6 % margin.

Uptime and maintenance: The tumor model allows for shifting the mouse irradiation
by one day. A realistic modality for the experiment is to plan for six days of irradiation
per week and one day of laser and beamline maintenance. To irradiate the designated
70 mice, the Draco laser and the pulsed high-field beamline has to operate stably over
a period of at least three weeks.

In the following sections, preparatory experiments will be discussed that allow to conclude
that such a complex radiobiological campaign, despite of all critical demands, will become
feasible in the future owing to the installed pulsed high-field beamline at Draco PW.

5.3.2 RESULTS

PROTON TRANSPORT

Revisiting section 4.2, it becomes immediately clear that the acceleration performance of the
150 TW beam of the Draco laser is not sufficient to provide protons of 25 MeV kinetic energy.
Thus, the aspired radiobiology experiments rely on the PW beam of Draco. The experimental
setup depicted in fig. 4.3 and discussed in section 4.2.2 has been adopted for the presented
preparatory study. It has been shown in section 2.2 that the TNSA proton source driven by
Draco PW exhibits cut-off energies of up to 40 MeV. Even the conservatively given spectrum
in fig. 2.2 features maximum proton energies of approximately 30 MeV, sufficiently high to
provide for the required penetration depth of approximately 5 mm in tumor tissue, yet not
high enough to provide for irradiation in the constant plateau region in front of the Bragg
peak. Therefore, the generation of a spread-out Bragg peak (SOBP) has to be the method of
choice, requiring a high number of protons at approximately 25 MeV kinetic energy.

Equation (2.2) and the data given in eq. (2.3) shall be used to derive a conservative estimate
for proton numbers at the prescribed energy of 25 MeV for the proposed irradiation study.
When the reference source spectrum is integrated over a 1 MeV broad energy bin around
25 MeV, one finds that

N25±0.5 MeV ≈ 1.5 · 109 (5.6)

particles are generated at this high energy.16 The following thought experiment sets this par-
ticle number in context with the proton dose that may be delivered to the tumor volume VT:
In agreement with the upper requirements on lateral and depth dose homogeneity, consider
the volume that absorbs the dose cylindrical with diameter d = 5 mm, height h = 5 mm and

16Keep in mind that this number is strongly fluctuating when the proton spectrum is changing. For example,
if the cut-off energy drops, leaving the 25 MeV particles close to the brim of the spectrum, the number can
decrease by one order of magnitude.
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water equivalent density %T ≈ 1 g cm−3. It follows VT = π/ 4 ·d2 ·h. If all 3 · 109 protons deposit
their mean kinetic energy of 25 MeV inside the tumor volume, for the tumor dose follows

DT =
25 MeV · 1.5 · 109

mT
=

25 · 106 · 1.6022 · 10−19 J · 1.5 · 109

%TVT
≈ 6 mJ

0.098 g
≈ 61 Gy, (5.7)

with mT being the tumor mass. Consequently, a single successfully accelerated proton bunch
carries a factor of four to five more protons at nominal energy than required for a prescribed
maximum dose of 10 Gy. In conclusion, if the laser acceleration performance is better or
constantly on a level as presented in fig. 2.2, the number of generated protons is high enough
for the proposed radiobiological study and it might even be necessary to selectively reduce
the particle numbers to gain dose control. On the other hand, transport and dose formation
will already reduce the proton number drastically as will be critically discussed now.

The simple method presented in the previous chapter (see fig. 4.6) allows to estimate the
transport efficiency for the considered 25 MeV protons. The maximum envelop divergence
of the 25 MeV protons was determined to 17◦ (half-angle) from the RCF data in fig. 2.2.
Figure 4.6 predicts an acceptance angle of 8◦ for fields in the 15 T range. From eq. (4.2) for
the transmission follows T ≈ 21 %. The transmission is therefore decreasing the particle
number by roughly a factor of five which can be tolerated considering the high number of
incoming particles and the aim for controlled dose application via multiple laser shots. The
predicted dose per shot is approximately 9 Gy.

Considering the high demands on lateral dose homogeneity, the diamond-shaped focal
spot may become an issue. The mouse irradiation has to take place in air and thus far away
from the target chamber. Therefore, the capturing solenoid has to be operated with high focal
length. As a result, cm-large, distorted focal spots as previously shown have to be anticipated
for the radiobiology study. However, particle tracing simulations have shown that by using a
second solenoid magnet, the particle confinement at focus position can be increased more
than 10-fold. The simulation results, in terms of proton densities, are depicted in fig. 5.10
and compared to previous simulation outputs.
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Figure 5.10: Revision of the simulation data for a single solenoid (cf. fig. 4.8) in comparison
to a double solenoid beamline. The source parameters were chosen identically
(10,000 protons at 10.8 MeV, divergence up to 8◦, source to focus distance
1.6 m). The first solenoid collimates the incoming beam, the second solenoid
generates a well-defined focal spot with superior proton confinement. Notice
the different color scales indicating the numbers of simulated protons per pixel
(200 × 200 pixels) at focus position.
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The shape of the focal spot is significantly improved. The simulations show a point-like
proton distribution that can be easily spread by letting it propagate and/or by applying a scatter
foil for further lateral broadening and homogenization. Thus, a double solenoid beamline
could be a crucial step towards the realization of said radiobiology study. Hence, to enhance
the experimental capabilities for this preparatory examination, a second identical solenoid
was installed on the outside of the target chamber (see fig. 4.3).

The setup distances were chosen in accordance to mimic the classical optics scenario of a
bi-telecentric lens system that also posed as inspiration for the beamline upgrade. In classical
optics, telecentric lens systems allow for imaging free of distortion and parallax error. The
adopted concept resulted in a setting of the solenoid lenses were the image-sided focal
plane of solenoid 1 and the object-sided focal plane of solenoid 2 coalign. The magnification
of the resulting "imaging system" is the ratio of focal distances of the two lenses and for
the chosen distances (see appendix D) approximately nine considering an ideal match. The
ideal match can be generated by tuning the focal length f2 of solenoid 2 to fulfill f1 + f2 =
distance between solenoids = 1034 mm. With f1 ≈ 99.5 mm follows f2 = 934.5 mm. This
corresponding to a focal spot formation at the in-air irradiation site 2121 mm downstream of
the target and is well applicable for irradiation studies. The classical optics analog predicts an
equally lower limit on focal spot size for single and double solenoid transport (cf. explanation
in section 4.2.3).

Figure 5.11 shows a sketch of the considered single or double solenoid setups and depicts
how protons of different energies are transported by the beamline. Comparing the upper and
lower picture, a major difference of the beam transportation becomes apparent: While the
single solenoid setup focuses protons of nominal energy with a certain small energy band-
width onto the tumor, the double solenoid setup does the same but additionally focuses a
different part of the broad proton spectrum at the position of the mouse ear. These parti-
cles are of significantly lower kinetic energy. They are focused by solenoid 1 in-between both
magnets and then recaptured by the second solenoid. GPT simulations of the beamline setup
have determined that these particles travel at approximately 76 % of the nominal momentum
(not energy!). A 25 MeV proton focus is therefore overlain by a low-energy focus correspond-
ing to protons of 14.5 MeV kinetic energy. The overlap of low- and high-energy focus may
be a problem for the irradiation study, but it could also allow for an efficient generation of a
SOBP by filling up the low dose region of the high-energy Bragg peak.17

For the double solenoid setup it was intended to make use of both portable pulse gen-
erators (PG3 and PG4) to allow for setting the solenoid field strengths individually and to
make the beamline more flexible and eliminate geometrical constraints. The nominal energy
is supposed to be collimated by solenoid 1 and then steeply focused by solenoid 2. So far,
solenoid 1 was solely used to generate focal spots. To prove the successful collimation the
detection method illustrated by fig. 4.4 was adapted by installing a half RCF stack directly at
the exit of solenoid 1 (RCF 2) and a full stack close to the entrance of solenoid 2 (RCF 4).
Figure 5.12 compares the RCF dose imprints for 18.6 MeV protons accelerated by the PW
Draco beam. A lower energy than the desired 25 MeV had to be chosen due to limited laser
acceleration performance on the day when the data was taken. Anyhow, the tunability of
the magnet system provides for the necessary scalability. The figure shows that the lateral
dimensions of the proton beam stay constant while propagating towards solenoid 2. Thus, a
successful collimation is shown.

17 For this, the intensity of the low-energy focus would have to be decreased to counterbalance that TNSA
generates higher numbers of low-energy protons.
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Figure 5.11: Illustration of the two studied beamline setups for the volumetric tumor irradi-
ation experiment at Draco. The impact of the solenoid(s) on different parts of
the broad proton spectrum generated by Draco is depicted. The lower picture
shows that besides the nominal energy (E2, green) also particles of lower energy
(E1, purple) can be focused at the position of the mouse ear. The irradiation site
is in air and the applied dose can be monitored online by means of transmission
ionization chamber (IC).

RCF 2

RCF 4

Figure 5.12: Contrast enhanced RCF data (red channel, EBT3, five integrated shots) to prove
the collimation of the proton beam when injected into solenoid 2. Solenoid 1
was operated at 10.1 T maximum field strength to collimate 18.6 MeV protons. A
half EBT3 stack was irradiated directly behind solenoid 1 (RCF 2) and an identical
full stack in front of solenoid 2 (RCF 4). The data proves successful collimation
since both RCFs show a beam of identical size (≈ 3 cm, green circle). The
orange circle marks dose originating from electrons contributing to the laser
acceleration process. Shot parameters: Draco PW, ≈ 17 J on 2 µm Ti target,
Emax ≈ 22 MeV.
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With field parameters as before for solenoid 1 and solenoid 2 operated at 5 T, the focal spot
shape and intensity was studied next. Figure 5.13 shows the dose imprint on an RCF stack
irradiated inside of the diagnostic chamber, hence, close to the actual in-air irradiation posi-
tion. It compares the focal spot with a similar focus generated by operating only solenoid 1
and with a focal spot generated using a slightly decreased solenoid 1 field compensated by
solenoid 2. A small misalignment of the solenoids with respect to each other allowed to
separate the low- and high-energy focus to study their shapes individually.18

As can be seen from fig. 5.13, this experiment was also conducted with reduced proton
energies. Still, conclusions on the effectiveness of the double solenoid setup and potential
improvements can be drawn. The focal spots are in comparison to single solenoid transport
only slightly smaller, yet more intense. The middle focus shows an enhancement of 43 %
with respect to the proton numbers with single solenoid transport (right dose picture). The
diamond shape is less pronounced but still clearly visible. The foci are more symmetric.
The focal spots of the double solenoid setting and the left and middle show no severe differ-
ences, except for beam intensity due to particle loss for the left setting (still slightly diverging
beam in-between magnets). Thus, even if the collimation criterion is not perfectly matched,
efficient particle transport is still possible. Finally, the comparison with the previously shown
simulation results in fig. 5.10 concludes that the predicted weakening of the astigmatic ef-
fect is in theory stronger than in a real world experiment. Nevertheless, when the field of
solenoid 1 is increased to allow for a shallow focusing (f > 2 m) before entering the second
solenoid, an improved focal spot shape was recorded. Figure 5.14 shows the Bragg peak
dose deposition of protons at 26 MeV kinetic energy transported in this manner. We see a
well-confined more homogeneous spot that shows less of the previously explained diamond
shape.

When the mean dose over a 20 mm2 area, corresponding to the lateral dimensions of the
irradiation field, is calculated, one finds a dose value of Dmean ≈ 2 Gy. Thus, by applying up
to five shots at said beamline parameters the maximum prescribed dose of 10 Gy at a tumor
depth of approximately 5 mm would be applied, in first instance neglecting the lower dosage
in shallow depths as well as the lateral inhomogeneity. To provide for a superior control of
the absorbed dose value, the application of lower doses per laser shot is desirable. Thus,
leaving a certain margin of dose reduction for lateral and depth homogenization.

PROTON DOSE HOMOGENIZATION

The dose homogenization procedure is based on the selective application of scatter foils
and filter plates to manipulate angular and energy distribution of the protons. This allows to
smoothen the generated dose distribution laterally and in depth. The following paragraphs
show first results on dose homogenization. The gradually decreasing laser acceleration per-
formance, due to a damaged optical component in the laser chain, required a temporary
discontinuation of the experiments. In accordance to the experimental agenda, only data
obtained with single solenoid transport is presented. The optimization process will continue
after the damaged components are replaced and the laser acceleration performance is re-
stored.

18 The misalignment of a single solenoid, either a slight shift or a tilt with respect to the beam axis, leads to the
generation of a dipole field that acts stronger on the low-energy particles. Their deflection is therefore more
pronounced and they are separated from the main focal spot. In the presented experiments, solenoid 2 was
slightly misaligned.
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Figure 5.13: Comparison of dose distributions (color coded in Gy, different scales, beam’s eye
view) induced by 18.6 MeV protons focused via single (right) or double solenoid
(left, middle). The middle one matches ideal collimation conditions (cf. fig. 5.12).
Notice the shifted low-energy foci for double solenoid transport. The RCF size
is 2 × 5 cm2 (cf. fig. E.3 under appendix E). The given energy values correspond
to the kinetic energies of protons with Bragg peak at film layer position. Shot
parameters: Draco PW, ≈ 17 J on 2 µm Ti target, Emax ≈ 23 MeV.
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Figure 5.14: Dose picture induced by 26 MeV proton bunch accelerated by Draco PW and
transported by the double solenoid beamline. The protons at nominal energy
are already converging towards a focus after passing solenoid 1 and are then
steeply focused by solenoid 2. Shot parameters: Draco PW, ≈ 19.2 J on 2 µm Ti
+ 1 µm photoresist target, Emax ≈ 34 MeV.

In fig. 5.15, the depth dose distribution (blue) in a pure RCF stack (no absorbers plates,
for highest depth dose resolution) is drawn for single solenoid transport towards the in-air
irradiation site 2 m downstream of the target. It has been stated above that the tumor tissue
can be considered as approximately equivalent to water in terms of proton stopping power.
On the other hand, the employed RCF stacks are not water-equivalent. Therefore, in fig. 5.15
and in the following plot the proton penetration depth in the RCF stack has been translated
to the corresponding range in water. To do so, the depth axis has been scaled using the
constant factor of 1.235. The factor has been calculated from SRIM stopping power tables
for proton beams in water and RCF (polyester, mass density 1.335 g cm−3). Within the energy
range of 5 to 50 MeV the error of the simple scaling method is well below 1 %.

The depth dose distribution in fig. 5.15 shows almost twofold smaller mean dose values for
shallow depths in comparison to the Bragg peak region. Consequently, an irradiation without
spectral modification (besides the "cut-out" by the chromatic solenoid magnet) is insufficient
for the purposes of the aspired radiobiology experiment.

In addition, fig. 5.15 can be used to assess the proton beam spectrum at the in-air irra-
diation site after passing the 125 µm Kapton vacuum window. For this purpose, the mean
energy deposited per film layer was calculated from an assumed Gaussian spectrum with
25 MeV central energy. The best conformity with the experimental data was reached for an
FWHM energy bandwidth of 3.8 MeV on condition that the spectrum was cut immediately
after the central energy of 25 MeV. The resulting mean dose values are summarized by the
orange bar plot in fig. 5.15. The abrupt cut was necessary to reproduce the dose drop in
the experimental data. The drop can be attributed to the fact that the weakened acceleration
performance only allowed for beamline operation directly on the edge of the proton energy
distribution.

The small discrepancies between the measured and calculated dose distributions are only
profound for low penetration depths. This can be explained by a general transport of low-en-
ergy particles when they are emitted from the source almost on axis. These particles pass the
solenoid without being focused and can increase the surface dose which is in fact welcome
considering the goal to generate a homogeneous dose distribution. Yet, it is not enough
and special measures need to be taken to provide for the spread-out Bragg peak (SOBP)
irradiation.
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Figure 5.15: (Blue) Depth dose distribution measured via RCF stack (4 mm circular area eval-
uated, average of three applied laser shots): RCF at in-air irradiation site, single
solenoid transport. (Orange) Calculated normalized mean dose per film layer
Dsim for an assumed Gaussian proton beam (25 MeV central bunch energy,
3.8 MeV FWHM, sharp cut-off at 25 MeV). Shot parameters: Draco PW, ≈ 21 J
on 2 µm Ti + 1 µm photoresist target, Emax ≈ 25 MeV, solenoid 1 field 12.9 T.

In conventional accelerators, rotating modulator wheels are typically used to produce the
SOBP [4]. They can only be applied for quasi-continuous beams, hence, are not suited for
short laser-accelerated proton bunches. Therefore, the colleagues of OncoRay developed
a so-called ridge filter prototype to be used for the radiobiological study. A ridge filter is a
structured scatterer in which parts of the proton beam lose more energy than others (due to
higher material thickness to pass), changing the spectral distribution to provide SOBP dose
distributions. For a preliminary measurement at limited particle energy, the filter was installed
in front of the RCF stack that mimics the tumor tissue. The depth and assorted lateral dose
distributions are presented in fig. 5.16.

The ridge filter, as can be seen, significantly improves the homogeneity of the depth dose
distribution. The relative dose variation up to film #14, corresponding to a depth of approxi-
mately 4.8 mm in water, stays within the set boundary of ±6 %. Thus, excluding the reduced
penetration depth in comparison to fig. 5.15, the ridge filter already provides an acceptable
SOBP dose distribution for tumor irradiation experiments. The scattering properties of the
filter and the previously mentioned Kapton window in the transition area of the beamline
gives a certain amount of lateral dose homogenization. Without further ado, the lateral dose
distributions exhibit relative deviations of ±13 to 25 %. The aspired ±6 % constraint only
holds for parts of the order of 1 mm. Yet, the demonstrated depth homogenization is the
more critical parameter to reach, since the lateral homogenization can be tailored by intro-
ducing additional scattering material. In consequence, the RCF wheels have been equipped
with interchangeable scatter foils of different thicknesses, e.g. Kapton 25 to 125 µm, and will
be applied for added lateral homogenization in future experiments. The data in fig. 5.16 can
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Figure 5.16: (Upper plot) Depth dose distribution measured via RCF stack (4 mm circular area
evaluated, average of three applied laser shots): RCF at in-air irradiation site,
single solenoid transport, ridge filter in front of RCF. For films #1 and #14, lateral
dose profiles (lower plots) are shown. Shot parameters: Draco PW, ≈ 21 J on
2 µm Ti + 1 µm photoresist target, Emax < 25 MeV, solenoid 1 field 12.9 T.
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therefore be seen as highly promising as it proves that the generation of a SOBP can also be
performed at a pulsed, laser-based accelerator.

It shall not be withheld that the decreasing acceleration performance was further limiting
the penetration depth as well as the providable dose (compare fig. 5.15 and fig. 5.16). The
mean SOBP dose values applicable per single laser shot were of the order of 100 mGy. As
a result, a total of 100 laser shots would be required to accumulate the prescribed total
dose of 10 Gy. At the conservatively predicted rate of two shots per minute, a single tumor
irradiation would take up to 50 min. This is in violation to the radiobiological tumor model
and therefore intolerable, as it would severely prolong the time under anesthesia for the
mice. Thus, a fivefold dose increase has do be achieved in future experimental campaigns
before the radiobiology study can be performed. Considering the improved performance of
the two solenoid transport setup in combination with a return to the initially presented laser
acceleration performance after laser maintenance (or beyond by enabling full PW shots),
the presented results bear good prospects for the feasibility of volumetric tumor irradiation
studies at Draco.

5.3.3 CONCLUSION

To conclude this section, the previously stated requirements for a successful in vivo tumor
irradiation and whether they are already met or can be met in the near future will be dis-
cussed:

Proton energy: It was shown that the PW beam of Draco, even at slightly reduced
peak power of 600 TW, is able to generate protons of sufficiently high kinetic energy,
i.e. Ekin ≥ 25 MeV, and number.

Integrated dose and irradiation time: The number of particles generated by Draco can
be sufficiently high and the efficient particle transport via the single or double solenoid
setup allows to provide a dose of few Gy in a single shot. Yet, when the acceleration
performance drops to cut-off energies below 30 MeV, the dose per shot is decreased
to the critical level of Dshot < 500 mGy.

Depth dose distribution: The spread-out Bragg peak generation over a 4.8 mm depth
has been successfully demonstrated. SOBP generation over the full 5 mm penetration
depth was deemed feasible as long as the laser-driven source generates the necessary
particle energies. A modular ridge filter currently under investigation will allow for fine
tuning the depth dose homogenization in future campaigns.

Lateral dose distribution: Ridge filter and Kapton window already provide a certain
amount of homogenization. The installed scatter foils will allow for precise adjustment
of the lateral dose homogeneity.

Relative dose uncertainties: Deviations with respect to the uniformity of depth dose
and lateral dose distribution are already in the clinically relevant range, i.e. ±6 % mar-
gin, yet only over a smaller volume of approximately 1 mm diameter and 4.8 mm depth.
Regarding the absolute prescribed dose values no final conclusion can be drawn from
the preliminary data set obtained so far. It would require a large scale sham irradiation
campaign which goes beyond the scope of this thesis. Yet, the previously demon-
strated dose-controlled irradiation studies on in vitro tumor cells by Zeil et al. [27] prove
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that relative dose uncertainty of below 10 % are feasible with the proposed irradiation
scheme and thus bear good prospects.

Uptime and maintenance: As pointed out multiple times, the laser acceleration per-
formance was not stable over the course of several experiment weeks and dropped sig-
nificantly at the end of the campaign. Necessary proton energies could not be reached
then. The laser is currently undergoing maintenance, damaged components are being
replaced. With Draco operating at its design peak power of 1 PW, the chances are
still high, that sufficiently energetic protons can be generated in high-enough numbers
to allow for dose homogenization while still maintaining the necessary dose per shot
and thus successful irradiation experiments. Nevertheless, a continuous operation over
six days a week for at least three weeks is a venture into uncharted terrain for a laser
system like Draco under such strict conditions.

In summary, the requirements for a successful irradiation campaign that studies the radio-
biological effectiveness of laser-driven proton beams on in vivo tumors could only be met
separately and/or partially. Nevertheless, for the developed technology platform and the built
up high-field beamline the results prove that efficient beam shaping and transport for the as-
pired irradiation study is in fact feasible. The beam transport system based on the capturing
solenoid opens up the possibility to irradiate volumetric tumors in the specifically developed
mouse model, as it allows to provide a sufficiently high number of protons at the prescribed
energy in a controlled and stable way. The performance of the beam delivery was only re-
stricted due to the deteriorating laser acceleration performance during the commissioning
phase of Draco PW that put an end to the practical optimization and proof-of-principle study.
As the laser maintenance goes on, the beam transport and dose delivery is being investigated
in detail by combining the developed GPT model with sophisticated simulations on scatter-
ing and spectral modulation using GEANT4 [137]. These simulations will provide a set of
optimized beamline parameters for superior dose homogeneity and transport efficiency. The
next step after successful restoration of the laser acceleration performance would then be to
verify these parameters experimentally. Before a full-scale irradiation experiment can really
be considered, it has to be demonstrated that all requirements can be met to full extent and
at the same time. Furthermore, a "dry run" has been recommended and should be performed
to train the operational procedures for the highly complex experiment and monitor long-term
laser stability. The section shall be concluded by the notion that the installed beamline is
of exceptional importance for the feasibility of the experiment. Neither the solenoid astig-
matism nor the limited repetition rate are show-stoppers. The development of high rep-rate
PW-class lasers over the last years in combination with the presented pulsed power tech-
nology sets us on the brink of enabling a novel type of radiobiological experiment that is of
highest importance for the laser acceleration community.
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Within the framework of this thesis, a diverse set of three pulsed high-field solenoids has
been developed. The capturing solenoid is constructed to collect and transport highly diver-
gent laser-accelerated ion beams. It is the magnet most extensively studied in this work. The
split-pair solenoid is a miniature Helmholtz-like coil with optical access to the high-field region
via transversal bores. It has been used in proof-of-principle experiments at the LULI2000 laser
facility to magnetize laser-driven plasmas. In this manner, complex astrophysical processes
like the formation of accretion columns can be explored in a scaled laboratory experiment.
Finally, the 40-T-solenoid widens the range of possible applications as well as the explorable
magnetic field region. It has not yet been commissioned for experimentation. The developed
technology is supposed to be used for investigating the interactions between a several 10 T
strong magnetic field at position of the laser target and the laser-driven particle source. It will
be of great scientific interest to study how the external field influences e.g. sheath formation
and particle transport.

All three magnets employ compact housing techniques tailored to fit their intended use.
Thus, they are exceptionally small and easy to install, operate and motorize. Adapted to
match the electrical properties of the high-field magnets, three current pulse drivers have
been developed. Pulse generators PG3 and PG4 are assembled and in routine operation.
They successfully delivered several thousand current pulses to the solenoids. Pulse gen-
erator PG5 is currently under construction. It employes thyristor semi-conductor switches,
offering unlimited scalability towards higher current pulse energies and in consequence mag-
netic field. The scalability has been proven in high-field laboratories around the world.

The detailed experimental studies of this thesis focus on beam transport by means of
the capturing solenoid. The magnet has been thoroughly characterized at conventional and
laser-based acceleration sources. It has been shown that the solenoid is able to generate
submillimeter focal spots from a parallel incoming proton beam. The large divergence of a
laser-driven TNSA source translates to a distorted focal spot shape and reveals a solenoid
aberration that was later identified as astigmatism. The focal spot sizes range from mil-
limeter to centimeter depending on the focal distance and source divergence. The astig-
matism is caused by a quadrupole-like field component originating from the winding pitch
of the wire-wound magnet. The strength of this perturbing field component was estimated
to 0.5 T m−1 acting over the entire solenoid length. The astigmatic focus limits the lateral
confinement of the transported particles. A new solenoid design with decreased winding
pitch was suggested that could improve the magnet performance for applications relying on
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well-defined, intense and circular focal spots. The characterization studies were concluded
by pepper-pot measurements that allow to assess the emittance blow-up introduced by the
capturing solenoid. The pepper-pot method was demonstrated to be a helpful tool to assist
the solenoid alignment procedure.

A detailed simulation model of the capturing solenoid has been developed using the Gen-
eral Particle Tracer software. The model can be used to precisely predict beam transport
characteristics like focal length, transport efficiency and focal spot shape and size, for the
capturing solenoid or a beamline consisting of multiple pulsed high-field magnets. The model
can be easily tailored to fit novel experiment conditions.

Ultimately, the capturing solenoid had to prove its utility in three diverse application ex-
periments. The developed versatile technology platform can couple laser-driven beams into
conventional accelerator structures. Following the agenda of the LIGHT collaboration to grad-
ually increase particle flux and expand the experimental capabilities (cf. Busold et al. [43–
46]), the beam transport has been improved, a second solenoid for steep final focusing was
installed and the functionality of the beamline for utilizing heavier ion beams verified. Proton
bunches, efficiently captured, temporally compressed and finally laterally well confined by
means of two solenoids and an accelerator cavity allowed to generate an unmatched peak
proton flux of 6 mA mm−2.

In combination with a collaboratively developed dipole sector magnet prototype, first prac-
tical studies on medical beam transport for laser-driven protons have been carried out. The
experimental research performed at a 6 MV tandetron accelerator complements the previ-
ous theoretical studies by Masood et al. [33] and Masood et al. [34] and enables systematic
verification of the simulation predictions. The principle functionality of the coupled magnet
system, including lossless transport and beam deflection (50◦) by the dipole magnet, was
shown. The beamline offers precise energy selection via dipole dispersion and is in its cur-
rent form suited to transport proton bunches with up to 31 MeV kinetic energy. Improved
magnet prototypes as well as a first quadrupole will extend the experimental capabilities in
the future. The fabrication process is ongoing. After completion a thorough characterization
of the medical beamline at a clinical proton accelerator and at a laser acceleration source is
scheduled.

A beamline, built up at the Desden laser acceleration source Draco and composed of two
capturing solenoids, was investigated in the context of novel radiobiological research. It is
supposed to enable radiobiological effectiveness studies that use laser-accelerated proton
beams to deliver a prescribed dose value to a volumetric tumor on a mouse ear. The high
dose rate irradiation has to be explored in order to verify the usability of laser-driven ion
sources for the frequently proposed vision of a laser-driven ion beam therapy of tumor dis-
eases. It has been explored, whether a large scale irradiation campaign can become possible
in the near future. Owing to the enhanced laser acceleration performance of the upgraded
Draco laser facility, the principle demands were met by the laser-driven source, as demon-
strated during the commissioning experiments on the novel petawatt-class laser. The double
solenoid transport allows for a more efficient transport and better confined beams at focus
position. This keeps particle numbers high and allows to study dose homogenization de-
manded by the radiobiological model. The experiments had to be discontinued due to a
decreasing laser acceleration performance. Yet, the taken data is a promising demonstration
of first steps necessary to generate a homogeneous dose distribution inside of a volumetric
cell structure.

The presented first feasibility study on volumetric in vivo tumor irradiation with laser-driven
protons shows that the built up beamline at Draco PW is fully operational, features high
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transport efficiencies and, owing to the flexible double solenoid setup, opens up a wide
range of possible operation scenarios for optimizing transport conditions. On the other hand,
it also shows how complex it will be to maintain stable laser acceleration performance over
the course of several experiment weeks.

In summary, the developed magnet technology is in every presented study the key element
for taming the source and preparing the generated particles for utilization. It enables to
study potential applications practically and to prove or disprove their feasibility and is thus
the missing link between proposing an application and investigating it. The ambitious and
visionary concept of a laser-based ion beam therapy (IBT) facility in particular, can now be
studied hands-on owing to the performed groundwork. In this context, I am convinced that
this thesis takes the laser acceleration community one step further along the translational
research track. The thesis is now concluded by a proposition for a focused continuation of
the presented research.

A great collaborative success of a multidisciplinary team is described in Tillner et al. [138].
The researchers have developed a dedicated image-guided photon radiation therapy machine
for small animal studies. The inspiring work resulted in a flexible, non-profit academic re-
search platform that enables a variety of systematic preclinical trials. Such a system, oper-
ating with ion instead of photon beams, would be a remarkable scientific breakthrough, as
it provides for gaining deeper insights into the radiobiological properties of particle beams.
Yet, complexity, cost and size of such a system make a realization very unlikely. As result,
preclinical research has to be performed solely at the few large-scale ion or proton therapy fa-
cilities that are already used to capacity. On the other hand, the synergetic effects between a
laser-driven pulsed source and likewise pulsed magnets make a small animal irradiation plat-
form worth considering. As an intermediate step towards the long-term goal of laser-driven
IBT, a similar concept could be facilitated when a petawatt-class laser is combined with a
compact beam delivery system based on pulsed high-field magnets. The development pro-
cess of such a system would significantly promote the scientific and technological innovation
process, as the prospect of the unique multidisciplinary research platform is a strong driving
force. If such a system could be realized, it would allow to simultaneously perform stud-
ies on reliable proton production, beam transport, field formation, dose delivery, treatment
planning and radiobiology. All together, yet in a scaled approach that lowers the demands
on proton energy and magnetic field amplitude. In a strong multidisciplinary research collab-
orations like onCOOPtics, a focused continuation of the presented work would lead to the
completion of the feasibility study on volumetric tumor irradiation and subsequently to said
irradiation. The successful completion of this key experiment for the laser acceleration com-
munity would pave the way and the proposed, remarkable laser-based high-field irradiation
system for small animals could become reality in the not so distant future.
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APPENDIX A

LASER SYSTEMS
The following table gives a comparison of main parameters of the laser systems that were
used for experiments during this thesis. For the PHELIX laser the short pulse beam op-
tions of the two experimental areas, the PHELIX laser bay and the so-called Z6 area, are
shown. It may not be presented, but PHELIX can also provide long pulses comparable to the
NANO2000 beam of the LULI facility in the laser bay target area.

Center/
Institute

Helmholtz-Zentrum
Dresden – Rossendorf,

Dresden, Germany

GSI Helmholtzzentrum für
Schwerionenforschung,

Darmstadt, Germany

École Polytechnique,
Palaiseau, France

Laser
Facility Draco PHELIX LULI2000

Beam
Option Draco TW Draco PW PHELIX @ Z6

PHELIX @
Laser Bay PICO2000 NANO2000

Laser
Medium

Ti:Sa Nd:Glass Nd:Glass

Central
Wavelength 800 nm 1053 nm 1053 nm

Pulse
Energy 4.5 J 30 J 50 J 200 J

200 J* (10 to
25 J, 2ω)

800 J (350 to
450 J, 2ω)

Temporal
Pulse
Length

≈ 30 fs 0.5 to 20 ps (650 fs)
1 to 30 ps

(1 ps)
0.5 to 15 ns

(1.5 ns)

Peak Power 150 TW
1 PW

(600 TW)
100 TW
(60 TW) 400 TW

200 TW
(20 TW)

≈ 1 TW
(0.3 TW)

Repetition
Rate

10 Hz 1 Hz 1/ 90 min 1/ 90 min 1/ 90 min 1/ 90 min

Intensity on
Target

1021 W
cm2 1022 W

cm2 >1019 W
cm2 2 · 1021 W

cm2 1018 W
cm2 1014 W

cm2

Table A.1: Typical parameters of the laser systems used throughout this thesis. Values in
brackets show other than nominal parameters used in the presented experiments.
*Due to radiation safety restrictions the maximum energy focused on target is
usually limited to 50 J.
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APPENDIX B

DERIVATION OF THE SOLENOID FIELD
To derive the axisymmetric field of a solenoid magnet, we conveniently use cylinder coordi-
nates (CC) r,ϕ, z. Rotational symmetry results in the vanishing of derivatives with respect to
ϕ: ∂

∂ϕ · · · = 0.

Àmpere’s law

rot~B =∇~B = µ0~j + µ0ε
∂ ~E
∂t

(B.1)

is reduced to
rot~B = 0. (B.2)

for static fields. The magnetic field ~B can be expressed by the magnetic scalar potential
ψ(r, z). Then follows ~B = −∇ψ. With Gauss’s law ∇~B = 0 we get for the scalar potential ψ
the Laplace equation

∇2ψ(r, z) = ∆ψ(r, z)
CC
↓
=

1
r

∂
∂r

(
r
∂ψ
∂r

)
+

∂2ψ

∂z2 = 0 (B.3)

The axial symmetry of the solenoid magnet requires that the radial component of the
magnetic field vanishes at r = 0, i.e. on-axis, thus Br (r=0) = 0. In addition, the potential
needs to be finite and continuous along the z-axis. Equation (B.3) can therefore be solved by
means of the following power series

ψ(r, z) =
∞∑

n=0

ψ2n(z)r2n = ψ0 + ψ2r2 + ψ4r4 + . . . , (B.4)

with ψ0 = ψ(0, z) being the potential along the z-axis. The magnetic potential ψ(r, z) is an
even function with respect to r due to the named symmetry requirements. Substitution of
eq. (B.4) in eq. (B.3) and performing the differentiations yields

0 =
∞∑

n=1

2n2ψ2nr2n−2 +
∞∑

n=0

ψ′′2nr2n (B.5)

where the prime denotes the partial derivative with respect to z. It is now possible to recur-
sively calculate the coefficients ψ2n according to

(2n + 2)2ψ2n+2 + ψ′′2n = 0. (B.6)
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Consequently the magnetic potential can be expressed as

ψ(r, z) = ψ(0, z) −
1
4

∂2ψ(0, z)
∂z2 r2 +

1
64

∂4ψ(0, z)
∂z4 r4 − . . . (B.7)

=
∞∑

n=0

(−1)n

(n!)2
∂2nψ(0, z)

∂z2n

( r
2

)2n
. (B.8)

In conclusion, the axial (Bz ) and radial (Br ) components of the magnetic field of a solenoid
can be derived from eq. (B.8) and ~B = −∇ψ. With Bz (0, z) = B(z) = −ψ(0,z)

∂z it follows

Bz (r, z) = −
∂ψ(r, z)

∂z
(B.9)

= B(z) −
r2

4
B′′(z) + . . . (B.10)

=
∞∑

n=0

(−1)n

(n!)2
∂2nB(z)

∂z2n

( r
2

)2n
(B.11)

and

Br (r, z) = −
∂ψ(r, z)

∂r
(B.12)

= −
r
2

B′(z) +
r3

16
B′′′(z) + . . . (B.13)

=
∞∑

n=1

(−1)n

n!(n − 1)!
∂2n−1B(z)

∂z2n−1

( r
2

)2n−1
. (B.14)
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APPENDIX C

PARTICLE BEAM DIAGNOSTICS

C.1 RADIOCHROMIC FILMS

Radiochromic films, or RCFs as they are usually referred to, are self-developing films sensi-
tive to ionizing radiation. They allow for simple qualitative and quantitative two-dimensional
dose evaluation and are an indispensable detector for radiotherapeutic dosimetry and quality
assurance [139–141].

An RCF consists of at least one transparent polyester coating foil carrying the radiation-sen-
sitive detector material. When radiation impinges on the film and energy is deposited in the
active layer, polymerization processes lead to a darkening of the RCF. The optical density (OD)
of the irradiated film is a function of the absorbed dose (cf. fig. C.1) and can be digitized by
means of conventional flatbed scanners [142]. The dose response has to be calibrated for
every type of film and scanner. A reference irradiation at a conventional accelerator source
with prescribed doses1 is therefore inevitable. The calibration process is typically complex
enough to be treated in Bachelor or Master theses.

RCFs can spatially resolve beam modulations in the range of few 10 µm. The different
available film types allow for a variety of dose ranges. The films used in the presented exper-
iments, namely Gafchromic EBT and HD films of different types and batches, can be used
to measure dose values up to a few 10 Gy (EBT) and up to 1000 Gy (HD) [143]. Depending
on the color channel that is analyzed, calibration towards even higher absorbed doses can be
established. The standard color channel for dosimetric evaluation is the red channel of the
RGB image created by the scanner. Green and blue channel (in this particular order) allow for
increasing the detector dynamic range [144].

Finally, applying the planar detectors in a stacked configuration can be used to gain not only
a lateral but also the depth dose distribution of an unknown incoming beam. RCF stacks, if
necessary with inlaid metal foils for additional stopping, allow for comprehensive character-
ization of a laser driven ion source including rough absolute particle numbers and energy
spectrum, angular divergence distribution as well as beam modulations [145]. The stacked
films typically allow for energy resolution up to 1 MeV. Due their flexibility in application, easy
handling and dose rate independence, RCFs have become the reference (offline) detector in
the field of laser ion acceleration.

1More precisely, the RCF optical density is typically calibrated against the absorbed dose to water, a reference
standard in radiobiology, dosimetry and clinical radiotherapy.
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Figure C.1: Left: Scanned EBT3 films of different absorbed dose values taken from a cali-
bration data set obtained at an X-ray tube. The raw data was split up to show
the low dynamic range of the red channel, the high dynamic range of the blue
channel at very low sensitivity (only marginal color change in the presented dose
range) and the intermediate performance of the green channel. Right: Deter-
mined dose response curves for red and green channel (plot colors respectively)
and two scanner settings (dashed: standard, solid: γ = 1). The net optical
density is the optical density of the irradiated film subtracted by the OD of
an unirradiated film. The curves are defined by the formula D = a · netOD +
b · (netOD)c, with parameters (a, b, c): solid red (3.4704, 49.3804, 1.5595); solid
green (34.7769, 154.5126, 2.0109); dashed red (−10, 22.7976, 1.0497); dashed
green (19.1821, 44.8192, 2.0415).

C.2 SCINTILLATORS

Scintillators are materials that emit luminescence when excited by radiation. The lumines-
cence or scintillation light can be detected by means of photomultiplier tubes, photodiodes,
cameras or even the naked eye. The light output is a function of the absorbed dose. De-
cay times ranging from 700 ps (fast organic scintillators, fast component of BaF2) to sev-
eral 100 ns (inorganic scintillators) and even shorter rise times of the scintillation light, fa-
vor time-of-flight (TOF) application and optical gating. In contrast to RCFs, scintillators are
reusable detectors.2 Furthermore, scintillators, coupled with electronic readout, give instan-
taneous on-shot feedback thus significantly increasing the data acquisition rate. Therefore,
scintillators, most commonly plastic scintillators, gained popularity especially in labs operat-
ing high rep-rate laser accelerators. Stacked configurations or combinations of scintillator
screen and pixelated absorber plate allow for angularly resolved measurement of laser-accel-
erated proton spectra and beam profiling [23, 25, 146].

In this work, a configuration based on blocks of organic scintillator materials was applied.
The scintillation light distribution generated in the transparent scintillator block, was imaged

2However, scintillators can suffer from radiation damage decreasing the light output. Thus, a scintillator’s lifetime
is limited by the absorbed dose. Depending on the application scenario and the scintillator type deterioration
might occur at kGy dose level.
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by digital cameras. Light attenuation and scattering effects can be neglected in the trans-
parent scintillator medium. Therefore, the camera data represents a projection of the three-
-dimensional light distribution onto a plain. Two observation directions have been chosen:
Backside imaging for beam profile determination and transverse imaging for ion beam range
and depth dose estimation. The setup is depicted by fig. C.2. In situations with intense
background light sources, e.g. in close vicinity to the laser target, color filters matching
the scintillation spectrum can attenuate surrounding light while preserving scintillation light
intensity. Therefore, the emission of the scintillator should not strongly overlap with the
surrounding light spectrum. The red-emitting scintillator BC-430 (580 nm wavelength of max-
imum emission) of Saint-Gobain Crystals has proven to be well suited for the application at
the Draco laser. The concept of camera imaged scintillator blocks can be extended to to-
mographic reconstruction of the three-dimensional dose distribution. Thereby, single-shot
three-dimensional dose assessment becomes possible [24].

incoming beam

scintillator

scintillation light

optional color 

filters

CAM1

CAM2

Figure C.2: Illustration of a beam diagnostic setup using scintillator block images for lateral
(left) and depth (right) profiling. The scintillation light distribution is imaged by
cameras.

C.3 THOMSON PARABOLA SPECTROMETER

A Thomson parabola spectrometer (TPS) is an online detector for measuring relative particle
beam spectra resolved by ion species and charge state. It is therefore exceptionally useful to
monitor broad-energetic laser-accelerated multi-species beams. A small fraction of the beam
passes a pinhole aperture of few 100 µm size and enters a region of the TPS where magnetic
and electric fields, aligned perpendicular to the beam axis (cf. left side of fig. C.3), deflect the
particles. The force acting on the particles is the Lorentz force

~FL = q
(
~E + ~v × ~B

)
. (C.1)

~B and ~E are generated by means of permanent magnet and high-voltage (HV) plate capaci-
tor. Downstream, the particles impinge on a detector and are electronically registered. The
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traces, that a multi-species broad-energetic beam leaves on the detector, are of parabolic
shape and follow the well-known parabola equation

y =
( q

m

)−1
·

E
B2(0.5sF + sFD)

x2, (C.2)

where x and y denote the deflection perpendicular to the ion propagation direction, q
m the

charge-to-mass ratio, B and E the magnetic and electric field of (in this case identical) length
sF and D the drift length downstream of the field area before the particles impinge on the
detector. Equation (C.2) shows that for a given TPS geometry and fixed field strengths a
parabola trace is defined by the charge-to-mass ratio (0 < q

m

[e
u

]
≤ 1) of the positive ions.

Therefore, ion species with identical charge-to-mass ratio cannot be distinguished. For every
individual trace it holds that the closer the traces reach towards the origin, the higher the
particle kinetic energy. The origin (x, y ) = (0, 0) corresponds to the position of the pinhole and
can be visible in laser acceleration experiments due to background γ-rays passing the field
region without deflection.

Figure C.3 shows the concept and example traces of laser-accelerated ions measured by a
TPS. The trace with the lowest deflection in y -direction corresponds to particles with highest
q
m , in a TNSA scenario typically q

m = 1, i.e. protons.
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Figure C.3: Left: Illustration of the particle deflection in a Thomson parabola spectrometer
(TPS) for positively charged ions traveling into the drawing plane. The origin rep-
resents the position of the TPS pinhole; the lowest trace represents the proton
signal. Right: Exemplary TPS raw signal.

The TPS used at the Draco PW laser acceleration source employs a micro-channel plate
as detector, features gap field strengths of up to 940 mT and is typically operated with plate
voltages of ±15 kV to ±20 kV. Its lower detection limit for protons is at 9 MeV, the upper
limit at approximately 100 MeV.

C.4 THE PEPPER-POT METHOD

The pepper-pot (PP) method is commonly used in accelerator physics to measure the trans-
verse phase space distribution of particle beams and allows to determine the transverse
beam emittance. The PP is an absorber plate with a two-dimensional array of small open
apertures that resemble the holes in a pepper-pot thus explaining its name. The PP divides
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the incoming bean in sample beamlets that hit a viewing screen or similar particle detec-
tor downstream. The resulting "spots" on the detector have different shapes, sizes and
brightness levels. Using this data set obtained in a single-shot measurement, a variety of
information can be extracted (cf. Humphries [147]):

1. Integration of the detector signal associated with a single aperture gives the relative
current density of the beam at aperture position. Analyzing the entire hole pattern
yields a two-dimensional current density profile.

2. The displacement of the signal spot centroid, with respect to the corresponding aper-
ture, gives information on beam pointing in the PP plane. It is possible to assess
whether the beam is converging, diverging or parallel.

3. Averaging over the y -direction, i.e. an aperture column, the relative distribution of x ′ =
dx/ dz at (x, y ) can be determined as well as average horizontal divergence angle and
emittance εx . Analog procedure for y -direction.

4. The analysis of the entire spot pattern allows for estimating the complete four-dimen-
sional trace-space distribution (x, x ′, y, y ′) and thereby the hyperemittance ε4 = εxεy .

In conventional accelerator physics, the PP is typically used in monoenergetic beams.
Therefore, a single screen is sufficient to measure the distribution of the beamlets. In
laser-driven ion acceleration, however, the incoming beam has a broad energy spectrum
and energy dependent angular distribution. This complicates the analysis of the PP measure-
ment severely. Therefore, the application of stacked RCFs was introduced to enable energy
resolved measurements. Similar methods as used in RCF spectroscopy [145], permit the
analysis of the PP data analog to the conventional approach, by binning the broad energetic
beamlets in accordance to the energy bands detected by the active layers of the RCFs.

The two pepper-pot plates that have been applied experimentally during this study have
a regular aperture pattern oriented in x- and y -direction with 5 mm hole spacing. The PP
employed at the Draco laser acceleration source has apertures of 100 µm diameter. The
PP used at PHELIX, respectively, has a 300 µm hole diameter. Emittance measurements of
the laser-driven source as well as potential emittance blow-up due to the solenoid can be
measured by applying the PP method as depicted in fig. C.4. Keep in mind, that for a radially
symmetric charged particle beam, entering an ideal solenoid from a field free region, the
emittance is conserved.

Figure C.4: Sketch of a typical setup for pepper-pot (PP) measurements at a laser accelerator.
The beamlets are detected via stacked radiochromic film detectors. Distances
between PP and solenoid or PP and RCF were adjusted to fit the experimental
conditions and geometrical constraints.
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Figure C.5 shows simulated PP signatures for a typical laser acceleration scenario (see
caption for details). The signature of a well-aligned solenoid magnet (reference) is compared
to several cases of misalignment. Although the signatures can be hard to distinguish, the
method helps to assist and speed-up solenoid alignment procedures.

reference lateral displacement

1 mm

2 mm

3 mm

tilt

0.25◦

0.5◦

1◦

Figure C.5: Simulated PP signatures from misaligned capturing solenoids in comparison to
the reference scenario of ideal alignment. Lateral displacement: solenoid shifted
to the right (beam’s eye view). Tilt: solenoid rear tilted downwards (beam’s eye
view); pivot point on beam axis at solenoid entrance. Signatures for opposite
misalignment scenarios follow from symmetry considerations. Simulation pa-
rameters: PP aperture size 500 µm, PP position 1080 mm to source, RCF/screen
position 1650 mm to source.
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APPENDIX D

DISTANCES AT THE DRACO BEAMLINE

single solenoid double solenoid description

target 0 0 -

RCF 1 30 24.5
RCF wheel in front of solenoid 1,

for source characterization

solenoid 1 85 77.5 first winding of solenoid 1

RCF 2 322 329.5 RCF directly behind solenoid 1

RCF 3 515 - RCF wheel downstream of
solenoid 1, inside target chamber

RCF 4 712 779.5
RCF wheel downstream of

solenoid 1, inside target chamber

scintillator 1 527 529.5
online scintillation detector,

inside target chamber

solenoid 2 - 1111.5 first winding of solenoid 2

RCF 5 &
scintillator 2

1597 1806.5
RCF/scintillator inside
diagnostics chamber

in-air diagnostics - 1960 to 2230
area where in-air diagnostics can

be freely placed

TPS 2022 2313.5 entrance of TPS chamber

Table D.1: Distances (in mm) of important beam guidance and diagnostic elements (cf.
fig. 4.3), with respect to the laser target, for single and double solenoid setup.
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RAW DATA

Figure E.1: RAW data corresponding to fig. 4.7.
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Appendix E Raw Data

Figure E.2: RAW data corresponding to fig. 4.10.
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Appendix E Raw Data

Figure E.3: RAW data corresponding to fig. 5.13.
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mari, A Blažević, B Zielbauer, I Hofmann, V Bagnoud, TE Cowan, and M Roth. „Focus-
ing and transport of high-intensity multi-MeV proton bunches from a compact laser-
driven source“. In: Physical Review Special Topics - Accelerators and Beams 16.10
(2013).
DOI: 10.1103/physrevstab.16.101302 (cit. on pp. 13, 39, 65, 67, 80, 90, 108).

[44] S Busold, D Schumacher, O Deppert, C Brabetz, F Kroll, A Blažević, V Bagnoud, and
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